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Abstract

Graft-versus-host disease (GVHD) remains the major cause of morbidity and nonrelapse mortality
(NRM) after hematopoietic cell transplantation (HCT). Inflammatory cytokines mediate damage
to key GVHD targets such as intestinal stem cells (ISCs) and also activate receptor interacting
protein kinase 1 (RIP1; RIPK1), a critical regulator of apoptosis and necroptosis. We therefore
investigated the role of RIP1 in acute GVHD using samples from HCT patients, modeling GVHD
damage in vitro with both human and mouse gastrointestinal (GI) organoids, and blocking RIP1
activation in vivo using several well-characterized mouse HCT models. Increased phospho-RIP1
expression in Gl biopsies from patients with acute GVHD correlated with tissue damage and
predicted NRM. Both the genetic inactivation of RIP1 and the RIP1 inhibitor GNE684 prevented
GVHD-induced apoptosis of ISCs in vivo and in vitro. Daily administration of GNE684 for 14
days reduced inflammatory infiltrates in three GVHD target organs (intestine, liver, and spleen)
in mice. Unexpectedly, GNE684 administration also reversed the marked loss of regulatory
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T cells in the intestines and liver during GVHD and reduced splenic T cell exhaustion, thus
improving immune reconstitution. Pharmacological and genetic inhibition of RIP1 improved long-
term survival without compromising the graft-versus-leukemia (GVL) effect in lymphocytic and
myeloid leukemia mouse models. Thus, RIP1inhibition may represent a nonimmunosuppressive
treatment for GVHD.

Editor’'s summary

Allogeneic hematopoietic cell transplantation (HCT) is performed for patients with leukemia

to induce graft-versus-leukemia (GVL) effects. However, the GVL effect is closely tied to
development of graft-versus-host disease (GVHD), and GVHD treatments can limit GVL effects.
Here, Prado-Acosta and colleagues studied the role of receptor interacting protein kinase 1
(RIP1) in acute GVHD, finding that increased phospho-RIP1 was associated with worsened
intestinal damage and increased nonrelapse mortality in patients undergoing allogeneic HCT. In
mice undergoing HCT, genetic knockout or pharmacological inhibition of RIP1 was associated
with decreased intestinal damage and improved survival. RIP1 inhibition also improved immune
reconstitution in mice undergoing allogeneic HCT and did not inhibit GVL effects in leukemic
mice, suggesting that RIP1 inhibition may be a nonimmunosuppressive treatment for GVHD.
—Melissa L. Norton

INTRODUCTION

Receptor interacting protein kinase 1 (RIP1; RIPK1) is a critical regulator of inflammatory
cell death and mediator of multiple signaling pathways downstream of tumor necrosis factor
receptor 1 (TNFR1) (1, 2). Stimulation with TNFa initially leads to RIP1 engagement

in the TNFR1 signaling complex (1) and nuclear factor kappa light chain enhancer of
activated B cell (NF-kB) activation (3). However, when RIP1 dissociates from complex

I, it subsequently associates with caspase-8 and RIP3 in cytoplasmic complexes (I1) to
mediate apoptotic and necroptotic cell death (3). Within complex Il, RIP1 undergoes
autophosphorylation, triggering its activation and downstream cell death signaling (4-6).
The kinase activity of RIP1 is an attractive therapeutic target because it is critical to

cell death mediated by TNFa and other inflammatory stimuli with no known risk of
immunosuppression (7-9). It is also amenable to small-molecule inhibition, and to date,
several RIP1 kinase inhibitors have been used in animal models, where they reduced the
severity of skin disease, arthritis, kidney damage, and myocardial damage (7, 9, 10). Jointly,
these data have defined the role of RIP1 in a number of inflammatory conditions, including
ileocolitis, renal disease, and neurodegenerative disorders such as multiple sclerosis (1, 8,
10-12).

TNFa is an important mediator of inflammatory bowel disease, and recent research has
focused on the role of RIP1 in damage to gastrointestinal (Gl) epithelium (10, 13-15). RIP1
activation is required for death of cells in the intestinal crypts, which can be prevented

both by genetic inactivation of the RIP1 kinase domain and by pharmacologic inhibition
(14). RIP1 inhibition can prevent damage to the intestinal mucosa when the epithelium is
susceptible to inflammatory stimuli, for example, in disorders with genetic mutations in
autophagy regulators such as autophagy related 16 like 1 (A7G16L 1) (15) or in NF-kB
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essential modulator (VEMO) (10). RIP1 inhibitors that maintain the RIP1 kinase in an
inactive conformation are now under clinical investigation for the treatment of several
diseases, including psoriasis and inflammatory bowel disease (7, 14-18).

Allogeneic hematopoietic cell transplantation (HCT) relies on the powerful graft-versus-
leukemia (GVL) effect to eradicate hematologic malignancies. The GVL effect is tightly
linked, however, to graft-versus-host disease (GVHD), the major cause of early nonrelapse
mortality (NRM) after HCT. The Gl tract is a key target organ of GVHD, and the need

for enhanced regeneration of the Gl crypt to improve long-term GVHD outcomes is well
established (19-22).

We hypothesized that RIP1 is activated during GVHD and that inhibiting RIP1 activation
would protect key GVHD target organs such as the intestine and liver without suppressing
the immune system. Here, we showed strong RIP1 phosphorylation (pRIP1) during GVHD-
induced damage of the intestines using biopsies from HCT patients and correlation of RIP1
phosphorylation with NRM. We also observed RIP1-mediated cell death during GVHD
damage in human and mouse intestinal organoid models that could be reversed by treatment
with a RIP1 inhibitor. Using in vivo mouse models of GVHD that used genetic and
pharmacologic approaches to inactivate/inhibit RIP1 kinase activity, we demonstrated that
RIP1 inhibition could modulate GVHD effects while maintaining a GVL benefit. Therefore,
inhibition of RIP1 may be a potential treatment for acute GVHD in patients.

RIP1 activation correlates with GVHD damage in human intestinal biopsies and correlates
with long-term patient outcomes

To evaluate the relevance of the RIP1 pathway in clinical acute GVHD, we measured RIP1
by quantifying its phosphorylation (pRIP1) in GI biopsy samples from 24 patients who
underwent HCT using a previously established four-point scale (Fig. 1A and fig. S1) (10,
23). We found a strong correlation between pRIP1 abundance and histologic damage as
measured by the Lerner score (Fig. 1B). In addition, the area under the receiver operator
characteristic curve of pRIP1 abundance and NRM within 12 months of biopsy was 0.81
(Fig. 1C). The cumulative incidence of 12-month NRM in patients with moderate or marked
pRIP1 levels (two or three of a three-point semiquantitative scale by immunohistochemistry)
was fivefold higher than that in patients with rare or no pRIP1 (Fig. 1D). All patients who
died, died from GVHD.

Inactivation of RIP1 rescues human and mouse intestinal organoids from apoptosis

We next evaluated the role of the RIP1 pathway in GVHD damage using human intestinal
organoid cultures. Sera from seven individual patients with GI GVHD (table S1) contained
elevated concentrations of interferon-y (IFN-y) and TNFa (Fig. 2A), and the addition of
individual serum samples to culture media markedly reduced the viability of third-party
human organoids, which could be reversed by the addition of RIP1 inhibitor GNE684 (Fig.
2, B and C, and fig. S2A). The addition of 10 ng/ml of IFN-y or TNFa alone did not
adversely affect organoid growth (fig. S2A), but their combination caused a substantial loss
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of organoid viability that was also reversed by GNE684 (Fig. 2, D and E). The addition of
the pancaspase inhibitor emricasan (24) improved organoid viability, but the combination of
GNE684 and emricasan did not cause further improvement, suggesting that the TNFa. and
IFN-7 in serum reduced organoid viability primarily by apoptosis. GNE684 also reversed
the phosphorylation of RIP1 when the inhibitor of apoptosis antagonist birininapant was
added to TNFa in human colon organoids (Fig. 2F).

We next used the well-defined C3H.SW — B6 murine model to evaluate the role of RIP1 in
Gl damage during GVHD. Similar to observations in human samples, serum obtained from
individual mice on day +9 after allogeneic HCT markedly reduced the viability of organoids
established from the ilea of naive B6 mice, and the addition of GNEG684 to the culture media
significantly (P< 0.001) improved organoid viability (Fig. 3A and fig. S2B). As expected,
serum from mice with GVHD contained increased concentrations of IFN-y and TNFa (fig.
S3); the addition of both IFN-y and TNFa reduced organoid viability in a dose-dependent
fashion that was also significantly (£ < 0.001) reversed by GNE684 (Fig. 3B). Emricasan
similarly improved organoid viability, but the combination of GNE684 and emricasan did
not result in further improvement (Fig. 3, C to F), again suggesting that the loss of organoid
viability was due primarily to apoptosis.

Intestinal stem cells (ISCs) are key targets of GVHD (25, 26). To evaluate the effect of

RIP1 inhibition on the fate of ISCs, we quantified the effects of IFN-y and TNFa on

Lgr5* ISCs in organoids derived from Lgr5-eGFP mutant mice, where the number of Lgr5*
ISCs is highly correlated with the organoid viability (fig. S2B). The two inflammatory
cytokines in culture media reduced the number of Lgr5* ISCs by 50%, which was reversed
by both GNE684 and emricasan to the same degree (Fig. 3C). Inhibition of RIP1 and
caspase inactivation afforded similar protection to sorted single Lgr5* ISCs cultured as
nascent organoids for 72 hours (Fig. 3D). We observed similar beneficial effects of RIP1

and caspase inhibition in parallel analyses of organoids that were treated with GNE684 or
that were established from B6 Rijpk1P136N/D136N (RIP1 KD) mice in which RIP1 kinase was
genetically inactivated (23) (Fig. 3, E and F). Together, these data showed that RIP inhibition
rescued ISCs from apoptosis mediated by inflammatory cytokines produced during GVHD.

Genetic inactivation of RIP1 in mice prevents Gl GVHD and reduces mortality after HCT

The observations in organoids using serum samples from patients and mice with GVHD led
us to evaluate the role of RIP1-mediated cell death in well-characterized mouse models of
acute GVHD. We first analyzed the Gl tract on days +9 and + 10 after syngeneic (B6 —
B6) and allogeneic (C3H.SW — B6) HCT. Western blots of the ileum showed cleavage

of caspase 3 in wild-type (WT) recipients of allogeneic HCT but not in RIP1 kinase dead
(KD) recipients (Fig. 4, A and B). In RIP1 KD mice, the aspartic acid at position 138 of

the kinase has been mutated to an asparagine, preventing its activation (10). There was no
evidence of phosphorylated RIP3 or phosphorylated mixed lineage kinase-like (MLKL) in
these samples (Fig. 4A), supporting apoptosis rather than necroptosis as the primary form of
cell death during GVHD. GVHD in WT recipients caused 10-fold increases in the numbers
of both CD4* and CD8* lamina propria lymphocytes secreting TNFa, IFN-vy, and IL-17 that
returned to baseline syngeneic HCT concentrations in KD recipients (Fig. 4, C and D, and
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fig. S4, A and B). Intestinal length improved in KD mice, which resulted in significantly (P
< 0.001) diminished GVHD mortality (Fig. 4, E and F). We observed a similar reduction in
mortality using Balb/c donors to induce GVHD (Fig. 4G).

Pharmacological inhibition of RIP1 by GNE684 prevents Gl GVHD and improves survival in

mice

We next evaluated the ability of pharmacologic inhibition of RIP1 to control GVHD by
daily intraperitoneal administration of GNE684 (75 mg/kg) from the day of HCT in the
C3H.SW — B6 model. Phenotypic analysis of lamina propria lymphocytes taken from the
small intestine during GVHD showed that GNE684 administration markedly reduced the
number of effector CD4* T cells (CD4*IFN-y* and CD4*TNFa™), effector CD8* T cells
(CD8*IFN-y* and CD8*TNFa*), macrophages (F4/80%), natural killer cells (NK1.1%), and
neutrophils (Ly6G*) (Fig. 5A and fig. S5). GNE684 administration also markedly increased
the number of regulatory T cells [Tregs; (CD4"Foxp3™)] so that the CD4™ T eg/conventional
CD4*FoxP3~ T cell (Tcon) ratio returned to syngeneic HCT ratios (Fig. 5A). GNE684
treatment reversed the loss of Lgr5* ISCs in the intestinal crypts, which correlated with
restored intestinal length (Fig. 5, B and C). Culture of freshly isolated intestinal crypts
from mice with GVHD on day +9 after HCT showed that both GNE684 and emricasan
added in vitro significantly (P < 0.001) improved organoid viability from crypts of mice
with GVHD; the addition of both compounds did not cause further improvement, however,
providing further evidence that RIP1 inhibition acts to prevent the apoptosis of ISCs (Fig.
5D). Daily intraperitoneal administration of GNE684 for 14 days reduced mortality from
GVHD in a dose-dependent fashion in two donor/recipient strain combinations (Fig. 5, E
and F). GNE684 administration also reversed acute GVHD mortality when its administration
was delayed until day +7 at a time when GVHD was already advanced (Fig. 5G).

RIP1 inhibition improves immune reconstitution during GVHD in mice

To determine whether the reduction in inflammatory cellular infiltrates caused by GNE684
was limited to the Gl tract, we performed a similar analysis of cellular infiltrates in a

second GVHD target organ, the liver. We again observed reductions in effector CD4* T cells
(CD4*IFN-y* and CD4*TNFa*), effector CD8* T cells (CD8*IFN-y* and CD8*TNFa*),
macrophages (F4/807), natural killer cells (NK1.1%), and neutrophils (Ly6G™) (Fig. 6). We
also observed the same marked increase in Tyegs (CD4*FoxP3™) and restoration of the CD4*
Treg/Tcon ratio to syngeneic HCT levels.

We next explored different approaches to determine whether RIP1 inhibition generally
suppressed overall lymphocyte function. Addition of GNE684 to mixed lymphocyte
reactions in vitro resulted in no change in the proliferation or cytokine production of either
CD4" or CD8* responding T cells (Fig. 7A). Daily administration of GNE684 for 14 days
after syngeneic HCT had no effect on thymocyte subset number or distribution at a time
when the thymus is rapidly regenerating (Fig. 7B). In addition, both CD4* and CD8™ splenic
lymphocytes responded normally to CD3/CD28 stimulation (Fig. 7C). Thus, RIP1 inhibition
had no effect on acute activation of T cells in the absence of GVHD. Analysis of both
syngeneic and allogeneic HCT recipient mice showed fewer effector T cells and more Tyegs
in the spleen after GNE684 treatment, similar to results in the intestine and liver (fig. S6).
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GNEG684 treatment also reduced two markers of T cell exhaustion, programmed cell death
protein 1 (PD-1), and T cell immunoglobulin and mucin domain 3 (TIM-3), on both CD4*
and CD8* T cells, which correlated with improved proliferation and cytokine secretion to

third-party (Balb/c) allogeneic dendritic cells (DCs) (Fig. 7D and fig. S7).

Inhibition of RIP1 preserves GVL effect in mice

The clinical benefit of allogeneic HCT derives from the beneficial GVL effect that is closely
associated with GVHD (27). We therefore used well-characterized models of lymphoid
malignancy (EL4) and myeloid malignancy (C1498) that are syngeneic to B6 recipient mice
to determine whether RIP1 inhibition had any impact on GVL effects (28). Tumor cells were
injected together with the donor inoculum to mimic residual leukemia burden that persists
after HCT conditioning. All syngeneic HCT recipients died of leukemia within 3 weeks of
injection (Fig. 8, A to D, left). HCT recipients of allogeneic C3H.SW donor grafts rejected
both tumors, demonstrating substantial GVL effects. Most B6 WT recipients, however,

died from GVHD, whereas most recipient mice in which RIP1 was inhibited survived,
whether the inhibition was through genetic inactivation in B6-RIP1 KD recipients or though
pharmacologic inactivation by daily injections of GNE684 (Fig. 8, A to D, right). Thus,
inhibition of RIP1 successfully prevented GVHD while preserving beneficial GVL effects in
mice.

DISCUSSION

Here, we found that RIP1 inhibition prevented GVHD by rescuing ISCs from apoptosis
while preserving GVL effects and improving immune reconstitution. The Gl tract is
considered the most critical of the three acute GVHD target organs because GVHD is
hardest to control in the Gl tract and its response to therapy largely determines long-term
outcomes such as survival (29-31). Histologic severity of GVHD in the lower Gl tract

is characterized by apoptotic cells near the crypt base, with crypt loss in severe cases
(32-34). Immunologic homeostasis in the Gl tract involves complex regulation of both
innate and adaptive immune responses that must distinguish between potentially pathogenic
species among the trillions of bacteria in the gut lumen and prevent unwanted inflammatory
responses to food-borne antigens (27, 35).

Preclinical models of GVHD have confirmed that Lgr5™ ISCs are key targets of acute
GVHD (25, 26). ISCs proliferate rapidly during GVHD but are unable to regenerate the
epithelial barrier because they rapidly undergo apoptosis (26). Destruction of the crypt

by GVHD accelerates the erosion of ISC reserve with the loss of Paneth cells that are
critical for regeneration of the mucosal epithelial surface (36-38). The loss of Paneth cells
in biopsies correlates with severe GVHD (15, 39, 40), whereas restoration of Paneth cell
function attenuates GVHD (34, 38, 41).

GVHD physiology is characterized by the production of inflammatory effector cytokines,
particularly IFN-y and TNFa (27, 35), and we modeled GVHD damage to intestinal crypts
in both human and mouse organoids using a combination of these two cytokines. IFN-y
leads to Paneth cell death and causes extrusion from organoids, irreversibly damaging the
crypt (42-44). TNFa also prevents regeneration of the intestinal epithelium during GVHD
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when ISCs are susceptible to inflammatory injury (29, 44). Our data show that sera from
individuals with GVHD cause RIP1-dependent apoptosis in intestinal organoids that is
replicated by the combination of IFN-y and TNFa. Our results largely confirm those of

a recent study reporting the rescue of mice from lethal GVHD using a different RIP1
inhibitor (45). The absence of activation of RIP3 and MLKL in our study is consistent with
the lack of MLKL-dependent necroptosis observed in that study and with the observation
that apoptosis is the histological hallmark of acute GVHD damage (32). Together with the
equivalent ability of RIP1 inhibition by GNE684 and caspase inhibition by emricasan to
rescue I1SCs in vitro, as well as the lack of synergism between these two inhibitors, we
conclude that RIP1 inhibition prevents the apoptosis of intestinal targets of GVHD.

Recent GVHD research has come to appreciate the critical importance of repair and
regulation of the GI epithelium in this disease process (22). This emphasis on the regulative
capacity of the Gl tract is consistent with the notion of tissue tolerance or resistance to
immunologic attack that has been proposed as a critical contributor to GVHD damage (46).
Our data show that pharmacologic inhibition of RIP1 prevents GVHD to the same extent
as genetic inactivation of RIP1 in HCT recipients and that both approaches dramatically
reduce the infiltration of inflammatory effector cells into intestinal tissues. Unexpectedly,
RIP1 kinase inhibition also resulted in marked increases in Tregs in GVHD target organs
and the restoration of immunologic homeostasis. T cell exhaustion during GVHD has been
well described (47, 48), and GNE684 treatment reduced the expression of two T cell
exhaustion markers and improved T cell functional responses to third-party alloantigens. We
hypothesize that the effect of RIP1 kinase inhibition on Tiegs is indirect, and it is known
that the reversal of dysbiosis can reduce GVHD and induce the expansion of Tegs (49, 50).
Although the precise mechanism remains to be elucidated, RIP1 inhibition that protected
the GI tract from GVHD damage actually improved immune reconstitution, unlike current
immunosuppressive treatments such as systemic steroids or calcineurin inhibitors.

RIP1 kinase inhibition of cell death during GVHD, enhancing target organ resistance
without suppressing the immune system, is an attractive strategy for two major reasons.
First, the therapeutic efficacy of allogeneic HCT relies on the graft-versus-leukemia (GVL)
effect to eliminate residual malignancy that was not completely eradicated by the HCT
preparative regimen; loss of GVHD may entail loss of GVL effects and increase the

risk of relapse. We have shown that a RIP1 inhibitor reduces GVHD while preserving
GVL in two different leukemia models, suggesting that this approach will be attractive for
patients needing allogeneic HCT. Second, the immune systems of patients with GVHD are
usually in the early stages of reconstitution, and GVHD treatment with systemic corticoids
substantially increases the risk of serious infections (22).

Our study has several limitations. First, these mouse models use young, healthy mice as
HCT recipients, whereas most HCT patients are at least 50 years old and have previously
received cytotoxic drugs, which may attenuate the role of apoptosis as the predominant

cell death pathway during GVHD. Second, we modeled ISC apoptosis using only two
inflammatory cytokines, IFN-y and TNFa. Other inflammatory cytokines, and other
cytolytic pathways such as granzyme/perforin or Fas/Fas ligand, may also attenuate the role
of apoptosis in GVHD. Third, although inhibition of RIP1 with GNE684 did not suppress

Sci Transl Med. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Prado-Acosta et al.

Page 8

lymphocyte function either in vitro or in vivo, these experiments were not performed
together with other immunosuppressive medications such as calcineurin inhibitors or
corticosteroids. Patients with GVHD commonly receive such medications and may be more
immunosuppressed than these mouse models suggest. Therefore, these findings should be
extrapolated to clinical HCT scenarios with caution.

The importance of RIP1 kinase activity has been demonstrated in a number of animal
disease models by using RIP1 KD mice or various RIP1 kinase inhibitors (1, 8, 10, 14,
15, 51-54). These preclinical data positioned RIP1 inhibitors as attractive reagents to test
in clinical settings (1, 7, 55). Several clinical trials with RIP1 inhibitors have recently
completed in inflammatory diseases, and a few are still ongoing in neurodegenerative and
inflammatory indications (56). According to reports from these trials, the RIP1 inhibitor
GSK?2982772 did not affect disease outcome in patients with arthritis, ulcerative colitis, or
psoriasis (57-59), whereas the studies in patients with ALS have not reported any efficacy
results yet (60). Thus, the choice of the right disease in which to test RIP1 inhibitors is of
critical importance.

Here, we modeled GVHD damage to human Gl crypts and used clinically relevant and
translatable animal models of acute GVHD to show the benefit of RIP1 inhibition to
ameliorate disease. RIP1 genetic inactivation or chemical inhibition did not affect beneficial
GVL effects, in agreement with previous studies where RIP1 inhibition did not affect
primary tumor growth or metastases (10). Together, these data point to acute GVHD as an
important and relevant disease for clinical testing of RIP1 inhibitors. An ongoing clinical
study for the treatment of severe GVHD with a RIP1 inhibitor with equivalent potency
characteristics of GNE684 is currently accruing patients (https://clinicaltrials.gov/ct2/show/
NCTO05673876).

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the role of RIP1 in the damage sustained

by ISCs in GVHD both in vivo and in three-dimensional organoid cultures. The number

of biological replicates, type of statistical methods used, and Pvalues are reported in

the figure legends. All human patients provided informed consent for the collection of
clinical data and biopsy material in accordance with the Declaration of Helsinki, and studies
were conducted under Institutional Review Board/Ethics Committee of University Hospital
Regensburg and Mount Sinai Hospital, New York City approval. For animal experiments,
HCT was performed in both male and female mice under the Institutional Animal Care
and Use Committee (IACUC) protocol (Molecular and Cellular Mechanism of GVHD and
GVL-IACUC-2014-0202). Cages of mice were randomly assigned to treatment groups. All
in vitro experiments in the main text were carried out at least two times, and no outliers or
other data points were excluded from our analyses.
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C57/BL6 (B6; H-2b), Balb/c (H-2d), C3H.SW (H-2b), and B6.Lgr5-eGFP-CreERT2
(Lgr5-eGFP; H-2b) were purchased from the Jackson Laboratory. C57/BL6/Ripk1D138N/
D138N were previously described (10, 23). All animal experiments were approved by the
Institutional Animal Care Use Committees at Icahn School of Medicine at Mount Sinai.

Organoid establishment and passage

Mice were euthanized, and 20 cm of duodenal intestine and 7 cm of colon were separated
from surrounding blood vessels and fat, gently flushed with cold phosphate-buffered saline
(PBS), cut longitudinally, and extensively washed with PBS to remove any remaining fecal
material. Connective tissue and contaminants were removed from 5-mm intestinal pieces
by vigorous repeated pipetting in cold PBS until the supernatant became clear and free of
floating debris. Tissue was then incubated in Gentle Dissociation Reagent (STEMCELL
Technologies, 07174) at room temperature for 20 min on a rocking platform and allowed
to settle by gravity. Supernatant was aspirated and intestinal tissue was resuspended in cold
PBS with 0.1% bovine serum albumin (Thermo Fisher Scientific, BP671-1). After 30 s of
vigorous pipetting, the supernatant was passed through a 70-um cell strainer three times. The
third fraction was enriched in crypts and centrifuged (300 rpm for 5 min at 4°C), washed
with Dulbecco’s modified Eagle’s medium Nutrient Mixture F-12 (DMEM/F-12) with 15
mM Hepes (STEMCELL Technologies, 36254), and centrifuged again.

To establish organoids, crypts were resuspended in Mouse Intesticul Organoid Growth
Medium (STEMCELL Technologies, 6005) to an approximate concentration of 2000
crypts/ml. The mixture (50 pl) was added to Growth Factor Reduced Matrigel (Corning,
356231) at a 1:1 v/v ratio and slowly pipetted into the center of a prewarmed 24-well tissue
culture plate (Corning, 3526) to form a dome and then was incubated at 37°C for 1 hour

to allow Matrigel polymerization; 500 pl of Intesticult Organoid Growth Medium was then
added to cover the dome without disturbing it. Media were changed every 2 to 3 days and
organoids were passaged every 7 to 10 days. In some experiments, sorted Lgr5* ISCs were
placed on a thin layer of Matrigel and cultured as previously described (61). Viability was
measured after 72 hours.

To passage organoids, media were aspirated and subjected to vigorous pipetting for 30 s
with cold PBS disrupted domes. Organoids were washed to remove residual Matrigel and
incubated with Gentle Dissociation Reagent (STEMCELL Technologies, 07174) for 20 min
at room temperature on a rocking platform. Dissociated organoids were washed in DMEM/
F-12 with 15 mM Hepes, resuspended to 2000 crypts/ml, mixed in a ratio 1:1 with Matrigel,
and plated as described above. Human 3dGRO lleum Intestinal Organoids were purchased
(Sigma-Aldrich SCC368), and colonic organoids (62) were taken from healthy individuals
and cultured in IntestinCult Human Organoid Growth media (STEMCELL Technologies,
0190) as described above and passaged every 7 days.

Quantification of organoid growth

Three days after intestinal organoid passage, recombinant IFN-y (10 ng/ml; Peprotech, L
2117), mouse recombinant TNFa (10 ng/ml; Peprotech, 315-01A), RIP1 inhibitor GNE684
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(10) 20 pM (10 ng/ul), and/or Emricasan 10 nM (Medichem Express, HY-10396) were
added to media. In some cultures, Birinapant (100 nM) was added 1 hour before the
addition of TNFa. After 72 hours of culture, organoid viability was measured by adding
CellTiter-Glo assay reagent (Promega, G7573) to each well of a 96-well plate and incubated
for 10 min; 150 pl of the resulting solution was transferred to 96-well white opaque plates
(Corning Inc. 3917). Serum from human and murine HCT recipients was added to some
cultures in a 1:1 v/v ratio.

Lgr5* ISC isolation

Intestinal crypts from 6- to 8-week-old B6 Lgr5-eGFP mice were harvested as above.
Intestines were cut and placed on ice in 10 mM EDTA buffer (Invitrogen, AM9260G)

for 30 min with a change of buffer every 10 min. Isolated crypts were filtered through a
70-um cell strainer and further disaggregated into single cells after a 5-min incubation in
TrypLE Express (Gibco, 25200-056) supplemented with 10 pM ROCK inhibitor Y-27632
dihydrochloride (Tocris, 12-541-0) at 37°C. Lgr5* stem cells were sorted in BD FACSAria
Il Cell Sorter (BD Biosciences).

Hematopoietic cell transplantation

Splenocytes and bone marrow (BM) cells collected from the femurs and tibias of euthanized
donor mice were suspended in ammonium-chloride-potassium (ACK) lysis buffer (Gibco,
A1049201) for 5 min at room temperature to lyse red blood cells. Recipient mice that

were at least 12 weeks old and weighing more than 20 g were given 1100 cGy total body
irradiation (day —1). On day 0, irradiated mice were injected with 5 x 108 BM cells and 5 x
108 splenocytes from Balb/c donors or 5 x 108 BM and 50 x 108 splenocytes from C3H. SW
donors. In all experiments, BM and splenocytes from syngeneic donors were used to create
control groups without GVHD or GVL effects. Mortality of mice after HCT was monitored
daily.

GVL assessment

C57BL/6-derived myeloid leukemia cell line C1498 (H-2°) and EL4 (H-2P) mouse
lymphoma cell lines were obtained from the American Type Culture Collection (ATCC).
All cells were propagated in complete RPMI 1640 GlutaMAX medium (Gibco, 72400146)
until exponential growth was achieved. Residual host leukemia was modeled by adding 5 x
10° C1498 or 1 x 10°% EL4 cells to the BM and splenocytes inoculum at day 0 of the HCT.
Survival was monitored daily.

Isolation of cellular infiltrates

Mice were euthanized, and 10 ml of PBS was slowly perfused via intracardiac injection

to cleanse GVHD target organs of peripheral blood as previously described (63). Livers
were mechanically disrupted and incubated with collagenase D (Roche, 11088882001) and
DNase I (Roche, 10104159001) for 1 hour at 37°C. Samples were filtered with a 70-pym
strainer (Corning, 352350) and centrifuged in Percoll (Sigma Aldrich, GE17-0891-01)

at 1700 rpm for 30 min at room temperature. Cells were incubated with ACK Lysing
buffer (Gibco, A10492-01) for 5 min at room temperature and filtered through a 70-pm
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strainer, centrifuged at 1300 rpm for 5 min at 4°C, and resuspended in PBS. Lamina propria
lymphocytes from small intestines were isolated as previously described (26).

Flow cytometry

Intestinal organoids generated from Lgr5-eGFP mice were collected and washed with cold
PBS to remove Matrigel, followed by dissociation and single-cell suspension. Single-cell
suspensions were stained with Live Dead Violet for 10 min (Thermo Fisher Scientific,
62248) and anti-mouse EpCAM (CD326) for 30 min. Lgr5™ 1SCs were quantified using a
previously described gating strategy (26).

Single-cell suspensions were processed as above and stained with Live/Dead for 10 min

at room temperature, washed, and stained with surface target antibodies for 30 min at

room temperature. Samples were fixed and permeabilized using Foxp3/Transcription Factor
Staining Buffer Set (eBioscience, 00-5523-00) and stained with antibodies for 30 min at
room temperature. Samples were analyzed using AURORA Cytek and quantified using
FlowJo V10 (Tree Star). Intracellular cytokines were detected by incubating cell suspensions
for 4 hours with Cell Stimulation Cocktail (eBioscience, 00-4970-93) and Protein Transport
Inhibitor Cocktail (eBioscience, 00-4980-03). All flow cytometry reagents are listed in table
S2.

T cell proliferation

Spleens collected from mice were mechanically disrupted, lysed using ACK Lysing buffer
(Gibco, A10492-01), and filtered by 70-um strainers, and T cells were isolated from total
splenocytes using the Pan T cell Isolation Kit (Miltenyi Biotec, ref. 130-095-130) as
indicated by the manufacturer. T cells were counted and stained with carboxyfluorescein
diacetate succinimidyl ester (CFSE; Thermo Fisher Scientific, C34554). CFSE-labeled T
cells were plated with either Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher
Scientific, 11456D) or third-party DCs at a 1:2 ratio for 5 days. DCs were generated

from Balb/c bone marrows as previously described (64). At least 85% of DCs were
CD11b*CD11c*Ly6C-Ly6G~MHCINIhCD8ONaM by flow cytometry. After 5 days, cells
were harvested, stained, and analyzed using LSR Fortessa (BD Biosciences).

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISAs) were performed according to the
manufacturer’s instructions for mouse serum (R&D Systems IFN-y Quantikine ELISA,
MIF00; R&D Systems TNFa Quantikine ELISA kit, MTA00B) and human serum (R&D
Systems IFN-y Quantikine ELISA kit, DIF50C; R&D Systems TNFa Quantikine ELISA
kit, DTAQOD).

Western blot analysis

Snap-frozen ileal sections were lysed in Triton buffer: 20 mM tris-HCI (pH 7.5), 135 mM
NaCl, 1.5 mM MgCl,, 1 mM EGTA, 1% Triton X-100, and Halt Protease and Phosphatase
Inhibitor Cocktail (ThermoFisher Scientific) for 30 min on ice and centrifuged at 14,000
rpm for 10 min at 4°C; total protein was resolved on SDS-PAGE and immunacblotted with
the indicated antibodies (table S3). Levels of both full-length and processed caspase-3 were
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quantified using ImageJ software and normalized to actin for each lane. All antibodies used
are listed in table S3.

Immunohistochemistry

Intestinal biopsies were fixed in formalin and embedded in paraffin. pRIP1
immunohistochemistry was performed with the Cell Signaling rabbit monoclonal antibody
D1L3S at 0.5 pg/ml on the Benchmark platform (Roche) with CC1 standard retrieval
(Roche), Ventana Discovery goat Ig Block, and Optiview Amplification (Roche) with
diaminobenzidine chromogen for detection and hematoxylin counterstain. Formalin-fixed,
paraffin-embedded HT29 cells and HT29 cells treated with TNF/BV6/zVAD served as a
positive control. Replacement of D1L3S antibody with a naive rabbit antibody (DA1E, Cell
Signaling Technology) served as a negative control. Immunohistochemistry was performed
on the Discovery XT (Roche) platform with CC1 standard antigen retrieval and OmniMap
detection with diaminobenzidine as the chromogen and hematoxylin as the counterstain. A
tumor xenograft served as a positive control and primary antibody replacement with a naive
rabbit immunoglobulin G (IgG) antibody (Cell Signaling Technology) served as a negative
control.

pRIP1 labeling in human intestinal biopsies was scored according to the following metrics:
0, rare to no labeling; 1, mild perinuclear labeling in lamina propria cells and/or rare crypt
cell labeling; 2, moderate perinuclear labeling in lamina propria cells and scattered crypt
cell labeling; 3, marked perinuclear labeling in lamina propria cells and multifocal crypt cell
labeling.

Statistical analysis

Statistical analysis and graphs were performed and generated using Prism (GraphPad) and

R statistical package version 4.0.3 (R Core Team 2020) software. Cumulative incidences of
NRM and relapse were calculated using Fine and Gray’s method. Differences in cumulative
incidences were compared using Gray’s test and differences in proportions by XZ tests.
Survival curves were plotted using Kaplan-Meier estimates and compared using the log-rank
test. Unpaired two-tailed #test was used for parametric data. All data were tested for
normality through application of the Ftest with Prism software, and all tests were two sided.
Differences were considered significant when the Pvalue was less than 0.05. All studies for
which data are presented are representative of at least two independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RIP1 phosphorylation in gastrointestinal biopsies correlates with histologic damage and

long-term outcomes.

(A) Immunohistochemistry of pRIP1 (Serl166) levels in 24 Gl biopsies taken from patients
with GI symptoms after HCT. Histologic severity was determined by the Lerner score. Scale
bar, 100 pm. (B) Violin plot of pRIP1 abundance in Gl biopsies that were classified as
none/mild (0/1) or moderate/marked (2/3) and correlated the severity of damage as assessed
by the Lerner score. (C) Receiving operator characteristic (ROC) curve of pRIP1 abundance
and 12-month NRM after biopsy. (D) Cumulative incidence of NRM according to pRIP1
abundance. **P=0.01, unpaired two-tailed ztest; *~=0.027, Log-rank (Mantel-Cox) test.
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Fig. 2. Inactivation of RIP1 prevents apoptosisin human organoids.
(A) Concentrations of IFN-y and TNFa in serum from patients with GVHD. (B to E)

Organoids were established from healthy humans and cultured in media with the additives
indicated as described in Materials and Methods. (B) Viability of ileal organoids 72

hours after the addition of serum from individual patients (P) either with no evidence of
gastrointestinal GVHD (GVHD-) or with gastrointestinal GVHD symptoms (GVHD+).
GNE684 was added to some cultures as described in Materials and Methods. (C) Viability
of colonic organoids treated as in (B). (D and E) Viability of ileal and colonic organoids
cultured with the indicated additives. (F) Organoids from human colons cultured in media
with the additives as indicated and evaluated for pRIP1 by IHC as described in Materials and
Methods. *P< 0.05, **P< 0.01, and ***P < 0.001, unpaired two-tailed #test.
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Fig. 3. Inactivation of RIP1 prevents apoptosisin murine organoids.
Organoids were established from mice as described in Materials and Methods and

cultured in media with indicated treatments. (A) Sera from either syngeneic (open bars)
or allogeneic (solid bars) transplanted mice were added to ileal mouse organoids, and
viability was quantified as in Materials and Methods. (B) Viability in response to increasing
concentrations of IFN-y and TNFa.. (C) lleal organoids from Lgr5-eGFP mouse were
established and treated as indicated; Lgr5* 1SCs were quantified by flow cytometry. (D)
Crypts from Lgr5-eGFP mice were dissociated into single cells and sorted to obtain Lgr5*
ISCs; after sorting, ISCs were cultured with the additives indicated, and viability was
assessed. (E) lleal organoids from B6 WT mice (left) or B6-RIP1 KD mice (right) were
cultured with the additives indicated, and viability was assessed as described in Materials
and Methods. (F) Colonic organoids from B6 WT mice (left) or B6-RIP1 KD mice (right)
were cultured as described in (E), and viability was assessed. *P < 0.05, **P< 0.01, and
*** P < 0.001, unpaired two-tailed #test.
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Fig. 4. Genetic inactivation of RIP1in HCT recipient mice prevents GI GVHD and reduces
mortality.

B6 WT and B6-RIP1 KD mice received HCT from syngeneic (open red and purple bars,
respectively) or allogeneic C3H.SW donors (solid red and solid purple bars, respectively).
Small intestines were harvested and analyzed on day 9 after HCT and Western blots, and
flow cytometry of lamina propria lymphocytes was performed as described in Materials and
Methods. (A) Western blots of ileum for RIP1, RIP3, pRIP3, MLKL, pMLKL, caspase 8,
caspase 3, and actin from individual mice as indicated. (B) The ratio of cleaved caspase 3 to
full-length (FL) caspase 3 as measured by densitometry. IFN-y* and TNFa* were quantified
for (C) CD4* and (D) CD8™ populations. (E) Intestinal lengths were measured on day 9. (F)
Survival of B6 WT recipients (solid red squares, /7= 16) and B6-RIP1KD recipients (solid
purple squares, /7= 16) transplanted from C3H.SW donors and syngeneic B6 WT donors
(open squares, n=7 per group). (G) Survival of B6 WT HCT recipients (solid red squares,
n=20) and B6-RIP1KD HCT recipients (solid purple squares, 7= 20) transplanted from
allogeneic Balb/c donors and from syngeneic B6 WT donors (open red and purple squares,
n=17 per group). **P<0.01 and ***P< 0.001 [B to E: Unpaired two-tailed ftest; F and G:
Log-rank (Mantel-Cox) test].
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Fig. 5. Pharmacological inhibition of RIP1 by GNE684 prevents GI GVHD and improves
survival in mice.

(A to D) B6 WT mice received HCT as in Fig. 4 and daily intraperitoneal injections of
either GNE684 75 mg/kg (blue bars) or vehicle (red bars) from day 0 after HCT. (A)
Intestines were processed on day 9 after HCT, and the numbers of leukocyte subpopulations
in the lamina propria were analyzed and calculated by flow cytometry after syngeneic

(open bars) or allogeneic (closed bars) HCT. Cellular subpopulations included the following:
T lymphocytes (CD3™), effector CD4* T cells (CD4*IFN-y* and CD4*TNFa*), effector
CD8" T cells (CD8"IFN-y* and CD8*TNFa"), Tregs (CD4"Foxp3™), conventional T cells
(CD4*Foxp3™), regulatory/conventional CD4+ T cell ratios (Foxp3*/Foxp3~), macrophages
(F4/80%), natural killer cells (NK1.1*), and neutrophils (Ly6G™). (B) ISCs of Lgr5-eGFP
recipient mice as quantified by flow cytometry using the gating strategy described in
Materials and Methods. (C) Small intestines were removed and measured from the proximal
jejunum to the cecum. (D) Organoids from intestinal crypts of transplanted mice were
cultured with additives as indicated, and viability was measured after 5 days. (E) Survival
of B6 WT mice that received HCT from syngeneic B6 WT donors (open squares, /7= 6

per group) or allogeneic C3H.SW donors (solid squares) that received 14 daily injections of
GNE684 beginning on day 0 at the following doses (all in milligrams per kilogram): 0 (red,
n=26); 5 (light blue, 7= 16); 25 (medium blue, 7= 16); and 75 (navy blue, n= 10). (F)
Survival of HCT recipients from syngeneic B6 WT donors (open circles, 7= 6 per group) or
from allogeneic Balb/c donors that received 14 daily injections from day 0 of either vehicle
(red solid circles, n=10) or GNE684 (75 mg/kg; blue solid circles, 7= 10). (G) Survival of
HCT recipients transplanted from syngeneic B6 WT donor (open circles, 7= 6 per group)
or from allogeneic C3H.SW donors (solid circles) that received 14 daily injections beginning
on day +7 of either vehicle (red circles, n= 10) or GNE684 (75 mg/kg; blue circles, n= 10).
Tx: daily injections, ns: nonsignificant, *£< 0.05, **P< 0.01, and ***P< 0.001 [A to D:
Unpaired two-tailed ftest, E to G: Log-rank (Mantel-Cox) test].
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Fig. 6. Pharmacological inhibition of RIP1 by GNE684 prevents accumulation of inflammatory
cellular infiltratesin mouse liver.

Mice were transplanted and treated as in Fig. 4. Livers were harvested on day 9
and processed, and the number of inflammatory cellular subpopulations was analyzed

and calculated by flow cytometry as described in Materials and Methods. Cellular
subpopulations included the following: T lymphocytes (CD3*), effector CD4* T cells
(CD4*IFN-y* and CD4*TNFa*), effector CD8* T cells (CD8*IFN-y* and CD8*TNFa*),
Tregs (CD4*Foxp3™), conventional T cells (CD4*Foxp37), regulatory/conventional CD4+
T cell ratios (Foxp3*/Foxp3~), macrophages (F4/80%), natural killer cells (NK1.1*), and
neutrophils (Ly6G*). ns, nonsignificant; *~ < 0.05; **P < 0.01; ***P < 0.001, unpaired

two-tailed ftest.
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Fig. 7. Pharmacological inhibition of RIP1 by GNE684 does not suppress lymphocyte function
and improvesimmune reconstitution during GVHD in mice.

(A) T cells isolated from naive B6 WT mice were stained with CFSE and stimulated in vitro
with antiCD3/CD28 beads with or without GNE684 for 5 days (left) and then stimulated
with phorbol myristate acetate (PMA) for 4 hours to detect intracellular TNFa and IFN-y
(orange bars) or TNFa alone (green bars) (right). (B and C) B6 WT mice received HCT
from syngeneic donors and were treated with vehicle or GNE684 75 mg/kg daily for 14 days
(open red and blue bars, respectively), and organs were harvested on day 14. (B) Absolute
numbers of CD4*, CD8*, CD4*CD8™, and CD4~CD8~ were quantified in the thymus by
flow cytometry. (C) CD3* T cells were isolated and quantified from the spleen (left), stained
with CFSE, and stimulated with antiCD3/CD28 beads in vitro for 5 days (middle). Cells
were then harvested and stimulated with PMA for 4 hours to detect intracellular IFN-y and
TNFa by flow cytometry (right). (D) B6 WT mice received HCT from syngeneic (open
bars) or allogeneic C3H.SW donors (solid bars) and were treated with vehicle or GNE684
75 mg/kg daily (red and blue bars, respectively). Splenocytes were isolated on day 14, and
the cell surface expression of PD-1 and TIM-3 was analyzed for both CD4* and CD8* T
cell subsets by flow cytometry (left and middle). CD3* T cells isolated from the splenocytes
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were stained with CFSE, stimulated in vitro with Balb/c DCs for 5 days, and then analyzed
for CD4* and CD8* cell surface expression (right). ns, nonsignificant; *P < 0.05; **P <
0.01; ***P< 0.001 (A to D: Unpaired two-tailed #test).
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Fig. 8. RIPlinhibition preserves GVL effectsin mice.
Mice received HCT as in Fig. 4. A total of 5 x 10° C1498 (A and C) or 1 x 106 EL-4 (B

and D) leukemia cells were added to the donor inoculum of each recipient. (A and B) Death
by leukemia (left) and survival (right) of B6 WT recipients (red squares) and B6-RIP1 KD
HCT recipients (purple squares) transplanted from syngeneic donors (open squares, 7= 15
per group) or from allogeneic C3H.SW donors (solid squares, 7= 15 per group). (C and D)
Death by leukemia (left) and survival (right) of mice injected for 14 days intraperitoneally
with vehicle (red solid circles, 7=12) or GNE684 (75 mg/kg; blue solid circles, n=17)
that received HCT from syngeneic B6 WT donors (open circles, /7= 15 per group) and from
allogeneic C3H.SW donors (solid circles). Mice that died from GVHD are shown as ticks
along the xaxis in the left panels. Tx: daily injections, **£< 0.02 [Log-rank (Mantel-Cox)
test].
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