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A goal in precision medicine is to use patient-derived material to predict disease course and

. . intervention outcomes. Here, we use mechanistic observations in a preclinical animal model

® Intestinal GVHD in
Atg16L1-deficient
mice was reversed by
inhibiting necroptosis.

to design an ex vivo platform that recreates genetic susceptibility to T-cell-mediated
damage. Intestinal graft-versus-host disease (GVHD) is a life-threatening complication of
allogeneic hematopoietic cell transplantation. We found that intestinal GVHD in mice
deficient in Atg16L1, an autophagy gene that is polymorphic in humans, is reversed by
inhibiting necroptosis. We further show that cocultured allogeneic T cells kill Atg716L1-
mutant intestinal organoids from mice, which was associated with an aberrant epithelial
interferon signature. Using this information, we demonstrate that pharmacologically
inhibiting necroptosis or interferon signaling protects human organoids derived from in-
dividuals harboring a common ATG16L1 variant from allogeneic T-cell attack. Our study
/ provides a roadmap for applying findings in animal models to individualized therapy that
targets affected tissues. (Blood. 2020;135(26):2388-2401)

® An ex vivo platform
incorporating
organoids and T cells
can recreate
susceptibility to tissue
injury and be applied
to drug testing.

attacking tumor cells in recipients. In as many as 50% of
transplant recipients, these alloreactive T cells attack healthy
tissues to cause the multiorgan disorder graft-versus-host dis-
ease (GVHD)." Damage to the gastrointestinal tract accounts for
much of the morbidity and mortality associated with GVHD,? yet
few biomarkers and methods are currently available that predict
intestinal involvement or response to treatment.®>

Introduction

Treatment of complex inflammatory disorders often involves
“step-up” approaches in which patients receive interventions of
increasing intensity and risk after failure to demonstrate im-
provement with milder therapies. Multiple rounds of empiric
testing and failure of treatments present a substantial burden on
the health care system that contributes to decreased quality of life
and can negatively impact the disease course. The promise of
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precision medicine is that certain features of the patient will
predict responsiveness to therapies and circumvent the need for
trial- and-error approaches. However, biomarker analysis of blood
or other tissue specimens has had only limited success. An al-
ternative approach is to establish an ex vivo assay in which
disease-related events are recreated with patient-derived material
and then subsequently applied to test drug responsiveness.

Allogeneic hematopoietic cell transplantation (allo-HCT) in-
volving the transfer of bone marrow (BM), peripheral blood, or
cord blood from a nonidentical donor can be a life-saving
procedure. When applied to treat malignancies such as mye-
loid leukemia, donor-derived T cells contribute to remission by
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We previously demonstrated that the autophagy gene ATG16L1
is protective during allo-HCT.¢” A common ATG16L1
(ATG16L173094) variant was initially identified as a susceptibility
factor for the inflammatory bowel disease (IBD) Crohn’s disease.®
Intestinal GVHD and Crohn’s disease frequently involve the
distal small intestine but can involve any part of the gastroin-
testinal tract and are characterized by overproduction of
T-helper 1 cytokines tumor necrosis factor-a (TNF-a) and
interferon-y (IFN-y), as well as epithelial barrier disruption.28?
Based on these similarities, we examined the role of ATG16L1 in
GVHD and found that mice with reduced Atg16L1 expression
were susceptible to GVHD in an animal model of allo-HCT and
that the ATG16L173%4 variant was associated with increased
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transplant-related mortality in human allo-HCT recipients.® More
recently, we showed that Atg16L1 deletion in intestinal epithelial
cells (IECs) in mice is sufficient to confer increased lethality
following allo-HCT.”

During autophagy, organelles and other cytosolic material are
degraded and recycled when sequestrated by double-
membrane vesicles that fuse with endolysosomes.’®'" Mice
harboring IEC-specific deletions of ATG16L1 or other autophagy
proteins display impaired viability of several epithelial lineages,
including enterocytes, Paneth cells, and goblet cells.’>¢ We and
other investigators independently demonstrated that ATG16L1
and other autophagy components inhibit a form of programmed
necrosis termed “necroptosis” in murine intestinal organoids,”"'®
a 3-dimensional cell culture system in which IEC lineages are
differentiated from epithelial stem cells.’” Necroptosis occurs when
cytokine and death receptors induce the formation of a complex,
consisting of receptor interacting protein kinase 3 (RIPK3) and
RIPK1, that mediates the recruitment and phosphorylation of the
pore-forming molecule mixed lineage kinase domain-like (MLKL).2
The role of autophagy proteins is cell type dependent and can
promote necroptosis in prostate tumor cells.?'2 It is unclear how
inhibiting ATG16L1 disrupts intracellular signaling to decrease the
viability of IECs, and the relevance to human disease requires
further investigation.

In this study, we apply a more clinically relevant mouse model of
allo-HCT to demonstrate that intestinal GVHD in an Atg16L1-
mutant setting can be ameliorated by blocking necroptosis
signaling. We then develop an ex vivo platform, initially with
samples from mice and then with human specimens, to recreate
genetic susceptibility to T-cell-mediated damage by coculturing
intestinal organoids with peripheral T cells. Our findings provide
insight into how ATG16L1 protects against T-cell-mediated
intestinal injury and establish a novel tool that enables the
prediction of disease course and intervention outcomes.

Methods

Mice

Age- and sex-matched 6- to 15-week-old mice on the C57BL/6J
(B6) background were used as recipients. Atg16L1%,villinCre
(Atg16L14ES) and littermate control Atg16L1% mice were gen-
erated as previously described.” f/f Ripk3™~ and AIEC Ripk3~"~
mice were generated by crossing Atg16L 145 mice with Ripk3~/~
mice, provided by Xiaodong Wang (National Institute of Bi-
ological Sciences). B6, B10.BR, and LP/J mice were purchased
from The Jackson Laboratory and bred onsite to generate
animals for experimentation. Atg4B~/~ mice and Atg16L 173764
mice were previously described.”?* All animal studies were
performed according to approved protocols by the New York
University School of Medicine and Memorial Sloan Kettering
Cancer Center Institutional Animal Care and Use Committees.

Human samples/study approval

Pinch biopsies were obtained with consent from adult IBD pa-
tients undergoing surveillance colonoscopy, using 2.8-mm
standard biopsy forceps, after protocol review and approval by
the New York University School of Medicine Institutional Review
Board (Mucosal Immune Profiling in Patients with Inflammatory
Bowel Disease; $S12-01137). Inflammation status of tissue was
confirmed by pathological examination.
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For allogeneic T cells, peripheral blood mononuclear cells
(PBMCs) from anonymous, healthy donors (New York Blood
Center) were isolated by Ficoll gradient separation, as previously
described.?> CD14* monocytes were removed from the PBMC
fraction by positive selection. The remaining negative fraction was
used to isolate T cells. For syngeneic T cells, venous blood was
collected at the time of endoscopic procedures in sodium heparin
BD Vacutainer blood collection tubes (Becton Dickinson).

Statistical analysis

GraphPad Prism version 7 was used for statistical analysis. Dif-
ferences between 2 groups were assessed by a 2-tailed unpaired
Student t test when data were distributed normally. Analysis of
variance with Tukey's multiple-comparisons test was used to
evaluate experiments involving multiple groups. Survival was
analyzed with the Mantel-Cox log-rank test. Continuous variables
in Figure 7A were analyzed by the Student t test, and categorical
variables were analyzed by the x? test or Fisher's exact test.

All other methods are described in detail in supplemental In-
formation (available on the Blood Web site).

Results

ATG16L1 in IECs protects against GVHD mediated
by RIPK1 and RIPK3

Previously, we found that mice with an IEC-specific deletion of
Atg16L1 on the B6 background (Atg16LT4'EC mice) exhibited
poor survival in an allo-HCT model in which recipients are ir-
radiated and injected with BM and T cells from donor B10.BR
mice (H-24.” Although this major histocompatibility complex
(MHC)-disparate model was useful in identifying an IEC-intrinsic
function of ATG16L1, the rapid onset that we observed suggests
that this transplant procedure may not accurately reflect the
course of GVHD in humans. Therefore, we examined whether
the protective function of ATG16L1 can be detected in an im-
proved MHC-matched allo-HCT model.?® Recipients were
treated with busulfan and cyclophosphamide to mimic a
chemotherapy-based conditioning regimen, which we con-
firmed depletes leukocytes, and injected with BM and T cells
derived from LP/J mice (H-2°) (supplemental Figure 1A-B).
Atg16L14EC recipient mice displayed 100% mortality and an
increased disease score compared with the Cre-negative
Atg16L1% control littermates, whereas all mice of both geno-
types that received BM without T cells survived (Figure 1A-B).
Thus, we validated previous findings; together, these 2 models
show that Atg16L1 expression in [ECs inhibits GVHD.

We next profiled immune parameters on day 28 after allo-HCT
before the onset of lethality. We did not detect a significant
effect of ATG16L1 deficiency on the amount of specific immune
cells or cytokines, with the exception of a <twofold increase
in IP-10 (CXCL10) (supplemental Figure 1C-D; supplemental
Table 1). These results suggest that, rather than skewing the
immune response, deletion of ATG16L1 compromises the ability
of IECs to withstand damage. To test whether worsened disease
is dependent on necroptosis signaling, we generated RIPK3-
deficient Atg16LT14EC mice (Atg16L14"EC Ripk3~"") and Cre-
negative controls (Atg16L1% Ripk3~/") for comparison. Most
Atg16LT4EC Ripk3~/~ mice survived allo-HCT and displayed a
similar degree of disease as Atg16L1% Ripk3~~ mice (Figure 1C-D).
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Figure 1. ATG16L1 in the intestinal epithelium protects against lethal GVHD mediated by RIPK1 and RIPK3. (A) Survival of Atg16L1% and Atg16L14EC mice receiving a
chemotherapy conditioning regimen and transplanted with 5 X 10° T-cell-depleted BM cells, with or without 4 X 10¢ splenic T cells from donor LP/J mice. (B) Disease scores (see
“Methods”) evaluated every 7 days after allo-HCT in (A). (C) Survival of chemotherapy-pretreated f/f Ripk3~/~ and Atg16L14/5€ X Ripk3~/~ (AIEC Ripk3~/~) mice transplanted with
5 X 10¢ T-cell-depleted BM cells, with or without 4 X 10° splenic T cells from donor LP/J mice. (D) Disease scores evaluated every 7 days after allo-HCT in (C). (E) Survival of
chemotherapy-pretreated Atg16L1" (f/f) and Atg16L14"E¢ (AIEC) mice that received GSK547 or control chow and were transplanted with 5 X 10° T-cell-depleted BM cells and
4 x 10° splenic T cells from donor LP/J mice. GSK547 was started 10 days before allo-HCT and continued until the end of the study. (F) Disease scores evaluated every 7 days
after allo-HCT in (E). Data points in A, C, and E represent individual mice and are the combined results of 2 experiments performed independently. Data points in B, D,
and F are mean disease scores of viable mice. Bars represent means =+ standard error of the mean. For disease score, the area under the curve was determined for each
mouse. *P < .05, ****P < .0001 analysis of variance with Tukey’s multiple-comparison test. HCT, hematopoietic cell transplantation; ns, not significant.

Additionally, AtgT6LT4EC mice treated with the RIPK1 inhibitor
GSK547 exhibited significantly better survival and disease scores
(Figure 1E-F). Thus, ATG16L1 protects against lethal GVHD by
preventing RIPK1- and RIPK3-mediated necroptosis of IECs.

ATG16L1 prevents intestinal GVHD by inhibiting
IEC necroptosis

We found that Atg16L714EC mice displayed shortening of the
colon compared with controls, as well as exacerbated histopa-
thology in the small intestine but not in the colon, liver, or skin
(Figure 2A-B). ATG16L1 has a critical role in maintaining the
viability and function of Paneth cells, secretory epithelial cells in
the small intestinal crypts.'3¢27-30 Decreased Paneth cell
numbers are observed in intestinal GVHD patients.®' Paneth
cells are sensitive to endoplasmic reticulum stress because of

2390 & blood® 25 JUNE 2020 | VOLUME 135, NUMBER 26

their high secretory burden,?3% and accumulation of damaged
mitochondria upon autophagy inhibition contributes to loss of
viability in a RIPK3-dependent manner.”3* Consistent with this,
Paneth cells, but not goblet cells, were significantly decreased in
Atg16LT4ES mice compared with controls (Figure 2C-D; supple-
mental Figure 2A-B). Paneth cell depletion in Atg16L14E allo-
HCT recipients was associated with an increase in terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)*
cells in the crypt base, whereas cleaved caspase-3 staining was
minimal (Figure 2C-D), potentially reflecting nonapoptotic cell
death.”**3” The colonic epithelium of AtgT6LT4"EC mice also
displayed an increase in TUNEL* cells compared with Atg16L1%
mice, but the total number of stained cells was modest and not as
striking as in the small intestine (supplemental Figure 2C-D). RIPK3
deficiency reversed shortening of the colon, histopathology,

MATSUZAWA-ISHIMOTO et al
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Figure 2. ATG16L1 prevents intestinal GVHD by inhibiting epithelial necroptosis. (A-D) Mice receiving BM and T cells from donor LP/J mice as in Figure 1 were euthanized
on day 28 after allo-HCT and analyzed for signs of intestinal GVHD (n = 11 [Atg16L17; /1], n = 12 [Atg16LT1AES; AIEC], n = 8 [f/f Ripk3~/"], and n = 8 [AIEC Ripk3~/7]). (A) Colon
length. (B) Pathology score of small intestine, colon, liver, and skin. Representative images (C) and quantification (D) of hematoxylin and eosin (H&E), TUNEL, and cleaved
caspase 3 staining. Arrowheads indicate Paneth cells or IECs positive for the indicated markers. Scale bars, 10 wm. At least 50 crypts were quantified per mouse. Data
pointsin A, B, and D represent individual mice. Bars represent mean = standard error of the mean, and =2 independent experiments were performed. *P < .05, **P < .01,

*kp < 001, ¥***P < .0001. SI, small intestine.

Paneth cell depletion, and TUNEL staining in Atg16L 14/ mice
(Figure 2; supplemental Figure 2A-D). We also detected a
RIPK3-dependent increase in bacteria in the spleen of Atg16L 14/5¢
mice following allo-HCT (supplemental Figure 2E). Collectively,
these data indicate that inhibition of ATG16L1 in IECs exacerbates
intestinal GVHD in an RIPK3-dependent manner.

Allogeneic T cells injure intestinal organoids with
autophagy gene mutations in vitro

Primary lymphocytes from mice that are added to intestinal
organoid cultures retain viability and can differentiate.383?
Whether such a coculture system can be used to assess lym-
phocyte effector functions and cytotoxicity is unknown. We
established an ex vivo GVHD model by culturing organoids with

DEVELOPMENT OF AN EX VIVO INTESTINAL GVHD PLATFORM

T cells independently isolated from the spleen of allogeneic and
syngeneic mice (supplemental Figure 3A). Small intestinal
organoids derived from Atg16L 145 mice displayed a significant
reduction in viability and surface area when cultured with allo-
geneic T cells (Figure 3A-C). By comparison, T cells had a
minimal effect on Atg16L17 organoids. We confirmed the se-
lective loss of viability displayed by Atg16LT14E¢ organoids by
measuring loss of metabolic activity through Thiazolyl Blue Tet-
razolium Bromide (MTT) absorbance?® (supplemental Figure 3B-
C). The susceptibility of Atg16LT14/E organoids to cell death was
dependent on alloreactivity, because syngeneic T cells from B6é
mice did not significantly reduce viability or size (Figure 3A-C;
supplemental Figure 3B-C). These data indicate that alloreactivity
and genetic susceptibility can be recreated ex vivo.
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Figure 3. Allogeneic T cells induce cell death in intestinal organoids with autophagy gene mutations. Representative images (A), viability (B), and size (C) of small intestinal
organoids from Bé-background Atg16L17 (f/f) and Atg16L14/5¢ (AIEC) mice cocultured for 48 hours with 1 X 10° splenic T cells separately harvested from B6, B10.BR, and LP/J
mice. n = 3 mice each. Arrowheads indicate dead organoids. Scale bars, 400 pm. (D) Viability of organoids from Bé-background Atg4B~/~ and Atg16L173¢* mice cocultured for
48 hours with 1 X 10° splenic T cells separately harvested from B10.BR mice; n = 3 mice each. (E) Viability of small intestinal organoids from /f and AIEC mice cocultured for
48 hours with FACS-sorted 1 X 10° CD4* or 7 X 10* CD8* T cells from B10.BR and LP/J mice; n = 3 mice each. Representative images (F) and number of T cells associated with
organoid (G). At least 50 organoids were analyzed per group. T cells were stained with CellBrite Green (green) before coculture, and propidium iodide (PI; red) was added to the
culture medium at the beginning to stain dead organoids/T cells. Scale bars, 25 um; n = 3 mice each. Data points in B, D, and E are mean of technical replicates, and data points
in C and F represent individual organoids. Bars represent mean * standard error of the mean, and =2 independent experiments were performed. *P < .05, **P < .01, ***P < .001,

***%P < 0001. ns, not significant; WT, wild-type.

To confirm our findings, we examined the susceptibility of small
intestinal organoids derived from Atg4B~~ mice, which lack
another autophagy gene, and Atg16L 174 mice, which harbor a
knock-in mutation that mimics the human ATG16L17%A variant.
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We found that Atg4B~/~ and Atg16L173'¢* B6 organoids dis-
played impaired viability compared with wild-type organoids
when cultured with B10.BR T cells (Figure 3D). Both CD4* and
CD8* T cells can contribute to GVHD, and depletion of CD4*

MATSUZAWA-ISHIMOTO et al
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Figure 4. Allogeneic T cells induce TNF-a-mediated necroptosis in intestinal organoids. (A) Fold change in indicated cytokines in culture supernatants from Figure 3B.
Each value is normalized to nonstimulated samples; n = 3 mice each. (B) Viability of small intestinal organoids treated or not with anti-TNF-a and/or anti—IFN-y
antibody and cocultured with B10.BR T cells for 48 hours; n = 3 mice each. Representative images of cocultured small intestinal (C) and colonic (E) organoids.
Arrowheads denote dead organoids. Scale bars, 100 um. Viability of small intestinal (D) and colonic (F) organoids from Bé-background Atg16L17 (f/f), Atgl16L14%5¢ (AIEQ), f/f

Ripk3=/~, and AIEC Ripk3~/~ mice cocultured for 48 hours with B10.BR T cells; n

3 mice each. Data points in A, B, D, and F are mean of technical replicates.

Bars represent mean = standard error of the mean, and =2 independent experiments were performed. *P < .05, **P < .01, ***P < .001, ****P < .0001.

T cells (which also reduces the number of intestinal CD8*
T cells) was shown to prevent Paneth cell depletion.*' We found
that CD8" T cells sorted by flow cytometry (fluorescence-
activated cell sorting) were more cytotoxic than CD4* T cells
when using B10.BR mice as the T-cell donor, whereas CD4*
and CD8" T cells were equally capable of killing Atg16L14/E¢
organoids when using LP/J mice as the T-cell donor; this
suggests that the relative contribution of T-cell subpopulations
may be donor strain specific (Figure 3E). T cells from B10.BR
donors, but not syngeneic B6 donors, were physically associ-
ated with organoids when examined by light microscopy

DEVELOPMENT OF AN EX VIVO INTESTINAL GVHD PLATFORM

(Figure 3F-G). Autophagy proteins suppress MHC class | (MHC-
) levels in dendritic cells,*? thus raising the possibility that
Atg16L1 deficiency also controls MHC-I in IECs. However,
surface MHC-| was lower, rather than higher, in Atg16L14E¢
organoids compared with controls, and the number of T cells
associated with both genotypes was similar (Figure 3F-G;
supplemental Figure 3D), suggesting that genotype is not
regulating the initial recognition of IECs by allogeneic T cells.
Collectively, these data suggest that Atg16L1 deficiency
causes organoids to become susceptible to the cytotoxic ac-
tivity of allogeneic T cells.
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Allogeneic T cells induce cytokine-mediated

necroptosis in ATG16L1-deficient organoids

Atg16L17" and Atg16L14EC organoids containing allogeneic
B10.BR or LP/J T cells had higher levels of TNF-a and IFN-y
compared with supernatant from those cultured with syngeneic
B6 T cells or no T cells (Figure 4A). Organoids have been shown
to be sensitive to these 2 cytokines.”#34* We also found that
supernatant from organoids cocultured with B10.BR T cells
contained higher levels of IL-22 (supplemental Figure 4A), which
has been shown to exacerbate necroptosis in Atg1é6L1-mutant
IECs."” We tested the effect of blocking antibodies against TNF-
a and [FN-y, because these 2 cytokines were produced in the
presence of B10.BR and LP/J T cells and, therefore, were most likely to
mediate the effect of allogeneic T cells. Blocking TNF-a significantly
increased survival of Atg16LT4EC organoids, and blocking TNF-a and
IFN-y together completely rescued viability (Figure 4B). Additionally,
we found that organoids from Atg16L14EC Ripk3~~ mice were re-
sistant to B10.BR T-cell-mediated injury (Figure 4C-F; supplemental
Figure 4B-C). These data are highly consistent with our in vivo results
and support a model in which allogeneic T cells producing in-
flammatory cytokines induce necroptosis in ATG16L1-deficient IECs.

Loss of viability in ATG16L1-deficient organoids is
associated with an IFN signature

To examine the mechanism by which ATG16L1 deficiency
renders |IECs susceptible to necroptosis, we performed RNA
sequencing analysis using Atg16L1%f and Atg16L14"EC small in-
testinal organoids, with or without TNF-a treatment. Principal
component analysis shows that the samples cluster according to
their condition, with cytokine stimulation and genotype statuses
separating along PC1 and PC2, respectively (Figure 5A). In the
absence of TNF-a, we found that 49 genes were upregulated at
least twofold in Atg16L14'EC organoids vs Atg16L1% organoids;
many were known IFN-stimulated genes (ISGs) representing a
type | IFN (IFN-I) signature (Figure 5B-C). ISGs remained upre-
gulated in Atg16L14"EC organoids treated with TNF-a (supple-
mental Figure 5A-B). We also found increased expression of
genes associated with cytokine receptor signaling in TNF-
a-treated organoids, but most of these were not impacted by
Atg16L1 deficiency (supplemental Figure 5A-B; supplemental
Table 2).

IFN-I activates JAK1 and STAT1/2 downstream of IFNAR1 to
induce antiviral ISG expression, a pathway that has been shown
to intersect necroptosis signaling.*>2 Cross talk between these
signaling cascades promotes immunity during viral infection,
potentially explaining why an antiviral cytokine contributes to an
inflammatory form of programmed cell death.4®5354 Although
the role of IFN-lin GVHD is complex, because it can acton T cells
or target tissue,>>¢ recent studies reported the efficacy of JAK-
STAT inhibitors, including ruxolitinib, in ameliorating GVHD in
animal models and patients.>”*® We confirmed that Atg16L14/E¢
organoids display an IFN-I signature by showing that 3

representative ISGs (Oasl2, Isg15, and Apol9a) are expressed at
higher levels compared with controls, and we found that the
expression of these genes can be inhibited by ruxolitinib
(Figure 5D). Ruxolitinib also protected AtgT6LT4EC organoids
from TNF-a—induced death and decreased phosphorylated MLKL
and RIPK3 levels (Figure 5E-F). Next, we investigated whether a
specific ISG might be involved in the increased susceptibility of
AtgT16LT4"EC organoids to necroptosis. Protein kinase R (PKR)
encoded by Eif2ak2is an ISG that was previously shown to license
necroptosis downstream of JAK-STAT signaling and IFNs.>? We
found that PKR (but not Z-DNA-binding protein 1 (ZBP1), another
ISG implicated in necroptosis*®4?33) was increased in naive
AtgT6LT4EC organoids, and the PKR-inhibitor 2-aminopurine
(2-AP)*? completely protected Atg16L 145 organoids from TNF-
a—-induced death (Figure 5F-G). Atg16L14"E€ organoids trans-
duced with 2 Eif2ak2 short hairpin RNAs (shRNAs), but not control
shRNA, exhibited improved survival and resistance to TNF-a
(Figure 5H-I; supplemental Figure 5C-D). Collectively, these
results indicate that JAK-STAT signaling and PKR contribute to
TNF-a—mediated necroptosis in ATG16L1-deficient organoids.

Development of an intestinal GVHD model using
human intestinal organoids and peripheral T cells
Next, we examined whether human organoids generated from
endoscopic biopsy specimens (supplemental Figure 6A; sup-
plemental Table 3) display loss of viability when cultured with
allogeneic T cells. Most biopsies were collected from Crohn'’s
disease patients because of their higher probability of harboring
the ATG16L173%4isk allele and the availability of small intestinal
biopsies. Viable organoids can be generated from frozen tissue,
allowing parallel experiments with banked immune cells®® or, in
our case, coculture. T cells were sorted from PBMCs obtained from
the same individuals as above or from an independent cohort of 20
healthy donors. To accurately compare viability in the presence of
alloreactive T cells, it was necessary to culture all organoids in the
presence of the same set of donor T cells. Therefore, PBMCs from
the healthy donors were mixed prior to sorting T cells (supple-
mental Figure 6A). We confirmed that thawed organoids pro-
liferated well in the absence of stimuli and verified the viability and
purity of isolated T cells (supplemental Figure 6B-C). As an addi-
tional condition, we simultaneously evaluated the susceptibility of
organoids to recombinant human TNF-a.

Allogeneic T cells were generally more toxic to human-derived
organoids than to syngeneic ones (Figure 6A-B). Further, we
found substantial variability in susceptibility to TNF-a or allo-
geneic T cells. Among the 20 small intestinal organoids that we
tested, 15 exhibited a significant reduction in viability (75%) in
the presence of allogeneic T cells, among which 6 displayed a
high degree of susceptibility (30%), defined as a >50% loss in
viability (Figure 6B-C; supplemental Figure 6D). Similarly, 15
displayed a significant reduction in viability (75%) and 7 dis-
played a high degree of susceptibility (46.7%) upon TNF-a
treatment (Figure 6B-C; supplemental Figure 6D). Although

Figure 5 (continued) intestinal organoids from Bé mice that were treated or not with 100 nM ruxolitinib at day 3. n = 3 mice each. (E) Viability of small intestinal organoids
stimulated with 20 ng/mL TNF-a and/or 100 nM ruxolitinib for 48 hours. n = 3 mice each. (F) Western blot analysis of cell death-related proteins at day 3. f/fand AIEC organoids
cultured with or without 100 nM ruxolitinib were treated with 20 ng/mL TNF-a for 2 hours. Blots are representative of =2 independent repeats. (G) Viability of small intestinal
organoids stimulated with 20 ng/mL TNF-a and/or 500 wM 2-aminopurine (2-AP) for 48 hours. n = 3 mice each. Representative images (H) and viability () of small intestinal
organoids from Atg16L14E€ mice transduced with lentiviruses encoding shRNAs targeting Eif2ak2 or a nonspecific control and treated or not with 20 ng/mL TNF-a for 48 hours;
n = 3 mice each. Scale bars, 1 mm. Data points in D, E, G, and | are mean of technical replicates. Bars represent mean * standard error of the mean, and =2 independent

experiments were performed. **P < .01, ***P < .001, ****P < .0001.
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organoids susceptible to allogeneic T cells were generally
susceptible to TNF-a and vice versa, there were several ex-
amples for which individual organoids displayed noticeable
differences in viability between these 2 treatments (patients 13,
19, and 20) (supplemental Figure 6E). Consistent with the ob-
servation that the small intestine was more susceptible to cell
death and histopathology in Atg16L14/5¢ allo-HCT recipient
mice, we found that human colonic organoids were relatively
resistant to killing by T cells or TNF-a (Figure 6D). Together,
these findings establish a model to test IEC resilience to
immune-mediated injury and show that organoids derived from
humans display variability in susceptibility to killing by allogeneic
T cells and TNF-a.

Intestinal organoids derived from ATG16L17300A
homozygous individuals display heightened
susceptibility to death

Given that Atg16L1-mutant mouse organoids were susceptible
to T-cell-mediated injury (Figure 3A-D), we hypothesized that
the presence of the ATG16L1™% risk allele contributes to the
variability among human organoids. We retrospectively geno-
typed samples from the previous experiment for the presence
of common single nucleotide polymorphisms (supplemental
Table 3). Remarkably, almost all of the small intestinal organoids
that displayed >50% death in the presence of TNF-a or allo-
geneic T cells were derived from individuals harboring 2 copies
of the ATG16L173994 risk variant (rs2241880), whereas most re-
sistant organoids were from individuals with 0 or 1 copy of the
allele (Figure 7A). Although several other IBD risk variants
were present in our cohort, such as NOD2R792W (rs2066844),
LRRK2N20810 (rs33995883), and IRGM (rs13361189), the orga-
noids that were sensitive to cell death did not harbor these other
risk variants (Figure 6B-C; supplemental Table 3). Analysis of our
dataset, by comparing the degree of viability between indi-
viduals with 2 copies vs 0 or 1 copy of ATG16L17%4, supported
the conclusion that organoids from individuals who are homo-
zygous for this allele display reduced survival in the presence of
TNF-a or allogeneic T cells (Figure 7B).

Finally, we examined whether drugs that target the underlying
mechanism of susceptibility based on the mouse model would
reverse the selective defect in viability displayed by ATG16L173%0A-
homozygous human organoids. Specifically, we tested the ef-
ficacy of 2 RIPK1 inhibitors (necrostatin-1s and GSK547), an
MLKL inhibitor (necrosulfonamide), and ruxolitinib. We used
susceptibility to TNF-a, rather than allogeneic T cells, to avoid
potential confounding effects of the drugs on T cells. At con-
centrations that are nontoxic to organoids from nonrisk patients,
all 4 inhibitors significantly protected ATG16L17%4-homozy-
gous organoids from TNF-a—induced death (Figure 7C-D).
These data indicate that ATG16L1 protects human IECs from
TNF-a—mediated necroptosis, and necroptosis and JAK-STAT
inhibitors could be promising therapeutic options for intestinal
GVHD in patients with ATGT6L173%9 risk alleles.

Discussion

Differential susceptibility of target tissues to injury potentially
underlies heterogeneity in patients and represents an oppor-
tunity for designing individualized therapy. We showed that
ATG16L1 has a conserved function in protecting IECs from
killing by allogeneic T cells, such as those encountered following
allo-HCT. ATG16L1 inhibited intestinal GVHD in a preclinical
allo-HCT model by preventing necroptosis of IECs. Excess cell
death in the intestinal epithelium resulting from dysregulated
RIPK1 and RIPK3 signaling has been linked to intestinal
inflammation,®’%* and inducing necroptosis by deleting
caspase-8 in IECs is sufficient to induce a lethal inflammatory
disease in mice along with Paneth cell depletion.®#¢% We
found that RIPK1/3 inhibition ameliorated GVHD and restored
Paneth cells in allo-HCT recipient Atg16L14/E€ mice. Based on
these results in the animal model, we were remarkably able to
design an ex vivo GVHD platform that reproduced the role of
ATG16L1 in IECs. Organoids from the small intestine of
Atg16LT4EC mice and ATGT16L173%94 homozygous humans
were susceptible to necroptosis induced by allogeneic T cells.
Notably, we performed the experiments with human orga-
noids blind to genotype rather than selecting for ATG16L173%04
homozygous samples. We believe that our findings provide
proof-of-principle for a general approach in which hetero-
geneous responses to T-cell-mediated injury can be recreated
in a quantitative ex vivo assay that can be used to identify
variables that contribute to this interindividual variation.

Our results may have implications for the treatment of intestinal
GVHD. When allogeneic T cells were cocultured with Atg16L14EC
organoids, the combination of anti-TNF-a and anti-IFN-y anti-
bodies was required for full restoration of viability. Previous clinical
studies revealed that TNF-a—targeted therapies, such as eta-
nercept, a fusion protein of recombinant human soluble TNF-a,
are promising,®¢%® although still controversial,*® treatments for
GVHD. Considering that the patients who participated in these
studies were randomized and not separated by their ATG16L1 risk
alleles, our results indicate that neutralization of TNF-a could be
promising, especially for GVHD patients with ATG16L173%4, Ex-
cess IL-22 has also been shown to induce necroptosis in ATG16L1-
deficient IECs.” It is possible that these and potentially other
cytokines have redundant functions during intestinal GVHD and
that blocking any individual cytokine would be insufficient to
ameliorate disease. In this scenario, enhancing the resilience of
the intestinal barrier to damage would be more efficacious. We
also show that T cells can kill target cells through necroptosis. How
ATGT6LT mutation facilitates this process is of great interest,
because necroptosis frequently requires shunting of the pathway
downstream of TNF-a away from apoptosis, such as through
inhibition of caspase-8. ATG16L1 inhibition leads to STAT1
activation and ISG expression in |[ECs in a manner that is de-
pendent on MAVS and STING, signaling adaptors involved in
the sensing of viral nucleic acid.””?* ATG16L1 and autophagy
also mediate degradation of TRIF, an adaptor molecule involved

Figure 6. Development of an ex vivo intestinal GVHD model using human intestinal organoids and peripheral T cells. (A) Representative images of human small intestinal
organoids cocultured for 8 hours with syngeneic (syn) or allogeneic (allo) human T cells. Sorted T cells were stained with CellBrite Green (green) before coculture, and Pl (red) was
added into the culture medium at the beginning to stain dead organoids. Scale bars, 25 pm. Viability of human small intestinal organoids from 20 patients (supplemental Table 3)
at 48 hours after stimulation with 50 ng/mL TNF-a or post coculture with allogeneic and syngeneic T cells (B) or with only allogeneic T cells (C). (D) Viability of human colonic
organoids from 4 patients (supplemental Table 2) at 48 hours after stimulation with 50 ng/mL TNF-a or post coculture with allogeneic and/or syngeneic T cells. At least 2
independent experiments were performed. *P < .05, **P < .01, ***P < 001, ****P < .0001. Pt., patient.
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Figure 7. Intestinal organoids derived from ATG16L173%°A homozygous individuals exhibit heightened susceptibility to TNF-a and allogeneic T cells. (A) Proportion of
human small intestinal organoids from Figure 6B and 6C that were susceptible (displayed >50% lethality) to recombinant TNF-a (left panel) or allogeneic T cells (right panel).
n = 14 (nonrisk) and n = 6 (T300A/T300A). Statistical significance was validated with Fisher's exact test. (B) Combined organoid viability in A; n = 14 (nonrisk) and n = 6 (T300A/
T300A). Data points represent an average viability of individual organoids in Figure 6. Representative images (C) and viability (D) of human small intestinal organoids
stimulated or not with 50 ng/mL TNF-a, 100 nM ruxolitinib, 1 uM GSK547, 20 uM necrostatin-1s (Nec-1s), or 2 uM necrosulfonamide (NSA) for 48 hours. Scale bars, 400 pm.
Data points are mean of technical replicates. At least 2 independent experiments were performed. ***P < .001, ****P < .0001.
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in viral recognition,”® and Z-DNA-binding protein 1 (also known
as DAl or DLM-1) interacts with RIPK3 to sensitize cells to virus-
induced necroptosis.*#4753 In this study, we found that AtgT6L14EC
organoids display increased levels of PKR, which is an RNA sensor
and ISG, and inhibition of PKR significantly reduced necroptosis.
Although multiple mechanisms downstream of IFN signaling likely
contribute, our data suggest that PKR is 1 major IFN effector that is
responsible for the increased susceptibility of ATG16L1-deficient
organoids. More recently, IFN-\, which also signals through
STAT1, was shown to exacerbate necroptosis in |ECs.”
Therefore, it is possible that inhibiting autophagy in IECs
sensitizes cells to necroptosis by mimicking aspects of viral
infection, such as activation of IFNs and JAK/STAT signaling.

Our results suggest that ATG 16L17%4-homozygous individuals are
more likely to respond to therapies targeting RIPK1 or JAK/STAT
signaling, both of which are in clinical trials for several diseases.
Repurposing these drugs for treating intestinal GVHD or Crohn’s
disease may be worth considering, especially if they can be tar-
geted to likely responders. In summary, we suggest that advanced
cell culture techniques that involve growing parenchymal cells,
together with lymphocytes or their effector molecules, can recreate
interindividual heterogeneity to tissue injury, which is a hallmark of a
variety of disorders. This approach can be applied to multiple
tissues. Parenchymal and lymphocyte specimens can be derived
directly from the patient cohort of interest to predict susceptibility to
injury for the purpose of prognosis or drug responsiveness.
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