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Abstract Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) functions as a key regulator

in inflammation and cell death and is involved in mediating a variety of inflammatory or degenerative

diseases. A number of allosteric RIPK1 inhibitors (RIPK1i) have been developed, and some of them have

already advanced into clinical evaluation. Recently, selective RIPK1i that interact with both the allosteric

pocket and the ATP-binding site of RIPK1 have started to emerge. Here, we report the rational develop-

ment of a new series of type-II RIPK1i based on the rediscovery of a reported but mechanistically
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Structure‒activity

relationship;

Anti-inflammation;

Preclinical drug discovery
Figure
atypical RIPK3i. We also describe the structure-guided lead optimization of a potent, selective, and orally

bioavailable RIPK1i, 62, which exhibits extraordinary efficacies in mouse models of acute or chronic in-

flammatory diseases. Collectively, 62 provides a useful tool for evaluating RIPK1 in animal disease

models and a promising lead for further drug development.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
plays a key role in inflammatory response and programmed cell
death. It is well known as a master regulator in the TNFR1-
mediated activations of the pro-survival NF-kB, the pro-apoptotic
FADD-caspase-8, and the pro-necroptotic RIPK3-MLKL signal
pathways1. The kinase activity of RIPK1 has been demonstrated to
mediate or aggravate the pathological conditions in a broad set of
inflammatory or degenerative diseases, such as sepsis, ischemia,
rheumatoid arthritis (RA), inflammatory bowel disease (IBD),
psoriasis, multiple sclerosis, amyotrophic lateral sclerosis, and
severe COVID-192,3. Thus, RIPK1 is considered a therapeutic
target with great potential, and plenty of RIPK1 inhibitors
(RIPK1i) have been developed in the past decade2,4,5.

Facilitated by the robust necroptotic phenotypes induced by
TNFa, a large part of RIPK1i was developed based on cell-based
high-throughput screening (HTS). Examples of them include Nec-
1s (1)6,7, the first RIPK1i widely used to interrogate RIPK1 in
diverse disease models, GSK2982772 (2)8, the first RIPK1i to enter
clinical trials, RIPA-56 (3), GSK’547, and Nec-34 (Fig. 1)9e11. To
obtain more optimized RIPK1i, various analogs of 2 had been
generated, such as the Takeda compound 22 (4), GNE684, R552, and
ZB-R-552,4,12e15. Structural studies discovered that most selective
RIPK1i bind to an allosteric and hydrophobic pocket adjacent to the
ATP-binding pocket of RIPK1, rending RIPK1 in an uncommon
DLG-out/Glu-out inactive conformation16,17. Additional interactions
with the ATP-binding pocket could significantly improve the potency
of 2, especially against mouse RIPK1 (mRIPK1)14,15. These findings
1 Chemical structures of repre
indicated that RIPK1i could be developed as bona fide type-II kinase
inhibitors (KI)with further improved potency and retained selectivity
by concomitantly occupying both binding pockets of the targeted
kinases, which could provide novel pharmacophores and potentially
advantageous candidates for current clinical drug discovery18. Early-
stage type-II RIPK1i had already been discovered based on HTS (5)
or structure-guided hybridization (6), despite notable flaws17,19,20.
Recently, more optimized RIPK1i, such as Zharp1-211 (7) and RI-
962, had been successfully developed21e23, further supporting the
potentials of type-II RIPK1i.

Herein, we report the discovery of a series of potent and se-
lective type-II RIPK1i based on a known RIPK3i and structure-
guided rational design. RIPK3 is a major downstream effector and
close homolog of RIPK1, but it does not possess the structurally
unique hydrophobic pocket as RIPK124. Two selective RIPK3i,
GSK’843 (8) and GSK’872 (9), were reported to induce apoptosis,
with 8 confirmed as a type-I KI based on co-crystal structure
determination (Fig. 1)25. In our preliminary studies, 9 could be
readily docked into the co-crystal structure of 8, whereas another
RIPK3i, GSK’840 (10), was incompatible with the binding mode
of 8, and did not induce apoptosis. These findings led us to
speculate that 10 could be a type-II KI and encouraged us to
optimize 10 using classical strategies to develop type-II KI.
However, initial modification efforts on 10 serendipitously resul-
ted in activity against RIPK1 other than improved potency against
RIPK3, eventually leading to the development of bona fide type-II
RIPK1i in this work. We then discuss the structure‒activity
relationship (SAR) of these inhibitors and describe the lead
optimization of 62, an orally bioavailable and tolerable type-II
sentative RIPK1i (A) or RIPK3i (B).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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RIPK1i, which exhibited extraordinary efficacies in RIPK1-
dependent acute and chronic inflammation animal models.

2. Results and discussion

Both RIPK3i 9 and 10 were tested for their protective effects
against the cell death of L929 mouse fibroblasts induced by TNFa
treatments (Fig. 2A). Consistent with the literature25, treatments
with 9 led to aggravated cell death reportedly via induction of
RIPK3-dependent apoptosis. In contrast, treatments with 10
remarkably protected the L929 cells from cell death caused by
TNFa, indicating that 10 might inhibit RIPK3 through a different
mechanism compared to 9. Based on the inconsistent docking
results and phenotypic differences in the context of cell death
between 9 and 10, we speculated that 10 might be a type-II KI of
RIPK3, with its tert-butyl ester moiety interacting with the hy-
drophobic pocket of RIPK3 near its DFG-motif18. Then, a meta-
trifluoromethylaniline-based amide moiety commonly adopted by
type-II KI was introduced to replace the tert-butyl ester moiety of
10, yielding a more prototypical type-II inhibitor 11 (Fig. 2B).
Replacing the phenylacetamide linkage of 11 with phenylurea or
benzamide provided two analogs, 12 and 13.

Both 11 and 12 showed protective effects similar to 10 in
L929 cells, while 13 was relatively weaker (Fig. 2A). These
compounds also protected HT-29 human colon cancer cells
against necroptosis induced by a cocktail of TNFa, SM164
(cIAP1/2 inhibitor) and zVAD (caspase inhibitor) (Fig. 2C). The
Western blot results showed that, in the stimulated HT-29 cells, 11
and 12 at 5 mmol/L comparably diminished the phosphorylation of
RIPK3 and the downstream MLKL as 9 and 10 did, confirming
their inhibition of the necroptosis pathway (Fig. 2D). Surprisingly,
11 and 12 also diminished the phosphorylation of the upstream
effector RIPK1, whereas 9 or 10 did not at all. On the other hand,
9 and 10 fully protected FKBP-RIPK3-expressing NIH-3T3 cells
Figure 2 Identification of RIPK1/3 dual inhibitors. (A) Bar graph showi

were treated with TNFa at 40 ng/mL in the presence of DMSO or compoun

the derivatives of 10. (C) Doseeresponse curves showing the protective eff

by TNFa (10 ng/mL), SM164 (25 nmol/L) and zVAD (25 mmol/L) for 2

presence of DMSO or compounds at 5 mmol/L for 4 h, then analyzed by W

each compound at 10 mmol/L in FKBP-RIPK3-expressing NIH-3T3 ce

(100 nmol/L), in the presence of DMSO or compounds for 15 h before th

***P < 0.001, unpaired Student’s t-test.
from necroptosis caused by AP20187, a compound capable of
inducing FKBP dimerization and the consequent RIPK3 activa-
tion26, whereas 11 and 12 only exerted partial protection (Fig. 2E).
These results indicated that 11 and analogs are RIPK1/3 dual
inhibitors.

11 was found to be comparably potent as 1 against mRIPK1
with sub-micromolar EC50 values to protect L929 cells from
necroptosis. However, it was almost inactive in the FADD-
deficient (FADD�/�) Jurkat human T lymphocyte cells, indi-
cating that it is rather weak against human RIPK1 (hRIPK)
(Table 1). To optimize the potency against hRIPK1, an N-ben-
zylhydroxylamine group was adopted from a reported RIPK1i, 3,
to replace the general type-II aniline tail, which only slightly
improved the potency. Then, the amide bond of 11 was reversed
and the triazole moiety of 2 was adopted, which unexpectedly
led to a complete loss of potency (15). Nevertheless, replacing
the 1H-1,2,4-triazole ring of 15 with a 1,2,4-oxadiazole ring
yielded an inhibitor more selective for hRIPK1, 16, whereas 17
with a 1,3,4-oxadiazole ring was less potent. 18 with an oxazole
ring was better than 17, while 19 with an isoxazole ring was even
better than 16. Replacing the isoxazole with a N-methyl pyrazole
(20) slightly increased the potency of 19. On the contrary, 21, the
isomer of 20, was completely inactive. Notably, increases in the
size of the N-substituents on the pyrazole were less favored (22,
23). On the other hand, 24 with a 1,2,3-triazole ring showed
moderate potency, indicating the naked pyrazole NH of 15 to be
disfavored. 25 with a tetrazole ring was even more potent than
24. However, these analogs of 14 by far, all with a benzyl group
located at the meta-position on the 5-membered heterocycles,
were all weak against mRIPK1. In contrast, 26 with a 5-
fluoropyrrole ring and an ortho-N-benzyl exhibited outstanding
potency against both hRIPK1 and mRIPK1. Consistently, the
bioisosteric 27 with an N-methyl pyrazole and an ortho-benzyl
showed even better potency.
ng the protective effects of RIPK3i and derivatives in L929 cells. Cells

ds for 15 h before the cell viability test. (B) The chemical structure of

ects of each compound compared to DMSO in HT-29 cells stimulated

4 h. (D) HT-29 cells stimulated by TNFa, SM164, and zVAD in the

estern blotting. (E) Bar graph showing the anti-necroptotic effects of

lls. Cells were treated with the FKBP-dimerizing agent, AP20187

e viability test. All data represent mean � SD (n Z 3); **P < 0.01,



Table 1 Optimization of the tail subunits (R)a.

Compd. R EC50 (nmol/L)b

FADD�/� Jurkat L929

TNFa T þ S TNFa T þ S

1 94 590 112 689

11 >10,000 >10,000 190 713

14 3805 >10,000 50 98

15 >10,000 >10,000 >10,000 >10,000

16 24 176 962 4735

17 185 1516 >10,000 >10,000

18 70 380 831 3975

19 8.1 113 2138 3348

20 5.1 44 312 2022

21 >10,000 >10,000 >10,000 >10,000

22 5.9 43 n.d. >10,000

23 109 738 3007 >10,000

24 233 1594 >10,000 >10,000

25 24 150 1106 4310

26 1.7 17 6 34

27 0.5 5.2 20 77

aData represent means of three replicates.
bCell viability assays, T Z TNFa, S Z SM164.
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To better understand the pharmacophore of our RIPK1i, we
determined the co-crystal structure of the RIPK1‒20 complex at
2.3 Å resolution (PDB 8I2N) (Fig. 3 and Supporting Information
Table S1).Unlike 1 and 2which interactmainlywith the hydrophobic
pocket adjacent to the DLG-motif of RIPK1 (Fig. 3A), 20 interacts
with both the hydrophobic pocket and the ATP-binding pocket
(Fig. 3B). Its benzylpyrazole ‘tail’ occupies the allosteric pocket,
forcing RIPK1 into a DLG-out/inactive conformation18. Notably, the
a-helix of RIPK1 adopts a “Glu-out” conformation upon binding to
20, just as it does upon binding to 1 or 2. In comparison, a previously
reported type-II RIPK1i, 5, binds to RIPK1 in a DLG-out but Glu-in
conformation (Fig. 3C), just as a promiscuous type-II KI, ponatinib,
binds to RIPK227, or a reported type-II RIPK3i binds to RIPK3
(Supporting Information Fig. S1)28. On the other hand, the phenyl-
acetamide linker of 20 helps position its benzimidazole ‘head’ toward
the hinge region of RIPK1. Two hydrogen bonds (H-bonds) are
formedbetween 20 andRIPK1: one between the linker carbonyl of20
and the amide NH of Arg156 in the DLG-motif; another between a
nitrogen atom of 20’s benzimidazole head and the amide NH of
Met95 in the hinge (Fig. 3D). Additionally, each subunit of 20 in-
teracts with several surrounding residues through van der Waals
forces (Fig. 3E). An intramolecular H-bond may also form a pseudo-



Figure 3 Determination of the co-crystal structure of RIPK1‒20 complex. (A) Superimposition of the co-crystal structures of RIPK1 (green

ribbons) in complex with 1 (purple sticks, PDB 4ITH) or 2 (grey sticks, PDB 5TX5). (B) The co-crystal structure of RIPK1 (green ribbons) in

complex with 20 (gold sticks, PDB 8I2N). (C) Superimposition of the co-crystal structures of RIPK1‒20 complex (green ribbons and gold sticks)

and RIPK1e5 complex (gray ribbons and sticks, PDB 4NEU). (D) Cartoon showing interactions between 20 and the ATP-binding pocket of

RIPK1, key residues were shown as sticks, and H-bonds were indicated as red dashes. (E) The residue side chains of RIPK1 potentially interacting

with 20 through van der Waals forces.
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5-membered ring within 20 between the linker amide NH and the
2-nitrogen atom in the pyrazole ring.

Consistentwith the bindingmode, replacing the benzimidazole of
20 with an indole (28) or indazole (29) weakened the hinge H-bond
and led to the loss of activity (Table 2). 27 was found to be more
potent than 20, especially against mRIPK1. Therefore, optimization
efforts were then focused on the scaffold of 27. As the N-methyl
amide group of 27 appeared to protrude toward the solvent phase,
more hydrophilic groups such as 2-(dimethylamino)ethyl (30), 2-(4-
methylpiperazin-1-yl)ethyl (31) and 2-morpholinoethyl (32) were
introduced into27. However, these analogswere less effective against
mRIPK1. In contrast, introducing a hydrophobic methoxy group
(33e35) considerably increased the potency against both hRIPK1
and mRIPK1 but caused cytotoxicity at high concentrations. Weak-
ening the hinge H-bond of 34 resulted in a dramatic decrease in po-
tency (36), and the quinazoline head (37) was also less potent than the
benzamidehead.Wehypothesized that adding anH-bonddonor in the
head subunit of 27 could increase its potency. However, introducing a
pyrrolopyrimidine head resulted in loss of activity (38). Inspired by
the structure of ATP, we introduced an adenine head to 27 and
discovered 39, which had single-digit nanomolar or subnanomolar
IC50 values in both human and mouse cell models. Further modifi-
cations to the adenine head of 39 by changing the pyrimidine ring into
a pyridine ring (40) or removing the H-bond acceptor (41) only
decreased its potency.Consistently, introducing an adenine head to21
provided a more potent inhibitor (43), and removing nitrogen atoms
from the adenine of 43 (44e46) decreased its potency.

In this round of optimization, 39 exhibited extraordinary potency
against both hRIPK1 and mRIPK1. To elucidate the SAR, we con-
ducted a molecular docking study using the co-crystal structure of
hRIPK1-20 (Fig. 4). The results predicted a reliable bindingmode for
39 thatwas highly similar to that of20, with a docking score of�13.6.
In this bindingmode, the adenine head of 39 forms twoH-bondswith
Met95 in the hinge region of RIPK1 (Fig. 4A). The phenyl ring in the
tail subunit of 39 is positioned exactly where that of 20 is located,
resulting in distinct orientation for the benzyl methylene (Fig. 4B).
While the N-methyl of 39 occupies the same position as the methy-
lene of 20 did, the methylene of 39 could interact with Ala155 of
RIPK1 and contribute to stronger affinity. Compared to 20, 43 shares
the same head subunit as 39 but was less effective against mRIPK1.
This indicated the sensitivity ofmRIPK1 to bemore dependent on the
tail subunit of 39. To investigate why this occurs, we compared the
amino acid residue sequences of mouse and human RIPK1 (Fig. 4B).
Most residues around the tail subunit of inhibitors are identical be-
tween both homologs; however, mRIPK1 has a DLGV-motif instead
of hRIPK1’s DLGL-motif, which could result in differences in
sensitivity.

Based on 39, we further studied the SAR of the tail subunit
(Table 3). Consistent with those of 20, larger N-substitution in the
pyrazole ring led to a decrease in potency (47). To stabilize
conformations favored by RIPK1 through an intramolecular
H-bond similar to that of 20, we introduced a 3-chloro to the
scaffold of 39 and obtained 48 with comparable potency. More-
over, replacing the pyrazole ring with a 1,2,3-triazole ring led to a
significant increase in potency (49). Docking results predicted a
binding mode for 49 similar to that of 39 with an intramolecular
H-bond and a docking score of �13.8 (Fig. 5A). Notably,
removing the N-methyl from 49 resulted in a serious loss of po-
tency. On the other hand, 51 with a bioisosteric 1-methyl-5-fluoro-
1H-pyrrole ring showed comparable potency to 39. However,
analogs with larger substituents at 5-position (52, 53) showed
decreased potency.

In addition to optimizing the pyrazole tail of 39, we also
attempted to optimize its linker (Table 3). Our results showed that
(S )-methylation of the linker methylene (54) further improved the
potency of 39, whereas (R)-methylation (55) or di-methylation
(56) led to opposite effects. Combining the intramolecular
H-bond with the (S )-methyl feature resulted in even stronger
potency but also increased cytotoxicity at higher concentrations
(57, 58). Inspired by the bicyclic tail of 4 with more favorable



Table 2 Optimization of the head subunits (R) based on 20 and 27a.

Compd. R EC50 (nmol/L)b Compd. R EC50 (nmol/L)b

FADDe/e Jurkat L929 FADDe/e

Jurkat

L929

TNFa TþS TNFa TþS TNFa TþS TNFa TþS

20 5.1 44 312 2022 37 233 1503 n.d. n.d.

27 0.5 5.2 20 77 38 152 747 >10,000 >10,000

28 >10,000 >10,000 >10,000 >10,000 39 0.04 1 0.9 3.6

29 >10,000 >10,000 >10,000 >10,000 40 0.3 2.3 1.2 6.3

30 53 368 >10,000 >10,000 41 0.4 6.9 9.9 23

31 0.01 0.6 5632 >10,000 42 4.2 8 0.1 0.9

32 0.5 3 32 190 43 0.06 0.3 25 384

33c 0.02 0.1 0.06 0.4 44 71 451 6548 >10,000

34c 0.002 0.1 0.005 0.08 45 137 980 2887 >10,000

35c 0.01 0.6 0.03 0.4 46 361 >10,000 2316 >10,000

36 18 128 n.d. n.d. 1 94 590 112 689

2 0.5 3.9 1195 8279

aData represent means of three replicates.
bCell viability assays, T Z TNFa, S Z SM164.
cWith cytotoxicity at high concentrations.
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Figure 4 The predicted binding mode of 39 (azure sticks) based on

the RIPK1-20 (yellow sticks) co-crystal structure. The docking study

predicted an additional H-bond (red dash) for 39 with the hinge region

of RIPK1 (A), and similar but distinct interactions for the tail subunit

of 39 compared to that of 20 (B). In panel B, the structure of mRIPK1

(gray ribbons and sticks) was aligned with that of hRIPK1 (green

ribbons and sticks).
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pharmacokinetic (PK) properties12, we introduced a fused 6-
membered ring to replace the pseudo-5-membered ring of 49.
The resulting compound, 59, showed slightly weaker potency
against mRIPK1 than its predecessor. Its 5,5-bicyclic analog, 60,
also exhibited weaker potency. In contrast, 61 with a bicyclic tail
more similar to that of 4 had a much weaker effect against
mRIPK1. After adding a (S )-methyl to 59 and 60, we obtained 62
and 63 with cellular potencies between those of 39 and 49.
Docking results predicted 62 binds similarly to 49, with a docking
score of �14.587 (Fig. 5B). In this binding mode, the 6,5-bicyclic
tail of 62 adopts a similar orientation to the pseudo-5,5-bicyclic
tail of 49. Additionally, the (S )-methyl of 62 potentially in-
teracts with Leu159 of RIPK1 via hydrophobic effects, which
could explain its increased potency. So far in the cellular assays,
several of our inhibitors have shown significantly better potency
against RIPK1‒especially mRIPK1‒compared to many reported
RIPK1i.

The RIPK1i with outstanding cellular potency were further
assessed for their stability in liver microsomes (Fig. 6A). 20 and
27, which share the same benzamide head, showed good stability
in both mouse or human liver microsomes (MLM/HLM), with
half-lives (t1/2) around 40 min. In contrast, 33 and 34 with more
hydrophobic heads showed moderate stability in HLM and rather
short t1/2s in MLM. Meanwhile, 39 with an adenine head showed
good stability in both HLM and MLM. However, its close analogs
with fewer nitrogen atoms, 40 and 42, were significantly less
stable. For the tail subunit, adding a chlorine (48) or one more
nitrogen atom (49) to 39 remarkably improved the MLM stabil-
ities, whereas the pyrrole tail (51) was much less stable.
Nevertheless, (S )-methylation (54) and cyclization (62, 63) barely
affected the stability of 39.

Next, inhibitors that were stable in microsomes were selected
for evaluation in an in vitro hRIPK1 kinase activity assay
(Fig. 6B). In this assay, 1 and 2 were used as controls with IC50

values of 445 and 10.2 nmol/L, respectively. 39 was found to be
comparably active to 2 with an IC50 of 9.5 nmol/L, while 49 and
54 were slightly more potent with IC50 values around 6 nmol/L 62
was found to be threefold more potent than 2 against hRIPK
in vitro, with an IC50 of 3.5 nmol/L. Meanwhile, 62 was at least
200-fold less potent against hRIPK3 with an IC50 of 730 nmol/L,
while 39, 49 and 54 were even weaker with IC50 values over
1 mmol/L (Fig. 6B).

62 was then profiled against a diverse panel of 468 kinases
using an in vitro ATP-site competition binding assay29,30 at a
concentration of 100 nmol/L, and exhibited good overall selec-
tivity among the kinome (Fig. 6C and Supporting Information
Fig. S2). The profiling results suggested that RIPK1 was the top
hit and that TRKA and DDR1/2 could potentially be off-targets
for 62. To assess the inhibitory effects of our RIPK1i against
TRKA in cellular contexts, 62 and 63 were tested for their anti-
proliferative abilities in engineered Ba/F3 cells whose prolifera-
tion is dependent on a TEL-TRKA fusion (Fig. S2A). The results
showed that 62 was relatively weak against TRKAwith an IC50 of
634 nmol/L, while 63 was almost inactive against TRKA
(IC50 > 1000 nmol/L). On the other hand, reported siRNA
screening results indicated that knockdown of neither TRKA nor
DDR1/2 could affect the necroptotic pathway31, consistently, in-
hibition of DDR1/2 with a reported inhibitor32 showed no effect
on necroptosis in cells (Fig. S2B).

These inhibitors were also preliminarily evaluated for potential
drugedrug interactions and hepatoxicity. In a panel of selected
cytochrome P450 (CYP) enzymatic assays, they were inactive
against most CYPs with IC50 values over 10 mmol/L, except that
39 and 49 weakly inhibited CYP2C8 (Fig. 6D). At a concentration
of 50 mmol/L, these inhibitors showed negligible cytotoxic effects
in the HepG2 human hepatocellular carcinoma cells compared to
1 and 2 (Fig. S2C). Additionally, these inhibitors were assessed for
potential cardiotoxicity in a hERG safety assay, and all were found
to be inactive with IC50 values over 30 mmol/L (Fig. 6D). Overall,
62 demonstrated satisfactory selectivity for RIPK1 both in vitro
and in cells.

To evaluate its inhibitory effects on the necroptotic signaling
downstream of TNFa, 62 was titrated in FADD�/� Jurkat and
L929 cells stimulated with TNFa and SM164 (Fig. 7A). Western
blot results showed that in the FADD�/� Jurkat cells, 62 at 8 nmol/
L was able to abolish the stimulated phosphorylation and activa-
tion of RIPK1 and MLKL, and eliminated most phosphorylation
of RIPK3. In comparison, 2 was slightly weaker than 62, and 1
was the least potent with effective concentrations at a sub-
micromolar level. In L929 cells, 62 almost completely blocked the
phosphorylation cascade at 40 nmol/L. In comparison, 1 at
1 mmol/L showed similar effects whereas 2 became inactive even
at 1 mmol/L 62 was also tested in the RIPK3-dimerization-induced
necroptosis assay and showed no protective effects at all, con-
firming that RIPK1 is its sole target in the necroptotic pathway
(Fig. 7B). On the other hand, 62 at 5 mmol/L completely abolished
the activation of RIPK1 in the human lung organoids infected with
SARS-CoV-2, and exerted very strong antiviral effects compared
to reported RIPK1i (Fig. 7C). Collectively, 62 potently and
selectively inhibited the kinase activity of RIPK1 in various cell
types.



Table 3 Optimization of the subunit R based on 39a.

Compd. R EC50 (nmol/L)b Compd. R EC50 (nmol/L)b

FADD�/�

Jurkat

L929 FADD�/�

Jurkat

L929

TNFa T þ S TNFa T þ S TNFa T þ S TNFa T þ S

39 0.04 1 0.9 3.6 56 7.5 28 550 6964

47 1.2 35 22 74 57c 0.09 0.3 0.3 0.4

48 0.2 0.7 0.5 4.6 58c <0.01 <0.01 <0.01 <0.01

49 0.06 0.5 0.03 0.06 59 0.2 2.3 8.4 39

50 2.8 273 n.d. n.d. 60 0.05 2.9 4.8 116

51 0.1 1.6 0.9 74 61 0.3 0.4 1390 2729

52 6.6 80.6 n.d. n.d. 62 0.02 0.1 0.2 1.3

53 214 1860 875 3770 63 0.03 0.4 0.3 1.6

54 0.08 0.3 0.4 0.6 1 94 590 112 689

55 36 132 52 219 2 0.5 3.9 1195 8279

aData represent means of three replicates.
bCell viability assays, T Z TNFa, S Z SM164.
cWith cytotoxicity at high concentrations.
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To select a suitable inhibitor for animal studies, we evaluated
the PK properties of selected inhibitors in mice following intra-
venous (iv) and oral (po) delivery (Table 4). 39, 49, 54, and 63
showed overall comparable PK properties following an oral dose
at 10 mg/kg (mpk). Their t1/2s ranged from 0.90 to 1.65 h,
maximum concentrations (Cmax) ranged from 714 to 1338 mg/L,
area under the curve (AUC) values ranged from 1695 to
4110 mg h/L, and bioavailabilities ranged from 25.4% to 37.0%. In
comparison, 48 at 10 mpk (po) showed more optimized PK
properties with remarkably higher Cmax, AUC, and bioavailability
parameters. 62 at 5 mpk (po) was even better with the longest t1/2
(3.86 h) and the highest bioavailability (82.2%). Additionally, 62
showed a favorable PK profile in rats as well with a t1/2 of 4.19 h,
a Cmax of 505 mg/L, an AUC of 2202 mg$h/L, and a bioavailability
of 34.1% following an oral dose at 5 mpk (Table 4). Taken
together, these results suggested that 62 is a more optimal choice
for further animal studies.

In the end, we evaluated the efficacy and tolerability of 62 in
mouse models of RIPK1-dependent acute or chronic inflammatory
disease (Fig. 8). In a TNFa-induced systemic inflammatory



Figure 5 The predicted binding mode of 49 (orange sticks) and 62

(magenta sticks) based on the RIPK1-20 co-crystal structure, which

indicates an intramolecular H-bond (red dash) in 49 (A) and a highly

similar conformation for 62 (B).
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response syndrome (SIRS) mouse model, 62 at 2 mpk (po)
completely mitigated the acute hypothermia in mice and almost
eliminated the symptoms even at the dose of 1 mpk (Fig. 8A).
Furthermore, 62 at 1 mpk (po) protected all mice from the fatality
while 6 out of 7 mice from the control group died of SIRS within
36 h. The pharmacodynamic study results showed that treatments
with 62 at 1 mpk almost eliminated TNFa-induced activation of
RIPK1 in mouse organs (Supporting Information Fig. S3).
Meanwhile, the phosphorylation levels of the downstream
effector, MLKL, were also significantly suppressed by treatments
with 62 at 2 mpk (Supporting Information Fig. S4).

On the other hand, in a chronic IBD mouse model with adult-
onset intestinal inflammation and splenomegaly based on a
Ripk1K612R/K612R knockin33, we observed significantly reduced
diarrhea and weight loss symptoms in mice orally dosed with 62 at
10 or 20 mpk per day (QD) for a continuous period of 40 days,
compared to the control group (Fig. 8B). Notably, the colorectal
stricture, splenomegaly, and thymus hyperplasia symptoms had
been significantly alleviated in the Ripk1K612R/K612R mice dosed
with 62, and no adverse effects had been observed in these mice
during this long-term treatment (Supporting Information Fig. S5).
Finally, in a RA mouse model induced by collagen antibodies and
LPS13, daily oral administration of 62 at 15 or 30 mpk for 8 days
could effectively eliminate most RA symptoms, including paw
edema, erythema, and joint stiffness, without affecting the body-
weight in mice (Fig. 8C and Supporting Information Fig. S6).
These findings suggested that 62 is an orally bioavailable and
tolerable RIPK1i that can effectively suppress RIPK1-dependent
acute or chronic inflammations in vivo.
3. Conclusions

Despite being homologs and that both can be inhibited by type-II KI,
RIPK1 and RIPK3 have very limited structural similarities in their
hydrophobic pockets. So far only the pocket of RIPK1 has been
proved utterly exploitable for selective targeting20,24. The RIPK3i,
10, was reportedly to be ineffective against mRIPK325, but in our
assays, it effectively protected mouse L929 cells from necroptosis,
without inducing apoptosis like other RIPK3i. This indicates that its
inhibitory mechanism is distinct from that of type-I RIPK3i. Never-
theless, modifications of 10 did generate moderately active dual in-
hibitors of RIPK1/3 with a typical type-II KI pharmacophore.

By utilizing ligands that are more specific to the hydrophobic
pocket of RIPK1, we were able to further modify these moderate
RIPK1/3 dual inhibitors and successfully obtained potent and
selective type-II RIPK1 inhibitors. The co-crystal structure and
molecular docking results showed clear interactions between these
inhibitors and both the hinge region and the hydrophobic pocket of
RIPK1, which facilitated our lead optimization process. Notably,
our inhibitors rendered RIPK1 in DLG-out/Glu-out conformations
as the selective type-III RIPK1i did, whereas typical type-II KIs
usually adopt DLG-out/Glu-in binding modes, which could
explain the good selectivity of our inhibitors. In addition, minor
optimization of the tail subunit resulted in significant improve-
ment in potency, especially against mRIPK1. The optimized lead,
62, exhibited excellent potency against both human and mouse
RIPK1 in cells with subnanomolar EC50 values and hundredfold
selectivity windows. It also showed stronger effects in suppressing
the viral replication of SARS-CoV-2 in human lung organoids,
compared to reported RIPK1i. With a favorable PK profile, low
oral doses of 62 exerted incredible anti-inflammatory effects in
various mouse models of acute or chronic inflammation mediated
by RIPK1. In summary, 62 and its analogs provide useful probes
for the pharmacological perturbation of RIPK1 in animal models
and promising leads for clinical drug developments.
4. Experimental

4.1. Chemistry

The synthesis of 20 and 62 is outlined in Scheme 1. Other final
compounds were prepared using similar procedures. Starting from
the commercially available protected 4-iodobenzylamines (64)
and benzimidazoles (65) or adenine (66), the intermediates 67 and
68 can be obtained by Ullmann coupling. After deprotection of 67
or 68, the resulting benzylamines can be coupled with carboxylic
acids (69) to form amides, directly producing 20 and its analogs.
On the other hand, the arylamine 70 can be prepared with reported
procedures and converted into aryl iodide 71 through diazotiza-
tion34. SuzukieMiyaura coupling of 71 with an alkene boronic
ester yields the enol ether 72, which can be hydrolyzed to the
aldehyde 73 under acidic conditions. The benzylamine resulting
from deprotection of 68 can then be coupled with 73 through
reductive amination, to provide the secondary amine intermediate
74. Finally, intramolecular cyclization of 74 under Lewis acid
catalysis produces 62 and its analogs with bicyclic tails.

Unless otherwise noted, reagents and solvents were obtained
from commercial suppliers and were used without further purifi-
cation. Reactions were run in round bottom flasks or glass vials
and stirred with Teflon-coated magnetic stir bars. Solvent evapo-
ration was performed on rotary evaporators under reduced pres-
sure. Reactions were monitored by thin layer chromatography,
LC‒MS or UPLC/MS using water þ0.05% formic acid (solvent
A) and acetonitrile þ 0.05% formic acid (solvent B). Preparative
HPLC was performed on a C18 column (19 � 100 mm, 5 mmol/L)
using a gradient of 10%e95% acetonitrile in water containing
0.05% trifluoroacetic acid (TFA) over 10 min (15 min run time) at
a flow rate of 15 mL/min. All final compounds are >95% pure as
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determined by HPLC analysis. 1H NMR (400 MHz) and 13C NMR
(101 MHz) spectra were recorded at ambient temperature in the
specified deuterated solvents. Observed proton absorptions are
reported as d units of parts per million (ppm) relative to tetra-
methylsilane (d 0.0). Multiplicities are reported: s (singlet),
d (doublet), t (triplet), q (quartet), dd (doublet of doublets), and m
(multiplet). Coupling constants are reported as a J value in Hertz
(Hz).

tert-Butyl(4-(5-(methylcarbamoyl)-1H-benzo[d]imidazole-1-yl)
benzyl)carbamate (67). 64A (200 mg, 0.60 mmol), 65 (126 mg,
0.72 mmol), Cs2CO3 (390 mg, 1.20 mmol), cuprous iodide (57 mg,
0.30mmol), 4,7-dimethoxy-1,10-phenanthroline (43mg, 0.18mmol)
were stirred in DMSO (3.0 mL) and heated to 100 �C and
stirred overnight under nitrogen protection. The reaction mixture
was filtered and purified by reverse phase C18 column
(CH3CN:H2OZ 0e80%) to afford compound 67 in 42% yield as a
brown oil. 1HNMR (400MHz, chloroform-d ) d 8.22 (d, JZ 1.6Hz,
1H), 8.16 (s, 1H), 7.90e7.79 (m, 1H), 7.56e7.46 (m, 5H), 6.27
(s, 1H), 5.01 (s, 1H), 4.43 (d, JZ 6.2 Hz, 2H), 3.08 (d, JZ 4.8 Hz,
3H), 1.49 (s, 9H). UPLC‒MS(ESI) calculated for C21H24N4O3 [Mþ
H]þ: 380.2, found: 381.1.

1-(4-((5-Benzyl-1-methyl-1H-pyrazole-3-carboxamido)methyl)
phenyl)-N-methyl-1H-benzo[d]imidazole-5-carboxamide (20). To
a solution of 67 (203 mg, 0.53 mmol) in CH2Cl2 (5.0 mL) was
Figure 6 In vitro characterization of lead compounds. (A) Metabolic

inhibition curves and IC50 values for lead compounds against hRIPK1 or h

62 at 100 nmol/L against a diverse panel of 468 kinases. Scores for primary

and the lower score indicated a higher probability of being a hit. (D) IC50

represent means of three replicates; n.d., not detected.
added TFA (1.0 mL). The reaction mixture was stirred at room
temperature for 3 h, then the solution was diluted with CH2Cl2 and
evaporated in vacuo several times to remove TFA. The crude
material was used for the next step without further purification.

To a stirred suspension of 69 (15 mg, 0.07 mmol), HATU (32 mg,
0.09mmol), andDIEA (23mg, 0.18mmol) in CH2Cl2 (2.0mL) were
added the above-mentioned product (20 mg, 0.07 mmol). The reac-
tionmixturewas stirred at room temperature for 4 h. The solutionwas
diluted with CH2Cl2 and partitioned between CH2Cl2 (10 mL) and
water (5 mL). The organic layer was washed by brine and dried over
Na2SO4, then evaporated in vacuo and the residue was purified by
silica gel column chromatography (CH3OH:CH2Cl2 Z 0e20%) to
afford compound 20 in 59% yield as a white solid. 1H NMR
(400 MHz, DMSO-d6) d 8.85 (s, 1H), 8.77 (t, JZ 6.4 Hz, 1H), 8.55
(d, J Z 4.5 Hz, 1H), 8.31 (d, J Z 1.1 Hz, 1H), 7.91e7.86 (m, 1H),
7.72e7.63 (m, 3H), 7.56 (t, JZ 9.3Hz, 2H), 7.34 (t, JZ 7.3Hz, 2H),
7.28e7.22 (m, 3H), 6.37 (d, JZ1.7Hz, 1H), 4.49 (t, JZ5.7Hz, 2H),
4.07 (s, 2H), 3.78 (s, 3H), 2.80 (dd, J Z 14.9, 4.5 Hz, 3H). HRMS
(ESI) calculated for C28H26N6O2 [M þ H]þ: 478.2117, found:
479.2182.

Ethyl 5-benzyl-3-iodo-1-methyl-1H-pyrazole-4-carboxylate (71).
Con. H2SO4 (265 mg, 2.7 mmol) was added dropwise to the solution
of 70 (350 mg, 1.35 mmol) in MeCN/H2O (3 mL/6 mL), stirred at
0 �C for 10min. Sodiumnitrite (102mg, 1.48mmol) inH2O (3.0mL)
stability of selected RIPK1i in MLM and HLM. (B) Representative

RIPK3 based on enzymatic assays. (C) Kinase selectivity profiles for

screen hits are reported as a percent of the DMSO control (% control),

values for lead compounds against a panel of CYPs and hERG. Data



Figure 7 Interrogating RIPK1 in cellular models with 62. (A) Human FADD�/� Jurkat or mouse L929 cells were treated with TNFa (40 ng/

mL) and SM164 (25 nmol/L) for 15 h in the presence of 1, 2, or 62 at indicated concentrations, then lysed and followed by Western blotting

analysis using species-specific antibodies. (B) Bar graph showing the anti-necroptotic effects of each compound at 10 mmol/L in mouse 3T3 cells

engineered with an FKBP-RIPK3-fusion. Cells were treated with the FKBP-dimerizing agent, AP20187 (100 nmol/L), in the presence of DMSO

or compounds for 15 h before the viability test. Data represent means � SD (n Z 3); **P < 0.01, ***P < 0.001, unpaired Student’s t-test. (C)

Human lung organoids were infected with SARS-CoV-2 (0.3 MOI) for 1 h, then washed out with PBS and cultured with normal medium and

indicated compounds (5 mmol/L) for an additional 48 h, then lysed and followed by Western blotting analysis. The viral loads of SARS-CoV-2

were indicated by its N protein levels.
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was added dropwise to the solution and stirred at 0 �C for 1 h, then
potassium iodide (672 mg, 4.05 mmol) was added slowly to the
mixture and stirred at 0 �C for another 1 h before quenched by sodium
thiosulfate solution. The solution was diluted with ethyl acetate and
partitioned between ethyl acetate (60 mL) and water (10 mL). The
organic layer was washed by H2O and brine, dried over Na2SO4, then
evaporated in vacuo and the residuewas purified by silica gel column
chromatography (EA:PEZ 0e50%) to afford compound 71 in 30%
yield as a yellow solid. 1H NMR (400 MHz, DMSO-d6) d 7.29 (dd,
J Z 8.2, 6.5 Hz, 2H), 7.25e7.19 (m, 1H), 7.14e7.03 (m, 2H), 4.42
(s, 2H), 4.32 (q, JZ 7.1 Hz, 2H), 3.71 (s, 3H), 1.33 (t, JZ 7.1 Hz,
3H). LC‒MS (ESI) calculated for C14H15IN2O2 [M þ H]þ: 370.0,
found: 370.1.

Ethyl (E)-5-benzyl-3-(2-ethoxyvinyl)-1-methyl-1H-pyrazole-4-
carboxylate (72). 71 (150 mg, 0.41 mmol), (E )-1-ethoxyethene-2-
ylboronic acid pinacol ester (161 mg, 0.81 mmol, Pd(dppf)Cl2
(30 mg, 0.04 mmol), Cs2CO3 (294 mg, 0.90 mmol), were stirred in
DME/H2O (2.0 mL/0.4 mL) and heated at 90 �C, stirred overnight
under nitrogen protection. The reaction mixture was filtered and
purifiedby reversephaseC18 column (CH3CN:H2OZ10%e100%)
to afford compound 72 in 87% yield as a brown solid. 1H NMR
(400 MHz, chloroform-d ) d 7.37 (s, 0.5H), 7.34 (s, 0.5H), 7.28 (dd,
JZ 9.7, 2.6 Hz, 2H), 7.20 (t, JZ 7.2 Hz, 1H), 7.13e7.07 (m, 2H),
6.33 (d, JZ 13.0Hz, 1H), 4.38 (s, 2H), 4.27 (q, JZ 7.1Hz, 2H), 3.94
(q, J Z 7.0 Hz, 2H), 3.64 (s, 3H), 1.35 (t, J Z 7.1 Hz, 3H), 1.29 (t,
JZ 7.1Hz, 3H). UPLC‒MS (ESI) calculated for C18H22N2O3 [Mþ
H]þ: 314.2, found: 315.0.

Ethyl 5-benzyl-1-methyl-3-(2-oxoethyl)-1H-pyrazole-4-carboxy-
late (73). 6 N HCl (1.5 mL) was added to 72 (112 mg, 0.36 mmol)
in THF (2.0 mL) at 0 �C, then the reaction was warmed to room
temperature and stirredovernight. The solutionwas dilutedwith ethyl
acetate and partitioned between ethyl acetate (15 mL) and water
(5mL). The organic layer waswashed byNaHCO3 saturated solution
and brine, dried overNa2SO4, then evaporated invacuo, and the crude
product was used for the next step without further purification.

tert-Butyl (S)-(1-(4-(6-amino-9H-purin-9-yl)phenyl)ethyl)car-
bamate (68). 64B (1.62 g, 4.66 mmol), Cs2CO3 (2.39 g, 7.34 mmol),
cuprous iodide (444 mg, 2.33 mmol), 4,7-dimethoxy-1,10-
phenanthroline (112 mg, 0.47 mmol) were stirred in DMSO
(25.0 mL) and heated at 100 �C and stirred overnight under nitrogen
protection. The reaction mixture was filtered and purified by reverse
phase C18 column (CH3CN:H2OZ 0e80%) to afford compound 68
in 39% yield as a yellow-white solid. 1H NMR (400 MHz, chloro-
form-d ) d 8.42 (s, 1H), 8.06 (s, 1H), 7.70e7.59 (m, 2H), 7.51



Table 4 PK parameters of optimized RIPK1ia.

Compd. Route t1/2 Tmax Cmax AUC0et AUC0einf CL MRT0einf Vss F

(h) (h) (mg/L) (h$mg/L) (h$mg/L) (L/h/kg) (h) (L/kg) (%)

39b po 1.34 0.33 1338 2190 2210 2.55 25.4

iv 0.81 862 882 1.1 2.08 2.35

48b po 1.39 0.42 3053 8276 8395 4.05 63.9

iv 0.81 1295 1314 0.8 1.97 1.55

49b po 1.65 0.67 1218 4110 4334 5.75 33.3

iv 1.03 1235 1415 0.7 10.50 6.98

54b po 0.90 0.50 1200 2437 2485 3.05 37.0

iv 0.44 659 672 1.5 1.98 2.98

62c po 3.86 0.50 1977 6501 6517 2.81 82.2

iv 1.29 471 476 0.6 1.49 0.94

63b po 1.05 0.67 714 1695 1726 2.75 26.4

iv 0.61 643 644 1.6 0.97 1.60

62d po 4.19 0.50 505 2202 2253 6.82 34.1

iv 0.91 390 397 0.8 1.03 0.77

aData represent means of three replicates.
bMice administered at 10 mpk (po) or 1 mpk (iv).
cMice or.
drats administered at 5 mpk (po) or 0.5 mpk (iv).
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(d, J Z 8.1 Hz, 2H), 5.87 (s, 2H), 4.96e4.86 (m, 1H), 1.96 (s, 1H),
1.48 (d, JZ 6.8 Hz, 3H), 1.44 (s, 9H). UPLC‒MS (ESI) calculated
for C18H22N6O2 [M þ H]þ: 354.2, found: 355.1.

Ethyl(S)-3-(2-((1-(4-(6-amino-9H-purin-9-yl)phenyl)ethyl)amino)
ethyl)-5-benzyl-1-methyl-1H-pyrazole-4-carboxylate (74). To a solu-
tion of 68 (1.45 g, 4.08 mmol) in CH2Cl2 (20.0 mL) was added TFA
(2.0mL). The reactionmixturewas stirred at room temperature for 4 h,
then the reaction solution was diluted with CH2Cl2 and evaporated in
vacuo for several times to remove TFA. The crude material was used
for the next step without further purification.
Figure 8 The anti-inflammatory effects of 62 in vivo. (A) Evaluation

reduction in body temperature and survival rates (n Z 7). (B) Quantificati

with vehicle, 1 or 62 (po) (nZ 4). (C) Quantification of the RA symptoms

with vehicle or 62 (po) (n Z 3). Data represent means � SD; **P < 0.0
To a stirred suspension of the above-mentioned product (1.1 g,
4.2 mmol), 73 (1.7 mmol) in DCE/DMF (10.0 mL/2.0 mL) were
added acetic acid (306 mg, 5.1 mmol). The reaction mixture was
stirred at room temperature for 30 min then added sodium tri-
acetoxyborohydride (899 mg, 4.2 mmol) to the mixture, and stirred
overnight at room temperature. DCE was evaporated in vacuo, the
residue was filtered and purified by reverse phase C18 column
(CH3CN:H2OZ 10%e100%) to afford compound 74 in 66% yield
as a yellow foam. 1H NMR (400MHz, chloroform-d ) d 8.43 (s, 1H),
8.06 (s, 1H), 7.65e7.50 (m, 4H), 7.27 (t, J Z 3.7 Hz, 3H), 7.20
of 62 (po) in TNFa (10 mg) induced SIRS mouse model measuring

on of the bodyweight for each group of Ripk1K612R/K612R mice treated

induced by collagen antibodies and LPS for each group of mice treated

1, ***P < 0.001, paired Student’s t-test.



Scheme 1 Reagents and conditions: (a) CuI, Cs2CO3, 4,7-dimethoxy-1,10-phenanthroline, DMSO, 100 �C, under N2; (b) (1) TFA, CH2Cl2, (2)

HATU, DIEA, CH2Cl2/DMF; (c) H2SO4, NaNO2, CH3CN/H2O, 0
�C, then KI, 0 �C; (d) (E )-1-ethoxyethene-2-ylboronic acid pinacol ester,

Pd(dppf)Cl2, Cs2CO3, DME/H2O, 90
�C, under N2; (e) 6 N HCl, THF, 0 �C to rt; (f) NaBH(OAc)3, AcOH, DCE/DMF, rt; (g) AlMe3, xylene,

120 �C, under N2.
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(t, J Z 7.3 Hz, 1H), 7.14e7.04 (m, 2H), 5.74 (s, 2H), 4.37 (s, 2H),
4.24 (q, JZ 7.1 Hz, 2H), 3.93 (q, JZ 6.5 Hz, 1H), 3.65 (s, 3H), 3.07
(t, JZ6.8Hz, 2H), 2.96e2.75 (m, 2H), 1.37 (d, JZ6.4Hz, 3H), 1.26
(t, JZ 7.0Hz, 3H). UPLC‒MS (ESI) calculated for C29H32N8O2 [M
þ H]þ: 524.3, found: 525.2.

(S)-5-(1-(4-(6-Amino-9H-purin-9-yl)phenyl)ethyl)-3-benzyl-2-
methyl-2,5,6,7-tetrahydro-4H-pyrazolo[4,3-c]pyridin-4-one (62).
Trimethylaluminium (1.5 mmol) was added dropwise to the solution
of 74 (262 mg, 0.5 mmol) in dry xylene (20.0 mL), then heated to
120 �C and stirred overnight under nitrogen protection. The reaction
was quenched by potassium sodium tartrate solution, then partitioned
between ethyl acetate (60 mL) and water (20 mL). The organic layer
was washed by brine, dried over Na2SO4, then evaporated in vacuo
and the residue was purified by silica gel column chromatography
(CH3OH:CH2Cl2Z 0e20%) to afford compound 62 in 44% yield as
a white solid. 1H NMR (400MHz, DMSO-d6) d 8.59 (s, 1H), 8.21 (s,
1H), 7.98e7.76 (m, 2H), 7.55 (d, J Z 8.4 Hz, 2H), 7.43 (s, 2H),
7.37e7.27 (m, 4H), 7.26e7.16 (m, 1H), 6.01 (q, J Z 7.0 Hz, 1H),
4.48e4.32 (m, 2H), 3.64 (s, 3H), 3.55e3.46 (m, 1H), 3.18e3.09 (m,
1H), 2.82e2.66 (m, 2H), 1.58 (d, J Z 7.1 Hz, 3H). 13C NMR
(101 MHz, DMSO-d6) d 162.65, 150.54, 149.66, 148.13, 145.28,
143.15, 142.97, 142.33, 137.56, 132.47, 128.65, 128.39, 128.16,
126.50, 124.12, 118.94, 110.02, 48.44, 41.42, 36.14, 29.00, 22.32,
16.45. HRMS (ESI) calculated for C27H26N8O [MþH]þ: 478.2230,
found: 479.2303.

N-(4-(6-Amino-9H-purin-9-yl)benzyl)-5-benzyl-1-methyl-1H-py-
razole-4-carboxamide (39). The title compound was obtained as
described in the general procedure (white solid). 1HNMR (400MHz,
DMSO-d6) d 8.76e8.66 (m, 2H), 8.35 (s, 1H), 7.99 (s, 1H),
7.82e7.77 (m, 2H), 7.52 (d, J Z 8.6 Hz, 2H), 7.31e7.25 (m, 2H),
7.21e7.17 (m, 3H), 4.51 (d, J Z 5.8 Hz, 2H), 4.46 (s, 2H), 3.66
(s, 3H). 13C NMR (101 MHz, DMSO-d6) d 162.65, 150.54, 149.66,
148.13, 145.28, 143.15, 142.97, 142.33, 137.56, 132.47, 128.65,
128.39, 128.16, 126.50, 124.12, 118.94, 110.02, 48.44, 41.42, 36.14,
29.00, 22.32, 16.45. HRMS (ESI) calculated for C24H22N8O [M þ
H]þ: 438.1917, found: 439.1993.

N-(4-(6-Amino-9H-purin-9-yl)benzyl)-5-benzyl-3-chloro-1-me-
thyl-1H-pyrazole-4-carboxamide (48). The title compound was
obtained as described in the general procedure (white solid). 1H
NMR (400 MHz, DMSO-d6) d 8.50 (s, 1H), 8.45 (t, J Z 6.0 Hz,
1H), 8.14 (s, 1H), 7.83e7.69 (m, 2H), 7.49e7.38 (m, 2H), 7.35 (s,
2H), 7.23 (dd, J Z 8.0, 6.6 Hz, 2H), 7.18e7.07 (m, 3H), 4.44 (d,
J Z 6.0 Hz, 2H), 4.22 (s, 2H), 3.59 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) d 161.69, 152.55, 148.50, 148.10, 144.96, 141.95,
139.85, 136.97, 134.68, 132.77, 128.69, 128.27, 126.63, 123.59,
119.12, 113.10, 42.05, 36.78, 29.37. HRMS (ESI) calculated for
C24H21ClN8O [M þ H]þ: 472.1527, found: 473.1600.

N-(4-(6-Amino-9H-purin-9-yl)benzyl)-5-benzyl-1-methyl-1H-
1,2,3-triazole-4-carboxamide (49). The title compound was ob-
tained as described in the general procedure (white solid). 1H
NMR (400 MHz, DMSO-d6) d 9.30 (t, J Z 6.3 Hz, 1H), 8.71 (s,
1H), 8.35 (s, 1H), 7.83e7.70 (m, 2H), 7.55 (d, J Z 8.3 Hz, 2H),
7.37e7.26 (m, 2H), 7.27e7.14 (m, 3H), 4.54 (d, J Z 6.3 Hz, 2H),
4.47 (s, 2H), 3.90 (s, 3H). 13C NMR (101 MHz, DMSO-d6)
d 161.07, 153.14, 148.91, 148.61, 141.61, 139.99, 138.41, 138.24,
136.65, 132.90, 128.77, 128.44, 128.32, 126.78, 123.58, 119.12,
41.53, 34.67, 27.40. HRMS (ESI) calculated for C23H21N9O [M þ
H]þ: 439.1869, found: 440.1944.

(S)-N-(1-(4-(6-Amino-9H-purin-9-yl)phenyl)ethyl)-5-benzyl-1-
methyl-1H-pyrazole-4-carboxamide (54). The title compound was
obtained as described in the general procedure (white solid). 1H
NMR (400 MHz, DMSO-d6) d 8.55 (s, 1H), 8.48 (d, J Z 7.9 Hz,
1H), 8.19 (s, 1H), 8.08 (s, 1H), 7.86e7.74 (m, 2H), 7.60e7.51 (m,
2H), 7.41 (s, 2H), 7.27 (dd, J Z 8.0, 6.8 Hz, 2H), 7.20e7.12 (m,
3H), 5.20 (p, J Z 7.2 Hz, 1H), 4.56e4.22 (m, 2H), 3.65 (s, 3H),
1.50 (d, J Z 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6)
d 162.31, 156.33, 153.12, 149.19, 144.68, 143.36, 139.67, 137.81,
137.53, 133.49, 128.51, 128.21, 127.02, 126.28, 123.03, 119.22,
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114.46, 47.46, 36.31, 28.82, 22.33. HRMS (ESI) calculated for
C25H24N8O [M þ H]þ: 452.2073, found: 453.2147.

(S)-5-(1-(4-(6-Amino-9H-purin-9-yl)phenyl)ethyl)-3-benzyl-2-
methyl-5,6-dihydropyrrolo[3,4-c]pyrazol-4(2H)-one (63). The title
compound was obtained as described in the general procedure
(white solid). 1H NMR (400 MHz, DMSO-d6) d 8.70 (s, 1H), 8.35
(s, 1H), 7.85e7.79 (m, 2H), 7.54 (d, J Z 8.3 Hz, 2H), 7.32 (d,
J Z 5.7 Hz, 4H), 7.26e7.19 (m, 1H), 5.51 (q, J Z 7.1 Hz, 1H),
4.44 (d, J Z 16.3 Hz, 1H), 4.19 (s, 2H), 4.06 (d, J Z 16.3 Hz,
1H), 3.79 (s, 3H), 1.65 (d, J Z 7.2 Hz, 3H). 13C NMR (101 MHz,
DMSO-d6) d 163.38, 157.19, 152.94, 148.65, 148.56, 142.19,
141.68, 137.93, 137.25, 133.14, 128.77, 128.42, 127.79, 126.70,
123.81, 119.11, 115.48, 48.88, 41.58, 36.75, 29.51, 18.07. HRMS
(ESI) calculated for C26H24N8O [M þ H]þ: 464.2073, found:
465.2148.

4.2. Reagents

Cell lines were cultured as follows: L929 and NIH-3T3 cells were
cultured inDMEMsupplementedwith 10% (v/v) FBS; Jurkat andBa/
F3 cells were cultured in RPMI-1640 with 10% FBS; HT-29 was
cultured inMcCoy’s 5Awith10%FBS;HepG2was cultured inMEM
with 10% FBS; All the cells were maintained at 37 �C and 5% CO2.
All culture media and FBS were GIBCO™ and purchased from
ThermoFisher (Waltham, MA, USA), common reagents were pur-
chased from SigmaeAldrich (Burlington, MA, USA) unless other-
wise specified. The following commercial reagents were used in this
study: TNFa (Novoprotein, Shanghai, China), mTNFa (Cell Sci-
ences, Newburyport, MA, USA), monoclonal anti-collagen anti-
bodies cocktail (Chondrex, Woodinville, USA). The following
antibodies were used in this study: p-S345-MLKL (ab196436,
mouse-specific), p-S358-MLKL (ab187091, human-specific),
MLKL (ab172868, mouse-specific), MLKL (ab189612, human-
specific) and RIPK3 (ab72106, human-specific) were purchased
from Abcam (Cambridge, UK); RIPK1 (3493), p-S166-RIPK1
(31122, human-specific), p-T231/S232-RIPK3 (57220, mouse-
specific) and p-S227-RIPK3 (93654, human-specific) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA);
RIPK3 (AHP1797, mouse-specific) was purchased from BIO-RAD
(Hercules, CA, USA); b-actin (I10813) and tubulin (I11107) were
purchased from TransGen (Beijing, China); SARS-CoV-2 N protein
(40588-T62) was purchased from Sino Biological (Beijing, China);
p-S166-RIPK1 (mouse specific) was purchased from Biolynx
(Hangzhou, China). Chemical probes were purchased from Selleck
(Shanghai, China) or prepared according to the literature.

4.3. Co-crystal structure determination and molecular docking

The expression, purification, and co-crystallization of recombinant
RIPK1 protein (1-294, C34A, C127A, C233A, C240A) were
following the reported procedures and conditions16. Diffraction
datasets were collected at the beamline BL17U1 of the Shanghai
Synchrotron Radiation Facility (Shanghai, China). The diffraction
data sets were processed with the XDS program and the auto-
PROC suite35e37. The initial phase for the complex structure was
solved by molecular replacement using the PDB entry 4ITH as the
search model with the program Phaser38. The structural model was
further manually re-built in Coot and refined with Phenix39,40. The
qualities of the final models were validated by MolProbity41 and
listed in Supporting Information Table S1. The docking studies
were performed based on coordinates of RIPK1-20 (PDB 8I2N)
using Schrödinger 2021 software suites (Schrödinger, New York,
NY, USA)42. The best ligand poses were chosen based on the
docking score, and scores of �10 or lower usually represent very
good binding. All the structural figures were prepared in the
program PyMol (Schrödinger).

4.4. In vitro profiling assays

The RIPK1 kinase activities were tested using a commercially
available assay kit from Promega (Madison, Wisconsin, USA),
and the RIPK3 kinase activities were tested similarly except that
recombinant RIPK3 other than RIPK1 protein was used
(SignalChem, Richmond, BC, Canada). The KINOMEscan assays
were done by DiscoverX (Fremont, CA, USA), and the scores
were reported as a percent of DMSO control, with the lower score
usually indicating a higher probability of being a hit29,30. The
assays for microsomal stability, CYP450 inhibition and hERG
inhibition were performed according to the literature43e45.

4.5. Cell viability assays

The cells were plated at a density of 2000 (adherent) or 10,000
(suspended) cells per well in a 384-well white plate and incubated
with DMSO or inhibitors. For necroptosis cell models, the cells
were treated with inhibitors for 30 min before TNFa stimulation
(10 ng/mL with 25 nmol/L SM164, or 40 ng/mL without SM164),
then analyzed for viabilities 16 h after the stimulation. For cyto-
toxicity assessment, cells were treated with inhibitors for 72 h
before viability analysis. The relative cell viabilities were deter-
mined using the Cell Titer Glo assay (Promega) and reported as
percentages of the DMSO controls.

4.6. Immunoblotting analyses

HT29 or L929 cells were seeded in 6-well plates at a density of
4 � 105 cells per well 24 h before experiment. FADD�/� Jurkat
cells were seeded in 6-well plates at a density of 2 � 106 cells per
well. Cells were pretreated with inhibitors for 1 h before applying
stimulations. The human lung organoids infected with SARS-
CoV-2 were prepared according to literature3, and treated with
inhibitors for 48 h before being lysed. The whole-cell lysates were
collected with 1% SDS lysis buffer (1% SDS, 150 mmol/L NaCl,
50 mmol/L Tris-HCl (pH 7.4)), and then boiled at 95 �C for
10 min. Total protein concentration was analyzed by BCA kit
(ThermoFisher) and aligned with lysis buffer. Lysates were mixed
with an equal volume of 2X loading buffer (100 mmol/L Tris-HCl
(pH 6.8), 4% SDS, 20% glycerol, bromophenol blue, and 5% b-
mercaptoethanol) and boiled at 95 �C for 10 min, then separated in
10% polyacrylamide gel electrophoresis. Protein was transferred
onto 0.2 mm nitrocellulose membrane and blotted with specific
antibodies as indicated.

4.7. In vivo studies

For PK studies, male ICR mice or SD rats were dosed via tail vein
(iv, 10% v/v DMA, 10% w/v Solutol HS 15 in normal saline at a
dose of 0.5 or 1 mpk) or oral gavage (po, 3% v/v DMSO, 97% v/v
aqueous HP-b-CD solution (30% w/v) at a dose of 10 or 5 mpk).
Blood samples were collected at 5, 15, 30, 60, 120, 240, 360, 480,
720 and 1440 min (iv) and 15, 30, 60, 120, 240, 360, 480, 720 and
1440 min (po). The animal was restrained manually at the
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designated time points, and approximately 30e50 mL of blood
sample was collected via the retro-orbital plexus into tubes with
EDTA2K. Plasma samples were separated by centrifugation of
whole blood and stored below �80 �C until bioanalysis using
LC‒MS/MS.

For the efficacy study in the SIRS model, six-week-old
C57BL/6J male mice received 62 at 1, 2, or 5 mpk (po) 30 min
before injection with mouse TNFa (iv, 10 mg), then monitored for
survival and rectal temperature every hour. The vehicle- or 1-
treated groups were used as controls. For the pharmacodynamic
study, mice were anesthetized, perfused, and dissected 8 h after
the injection of TNFa (20 mg) on a cryostat, then the organs
were collected and sectioned. For immunostaining, tissue sections
were mounted and blocked with 10% normal goat serum and 1%
BSA, and then incubated with primary antibodies at 4 �C
overnight.

For the efficacy study in the IBD model, eight-week-old
Ripk1K612R/K612R-knockin male mice were administered with
62 at a dose of 10 or 20 mpk (po, QD) for continuous 40 days.
Mice were monitored every other day for their weights and stool
scales. Ripk1WT background mice, and the vehicle- or 1-treated
groups were used as controls.

For the efficacy study in the RA model, eight-week-old BALB/
c male mice received 1.5 mg (iv) of the anti-collagen antibodies
cocktail on Day 0, followed by intraperitoneal injection with LPS
(10 mg) on day 3. After 24 h, 62 was administered (po) at a dose of
15 or 30 mpk, using the vehicle as a negative control. Mice were
weighed and scored every day according to a qualitative scoring
system to assess the severity of paw inflammation46.

The animal protocols were approved by the Institutional Ani-
mal Care and Use Committee of IRCBC, SIOC, and all experi-
ments were performed in accordance with IRCBC, SIOC policies
on the care, welfare, and treatment of laboratory animals.

4.8. Statistics

All statistical analyses and curves were performed using the
GraphPad software package (La Jolla, CA, USA). Statistical sig-
nificance between conditions was calculated using a t-test (two-
tailed) when comparing two groups. All the enzymatic activity
assays were performed in triplicate and quantified data
were presented as mean � SD. IC50 values were calculated using
non-linear regression and shown as data points representing
mean � SD.

4.9. Accession codes

Coordinates and structure factors for the co-crystal structure of
RIPK1 kinase domain (1-294, C34A, C127A, C233A, C240A)
and 20 have been deposited in the Protein Data Bank with the
accession number 8I2N.
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