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General introduction



The concept/principle of allogeneic hematopoietic stem
cell transplantation

In multiple hematologic malignancies, non-malignant immunological disorders or metabolic
enzyme deficiencies, only a transplantation of donor — or allogeneic — hematopoietic
stem cells (allo-HSCT) can provide a cure (Fig. 1)'. In allo-HSCT, patients receive a ‘graft’
of hematopoietic stem cells from a donor that eventually replaces all lineages of blood
cells, including those of the immune system. Different sources of stem cells are available
for allo-HSCT, including freshly harvested bone marrow (BM), peripheral blood (PBSC) after
recruitment of stem cells from the BM, and blood derived from the umbilical cord (CB) stored
after birth.

Several requirements must be met in order for the transplantation to be successful. Before
the transplantation can take place, the recipient of the transplant needs to undergo a
conditioning regimen consisting of treatment with irradiation, chemotherapy and/or immune-
cell eliminating antibodies. The conditioning aims to eliminate the host’s own hematopoietic
system to make space for the graft and to reduce the chances of the recipient’s immune
system rejecting the graft. In a malignant setting the regimen additionally eradicates any
remaining cancer cells, and as such reduces the likelihood of relapse of the malignancy
after transplant?. There are different types of conditioning, and the choice depends for
instance on the transplantation indication or comorbidities of the patient. In the malignant
setting myeloablative (MA) conditioning aims to completely eradicate a patient’s own BM,
while in some non-malignant diseases, or in patients that are older or are extra sensitive
to DNA damage, a non-myeloablative (NMA) or reduced intensity (RIC) regimen is sufficient
and preferred to reduce side-effects in other organs®.

Matching of the graft and recipient is based on the typing of multiple major histocompatibility
complex (MHC) — in humans termed HLA — genes on the DNA' The HLA complex is
responsible for presenting peptides to T cells and as such functions as an alarm system for
materials that are foreign to the body such as pathogens, but also cancer cells®. There are 2
types of HLA genes. Type | (e.g., HLA-A, B and C) is expressed on all cells except red blood
cells and interacts with the T cell receptor (TCR) of CD8+ cytotoxic T cells. Type Il HLA (e.g.,
HLA-DQ, DR, DP) is primarily expressed on professional antigen presenting cells (APCs)
such as dendritic cells (DCs) and activates CD4+ T helper cells. HLA matching will limit the
chance that donor immune cells will recognize the recipient’s tissues as foreign and launch
an inflammatory attack, a condition called acute graft-versus-host disease (aGVHD)"®. The
HLA complex has evolutionary evolved in such a way that each individual is unique in the
combination of HLA gene composition. A good match may therefore be challenging to
find. Ideally, grafts are obtained from identical siblings or matched related donors (MRD),
but these are often not available. In those cases, a matched unrelated donor (MUD) or, in



the least preferable scenario, a mismatched unrelated bone marrow or cord blood donor
(MMUD) will be selected from a donor registry'.

After the transplantation, the recipient experiences a period with low blood cell counts
(aplasia) in most lineages, including all immune cells, platelets and sometimes red blood
cells. Often multiple transfusions are required. After 14-28 days the first immune cells,
neutrophils, differentiated from the transplanted stem cells, can be detected in blood, which
marks engraftment'. In the most common type of allo-HSCT, T cells remain unmanipulated
and are directly co-transplanted with the graft®. Since it may take up to 6 months for T cells
to reconstitute from the donor marrow, these co-infused T cells are essential to bridge
the period in which the recipient has a non-functioning immune system while still being
exposed to infectious insults. In addition, in malignant settings, the T cells can eliminate
any remaining cancer cells in a phenomenon known as the graft-versus-tumor or -leukemia
(GVL) effect?. Also, the T cells may help to reduce rejection of the graft by eliminating any
remaining recipient immune cells. However, these T cells may also cause aGVHD.

Pre-transplant Neutropenia Immune reconstitution
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Relapse of underlying
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Graft-versus-Host
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* [ Infection * [ Infection
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Figure 1. Allo-HSCT timeline. Before transplantation the recipient undergoes a conditioning regimen
consisting of irradiation and/or chemotherapy to eradicate the recipients immune system and make
space for the graft. At the time of allo-HSCT the recipient is infused with donor hematopoietic stem
cells, often together with donor T cells. For the first 2-4 weeks after the transplant, the neutropenic
phase, the recipient has low blood cell counts and is particulalry vulnerable for specific infections
such as Coagulase-Negative Staphylococci (in combination with the presence of central intravenous
lines), Viridans Group Streptococci, facultative gram negatives, respiratory and enteral viruses,
Candida and Aspergillus®®. When the first immune cells start to come forth from the graft, neutrophil
engraftment takes place usually within one month of HSCT, after which the lymphoid immune system
also slowly starts to reconstitute over the course of many months. In that time the recipient remains
vulnerable for infections (encapsulated bacteria, HSV, CMV, VZV, ADV, EBV, Candida, late Aspergillus
and Pneumocytis jirovecii)', but also Graft-versus-Host disease (GvHD) may develop when alloreactive
T cells become activated. In case of a malignant HSCT indication the reconsituting immune system is
also responsible for developing and maintaining a graft-versus-tumor effect, or else the underlying
disease might relapse.
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Devastating Graft-versus-Host disease, of the gut in parti-
cular

The development of aGVHD poses a significant health threat for patients undergoing allo-
HSCT. Approximately 50% of allo-HSCT recipients develop aGVHD, of which 14% a more
severe phenotype as defined by grade lll-IV of the Glucksberg criteria grading system
(Table 1)"2. Skin, gut and liver are the most commonly involved organs, but essentially
all tissues of the body can be affected. Due to the high risk of developing aGVHD, all
patients receive immunosuppressive prophylactic treatment consisting of calcineurin
inhibitors (Cyclosporin A, CsA) with low dose corticosteroids (CS) in CB transplants, or with
Mycophenolate Mofetil (MMF) or methotrexate (MTX) in BM transplants®. Nevertheless,
aGVHD mortality is significant despite treatment. Especially gastro-intestinal aGVHD (Gl-
GVHD) is a severe complication of allo-HSCT, accounting for most GVHD-related deaths™.
Patients develop severe secretory diarrhea, often multiple liters per day, mostly due to a
failure of fluid resorption in the small intestine. In addition, the ability of the gut to absorb
essential nutrients is hampered, leading to weight loss and risk of malnutrition. Furthermore,
the combination of an impaired immune system and the disruption of the protective barrier
that the gut epithelium constitutes, makes patients very vulnerable for infectious insults®.
Because of the high morbidity and mortality, GI-GVHD is the focus of this thesis.

The pathophysiology of GI-GVHD has not been completely elucidated but is generally
believed to comprise a complex interplay of preconditioning epithelial damage, donor
and host immune cells and intestinal microbiota™. The first step in the development of Gl-
GVHD is tissue damage caused by the conditioning regimen™®. In addition to inducing
a local inflammatory response with the release of damage-associated molecular patterns
(DAMPs)", the tissue injury may lead to an intestinal barrier breach”-°, allowing intestinal
pathogens and pathogen-associated molecular patterns (PAMPs) to enter, adding to the
inflammatory milieu. Gut domination of certain strains of pathogenic bacteria has been
directly linked to bacterial sepsis cases in transplant recipients?°. Many transplant centers
have therefore adopted total gut decontamination as part of the HSCT-treatment protocol?'.
Total gut decontamination is also associated with less GVHD?22%. However, more recent
studies have shown that the implication of microbiota in the HSCT-setting is much more
intricate and complex, contributing to both pathology and homeostasis, and that microbial
diversity and persistence/presence of certain commensals is key?*-%6.

The released DAMPs and translocated PAMPs act as danger signals that activate the innate
immune system through binding pattern recognition receptors (PRRs)*. This induces the
release of pro-inflammatory cytokines such as TNFa, IL-18 and IL-6, and T-cell stimulating
cytokines like IL-12. It enhances the expression of adhesion and costimulatory molecules
and increases HLA-expression and allo-antigen presentation by APCs. As such, PAMPS



and DAMPS can fuel the development of donor T cell alloreactive (allo) responses?’-2°,
In HLA-matched allo-HSCT, both host and donor APCs may activate donor allo T cells by
presenting host-derived, ‘non-self’ minor histocompatibility antigens (mHAs) in the HLA®C. In
a HLA-mismatched setting the donor TCR in addition recognizes a mismatched host HLA
loaded with host-derived ‘self’-peptides in a process known as molecular mimicry®'. Both
CD4 and CD8 T cells are involved in aGVHD allo-responses.

The tissue damage that results from the allo-responses is considerable. Upon endoscopic
examination mucosal swelling and redness can be observed, as well as erosions, superficial
or deep ulcerations or even complete mucosal denudation. On a histological level, the
characteristic feature of GI-GVHD pathology is apoptosis and loss of epithelial crypts,
the region that harbors the stem cells of the intestinal epithelium®23. As such, the golden
standard of GI-GVHD diagnosis is the observation of these findings in patient Gl biopsies,
in combination with the clinical symptoms".

Table 1. Clinical grading of acute GVHD™

Clinical stage of acute GVHD per organ

Stage Target organ

Skin (active erythema only) Liver (serum total Upper gastro- Lower gastro-intestinal (stool
bilirubin) intestinal output)

(o] No active (erythematous) rash <2 mg/dL (<34.21 No or intermittent ~ Adult: <500 mL per day
pumol/L) nausea, vomiting Child: <10 mL/kg per day

or anorexia

1 Maculopapular rash, <25% BSA  2-3 mg/dL (34.21- Persistent nausea, Adult: 500-999 mL per day
51.31 umol/L) vomiting or Child: 10-19.9 mL/kg per day

anorexia

2 Maculopapular rash, 25-50% 3.1-6 mg/dL - Adult: 1,000-1,500 mL per day
BSA (53.02-102.62 Child: 20-30 mL/kg per day

pmol/L)

3 Maculopapular rash, >50% BSA  6.1-15 mg/dL - Adult: >1,500 mL per day
(104.33-256.56 Child: >30 mL/kg per day
pumol/L)

4 Generalized erythroderma >15 mg/dL - Severe abdominal pain with or
(>50% BSA), plus bullous (>256.56 umol/L) without ileus or grossly bloody
formation and desquamation stool (regardless of volume)
(>5% BSA)

Overall clinical grade of acute GVHD

Grade Criteria

(o] No stage 1—-4 of any organ involvement
| Stage 1-2 skin involvement, without liver, upper gastrointestinal or lower gastrointestinal involvement

1l Stage 3 skin involvement and/or stage 1liver involvement and/or stage 1 upper gastrointestinal
involvement and/or stage 1lower gastrointestinal involvement

1l Stage 2-3 liver involvement and/or stage 2—-3 lower gastrointestinal involvement with stage 0—-3 skin
involvement and/or stage O—1 upper gastrointestinal involvement

\" Stage 4 skin, liver or lower gastrointestinal involvement, with stage O—1 upper gastrointestinal involvement
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Treatment challenges in patients with acute GVHD

Treatment of aGVHD is primarily aimed at debilitating the overactive immune system and
allo T cells with a variety of immunosuppressive medications or cell therapy. Due to the
competing goals in the treatment of aGVHD on the one hand and maintaining GVL effect
and reducing graft rejection and infection risk on the other hand, clinicians often find
themselves key performers in a lethal balancing act. First-line therapy consists of high-dose
(2 mg/kg bodyweight) CS, but up to 50% of aGVHD patients do not respond (sufficiently)
and develop a condition known as steroid-refractory (SR-) aGVHD?3*%*. Additional lines of
treatment are currently experimental and primarily target the immune system, with all the
anticipated complications of infection, graft failure and relapse of underlying disease, as
well as medication specific toxicities (Table 2). To date, there is only one proven effective
second-line therapy for SR-aGVHD in adult patients, ruxolitinib, and for children thus far no
proven effective treatments are available¥.

In Chapter 2 we set the stage for the clinical challenges that are faced with GVHD, by
presenting the group of 81 pediatric patients that developed SR-aGvHD in the Netherlands
between 2010 and 2020. We describe their clinical course and outcome, the types of
additional treatments that were given and identify risk factors for continued GVHD and
mortality. In addition, we map the complications these patients experience and the causes
of death. We demonstrate the high morbidity and mortality associated with SR-aGVHD at the
current time, and as such show that new therapies for GI-GVHD are an absolute necessity.
Further paralyzing the immune system does not seem to be an attractive approach.

Table 2. Current options for second-line treatment of SR-aGVHD

Generic Mechanism of action Side effects

Lymphocyte-cytostatics
Mycophenolate mofetil (MMF)3® Selective inhibition of inosine Infections, low blood cell counts,
monophosphate dehydrogenase, secondary malignancies, bone
involved in the de novo-synthesis of marrow failure
guanoside nucleotides
T cell inhibitors
Anti-thymocyte globulin (ATG)* Immunoglobulin directed against Infections, low blood cell counts,
human T lymphocytes secondary malignancies
CD52 inhibitors
Alemtuzumab*® Monoclonal antibody blocking Infections, low blood cell counts,
membrane-bound CD52 expressed
on lymphocytes
CD25 inhibitors
Basiliximab*' Monoclonal antibody selectively Infections
antagonizing interleukin-2 receptor
IL-6 inhibitors
Tocilizumab?®? Monoclonal antibody binding IL-6 Infections, low blood cell counts
receptors



Table 2. Continued.

Generic Mechanism of action Side effects
TNF-a inhibitors*
Infliximab Monoclonal antibody binding TNF-a  Infections, low blood cell counts,
secondary malignancies
Etanercept Human TNF-receptor p75 Fc fusion- Infections, secondary
peptide, binding TNF-a malignancies, low blood cell

counts, bone marrow failure
Protein kinase inhibitors

Ruxolitinib** Inhibition of JAK1/2 Bleeding, low blood cell counts,
infections

Integrin inhibitors

Vedolizumab? Monoclonal antibody blocking Infections
a4fB7-integrin on gut-homing T cells
Cell therapy
Mesenchymal stromal cells Immunomodulation by suppressing  Infections?
(MSCs)*¢ the proliferative activity of allogenic

T lymphocytes

Intestinal damage as a common theme throughout the
course of HSCT, and as the focus of this thesis

As outlined above, there are many instances of intestinal epithelial damage in the course
of aGVHD development and propagation, including conditioning-induced injury, intrusion
of pathogens, the allo immune response and toxicity of given therapy. Several risk factors
for aGVHD development and severity are directly linkable to the different aspects of
damage™¥, including the type and intensity of the conditioning regimen*48, mucositis*,
colonization by certain pathogens?>255° and the level of HLA mismatch®'%2, Nonetheless,
many mechanistic questions remain unanswered, leaving possible therapeutic opportunities
for aGVHD unexploited. In this thesis we study several different aspects of epithelial injury
in the context of GHVD in the clinical (Chapter 3) and preclinical (Chapters 4, 5, 6) setting
and possibilities to overcome this:

e |n Chapter 3 we use a method that enriches for viral sequences to study the intestinal
virome in HSCT patients suspected of gut aGVHD®3. Identifying which specific viruses
are present will help us to better understand how viral presence predisposes for the
development of aGVHD.

e |n Chapter 4 we study how chemotherapy used in the conditioning regimen damages
the intestinal epithelium and how this affects allo T cell migration and activation.

e In Chapter 5 we show how allo T cells damage the Gl-tract in aGVHD and how the gut
can be protected from these insults®.

e |n Chapter 6 we delineate how CS aimed at inhibiting allo T cells actually further limit
the healing of the intestine in aGVHD, calling for additional regenerative measures.
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e Finally, in Chapter 7, damage to the Gl-tract is reviewed as a pivotal factor in both
development and propagation of aGVHD. We discuss how protection of the Gl-tract
and intestinal epithelial restorative, and regenerative approaches may be promising in
the future treatment of GI-GVHD.

To be able to study the different aspects of damage, several well-established and in-house
developed models of aGVHD in both mice and human are utilized in Chapters 4, 5 and 6.
Below these models will be introduced.

Mouse models to study mechanisms of damage in GVHD

Much of what we know about aGVHD pathophysiology has been discovered using mouse
models of aGVHD"™®. Given the complexity of aGVHD pathophysiology, comprising
numerous processes throughout the body, with multiple cell types involved over time, the
mere studying of patient samples at specific time points does not suffice. In addition, due to
the severity of the condition and the do-not-harm principle patient materials are not readily
or abundantly available for research purposes. The fact that aGVHD is a therapy-induced,
iatrogenic condition makes it very suitable for mimicking in an animal model, in a so-called
in vivo setting. Despite the apparent observation that mice are in fact not humans, many
aspects of aGVHD pathology between our species have been found to be comparable®®.
In addition, the possibility of using knockout and transgenic mice strains to dissect certain
aspects of, in this case, damage mechanisms involved in aGVHD, make mouse systems
indispensable as preclinical research tools®®.

To be able to study aGVHD in mice, mice undergo a BM transplantation with a trajectory
comparable to that of a human patient (Fig. 2)°°. Before the transplantation mice are co-
housed to align their microbiota constitutions. The microbiome can differ greatly between
mouse strains, vendor origins and housing facilities®, which has been shown to have a
large impact on experimental BMT outcomes. These observations were the starting point
for the research conducted to understand the impact of the microbiome on outcomes in
clinical HSCT recipients?*. After receiving conditioning with total body irradiation (TBI) in
two doses to reduce Gl toxicity, the hosts receive a BM graft from a donor via tail vein
injection. In MHC-mismatched (also called major mismatched) BMT, different strains of mice
with different MHC are used as donors and recipients. In MHC-matched, minor mismatched
BMT, more resembling human HSCT, mice are used that have largely the same genetic
background with only minor HA disparities to induce aGVHD. In an experimental setting, it
is essential to include a control condition in which aGVHD does not develop to be able to
attribute any findings specifically to the presence of aGVHD. In the minor mismatch setting,
the control BMT is performed by transplanting the recipient with BM only, without any T



cells. In a major mismatch BMT, transplanting BM only is not an option since the large MHC
disparity would cause the graft to be rejected by the host. Instead, a so-called ‘syngeneic’
transplant is used as a control, where the recipient receives BM+T cells from a donor of its
own strain. After the experimental transplant has taken place, the survival is monitored and
the mice are scored over time for certain validated aGVHD symptoms, including quality
of the skin and fur, stool consistency, activity, body weight and posture®®. In the course of
these mouse BMTs, multiple aspects can be manipulated to study a specific mechanism,
either by genetic modification in certain tissues or cell lines of the donor or recipient, by
administering blocking or stimulating antibodies, or testing compounds of interest. In Table
3 the specific aGVHD mouse models used in the thesis are listed.

Controls Acute GvHD
f Syngeneic BMT 1( Allogeneic BMT ]
O
Major P Q_) P
mismatch
) ) 7 DN
BM cells BM + T cells
s Ve )
BM only BM + T cells
"9 )
Minor % . ~ )’ . ~
mismatch + +
_) BM cells _) BM + T cells
\ o N o

Figure 2. aGVHD mouse model principles. Mouse models of bone marrow transplantation (BMT) can
be used to study the pathophysiology of Graft-versus-Host disease. In a major mismatch BMT, mice that
are used as a recipient are from a different strain, and therefore disparate genetic background, than the
donor (‘allogeneic’). As a control, recipient mice receive a syngeneic BMT with BM from a donor from
the same strain. In minor mismatch models the genetic background of the recipient and donor mice is
the same. Instead, minor histogen antigens (mHAs) are disparate causing GvHD. To induce GvHD in this
model system splenic T cells of the donor are co-transplanted with the BM-graft, while in the control
setting only BM is transplanted.
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Table 3. aGVHD mouse models used in this thesis®®

Donor Recipient TBI dose aGVHD target T cell dependence Lethality
(cGy, split)
Major MHC-mismatched models
B10.Br (H-2%) C57BL/6 (B6) (H-2°) 1100 MHC-I, Il, mHAs ~ CD4 (+/- CD8) Major
B6 (H-2%) (B6 x DBA/2)F1 (H-2"4) 1300 MHC-I, Il, mHAs ~ CD4 (+/- CD8) Major
B6 (H-2°) BALB/c (H-2¢) 900 MHC-I, Il, mHAs ~ CD4 (+/- CD8) Major
Minor HA mismatched, MHC-matched models
LP/J (H-2) B6 (H-2°) 1100 mHAs CD4 Minor

Intestinal epithelial organoids as a bridge between
mouse and human studies

Despite the advantages of using mouse models to study GI-GVHD in vivo, ethical controversy
increased efforts in the research community to reduce the part of animal studies over the last
few decades. The discovery of the intestinal stem cell (ISC) in mice laid the foundation for
the development of an in vitro intestinal epithelial culture system by the Clevers lab®°. ISCs
are harbored in a region of the epithelium known as the intestinal epithelial crypt. Crypts
isolated from mice were found to be capable of forming self-organizing, 3-dimensional
epithelial structures when embedded in a gel and supplemented with required growth
factors (Fig. 3)%°. These so-called ‘organoids’ harbored almost all cell types present in the
murine intestinal epithelium, and importantly were expandable over long periods of time.
A few years later, the same research group published a protocol with which organoids
could be established and cultured from human Gl biopsies®'. This enabled the biobanking
of organoids from both healthy individuals and patients, establishing a highly valuable
source of material suitable for studies related to disease modelling, drug development and
personalized medicine®.

In this thesis, we use both mouse and biobanked human intestinal organoids to model
aspects of aGVHD pathology in a dish. For example, we culture organoids in the presence
T cells in so-called ‘co-cultures’ to recapitulate allo-induced epithelial damage, as well as
to study the effects of damaged epithelium on T cell responses. This allows us to unravel
mechanisms of intestinal injury in aGVHD that are relevant to patients and study approaches
to limit and restore this damage for future aGVHD treatment opportunities.
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Figure 3. Intestinal epithelial organoids. The crypt region of the intestinal epithelium harbors the
intestinal stem cells (ISC) (in light blue) from which all intestinal epithelial cell types develop as they
move up out of the crypt and towards the gut-lumen protruding villus. In mice, the small intestinal
epithelium is renewed every 5 days®®. When crypts are isolated from either mouse intestines or human
gut biopsies, they can form 3-dimensional structures in a plate with the right supply of growth and niche
factors. Most growth factors have been identified by studying the stem cell and epithelial cell natural
environment in vivo and are shared between mice and humans®®®. An essential difference between
the mouse and human intestinal organoid system is the requirement of Wnt for the human culture®. Wnt
is a stem cell factor, that is secreted by niche supporting Paneth cells (PC) (in azure) that lie interspersed
between ISCs in the crypt®. PCs are present in mouse organoids and supply the ISCs with Wnt, but
in human organoids PCs are lost during culture and Wnt needs to be added to the medium for the
cultures to survive. Due to the Wnt requirement, the constitution and therefore appearance of mouse
and human organoids is quite different®?. The local production of Wnt by PCs in mouse organoids
creates a Wnt gradient causing the formation of crypt regions at the outward protruding organoid
buds, and more differentiated cells towards the organoid lumen. Due to the overall presence of Wnt
in human cultures, human organoids consist mostly of stem cell like cells that grow homogeneously
in a ball-shape. By changing the constitution of growth factors in the medium differentiation of certain
intestinal epithelial cell types can be induced in both human and mouse organoids. EGF, epithelial
growth factor; Noggin, BMP antagonist; Rspondin-1, Lgr5 agonist and Wnt-signalling potentiator; B27,
B27 supplement; N2, N2 supplement; Nic, nicotinamide; N-Ac, N-Acetylcysteine, TGF-B1i, transforming
growth factor beta 1inhibitor; p38 MAPKI, p38 mitogen activated protein kinase inhibitor.
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Abstract

Background
Steroid refractory Acute Graft-versus-Host Disease (SR-aGvHD) is a severe complication in
pediatric allogeneic hematopoietic stem cell transplantation (HSCT).

Objective
We aimed to assess clinical course and outcomes of pediatric SR-aGvHD.

Study Design

We performed a retrospective nationwide multicenter cohort study in the Netherlands. All
patients aged 0-18 transplanted between 2010 and 2020 with SR-aGvHD were included.
For each patient, weekly clinical aGvHD grade and stage, immunosuppressive treatment
and clinical outcomes were collected. The primary study endpoint was clinical course of
SR-aGvHD over time. As a secondary outcome, factors influencing overall survival and SR-
aGvHD remission were identified using a multistate Cox model.

Results

20% of transplanted children developed grade II-IV aGvHD, of which 51% (n=81) was SR-
aGVvHD. In these patients, second-line therapy was started at a median of 8 days after initial
aGvHD-diagnosis. 49% of SR-aGvHD patients received three or more lines of therapy. One
year after start of second-line therapy, 34 patients (42%) were alive and in remission of
aGvHD, 14 patients (17%) had persistent GvHD and 33 patients (41%) had died. SR-aGvHD
remission rate was lower in cord blood graft recipients than in bone marrow (BM) or
peripheral blood stem cell (PBSC) recipients (HR 0.51, 0.27-0.94, p=0.031). Older age was
associated with higher mortality (HR 2.62, 1.04-6.60, p=0.04, fourth quartile (aged 13.9-17.9)
vs. first quartile (aged 0.175-3.01)). In BM/PBSC recipients older age was also associated with
lower remission rates (HR 0.9, 0.83-0.96, p=0.004). Underlying diagnosis, donor matching or
choice of second line therapy were not associated with outcome. Respiratory insufficiency
due to pulmonary GvHD was a prominent cause of death (26% of deceased).

Conclusions

Our study demonstrates that SR-aGvHD confers a high mortality risk in pediatric HSCT. Older
age and use of CB grafts are associated with an unfavorable outcome. Multi-center studies
investigating novel treatment strategies to prevent pediatric SR-aGvHD and inclusion of
children in ongoing trials, together with timely initiation of second line interventions are
pivotal to further reduce GvHD-related mortality.
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Introduction

Acute Graft-versus-Host Disease (aGvHD) is @ major complication in pediatric patients after
allogeneic hematopoietic stem cell transplantation (HSCT). More than half of the patients
that develop aGvHD > grade Il do not respond to first-line systemic corticosteroid treatment
(steroid refractory SR))'-3, resulting in considerable morbidity and mortality*®.

There is a broad choice of therapies for SR-aGvHD including MMF®/, TNF-a inhibitors®"3,
JAK/STAT inhibitors"-2°, a4fB7-integrin inhibitors?-24, T cell inhibitors?*=%, anti-CD52
antibodies?®?°, CD25 inhibitors®®-32, IL-6 inhibitors*-°, and mesenchymal stromal cells
(MSCs)*¢. There are no prospective studies that evaluate which second-line treatment is
most effective in children with aGvHD refractory to first-line high-dose corticosteroids.
As a result, there is a lack of standardization in the management of pediatric SR-aGvHD,
leading to a high variability in second-line treatment worldwide®. In order to establish more
effective treatment strategies, it is important to meticulously evaluate current practices and

outcomes over time.

In this retrospective multicenter cohort study, we evaluated the efficacy and safety of second-
line treatment in children with grade II-IV SR-aGvHD following HSCT over the last 10 years in
the Netherlands. In addition to endpoints such as aGvHD remission and survival, we report
on aGvHD grade and staging in response to second-line therapy over time. This provides a
detailed insight into the clinical course of SR-aGvHD in pediatric patients. Finally, we identified
predictive factors for survival and SR-aGvHD remission using a multistate Cox model.

Methods

We performed a retrospective nationwide cohort study in the two centers for pediatric HSCT
in the Netherlands: the Willem-Alexander Children’s Hospital/Leiden University Medical
Center (LUMC) and the Princess Méaxima Center for pediatric oncology (PMC)/Wilhelmina
Children’s Hospital, UMC Utrecht. All patients aged 0-18 years who suffered from grade lI-IV
SR-aGvHD between January 2010 and July 2020 were included in this study. There were

no exclusion criteria.

SR disease was defined as progression of aGvHD within 3-5 days of first-line therapy
initiation with >2 mg/kg/day of prednisone or failure to improve within 5-7 days after
treatment initiation or incomplete response after more than 28 days of immunosuppressive
treatment including steroids, according to the EBMT-NIH-CIBMTR Task Force position
statement®®. Data was collected by retrospective medical chart review. Onset of SR disease
was determined by the treating physician’s diagnosis and/or recorded disease progression
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of each patient, as well as medication prescription data. Substitution of the initial GvHD
prophylaxis for a similar agent (Cyclosporin A (CsA), sirolimus, tacrolimus, mycophenolate
mofetil (MMF) or basiliximab) was not considered initiation of a new line of therapy. Only
when one of these agents was added on top of already existing GvHD prophylaxis, it
was considered a new line of therapy. Different therapeutic agents were categorized as
combination therapy if they were started within 3 days of each other.

For each patient, weekly clinical aGvHD grade and stage were collected from start of
aGvHD until the occurrence of persistent remission, onset of chronic GVHD or death.
Both centers used the same institutional guidelines for aGvHD diagnosis and therapy.
Grade and stage of aGvHD were copied from the medical chart if available, and otherwise
retrospectively determined using the modified Glucksberg criteria (as used by the CIBMTR)
based on percentage of affected skin reported at least weekly after physical examination
by a supervising physician during grand rounds, stool volumes per m? body surface area
recorded in daily digital nurse charts and/or bilirubin value available in digital lab records
% In case of missing data, the most recent known grade was imputed. Persistent remission
was defined as grade 0 aGvHD (stage O in all organs) without relapse of aGvHD symptoms
after tapering of immunosuppressive therapy®®. Presence of chronic GvHD was determined
based on the treating physician’s diagnosis and medical chart review based on 2005 NIH
consensus criteria®®, and categorized as either quiescent or progressive®.

Matching of the stem cell donor (peripheral blood (PBSC), bone marrow (BM) or cord blood
(CB)) was characterized with high-resolution (HR) HLA typing according to 10 alleles of five
loci (HLA-A, B, C, DRB1, DQBI1) where available. For CB transplantations without complete
HR-typing (N=5), matching was based on serological typing for HLA-A and -B and HR-typing
for HLA-DRB1 (6 alleles). Donor types included matched related (10/10 HLA matching),
matched unrelated (10/10 or 6/6 HLA matching) and mismatched unrelated (less than 10/10
or 6/6 HLA matching).

Furthermore, data on all lines ofimmunosuppressive treatment, readmissions, Intensive Care
Unit (ICU) admissions, viral reactivations, infections (excluding line associated coagulase-
negative staphylococci infections), serious adverse events and complications during the
first year since onset of SR disease were collected. GvHD prophylaxis regimens for BM
and PBSC transplantations consisted generally of a calcineurin inhibitor (CsA/tacrolimus)
with or without methotrexate or MMF. In the CB transplantation setting, a combination
of a calcineurin inhibitor and prednisone 1 mg/kg was used, with the addition of MMF in
case of an higher anticipated aGvHD risk. Serotherapy included treatment with either anti-
thymocyte globulin or alemtuzumab. Infection prophylaxes were given per protocol and
included HSV prophylaxis with valacyclovir until engraftment, VZV prophylaxis until 6-12
months post-transplant, gut decontamination antibiotics until engraftment and in case of

30



active gut aGvHD, oral yeast prophylaxis until engraftment and systemic anti-fungals for
high-risk or aGvHD patients receiving more than 0,5 mg/kg steroids in combination with
other lines of immune suppression. Viral reactivations were monitored by weekly viral
load evaluation. Diagnosis of lower respiratory tract infections was either culture proven
or presumed based on imaging. Bronchiolitis Obliterans Syndrome (BOS) was defined as
diagnosed by typical HRCT changes, such as bronchial wall thickening, air trapping, or
bronchiectasis, in the absence of signs of infection and, whenever pulmonary function
testing could be done, abnormal pulmonary function test results (i.e. decrease in FEV1 of
>20% or in FEV1I/FVC of <70%)**#. Medication related complications were defined as toxicity
with direct treatment consequences, either by the ceasing or switching of the medication in
question or the requirement of additional therapy.

Statistical analysis was performed in R version 4.0.3%2. For all analyses, time was measured
from onset of SR-aGVvHD, i.e. start of second-line therapy. The primary study endpoint was
clinical course of SR-aGvHD over time, represented by the proportions of patients with
active aGvHD symptoms, patients with remission of aGvHD, patients with chronic GvHD and
deceased patients during the first year since start of second-line therapy*.

As secondary study endpoints we aimed to investigate complication and infection rates and
to identify factors influencing overall survival and SR-aGvHD remission using a multi-state
Cox-regression model from the mstate package*-%. Three different states were included in
this model: active GvHD, remission from aGvHD and death. Since predictive factors for death
and aGvHD remission are the main interest of this study, chronic GvHD was not included
as a separate state in our model. Patients that developed chronic GvHD while suffering
from aGvHD remained in the ‘GvHD state’, while patients that developed chronic GvHD
after they had achieved aGvHD remission remained in the ‘remission state’ for this analysis.
Transition probabilities from one state to another were tested in a univariate analysis using
the following covariates: age, gender, diagnosis, conditioning, stem cell source, donor
type, time between aGvHD diagnosis and start of second-line therapy, type of second-
line therapy and year of transplant, categorized as before or after 01-01-2015. Second-line
therapy options were categorized as mesenchymal stromal cells (MSC), TNF-alpha inhibition
(infliximab or etanercept), a combination of treatment modalities (“combination therapy”) or
other. The statistical methodology is explained in more detail in Supplementary Material 1.
Informed consent for the use of patients’ data for research purposes was collected from
all included patients prior to HSCT. The Medical Research Ethics Committee Leiden The
Hague Delft (MREC LDD) waived the need for additional specific informed consent in both
centers for the analysis of the data used in the current study.

31




Results

A total of 786 pediatric allogeneic HSCTs were performed in Leiden and Utrecht between
01-01-2010 and 01-07-2020. During this time, 158 patients (20%) suffered from grade lI-IV
aGvHD, which occurred after a median of 34.5 days. Of these 158 patients, 81 patients (51%)
required second-line therapy due to absent or insufficient response to first-line treatment
with corticosteroids. The current study focuses on these 81 SR-aGvHD patients, who all
had a follow-up time until death or at least 1 year after start of second-line therapy. Patient,
transplant and aGvHD characteristics are summarized in Table 1. Initial diagnosis of aGVHD
occurred for 73 SR-aGvHD patients (90%) within the first 100 days after HSCT, whereas 8
SR-aGvHD patients (10%) developed aGvHD after more than 100 days (late onset), either
in the context of immunosuppression tapering (N=5) or after a stem cell boost (N=3). The
majority of patients had grade Il as their maximal aGvHD grade (56%) and the gut was the
most affected organ (77% at least stage 2 gut involvement). Weekly aGVHD grade and
stage were available for 1162/1213 (96%) of evaluated weeks.

Table 1. Patient, transplant and GvHD characteristics.

Variable Level N=81
Age at HSCT (median, IQR) 8.9(3.0-13.9)
Sex (n, %) Male 47 (58%)
Female 34 (42%)
Diagnosis (n, %) Bone marrow failure 10 (12%)
Hematologic malignancy 40 (49%)
Hemoglobinopathy 4 (4.9%)
Inborn errors of immunity 16 (20%)
Inborn errors of metabolism 11 (14%)
Donor (n, %) BM/PBSC donors
Matched related 13 (30%)
Matched unrelated 19 (44%)
Mismatched unrelated 11 (26%)
CB donors
Matched related 0 (0%)
Matched unrelated 2 (5.3%)
Mismatched unrelated 36 (95%)
Graft source (n, %) Bone marrow 36 (44%)
Cord blood 36 (44%)
Cord blood + bone marrow 1(1.2%)
Double cord blood 1(1.2%)
Peripheral blood 7 (8.6%)
Conditioning (n, %) Myeloablative chemotherapy 64 (79%)
Busulfan - Fludarabine based 43 (53%)
Treosulfan - Fludarabine based 18 (22%)
Other 3(3.7%)
Myeloablative total body irradiation 6 (7.4%)
Reduced intensity conditioning 1 (14%)
Busulfan - Fludarabine based 4 (4.9%)
Other 7 (8.6%)
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Table 1. Continued

Variable Level N=81
Serotherapy (n, %) ATG (Genzyme) 56 (69%)
Alemtuzumab 6 (7.4%)
None 19 (23%)
Transplant number (n, %) First transplant 72 (89%)
Second transplant 8 (9.9%)
Third transplant 1(1.2%)
Stem cell boost (n%) Yes 3(37%)
(at d+67, d+91 and d+114 after HSCT)
GvHD prophylaxis (n, %) Calcineurin inhibitor (CsA/tacrolimus) 7 (8.6%)
Calcineurin inhibitor + MMF/MTX 33 (41%)
Calcineurin inhibitor + Prednisone 33 (41%)
Calcineurin inhibitor + Prednisone + MMF 6 (7.4%)
MMF + MTX/Prednisone 2 (2.5%)
Days between HSCT and aGvHD grade 2 Il (median, IQR) 35 (24 - 55)
Days between aGvHD grade 2 Il and start second line therapy (median, IQR) 8(5-18)
aGVvHD histologically confirmed (n, %) Yes 74 (91%)
No 7 (8.6%)
Maximum overall aGvHD grade (n, %) Il 13 (16%)
il 45 (56%)
[\ 23 (28%)
Maximum skin aGvHD stage (n, %) 0-1 27 (33%)
2-4 54 (67%)
Maximum gut aGvHD stage (n, %) 0-1 19 (23%)
2-4 62 (77%)
Maximum liver aGvHD stage (n, %) 0-1 56 (69%)
2-4 25 (31%)

In 34 patients (42%) second-line treatment was started within one week after aGvHD onset,
in 36 patients (44%) after 8-28 days and in 11 patients (14%) after more than 28 days. MSC
therapy was the most frequently used second-line therapy option (N=38, 47%), followed by
infliximab (N=24, 30%). In 12 patients (15%) second-line therapy consisted of a combination
of 2 or 3 of the following agents: infliximab, vedolizumab, basiliximab, MSC, etanercept,
tacrolimus or ruxolitinib (Suppl. Table 1). 40 patients (49%) required an additional line of
therapy (third or more) after second-line therapy (Suppl. Fig. 1).

One year after start of second-line therapy, 34 patients (42%) were alive and in remission of
SR-aGvHD and 33 patients (41%) had died. 14 patients (17%) were still experiencing persistent
GvHD symptoms 1 year after start of second-line therapy (Table 2, Fig. 1). Most patients
achieved SR-aGvHD remission after more than 28 days since start of a line of therapy: 73,5%
of the patients only receiving second-line therapy (25/35), 71% of the patients receiving a
third line (5/7) and all patients receiving a fourth-line or more (5/5). Respiratory insufficiency
(infectious and non-infectious) and multi-organ failure from GvHD and treatment related
toxicity were the most frequent causes of death (35/38 total deaths) (Table 3). Non-infectious
respiratory insufficiency due to BOS, Idiopathic Pneumonia Syndrome (IPS) or suspected
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pulmonary GvHD contributed to 10/38 deaths (26%).

Table 2. Main outcomes.

Variable N=81
Death Overall 38 (47%)
28 days 5 (6.2%)
100 days 21(26%)
1year 33 (41%)
2 years 36 (44%)
Remission of aGvHD Overall (cumulative) 46 (57%)
(alive and in remission)
28 days 9 (11%)
100 days 25 (31%)
1year 34 (42%)
2 years 38 (47%)
Chronic GvHD Overall (cumulative) 22 (27%)
(alive with cGvHD)
Progressive 10 (12%)
Quiescent 12 (15%)
28 days 0 (0%)
100 days 7 (8.6%)
1year 13 (16%)
2 years 15 (19%)
Relapse of underlying disease 6 (7.4%)
Retransplantation 6 (7.4%)
ICU admission within first year of start second line therapy 38 (47%)
Readmission within first year of start second line therapy 42 (56%)

Table 3. Causes of death.

Cause of death

N=38

Multi organ failure (GvHD and treatment related toxicity)

Multi organ failure (GvHD and treatment related toxicity) and respiratory insufficiency (infectious)

Multi organ failure (GvHD and treatment related toxicity) and respiratory insufficiency (suspected pulmonary

GvHD)
Sepsis

Relapse of underlying disease

Bronchiolitis Obliterans Syndrome with multiple infections

Respiratory insufficiency (infectious)
Aspergillus infection

Other

Respiratory insufficiency (non-infectious)
Bronchiolitis Obliterans Syndrome
Idiopathic Pneumonia Syndrome
Suspected pulmonary GvHD

Secondary malignancy (squamous cell carcinoma)

N

= NN OO W AN NWwW NN W
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Figure 1. Clinical course since start of second-line therapy and traditional Kaplan-Meier survival plot.
The proportions of patients with active GvHD symptoms, patients with remission of GvHD, patients with
chronic GvHD and deceased patients during the first year since start of second-line therapy.
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Using a multi-state model, we performed a covariate analysis for mortality and SR-aGvHD
remission rates (Fig. 2, Table 4). In this covariate analysis, two patients who received a
double CB graft and a composed graft (CB with haploidentical BM) were excluded. We
found that older age was associated with higher mortality: children aged 13.9-17.9 (fourth
quartile) had a significantly higher hazard of death compared to children aged 0.175-3.01
(first quartile) (HR 2.62, 1.04-6.60, p = 0.04). CB graft recipients had a significantly lower
chance to reach SR-aGvHD remission than BM or PBSC graft recipients (HR 0.51, 0.27-0.94,
p =0.037) (Table 3). When modelling the interaction of graft source and age, the association
between CB grafts and a lower chance of SR-aGvHD remission was even stronger (HR 0.18,
0.06-0.51, p = 0.001). Older age was only associated with lower remission rates in children
receiving BM/PBSC grafts (HR 0.9, 0.83-0.96, p = 0.004). A graphical representation of the
effects of graft source and age on clinical course is shown in Figure 3.

Over the vyears, preferred second-line treatment in our centers shifted from MSC
monotherapy to a combination of multiple treatment modalities. There was no significant
difference in outcome (survival or remission rates) between patients transplanted before or
after 2015. None of the second-line treatments were significantly superior (Table 4).

Alive in remission

N=36
A
Transition 1 Remission Transition 3
N =46 N=10
Study population SR-aGvHD Death vernny Dead
N=81 Starting state Final state N=38
Transition 2
N=28

.

Alive with GvHD

(no event)
N=7

Figure 2. Multi-state survival model with transitions and transition counts.

Graphical representation of the multi-state survival model used for statistical analysis of covariates. The
different states are indicated by boxes. All patients start in the GvHD state and remain in this state until
a new event occurs (i.e. remission of GvHD or death). The arrows indicate possible transitions to other
states. Death is the absorbing or final state which means no further transitions are possible when a
patient has entered this state. The number of patients entering and leaving each state are depicted at
the three different transitions. Dashed arrows indicate the number of patients in that stage at the end
of their follow-up.
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Table 4. Multistate covariates.

Multistate analysis with univariate testing of covariates

Variable Level Outcome HR 95% CI p-value
Age at transplant Remission 0.97 0.92-1.02 0.2
Death 1.06 1.00-112 0.058
Age (categorized in quartiles) 0.175-3.01 years (1* quartile) Remission 1.0
Death 1.0
3.01-8.9 years (2™ quartile) Remission 176 0.83-3.75 014
Death 1.07 0.37-3.05 >0.9
8.9-13.9 years (3 quartile) Remission 0.69 0.29-1.63 0.4
Death 1.46 0.54-3.97 0.5
13.9-17.9 years (4" quartile) Remission 0.59 0.23-1.50 0.3
Death 2.62 1.04-6.60 0.04
Gender F Remission 1.0
Death 1.0
M Remission 0.64 0.36-116 014
Death 1.09 0.56-214 0.8
Diagnosis Bone marrow failure Remission 1.0
Death 1.0
Hematologic malignancy Remission 0.77 0.31-1.91 0.6
Death 0.68 0.27-171 0.4
Hemoglobinopathy Remission m 0.27-4.54 0.9
Death 0 0.00-Inf >0.9
Inborn errors of immunity Remission 0.69 0.24-1.95 0.5
Death 072 0.25-2.08 0.5
Inborn errors of metabolism  Remission 0.48 0.14-1.72 0.3
Death 07 0.21-2.29 0.6
Graft source BM/PBSC Remission 1.0
Death 1.0
Cord blood Remission 0.51 0.27-0.94 0.031
Death 1.35 0.70-2.62 0.4
Donor Matched related Remission 1.0
Death 1.0
Matched unrelated Remission 1.05 0.44-2.53 >0.9
Death 0.51 0.18-1.42 0.2
Mismatched unrelated Remission 078 0.35-175 0.6
Death 0.8 0.35-1.79 0.6
Time until start second line <l week Remission 1.0
Death 1.0
8-28 days Remission 114 0.61-2.12 07
Death 0.89 0.45-177 07
>28 days Remission 0.6 0.22-1.62 0.3
Death 0.61 0.20-1.81 0.4
Second line therapy MSC Remission 1.0
Death 1.0
TNF-alpha inhibitor Remission 135 0.69-2.64 0.4
Death 0.6 0.26-1.38 0.2
Combination therapy Remission 1.29 0.54-3.10 0.6
Death 1.28 0.53-3.06 0.6
Other Remission 0.81 0.24-2.77 07
Death 0.92 0.27-314 0.9
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Table 4. Continued

Multistate analysis with univariate testing of covariates

Variable Level Outcome HR 95% CI p-value
Conditioning MAC (chemotherapy) Remission 1.0
Death 1.0
MAC (TBI) Remission 172 0.6-4.91 0.3
Death 2.02 0.69-5.86 0.2
RIC Remission 145 0.61-3.47 0.4
Death 2.06 0.89-4.78 0.091
Before or after 2015 Before Remission 1.0
Death 1.0
After Remission 1.01 0.55-1.85 >0.9
Death 0.77 0.4-1.49 0.4
Multistate analysis with interaction of age and graft source
Variable Level Outcome HR 95% CI p-value
Age in cord blood grafts Remission 0.99 0.91-1.07 0.8
Death 1.07 1.00-114 0.056
Age in BM/PBSC grafts Remission 0.9 0.83-0.96 0.004
Death 1.06 0.96-117 0.2
Graft source BM/PBSC Remission 1.0
Death 1.0
Cord blood Remission 018 0.06-0.51 0.001
Death 15 0.34-6.59 0.6

Infections within the first year since start of second-line therapy were frequent, occurring
in 65/81 patients (80%), including bacterial (54% of patients), fungal (26% of patients) and
viral infections (19% of patients) and viral reactivations (52% of patients) (Suppl. Table 2).
The timing of infections and viral reactivations relative to the start of second-line therapy,
and the GvHD activity at that time can be found in Suppl. Table 3. BOS (14/81), thrombotic
microangiopathy (TMA) (13/81), cytopenia (12/81) and renal insufficiency (10/81) were the
most common non-infectious complications. In total 38 patients (47%) were admitted to the
ICU at least once within the first year since start of second-line therapy. 37 patients (46%)
experienced medication toxicity and/or an Adverse Drug Reaction. In patients that were
still alive after 1 year, the median duration of the hospital admission in which SR-aGvHD
was diagnosed was 29 days. The disease burden in this population was high: of the 48
patients that were still alive 1 year after start of second-line therapy, 41 patients (85%) had
experienced one or more of the following: ICU admission, readmission, chronic GvHD/BOS,
relapse of underlying disease, retransplantation or secondary graft failure.
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Figure 3. Clinical course since start of second-line therapy in specified subgroups.
The proportions of patients with active GvHD symptoms, patients with remission of GvHD, patients
with chronic GvHD and deceased patients during the first year since start of second-line therapy, in

younger children <8,8 years versus older children >= 8,8 years, BM/PBSC grafts and CB grafts, and
combinations. Two patients who received a double CB graft and a composed graft were excluded.
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Discussion

SR-aGvHD in pediatric HSCT patients is a severe complication with a poor prognosis.
Similar to other studies™®*4¢ 47% of the 81 children with SR-aGvHD died in our study. There
is a lack of evidence from prospective trials to help guide clinicians in determining which
second-line treatment is most effective and safe in children with SR-aGvHD. Conducting
clinical trials in this patient group is challenging. First of all, the number of patients with
this condition is relatively low, hampering required statistical power to meet envisioned
endpoints. Secondly, due to the severity of the disease and poor prognosis, multiple lines
of treatment are often given concomitantly®’, possibly leading to exclusion of the trial initially
enrolled in based on formulated exclusion criteria.

Because of the lack of prospective trials, it is of vital importance to carefully review current
practice. While, in general, survival rates are well reported, outcomes such as aGvHD
remission are often only reported at day 28 after initiation of the investigative agent'948-53,
which was established as the best endpoint for treatment trials 4. In this study we provide
a detailed description of the clinical course of a relatively large group of pediatric SR-
aGvHD patients during the course of one year. Persistent remission occurred in only 9
patients before day 28 since start of second-line therapy in our cohort (Table 2). Many
patients experienced remission of their aGvHD after day 28 since start of the most recent
line of therapy, which suggests that a 28-day period is too limited for the evaluation of a
therapeutic effect in SR-aGvHD.

About half of the patients in our cohort with grade II-IV acute GvHD had steroid-refractory
disease, similar to earlier reports™. Most patients with steroid-refractory disease are
severely affected, with 84% in our study suffering from grade Ill-IV GvHD. Similar to other
studies'??8474853 "in our cohort patients with SR-aGvHD have a higher prevalence of liver
involvement (36%) than patients with steroid-responsive aGvHD. In addition to the classical
GvHD target organs being affected, many SR-aGvHD patients also suffer from other organ
dysfunction, such as kidney, lung and endocrine dysfunction and cytopenia. This could
either be due to these patients being generally ill, treatment toxicity, infection or direct
targeting by alloreactivity. This underlines that pediatric SR-aGvHD is a multi-system disease
with a high morbidity and mortality®®, associated with substantial healthcare utilization and

COosts®5%6,

In our cohort the TNF- a inhibitor infliximab and cell therapy with MSCs were most frequently
prescribed, probably due to clinical studies in the two centers and the relatively favorable
toxicity profiles®?36, The increased availability of new agents is having a clear impact on
treatment choices in recent years. MSCs were the only prescribed second-line therapy in
the first three years of our cohort, whereas multiple different agents were used in the last
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few years. None of the specific second-line therapy options was associated with improved
outcome, but this analysis is limited by the fact that therapy was highly individualized.

Complications and toxicities associated with immunosuppressive therapy in the aGvHD
setting were highly prevalent in our SR-aGvHD cohort. Similar to other pediatric SR-aGvHD
studies the majority of patients experienced infections and/or viral reactivations'®2848-50.52.53,
In about one-third of deceased patients, infections were considered causal. TMA was a
common non-infectious complication in our cohort. Since aGvHD is a risk factor for the
development of TMA in both children®”*® and adults®®, this finding was not surprising. The
most frequently observed non-infectious complication in our cohort was the development
of lung disease related to HSCT, such as BOS and IPS. In another pediatric SR-aGvHD
cohort study BOS was also frequently observed™, but in most studies BOS and IPS are not
separately reported from general chronic GvHD. In our cohort, 26% of the patient deaths
were attributed to non-infectious, HSCT-related respiratory failure. Pulmonary involvement
thus represents a significant clinical challenge in pediatric SR-aGvHD patients and more
research is required to understand how to manage HSCT-related lung complications to

improve outcome®.

To our knowledge only few studies identified risk factors for outcomes of SR-GvHD in
children®. In our study, age and the use of CB grafts were associated with worse prognosis.
Older age was associated with increased mortality, and with reduced SR-aGvHD remission
rates in those transplanted with BM/PBSC grafts. In adults, older age has long been
recognized as a risk factor for the development of GvHD®, worse outcomes in HSCT
overall?®?, and higher mortality in adults with SR-aGvHD®3. In children, the relationship
between age and SR-aGvHD outcomes has not previously been reported. In addition,
we found that CB grafts were associated with a lower chance of achieving remission of
SR-aGVvHD, irrespective of recipient age. CB grafts have generally been associated with
a lower risk of GvHD in children®, leading to the acceptance of higher levels of HLA
mismatching in this setting. In most cases, aGvHD after CB transplantation develops despite
GvHD prophylaxis with prednisone 1 mg/kg. As such, it may be argued that aGvHD in the
CB setting is already steroid-unresponsive to some extent. In adults, transplantation with
a CB graft has been associated with the development of SR-GvHD®®. However, it is still
unknown why SR-aGvHD after transplantation with a CB graft is more refractory to additional
immunosuppressive treatment than SR-aGvHD in a child that received a BM or PBSC graft.
Because SR-aGvHD in the context of CB transplantation is associated with worse outcome,
even more timely introduction of second-line treatment may be warranted in this setting.
Other known predictive factors for GvHD severity, including degree of donor matching,
malignancy as HSCT indication and MAC TBI conditioning?®¢-% were not associated with
worse outcomes in our SR-GvHD cohort.
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There are several limitations to our study. Firstly, data was retrospectively collected, at risk
of reporting bias due to missing information. Secondly, the studied group is heterogeneous,
and received multiple lines of therapy concomitantly. That, together with a relatively small
study size, complicates drawing more definitive conclusions.

In conclusion, the development of SR-aGvHD in children after allogeneic HSCT is still
associated with both high morbidity and mortality. Older age of the recipient at transplant
is a risk factor for death in the whole population, and in recipients of PBSC/BM grafts for
lower remission rates of SR-aGvHD. In addition, we see reduced SR-aGvHD remission rates
in children transplanted with a CB graft without a significant effect on survival. Choice of,
and time to second-line therapy were not associated with differences in outcomes. The
outcomes presented in this study emphasize the unmet need for multi-center studies
investigating novel therapies for pediatric patients and inclusion of pediatric cohorts on
ongoing trials for SR-aGVHD. The cohort described here can serve as a reference for future
studies investigating novel treatments and treatment guidelines for SR-aGvHD in pediatric
patients, which will hopefully improve the outcomes for these severely ill children.
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Supplementary information

Supplementary Material 1. Methodology multi-state survival analysis.

A multi-state model is a model for time-to-event data in which individuals can experience
multiple states over time. All individuals start in a starting state (in this case SR-aGvHD)
and may eventually transition to another state in case a specific event occurs (remission
of aGvHD or death). Absorbing or final states are states from which no more transitions
are possible (death). Between the starting and absorbing states, there can be one or more
intermediate states (remission of aGvHD). Individuals may be censored before they transition
to an absorbing state. The multi-state model used in our study, is an ‘iliness-death model’,
with one starting state, one intermediate state (‘illness’, in our case remission of aGvHD)
and one final state (‘death’). A schematic overview can be found in Figure 1. This model can
be used to estimate transition possibilities between states in terms of hazards. Covariates
of interest can be added to the model to estimate their effects on the different transition
possibilities. To identify risk factors for death, we considered the hazards for death after
SR-aGvHD and for death after remission of SR-aGvHD equal. This means that covariates
were analyzed for their effect on transitions 2 and 3 combined. The multi-state model we
used in this study is a ‘Clock forward’-model, which means that time is measured relatively
to when an individual first entered the starting state. For more information and statistical
background on multi-state models, we refer to the papers about multi-state models and the
mstate package by De Wreede et al. and Putter et al.#4-4¢

Supplementary Table 1. All second line therapy outcomes.
The different second-line therapies that were given are listed, including outcomes of aGvHD remission
and mortality for each line.

Medication N aGvHD remission % Mortality %
MSC 38 19 50 20 52.6
Infliximab 24 16 66.7 7 29.2
Combination 12 7 58.3 7 58.3
Basiliximab 4 3 75 3 75
MMF 1 0 0 0 0
Etanercept 2 1 50 1 50
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Supplementary Figure 1. Flowchart with main outcomes for all lines of therapy.
Flowchart showing patient numbers in the different lines of therapy and the consequent outcomes.
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Supplementary Table 2. Complications, readmissions, ICU admissions and medication toxicity.
Table listing all complication, readmission, ICU admission and medication toxicity events, as well as the
number of patients experiencing the events.

Total events  Patients Patients

Complications (since start of second line therapy) N n %
Bronchiolitis Obliterans Syndrome 14 14 17.3%
Cytopenia 12 12 14.8%
Auto-immune 4 4 4.9%
Other 8 8 9.9%
Endocrine dysfunction 5 5 6.2%
Pancreatitis 2 2 2.5%
Liver failure leading to OLTx 1 1 1.2%
Renal insufficiency 12 10 12.3%
Dialysis required 4 3 37%
No dialysis required 8 8 9.9%
Secondary graft failure 3 3 3.7%
Secondary malignancy 3 3 37%
Short bowel/bowel resection 5 4 4.9%
Thrombotic microangiopathy 14 13 16.0%
Drug related 12 1 13.6%
Not drug related 2 2 2.5%
Infections (within first year since start of second line therapy) N=221 n=65 %
Bacterial infection 88 44 54.3%
Blood 56 35 43.2%
Lower respiratory tract 12 n 13.6%
Other 20 18 22.2%
Fungal or yeast infection 31 21 25.9%
Blood 6 5 6.2%



Supplementary Table 2. Continued

Total events  Patients  Patients

Lower respiratory tract 12 1 13.6%
Other 14 12 14.8%
Parasitic infection (Cryptosporidium) 2 2 2.5%
Viral infection 18 15 18.5%
Respiratory tract 10 9 11%
Gut 7 7 8.6%
Other 1 1 1.2%
Viral reactivations 82 42 51.9%
Adenovirus 26 22 27.2%
BK virus 13 12 14.8%
CMV 25 18 22.2%
EBV 8 4 4.9%
HHV6 2 2 2.5%
HSV1 3 3 37%
\Y/AY 5 5 6.2%
ICU admissions (within first year since start of second line therapy N=50 n=38 %
Kidney insufficiency 3 3 3.7%
Pain relief 4 3 3.7%
Post-surgery 4 4 4.9%
Respiratory insufficiency 19 18 22.2%
Infectious 8 9.9%
Non-infectious 6 7.4%
Not specified 4 4 4.9%
Sepsis " 9 11%
Other 9 9 1.1%
Readmissions (within first year since start of second line therapy) N=61 n=44 %
Dehydration 2 2 2.5%
GvHD " 10 12.3%
Infection 21 17 21.0%
Malaise 13 10 12.3%
Methylprednisolone pulse 2 1 1.2%
Nutrition problems 2 2 2.5%
Other 10 10 12.3%
Medication related complications (since start of second line therapy) N=61 n=37 %
Adverse Drug Reaction - Toxicity 58 34 43.2%
Baricitinib 1 1 1.2%
Corticosteroids 23 18 23.5%
Cushing syndrome 1 1 1.2%
Diabetes - Hyperglycemia 13 13 16.0%
Osteonecrosis - Osteopenia 9 9 11.1%
CsA 10 9 11%
MMF 6 7.4%
Ruxolitinib 2 1 1.2%
Sirolimus 6 6 7.4%
Tacrolimus 10 10 12.3%
Allergic reaction 3 3 3.7%
Basiliximab 1 1 1.2%
Infliximab 1 1 1.2%
IVIG 1 1 1.2%
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Supplementary Table 3. Timing of infections since SR-aGvHD diagnosis and underlying acute GvHD
activity

Table listing the number of patients experiencing infections or viral reactivations, and the total number
of infection and reactivation events, at different time points since SR-aGvHD diagnosis, as well as the
aGvHD status at that time.

Type of infection Within 7 days 8-28 days 29-365 days

Active aGvHD in Active aGvHD in Active aGvHD in

aGvHD remission aGvHD remission aGvHD remission

(N=81atd7) (N=0 atd?7) (N=67 at (N=9 at (N=14 at (N=34 at

d28) d28) d365) d365)

N n N n n n N n N n
Bacterial infection 8 8 0 0 9 10 0 0 25 50 13 20
Fungal/yeast infection 2 2 0 0 1 1 0 0 12 16 7 12
Parasitic infection 0 0 0 0 0 0 0 0 1 1 1 1
Viral infection 0 0 0 0 1 1 0 0 6 6 9 n
Viral reactivation 10 10 0 0 15 20 0 0 23 43 6 9

N = number of patients, n = number of events
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Abstract

Pediatric allogeneic hematopoietic stem cell transplantation (HSCT) patients often suffer
from gastro-intestinal (Gl) disease caused by viruses, Graft-versus-Host Disease (GVHD)
or a combination of the two. Currently, the Gl eukaryotic virome of HSCT recipients
remains relatively understudied, which complicates the understanding of its role in GVHD
pathogenicity. As decisions regarding immunosuppressive therapy in the treatment of
virus infection or GVHD respectively can be completely contradicting, it is crucial to better
understand the prevalence and relevance of viruses in the Gl tract in the HSCT setting. A
real time PCR panel for a set of specific viruses widely used to diagnose the most common
causes of Gl viral gastroenteritis is possibly insufficient to grasp the full extent of viruses
present. Therefore, we applied the targeted sequence capture method ViroCap to residual
fecal samples of 11 pediatric allogeneic HSCT recipients with Gl symptoms and a suspicion
of GVHD, to enrich for nucleic acids of viruses that are known to infect vertebrate hosts.
After enrichment, NGS was applied to broadly detect viral sequences. Using ViroCap,
we were able to detect viruses such as norovirus and adenovirus (ADV), that had been
previously detected using clinical diagnostic PCR on the same sample. In addition, multiple,
some of which clinically relevant viruses were detected, including ADV, human rhinovirus
(HRV) and BK polyomavirus (BKV). Interestingly, in samples in which specific PCR testing
for regular viral Gl pathogens did not result in a diagnosis, the ViroCap pipeline led to
the detection of viral sequences of human herpesvirus (HHV)-7, BKV, HRV, KI polyomavirus
and astrovirus. The latter was an only recently described variant and showed extensive
sequence mismatches with the applied real time PCR primers and would therefore not have
been detected if tested. Our results indicate that target enrichment of viral nucleic acids
through ViroCap leads to sensitive and broad possibly clinically relevant virus detection,
including the detection of newer variants in clinical HSCT recipient samples. As such,
ViroCap could be a useful detection tool clinically, but also in studying the associations
between viral presence and GVHD.
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Introduction

Immunodeficient patients, and in particular allogeneic stem cell transplant (HSCT) recipients,
experience a high incidence of gastro-intestinal (Gl) symptoms such as nausea and diarrhea.
There are multiple causes that can underlie these complaints. Firstly, post-transplant patients
are severely lymphopenic and therefore prone to a more severe course of viral infections,
many of which circulate among healthy children'. Secondly, HSCT recipients are at risk of
developing acute intestinal Graft-Versus-Host Disease (GVHD). This is an ultra-complex, life-
threatening condition that can only be treated with additional immunosuppressive therapy.
Despite matching for HLA, donor immune cells co-transplanted with the graft recognize
the patient’s tissues as foreign and launch an inflammatory response causing damage to
multiple organs. Severe GI-GVHD (grade 3-4)? is associated with a high mortality risk, due
to organ damage directly (wasting, malnutrition), or secondary to GVHD-therapy-related
induced suppression of immune cells. The combination of enteric viral presence, a fragile
and suppressed immune system and Gl damage by recent chemotherapy and/or GVHD,
provides a challenging treatment task for the clinician. Especially since decisions regarding
immunosuppressive therapy in the treatment of virus infections or GVHD can be highly
divergent. To complicate matters further, intestinal viral presence, even asymptomatic, has
been shown to predispose for intestinal GVHD and compromise patients’ outcome?. Given
the above, the identification and characterization of viruses is important for dedicated
treatment in HSCT recipients with both Gl symptoms and a clinical suspicion of GVHD.
Regular monitoring can be used to tailor immunosuppressive therapy or warrant antiviral
treatment®. In addition, it could provide further insight into the association of viral presence
and the development of GVHD.

Thus far, real-time polymerase chain reaction (real-time PCR) has been the gold standard for
clinical diagnosis of viral infections®. Despite its unprecedented sensitivity, speed and cost-
effectiveness, the technology is restricted to only detecting the specific primer-directed
virus and limited in identifying and further characterizing virus variants which are genetically
divergent from the original species. The unbiased approach of next generation sequencing
(NGS) technology (reviewed in®’) overcomes these limitations, albeit at the cost of speed
and, more importantly, some detection sensitivity. The sequences reported by NGS in
clinical samples are often dominated by those of human origin, which hinders the ability to
detect viral nucleic acids in particular when present at low abundance®.

Several methods have been described to improve NGS sensitivity for the detection of virus
in clinical samples. These methods include low speed centrifugation and filtration to remove
cellular debris, ultra-centrifugation to collect virus particles, nuclease treatment to deplete
unprotected (human) DNA and/or RNA and viral expansion in culture. As an alternative to
DNA depletions, enrichment strategies have been proposed in which the viral nucleic acids
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are specifically captured by hybridization with probe libraries. Capture techniques have
gained popularity over the past decades in human genome diagnostics to search for rare
mutations and disease causing variants®2. More recently, targeted enrichment strategies
were successfully implemented for the identification of virus in human samples™¢, including
the ViroCap approach described by Wiley and colleagues'™. This NGS hybridization-based
capture technique consists of a large panel of probes spread across the genomes of 34
families of DNA and RNA viruses, including 337 species, that infect vertebrate hosts®. The
probes were designed such that various regions of a species genome are covered and can

therefore enrich for known viruses as well as for genetically similar new variants.

We applied ViroCap technology to broadly detect virus in stored stool samples of 11 clinical
pediatric HSCT recipients with Gl-symptoms that were suspected of GVHD.

Materials and methods

Collection and storage of clinical samples

According to standard clinical protocol, stool samples from clinical patients with gastro-
intestinal symptoms suspected of GI-GVHD after HSCT were collected in containers without
additives for diagnostic viral PCR testing. Patients had received a related sibling bone
marrow (BM) graft, a 10/10 HLA-matched BM, or an unrelated cord-blood (CB) transplantation.
Residual fecal material was stored at -80°C within 1 hour after collection and retrospectively
included for analysis with ViroCap under a protocol approved by the University Medical
Center Utrecht Medical Research Ethics Committee. Informed consent was obtained for the
use of clinical data of included HSCT recipients.

Nucleic acid extraction and reverse transcription

Approximately 100 mg of fecal material was added to 1 ml of Stool Transport and Recovery
(STAR) buffer (Roche Diagnostics), vortexed and subsequently centrifuged at 17,000 g
for 1 minute. 500 pl of the supernatant was used for total RNA and DNA extraction with
the MagnaPure 96 (Roche Diagnostics) automated nucleic acid isolation system and
MagnaPure 96 DNA and Viral NA Large Volume Kit (Roche Diagnostics) according to the
Viral NA Universal 4.0 Protocol. The purified nucleic acid elution volume was set to 50 pl.
cDNA synthesis with TagMan™ Reverse Transcription Reagents supplemented with random
hexamers (Applied Biosystems, Foster City, CA, USA) was performed essentially according
to manufacturer instructions with the following incubation steps: 10 min at 25 °C, 30 min
at 48 °C, 5 min at 95 °C and subsequent hold at 4 °C. 20 pl of eluate was used per cDNA
reaction. After cDNA synthesis, the sample was pooled with the original sample eluate
for further processing. (c)DNA concentrations were measured using the Qubit 2.0 and the
Qubit DS DNA HS Assay.
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Enzymatic DNA fragmentation and library preparation

Fragmentation of the DNA in the extraction eluates was achieved enzymatically using
the KAPA Hyper Prep Kit (Roche) and a 20 min incubation time at room temperature (RT).
Subsequently, library preparation was performed using the KAPA Dual-Indexed Adapters
Kit and the SeqCap EZ HyperCap Workflow (Nimblegen). Adapter ligation was followed
by two sequential bead clean up steps, using the AMPure XP reagent (Beckman Coulter,
Indianapolis, IND, USA). Unique adapter barcodes were used to be able to identify the DNA
sequences for each clinical sample. The (c)DNA libraries of up to a maximum of 10 samples
plus a negative PBS control were pooled at equal concentrations. The 11 clinical samples
described here were processed in 2 separate runs.

Sequence enrichment using the ViroCap probe library

Viral sequence enrichment was achieved using the ViroCap massive sequence enrichment
procedure and probe design described earlier’. In brief, to block nonspecific hybridization,
5 ul Cot DNA and 2 ul Hypercap Universal Blocking Oligos (Roche Diagnostics, Plaesanton,
CA, USA) where added to the pooled sample libraries. After an Ampure bead cleanup the
sample pools were eluted in 10.5 pl Hybridization Buffer (Roche Diagnostics, Plaesanton,
CA, USA) and a single unit (4.5 pl) of biotinylated ViroCap probes was added (288 ng in the
1t run, 383 ng in the 2" run) for hybridization. The hybridization reactions were incubated
at 47 °C in a thermocycler with a heated lid set to 57 °C to prevent evaporation for a
minimum of 48 hrs. Subsequently, the hybridized DNA was bound to previously washed
Streptavidin-magnetic capture beads at 47 °C for 15 min. Following magnetic capture and
multiple washing steps the DNA samples were amplified by LM-PCR and eluted from the
capture beads using AMPure XP beads. The sample library pools were then treated with
0.2 N NaOH according to the MiSeq System Denature and Dilute Libraries Guide protocol
(Mlumina, San Diego, USA). Phix DNA (lllumina, San Diego, USA) was added to each sample
pool at a final concentration of 1%. Sequencing was performed on a MiSeq system (lllumina,
CA, USA), using the MiSeq reagent kit V3 for 2x300 cycles.

Metagenomic sequence data analysis and result confirmation
The FASTQ files generated by the MiSeq system were analyzed using the Genome
Detective Viral Metagenomics Data Analysis Pipeline, version 1111 (www.genomedetective.

com, Belgium). Viral sequences identified and reported by Genome Detective were
subsequently checked and confirmed by direct alignment of the FASTQ file with a reference
sequence of the respective virus, using Geneious sequence analysis software, Version 9.1.6
(www.geneious.com, USA). In addition, where possible, confirmation of the presence of the

pathogen was performed by real time PCR.
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Results

Samples of clinical GVHD patients

Stored, residual stool samples of 11 pediatric patients, five females and six males, that had
undergone an allogeneic HSCT for a variety of malignant and non-malignant diseases were
used for ViroCap analysis (Table 1). All patients suffered from Gl-symptoms suspected of
gut GVHD, enteric virus infection or a combination of both. Ten patients were diagnosed
with GI-GVHD ranging from grade 1to 4 according to consensus guidelines?, whereas the
histological findings of the gut biopsy of 1/11 patients (patient 3) did not meet the requirements
for a gut GVHD diagnosis. Nonetheless, patient 3 remained suspected of gut GVHD based
on skin GVHD in combination with Gl-symptoms.

All patients had received first line treatment with prednisone and continuation of calcineurin
inhibitors as treatment of (intestinal) acute GVHD. Several patients required more extensive
treatment with monoclonal antibodies such as basiliximab (anti- Interleukin (IL)-2 receptor,
CD25) orinfliximab (anti-TNFa), cell therapy with Mesenchymal Stromal Cells (MSC) or even
surgery. Only five patients are currently alive, reflecting the high risk profile of patients with
acute GVHD. Two patients died due to relapse, two directly due to GVHD and two due to
other — possibly GVHD-related — transplant mortality (sepsis a.0.).

Broad detection of virus in fecal samples of patients with a previous viral diagnosis

We first aimed to determine whether ViroCap was able to confirm the presence of viruses
that had been previously diagnosed by real time PCR in the same sample. Six patients
(Sample ID 1-6) had a prior, real time PCR established viral diagnosis in the fecal (F) sample
tested (Table 1, 2). In all but one patient (patient 6), the previous detection of adenovirus
(ADV) and/or norovirus was confirmed using ViroCap target enrichment and the automated
Genome Detective data analysis pipeline. Manual verification of the ViroCap by de novo
alignment to an ADV reference virus genome using Geneious data analysis software did
confirm the presence of ADV in all patients, including patient 6.

Additional pathogens were detected using ViroCap in five of six patients (Table 2A). The
additional viruses detected included single cases of human rhinovirus (HRV), ADV and
alphatorquevirus and two cases of BK polyomavirus (BKV). These results were confirmed
upon subsequent real time PCR testing for BKV in patient 2 and 5 and for HRV in patient
5. ADV could not be confirmed in patient 4. No confirmatory testing was performed for the
NGS reported alphatorquevirus detection in patient 6, because a PCR assay for this virus
was not available in the laboratory.
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Viruses identified in fecal samples without prior diagnosis by real time PCR
Subsequently, fecal samples of 5 patients which had been tested negative for the presence
of ADV, norovirus and rotavirus by real time PCR, direct enzyme immunoassays (EIA) or
immune chromatographic testing (ICT) were tested using the ViroCap target enrichment
(Table 2B). In addition to the aforementioned diagnostic tests, patient 9 had also been
tested and found negative by real time PCR for astrovirus, enterovirus and parechovirus.
In all but one patient, one or more viruses were detected in the fecal samples. In individual
patients we detected single cases of BKYV, Kl polyomavirus (Kl virus), human herpes virus 7
(HHV-7), astrovirus, and alphatorquevirus. HRV was detected in 2 individuals.

The number of reads were generally low and varied between 6 and 6000. In most cases the
read counts were higher upon manual alignment using Geneious software in comparison
to the automated Genome Detective pipeline. ViroCap detection of most of the viruses
could be confirmed in available real time PCR assays. The HRV detections were confirmed
at a Ct value of 18 for patient 10 and Ct 30 for patient 8, despite the low number of NGS
reads reported by ViroCap for the HRV of patient 8. The detection of BKV by ViroCap in
patient 7 could not be confirmed by real time PCR. However, this patient did have a high
viral load of BKV in urine, close to moment of feces collection, as had been observed by
routine real time PCR monitoring. No confirmatory real time PCR testing was performed for
alphatorquevirus on sample 11F, Kl virus on sample 10F and for HHV-7 on sample 7F.

ViroCap detects a recent astrovirus variant

In patient 10F the abundant presence of astrovirus VA3 sequences was reported by
Genome Detective. The inherent design of ViroCap enrichment probes containing multiple
conserved regions of a virus genome allowed for the detection of this recently described
new species of astrovirus VA3 (JX857868.1)?°. The presence of astrovirus could not be
confirmed using our diagnostic real time PCR assay. Detailed analysis of the reported
NGS sequences revealed that the genome of this specific astrovirus clade VA3 contained
extensive mutations in primer regions used in our diagnostic real time PCR assay explaining
the failing PCR confirmation (Fig. 1).

61



------ CAACGTGTCCGTAACATTGTCAATAAGCAACTCAGGAAACAGGGTGTCACAGGACCAAAACCTGCAATATGT

T
4,360 4,370 4,380 4,390 4,400 4,410 4,420 4,430
template sequence Icl|NC_001943.1_cds_NP_059444.1_2 [locus_tag=HAstVgp2]

AATAAAAAATATATTAAGAGGGAGGTTAGGAAGGATTTAAAGAAACAAGGCTTTGAAGGTCCAAAACCTAGATTCTCT

aligned sequence NC_019026.1 Astrovirus VA3 (taxon:683174) )

AATAAAAAATATATTAAGAGGGAGGTTAGGAAGGATTTAAAGAAACAAGGCTTTGAAGGTCCAAAACCTAGATTCTCT

aligned sequence strain in sample 10F

aligned sequence Tagman PCR probe 2

Figure 1. Detailed presentation of the nucleotide sequences of the target region of the astrovirus
and real time PCR used for routine application. Top row: template sequence coding for human
astrovirus capsid precursor protein (HAsrVgp2), aligned with Astrovirus VA3 sequence and the ViroCap
detected astrovirus sequence in sample 10F. Mismatches with the template sequence are indicated
in red. Forward PCR primer, reverse PCR primer and Tagman PCR probes applied in the diagnostic
astrovirus PCR are indicated in the bottom lines of the figure.

Discussion

The role of the intestinal microbiome in the development of GVHD has been a major field of
study in the HSCT setting, but reports have mainly focused on the dynamics of bacteria?'-?4.
Besides better known implications of some specific viruses post HSCT, such as ADV'25-28,
norovirus?® and HHV??, to date only one study has explored the gut virome in HSCT using
NGS®'. Albeit the promise of unbiased virome mapping, virus discovery with NGS in clinical
samples has been hindered by relatively lower sensitivity compared to real time PCR®2. A
study comparing the diagnostic efficiency of NGS versus gold standard real time PCR in 89
nasopharyngeal swabs reported a sensitivity of 78% and specificity of 80% for NGS*3. More
recently, a NGS sensitivity of 92% compared to real time PCR was found when testing a
range of 52 clinical samples, including 8 of fecal origin*.

Targetenrichmentforsequences of viruses infecting vertebrate organisms, using biotinylated
capture probes as a front-end procedure of NGS based metagenomic sequencing provides
an opportunity for sensitive, broad detection of viruses®™. In two sets of clinical samples
(including 1 stool, 7 nasopharyngeal swabs and 1 plasma sample) applying ViroCap resulted
in a median fold-increase of the viral reads percentage of 674 and 296, respectively. In the
first set, the median breadth of coverage expanded from 2.1to 83.2% and in the second set
from 2.0% to 75.6%. Subsequently, the same authors tested ViroCap in a slightly larger set
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of 26 clinical samples that were previously submitted to a diagnostic virology lab (including
2 stool samples and in addition whole blood, plasma, cerebrospinal fluid, nasopharyngeal
swabs, tracheal aspirates and skin swabs) and found a consistent increase in the number
and percentage of viral reads as well as breadth and depth of viral genome coverage®.
Here we applied ViroCap capture-based enrichment to test virus presence in residual
stored clinical stool samples of immunocompromised pediatric patients that had undergone
a HSCT in an independent institute and were able to show its advantages even in a small
cohort of patients.

ViroCap was capable of detecting all viruses that had previously been detected by pathogen-
specific real time PCR assays, proving the robustness and sensitivity of the method. In ADV
positive samples the number of NGS reads for ADV was higher at low PCR Ct values and
vice versa, but this trend was not statistically significant (data not shown). In some cases we
observed differences in the gross number of reads generated with the automated Genome
Detective pipeline when comparing with manual alignment in Geneious software. This might
be due to differences in the reference sequences used by both programs, an unbalanced
representation of sequenced genome fragments or a combination of these factors.

ADV was the most prevalent detected pathogen in our modest patient cohort, in 5 out of 11
patients, which was similar to other reports on HSCT recipients®*-**¥ and immunocompromised
patients®® and non-human primates in general*°. Systemic ADV reactivations are notoriously
deadly in the pediatric HSCT setting"?%, for example the detected ADV C in 3 of our
patients has been linked to multiple fatalities*. Exemplifying the broad detection potential of
ViroCap, several other viruses for which the samples had not been previously tested, were
detected. These included HHV-7 (n=1), BKV (n=3), ADV (n=1), HRV (n=3), alphatorquevirus
(n=2), Kl virus (n=1) and astrovirus (n=1). The implications of some of the aforementioned viral
presence, and possible others, is debated and yet to be fully determined. Alphatorquevirus,
for instance, is considered to be an apathogenic virus to humans and its DNA has been
detected in various clinical samples, including stool, in up to 90% of tested healthy and
diseased individuals*?“3. Nonetheless, a relationship between alphatorquevirus peripheral
blood titers and post HSCT complications has been suggested*. Others, like HHV-7, BKV,
Kl virus and HRV, have not yet been associated with Gl symptoms or gut GVHD. In general,
relatively mild viral infections in healthy individuals can be prolonged or more severe in
immunocompromised children. If undetected they may spread among transplanted patients
which could potentially lead to a clinical manifestation**=*. Interestingly, the mere presence
of certain viruses in the gut both before HSCT? and before or within 1 week after HSCT?' can
be predictive of/predispose for the development of intestinal GVHD. Montfrans analyzed
stool samples of 48 pediatric allo-HSCT patients using real time PCR before allo-HSCT
and found that the presence of virus (ADV, norovirus, parechovirus or astrovirus combined)
predisposed for the development of acute enteric GVHD, but not chronic GVHD?. All viral
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positive patients remained positive for over 3 months post-HSCT. Similar associations were
previously found in our institute between respiratory virus PCR positivity in nasopharyngeal
aspirates or bronchoalveolar lavage samples early after transplant and the development
of allo-immune lung disease®. It could however be hypothesized that if investigated with
more sensitive and broad techniques such as ViroCap, not only a subgroup, but all HSCT
recipients with GI-GVHD are colonized with specific viruses in the gut which may affect
HSCT- and GVHD-related outcome.

Legoff and colleagues studied the peri-HSCT gut virome longitudinally using metagenomic
NGS on 201 fecal samples collected from 44 HSCT patients®. The authors demonstrated
a progressive increase in the overall proportion of vertebrate viruses in the gut of patients
after transplantation, independent from the development of GVHD. However, acute
intestinal GVHD patients did experience an increase in persistent DNA viruses, such as
anneloviruses and herpesviruses. Additionally, picobirnaviruses (PBVs) were identified
in 18 patients, either before or within a week after transplant and its detection pertained
predictive of the occurrence of both overall and intestinal GVHD?*. A hypothesis for the
described associations is that virus causes mucosal damage, leading to the release of
alarmins that activate remaining innate immune cells and increase antigen presentation
by host antigen-presenting cells (APC), causing allo-activation and influx of donor T cells®.
Perhaps some clues can be found in mouse studies, where it was postulated that
viral presence modulates the occurrence of intestinal bacterial and viral infections in
primary immune deficiency models. Latent murine herpes infection protected mice from
Listeria bacteremia®. It was speculated that the chronic infection stimulated the innate
immune system such that is compensated for early cytokine response deficiencies in
immunodeficiency. More recently, Ingle et al. found that in primary immunodeficient mice
astrovirus presence can protect against murine norovirus and rotavirus infections through
upregulation of cell-intrinsic IFN-lambda in the intestinal epithelial barrier®. If these findings
are transposed on an allogeneic HSCT setting, it can be postulated that specific viral
presence leads to activation of the innate and thereby adaptive immune system, in this
setting allo-reactive T cells, and provokes GVHD. In contrast, in recent GVHD mouse model
studies, similar innate cytokine signaling pathways activated by viral sequence detection
were linked to protection against GVHD. It was shown that activation of the RIG-I/MAVS
and cGAS/STING pathways, both innate recognition pathways that induce IFN-I expression
upon sensing of specific viral RNA and DNA sequences, attenuated intestinal GVHD injury®'.
Mechanistically, RIG-I activation before HSCT reduced the ability of specific recipient APCs
to activate transplanted allogeneic T cells®2. More research is warranted to elucidate the
complex correlations between viral presence and the development of GVHD, in which
ViroCap could play an important role.
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Besides detecting a broader range of viruses than with specific respiratory tract or Gl
focused PCR panels, ViroCap has the ability to detect viral variants. ViroCap probes cover
extensive proportions of the genomes of viral families, species or (sub)types, and as such
genetic variants may be well detectable upon capturing the conserved regions of such
virus. Nucleotide sequence identity as low as 58% demonstrated to be sufficient for the
detection of novel variants®. In our study, we detected and characterized an astrovirus VA3
that had not been detected by our routine real time PCR assay. The genetic distance of this
relatively recently identified astrovirus clade was high and could therefore not be detected
in the applied diagnostic gPCR assay. Astrovirus VA3 has been identified rarely in human
samples and was specifically reported in the stool samples of a child with diarrhea from
India?®. The current identification of this astrovirus clade in our patient cohort of severely
immunocompromised symptomatic patients indicates that the potential clinical importance
should be considered and further elucidated.

Despite aforementioned benefits, the ViroCap capture-bead technology also has
limitations™'®. Firstly, the cost of the assay, in particular of the capture probes, is still
considerable if only few samples are assayed. Pooling of samples subsequent to the library
preparation can help to reduce the assay cost per sample as long as this does not affect
the assay sensitivity. In our experiments, we did not observe a reduction in sensitivity upon
pooling of up to 10 clinical samples, indicating that the amount of probes per reaction was
not a limiting factor (data not shown). With this strategy, the cost per sample can be reduced
to 300-400 Euros per sample, not yet comparable to multiple real time PCR. It is expected
that the wider application of NGS and of probe capturing strategies will lead to a significant
price reduction in the coming years. Furthermore, routine clinical application of ViroCap
requires a significant reduction in the assay turnaround time (TAT). Currently, the TAT is in
the order of 5 days, mainly caused by the 48-60 hours required for probe hybridization and
48 hours of sequencing on the MiSeq system. Commercial reagents reducing hybridization
times to less than 4 hours have recently been introduced and can be considered an
important factor for clinical application of the strategy. Finally, ViroCap will not be capable of
efficiently enriching viral sequences of variants or sub-species that differ too much from the
known species. Nonetheless, since the capture probes cover the full width of vertebrate
viruses, the chance of missing a completely new and unidentified viral species of family is
limited.

In summary, application of viral target enrichment strategies with limited virus detection
bias, such as ViroCap, can lead to the detection of unexpected viruses and viral variants,
as demonstrated in the modest number of allo-HSCT patients presented in this manuscript.
As such, applying ViroCap to a larger cohort will be a feasible and important next step to
elucidate associations of viruses with Gl-symptoms and GVHD.
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Abstract

The intestine is vulnerable to chemotherapy-induced toxicity due to its high epithelial
proliferative rate, making gut toxicity an off-target effect in several cancer treatments,
including conditioning regimens for allogeneic hematopoietic cell transplantation (HSCT).
In HSCT, intestinal damage is an important factor in the development of Graft-versus-
Host Disease (GVHD), an immune complication in which donor immune cells attack the
recipient’s tissues. Here, we developed a novel human intestinal organoid-based 3D model
system to study the direct effect of chemotherapy-induced intestinal epithelial damage
on T cell behavior. Chemotherapy treatment using busulfan, fludarabine, and clofarabine
led to damage responses in organoids resulting in increased T cell migration, activation,
and proliferation in ex-vivo co-culture assays. We identified galectin-9 (Gal-9), a beta-
galactoside- binding lectin released by damaged organoids, as a key molecule mediating
T cell responses to damage. Increased levels of Gal-9 were also found in the plasma of
HSCT patients who later developed acute GVHD, supporting the predictive value of the
model system in the clinical setting. This study highlights the potential contribution of
chemotherapy-induced epithelial damage to the pathogenesis of intestinal GVHD through
direct effects on T cell activation and trafficking promoted by Gal-9.
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Introduction

The intestinal epithelium is comprised of a variety of secretory and absorptive intestinal
epithelial cell (IEC) types that derive from the intestinal stem cells (ISC) at the bottom of
intestinal epithelial crypts. As the IECs divide, they differentiate into their destined lineage
along the crypt-villus axis'. The intestinal epithelium forms a physical barrier between
the gut lumen and milieu interior, and as such provides the first layer of defense against
harmful luminal components and pathogens?. Damage to the intestinal epithelium has been
linked to immune activation with a T cell component in multiple disease settings, including
inflammatory bowel disease (IBD), coeliac disease, and acute intestinal graft-versus-host
disease (GVHD) after allogeneic hematopoietic stem cell transplantation (HSCT)*°. How
epithelial damage may directly influence T cell activation still needs to be completely
elucidated.

Mechanisms of T cell activation after epithelial damage are thought to involve innate
immune cell activation including neutrophils, monocytes and macrophages, leading to
migration of T cells, and both local antigen presentation, as well as antigen presentation by
professional antigen-presenting cells (APCs) in nearby lymphoid organs®. Chemotherapy
used in the treatment of malignancies™? and conditioning regimens prior to HSCT, damage
IECs and disrupt the epithelial barrier . After HSCT, the barrier breach may cause local
inflammation and activation of T cells supporting the development of GVHD®". The type
and intensity of the conditioning regimen and related regimen-related toxicity correlate with
the development and severity of GVHD, and related outcomes in patients®-2',

Itis currently unclear how conditioning-induced IEC damage directly affects T cell behavior, and
as such could contribute to the development of GVHD. There is evidence that the intestinal
epithelium and T cells closely interact under both homeostatic and pathogenic conditions,
modulating T cell recruitment, differentiation, and function?>=°, T cells exhibit dynamic
behavior within the IEC compartment which adapts to intraluminal epithelial cell exposure
to pathogens®*. During both homeostatic and inflammatory conditions intestine-derived IL-
18 modulates inflammation by suppressing Th17 cells and stimulating T regulatory (Treg) cell
differentiation?”2¢. While Treg cell-derived IL-10 can support Lgr5* intestinal stem cell (ISC) self-
renewal?®. Gut-directed a4R37-expressing T cells are preferentially recruited to intestinal crypts
due to clustering of MAdCAM-1 expression on the endothelium of capillaries in the lower small
intestinal crypt region making ISCs prone to damage3°33. Here, both CD4" and CD8" donor T
cells cause non-specific intestinal epithelial crypt damage through the secretion of apoptosis-
inducing interferon-gamma (IFNy) in GVHD®. IECs have also been shown to play an essential
role as APCs in murine GVHD?** thereby having the potential to locally activate CD4* T cells.
MHC-II expression by IECs is regulated through the presence of IFNy and was shown to be
indispensable for the initiation of lethal acute GVHD in the Gl tract?*.
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Until now most studies have focused on murine model systems. The identification of
factors influencing these direct interactions between IECs and T cells is relevant in
multiple settings, from the development of novel therapeutic strategies for the prevention
or treatment of GVHD, to the identification of novel targets for cell- and immunotherapy.
To this end it is important to develop ex-vivo human model systems to interrogate these
interactions. Here, we have investigated the direct effects of intestinal epithelial damage
caused by chemotherapy exposure on T cell behavior using a human intestinal organoid-
based damage model. Intestinal organoids are 3D epithelial cultures that self-organize from
isolated intestinal crypts when supplied with essential growth factors and have the potential
to differentiate into all IEC types®**°. We and others have demonstrated organoids to be a
relevant ex-vivo proxy for studying in vivo intestinal epithelial-immune cell interactions3336-3,
Here, we show that chemotherapy-induced epithelial injury increases T cell migration,
proliferation and activation. In addition, utilizing this damage model we identify galectin-9
(Gal-9), a beta-galactoside-binding lectin released by the damaged epithelium, to play a
role in IEC-mediated modulation of T cell behavior. Furthermore, Gal-9 was detectable in
the plasma of clinical HSCT patients, and levels were increased in patients that eventually
developed GVHD of the gut. Taken together, this study highlights the potential contribution
of chemotherapy-induced epithelial damage to directly promoting T cell activation and
trafficking. Furthermore, we have identified Gal-9 as a damage-associated molecule
modulating T cell migration, proliferation, and IFNy production potentially contributing to
the pathogenesis of immune disorders affecting the gut.

Methods

T cell isolation and activation

T cells were isolated from peripheral blood of healthy donors in the UMC Utrecht as
approved by the METC (protocol 07/125) or from buffy coats (Sanquin, NL). After Ficoll-
Paque (GE Healthcare) gradient separation, CD8" T cells were isolated from the peripheral
blood mononuclear cells (PBMCs) in MACS buffer (2% heat-inactivated FBS, 2% 0,1M
EDTA in PBSO) using the CD8* Dynabead isolation kit (Thermo Fisher) and BD IMag Cell
Separation Magnet (BD Biosciences). CD4* T cells were isolated from the CD8-depleted
PBMC fraction using the MagniSort human CD4* T cell enrichment kit (Thermo Fisher). T
cell purity was checked by flow cytometry (routinely >80%). T cells were activated using
plate-bound functional grade anti-human CD3 (1.6mg/ml in PBSO overnight at 4°C or 2h at
37°C, eBioscience) and soluble functional grade anti-human CD28 (Img/ml, eBioscience) for
3 or 4 days as indicated at a concentration of 1 million cells/mlin T cell medium (TCM) (RPMI
Medium 1640+GlutaMAX-I, Gibco, with 100U/ml pen-strep and 10% heat-inactivated FBS).
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Intestinal organoid cultures

Healthy human small intestinal epithelial organoids were established and cultured as
previously described®. In short, organoids were generated from biopsies of individuals
initially suspected of coeliac disease, but declared free of pathology, and stored in a
biobank. All individuals provided written informed consent to participate in the study as
approved by the medical ethical review board of the UMC Utrecht (METC) (protocol METC
10-402/K; TCBio 19-489). Organoids (>passage 7) were passaged via single cell dissociation
using 1x TrypLE Express (Gibco) and resuspended in Advanced DMEM/F12 (Gibco), 100U/ml
penicillin-streptomycin (Gibco), 10mM HEPES (Gibco) and Glutamax (Gibco) (GF- medium),
and 50-66% Matrigel (Corning). After plating and Matrigel polymerization, human small
intestinal organoid expansion medium (hSI-EM) was added consisting of GF-, Wnt-3a
conditioned-medium (CM) (50%), R-spondin-1 CM (20%), Noggin CM (10%), murine EGF
(50ng/ml, Peprotech), nicotinamide (10mM, Sigma), N-acetyl cysteine (1.25mM, Sigma), B27
(Gibco), TGF-B inhibitor A83-01(500nM, Tocris), p38 inhibitor SB202190 (10uM, Sigma), Rho-
kinase/ROCK inhibitor Y-27632 (10uM, Abcam, for the first 2-3 days of culture), and Primocin
(optional) (100ug/ml, Invitrogen). Medium was refreshed every 2-3 days. For indicated
timepoints, treatment wells received different concentrations of Busulfan (Busilvex or
TEVA), Fludarabinephosphate (Aerobindo), Clofarabine (Evoltra or Mylan) and rhIFNy (R&D
systems).

Migration transwell assay

Organoids were cultured in 24-well plates and treated for 48h with indicated conditions.
After treatment, the medium was refreshed with hSI-EM without p38 inhibitor (no SB) for
24h. Simultaneously, isolated T cells were activated for 3 days or left resting in TCM. At
the start of the assay, the T cells were stained with CTV and added to 3um-pored transwell
inserts (Greiner Bio-One) (400.000 T cells in 200ul) that were placed in the wells with
organoids. After overnight incubation, inserts were removed and the contents of each well
was dissociated with TrypLE and reconstituted in 300ul. The number of CTV* events per
150uL sample was counted using flow cytometry. For the Gal-9 blocking assays, 2ug/ml
anti-Gal-9 mAb (BioLegend) was added to the lower compartment prior to start of the assay.

T cell activation co-culture assay

For the evaluation of T cell activation and proliferation in the presence of chemotherapy
treated organoids, organoids were cultured and treated with the indicated condition for
24h. Subsequently, organoids were mechanically disrupted. A portion of each condition
was used to dissociate into single cells to infer the cell number and normalize between
different conditions. T cells were isolated and stained with CTV. Co-cultures were set up
in a 96-well plate, with 200,000 T cells and the equivalent of 1/6" of untreated organoids
per well, in no SB medium with 10% BME. In activating conditions, wells had previously
been coated with anti-CD3 and the medium was supplemented with anti-CD28. After 4
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days of co-culture, the BME was disrupted in situ and the plate was cooled at 4°C for 30
min, before centrifugation at 500g 5 min at 4°C. When performing intracellular staining,
GolgiStop (containing Monensin, BD Biosciences) was added to the medium 4h before
staining. The pellets were dissociated to single cells with TrypLE, washed with PBSO and
consequently stained for FC analysis as described above. For the Gal-9 blocking assays,
10pg/ml anti-Gal-9 mAb (BioLegend) was added to the co-culture from the start of the assay.

Immunofluorescent stainings

For the YyH2AX-staining of organoids, treated organoids were harvested, washed in PBSO
and fixated in formalin 4%/eosin 0.1% for 1h at room temperature and transferred to 70%
ethanol. Consequently, the organoids were embedded in agarose (2.5%, Eurogentec, EP-
0010-05), processed (Leica ASP 300 S) and embedded in paraffin (Surgipath Paraplast,
Leica). The FFPE organoids were sectioned at 4um, dried at 55 °C overnight and then
deparaffinized in xylene and rehydrated in decreasing concentrations of alcohol (by using
the leica autostainer). For antigen retrieval, the slides were incubated in sodium citrate
buffer (10mM, pH 6, Merck) and washed with PBS/Tween20 (PBST). The slides were blocked
with normal goat serum (10% in PBST) for 30 min and incubated with rabbit anti-phospho-
histone H2A X (Ser139) (20E3) (1:200, Cell Signaling, 9718) overnight at 4°C. The slides were
washed with PBST and then incubated with goat anti-rabbit Alexa 647 (1:200, Thermo Fisher,
a21244) for 1h at RT. After additional washing, the slides were mounted with fluoroshield with
DAPI mounting medium (F6057, Sigma Aldrich).

Imaging of organoids

Bright field (co-culture) images were acquired using an EVOS FL Cell Imaging System
(Thermo Fisher Scientific). Fluorescence images were generated with a Leica (Wetzlar,
Germany) SP8X laser-scanning confocal microscope.

Quantification of yH2AX-staining

For the quantification of yH2AX-staining in organoids, images acquired by the confocal
microscope were processed in Fiji (ImageJ 1.53q) using a script*®. In short, the channels
of the RGB images were split, nuclei defined based on DAPI staining and maxima in the
YH2AX channel measured and quantified per nucleus. The number of foci per nucleus has
then been analyzed.

CaspaseGlo assay

Organoids were cultured in 96-well plates and treated with indicated conditions for 48h.
Subsequently, the Matrigel was dissolved with GF- and the samples were transferred to
a white opaque 96-well plate. Caspase-Glo 3/7 Reagent (Promega) was prepared as per
protocol and added to the organoids in a 1:1 ratio to GF- up to a total volume of 100ul. The
assay was incubated for 40 min and luminescence was measured with a TriStar2 Multimode
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plate reader LB942 (Berthold Technologies).

Flow Cytometry

T cells were stained with live/dead marker Zombie NIR (Biolegend) or Fixable Viability Dye
eFluor 780 (Affymetrix eBioscience) and directly conjugated antibodies anti-CD3-PE and
anti-CD4- or anti-CD8-FITC (BioLegend) either in FACS buffer (PBSO, 2mM EDTA, 0.5%
BSA, Sigma) or MACS buffer (PBSO, 2mM EDTA, 2% FBS). For assessing T cell activation,
anti-CD25-APC (BioLegend), anti-CD69-BV605 (BioLegend) were added to the staining.
Intracellular IFNy-staining was performed using the Intracellular Fixation & Permeabilization
Buffer Set (eBioscience Thermo Fisher) with anti-IFNg-PECy7 (BD Biosciences). For analysis
of proliferation T cells were stained before start of the assay with CellTraceViolet (CTV)
(Invitrogen, 5 uM in PBSO) according to manufacturer’s protocol. A Dead Cell Apoptosis
Kit with Annexin V-FITC and propidium iodide was used according manufacturer for
Annexin V FACS staining. FC data were acquired with a BD LSRFortessa Cell Analyzer (BD
Biosciences) using FACSDiva (BD Biosciences) software and a CytoFLEX Flow Cytometer
(Beckman Coulter) with CytExpert software. The data were analyzed with FlowJo (Treestar,
10.6.2) or CytExpert software (2.4).

CellTraceViolet proliferation assay

For evaluation of the effect of chemotherapy treatment on organoid proliferation, organoids
were dissociated into single cells and stained with CTV before plating. After 5 days of
culture, organoids were harvested, processed into single cells, stained with Zombie NIR,
and analyzed by FC.

Mitochondrial damage assay

For the quantification of mitochondrial damage in chemotherapy treated organoids,
organoids were incubated with MitoTracker Green FM (100nM, ThermoFisher) and
Tetramethylrhodamine methyl ester perchlorate (TMRM) (150nM, ThermoFisher) for 45
min at 37 °C after treatment. After incubation organoids were dissociated into single cells,
stained with Zombie NIR and analyzed by FC.

Luminex

Biobanked plasma samples from HSCT patients at specific time points related to their HSCT
date were used for luminex analysis. The data were collected after patients provided written
informed consent (HSCT Biobank, local IRB approval 05-143 and 11-063k) in accordance
with the Helsinki Declaration. Plasma had been stored at -80°C until analysis. With Luminex
multiplex immunoassay technology, a total of 60 plasma proteins were measured; Gal-9,
ILIRA, IL2, IL3, IL4, IL5, IL6, IL7, IL10, IL15, IL17, IL18, IL22, TNFa, IFNa, IFNy, APRIL, OSM,
LAG3, Follistatin, 1309, MIP1a, MIP1b, IL8, MIG, IP10, BLC, OPG, OPN, G-CSF, M-CSF, GM-CSF,
SCF, HGF, EGF, AR, VEGF, CD40L, sPD1, FASL, IL1R1, IL1R2, ST2, TNFR1, TNFR2, sIL2Ra,
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sCD27, IL7Ra, sSCFR, Elastase, S100A8, Angl, Ang2, LAP, TPO, sICAM, sVCAM, MMP3,
Gal-3, Cha. The multiplex immunoassay was performed according to the protocol from the
MultiPlex Core Facility of the UMCU*.

RNA sequencing

For RNA sequencing of treated organoids, mRNA was isolated using Poly(A) Beads
(NEXTflex). Sequencing libraries were prepared using the Rapid Directional RNA-Seq Kit
(NEXTflex) and sequenced on a NextSeg500 (lllumina) to produce 75 base long reads
(Utrecht DNA Sequencing Facility). Sequencing reads were mapped against the reference
genome (hg19 assembly, NCBI37) using BWA41 package (mem —t 7 —c 100 —M —R)*?. RNA
sequencing was analyzed using DESeq2* in the R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nlhttp://r2.amc.nl)). A principle component analysis (PCA) was

performed, and a list of differentially expressed genes (padj<0.1) was generated. Gene
Ontology (GO) term analysis was done using either upregulated (logFoldChange>0) or
downregulated (logFoldChange<0) DE genes as compared to control per condition using
2X2 contingency table analysis chi-square with continuity correction (padj<0.1). Gene Set
Enrichment Analysis Pre-ranked analysis was performed with the GSEA software probing
for enrichment of genes belonging to Hallmark datasets in the GSEA software*. A Venn
Diagram was constructed using the webtool provided on (https://bioinformatics.psb.ugent.

be/webtools/Venn/) and remade using Biorender.

Olink proximity extension proteomic analyses

Organoids were cultured in 24-well plates and treated for 48h with indicated conditions.
After treatment, the medium was refreshed with hSI-EM without p38 inhibitor (no SB) for 24h.
Consequently, the CM was harvested and centrifuged 1000 g for 5 min. The supernatant
was transferred to fresh Eppendorf tubes and stored at -80 °C until analysis. The Olink
Target 96 Immuno-Oncology panel (v.3112) from Olink (Uppsala, Sweden) was used to
quantify 92 immuno-oncology related proteins in each sample (IL-8, TNFRSF9, TIE2, MCP-
3, CD40-L, IL-1alpha, CD244, EGF, ANGPT1, IL-7, PGF, IL-6, ADGRG1, MCP-1, CRTAM, CXCL11,
MCP-4, TRAIL, FGF2, CXCL9, CD8A, CAIX, MUC-16, ADA, CD4, NOS3, IL-2, Gal-9, VEGFR-2,
CDA40, IL-18, GZMH, KIR3DL1, LAP TGF-beta-1, CXCL1, TNFSF14, IL-33, TWEAK, PDGF subunit
B, PDCD1, FASLG, CD28, CCL19, MCP-2, CCLA4, IL-15, Gal-1, PD-L1, CD27, CXCLS5, IL-5, HGF,
GZMA, HO-1, CXCL1, CXCL10, CD70, IL-10, TNFRSF12A, CCL23, CD5, CCL3, MMP7, ARG1,
NCR1, DCN, TNFRSF21, TNFRSF4, MIC-A/B, CCL17, ANGPT2, PTN, CXCL12, IFN-gamma,
LAMP3, CASP-8, ICOSLG, MMP12, CXCL13, PD-L2, VEGFA, IL-4, LAG3, IL12RB1, IL-13, CCL20,
TNF, KLRD1, GZMB, CD83, IL-12, CSF-1) Multiplex proximity extension assay panels were
used to quantify each protein, as previously described*. The raw quantification cycle values
were normalized and converted into normalized protein expression (NPX) units. The NPX
values were expressed on a log2 scale in which one unit higher in NPX values represents
a doubling of the measured protein concentration. Quality control of the measured samples
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was performed by using the standard quality control protocol of OLINK.

Statistical analysis

Data are presented as mean + S.EEM. To take into account intra-individual and intra-
experimental variation experiments were performed at least twice with several wells per
condition, and sample material coming from at least two different human donors. Statistical
significance was determined at P < 0.05 using 2-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test, 1-way ANOVA with Sidék’s multiple comparison test, row-
matched (RM) 1-way ANOVA with Dunnett’s multiple comparison test, a Mann-Whitney U test,
or a Student t test where appropriate. Significance is indicated as P < 0.05 (), P < 0.01 (*%),
or P <0.001 (***) or P < 0.0001 (#*x*x).

lllustrations
All illustrations were made with BioRender.com.

Results

Modeling chemotherapy-induced damage in human small intestinal epithelial organoids
To study the direct effects of chemotherapy-induced epithelial damage on T cell behavior,
we developed a novel damage model by exposing human intestinal epithelial organoids
to three chemotherapeutics that are frequently used in HSCT conditioning regimens:
busulfan (Bu), fludarabine (Flu) and clofarabine (Clo)**-3. Busulfan is an alkylating agent that
crosslinks DNA strands, inhibiting DNA replication®4, while fludarabine and clofarabine are
both nucleoside analogs (NA), which are incorporated into the DNA during normal synthesis
and thereby stall replication®®. We evaluated chemotherapy concentrations that are used
within the range of preclinical studies conducted in leukemia cell lines that eventually
formed the basis for their clinical application*”®¢. Four-day chemotherapeutic exposure
resulted in visible morphological changes, with smaller organoid size, a condense/folded
phenotype and shedding of dead cells and cell debris both inward into the organoid lumen
and outward into the organoid surroundings (Figure 1a). Sites of stalled DNA replication
and DNA damage can be identified by nuclear foci of phosphorylated (y) histone (H)2AX
complexes®’. Indeed, exposure to all three chemotherapeutics caused a significant increase
in YH2AX complexes per nucleus in treated organoids (Figure 1b, Suppl. Fig. 1a). In treated
organoids the induced replicative stress correlated with a reduction in proliferation
compared to untreated organoids (Figure 1c). A dose-dependent decrease in mitochondrial
membrane potential was also observed (Figure 1d) indicative of increased oxidative stress
and apoptosis. Indeed, chemo-exposure induced apoptosis, as measured by a dose-
dependent increase of caspase 3/7 activity (Figure 1e) and an increased percentage of
Annexin-V positive cells (Figure 1f). Functionally, the number of organoids generated from
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single cells was reduced, showing that chemo-treatment impaired their ability to regenerate
(Figure 1g). Taken together, the tissue-damaging effects of chemotherapeutic-exposure on
human intestinal epithelia can be modeled ex-vivo using organoids.

Chemotherapy treatment modulates intestinal transcriptional programs

To evaluate transcriptional responses to chemotherapeutic exposure, bulk RNA sequencing
(RNA-seq) of three independent organoid donors was performed. Treatment of organoids
with Bu, Flu or Clo for 24 hours resulted in relatively subtle transcriptional changes with 66,
106 and 118 differentially expressed genes (DEGs) respectively (Figure 2a, Suppl. Table 1). A
concise list of the top 50 DEGs identified for each individual treatment is shown in Figure
2b. While there are considerable differences between chemotherapeutics, all share certain
similarities, in particular the two nucleoside analogs Flu and Clo, reflecting their common
mechanism of action (Figure 2c¢, Suppl. Figure 1b). Flu and Clo treated organoids share the
following DEGs: BACE1, BAX, CSNK2B, DDB2, GADD45A, GDF15, H1FO, IGFBP6, KIAA1430,
KIAA1432, KIF3C, LAPTM4B, MDM2, PARP2, PKMYT1, RRM2B, TP53INP1, TRAPPC13, TXNIP,
TYMS, UBR7, ZFHX3. Bu, Flu and Clo-treated organoids share the following DEGs: C40ORF36,
DENND2D, FAM126B, FOXO3B, PIPOX, SLC40A1. Gene Ontology (GO) term analysis of
upregulated genes indicated a similar over-representation of upregulated gene sets in the
nucleoside analog Flu- and Clo-treated organoids, including (mitotic) cell cycle processes,
metabolic processes, and programmed cell death (Figure 2d; a complete list of GO gene
sets is provided in Suppl. Table 1). Reflecting their mechanism of action, over-representation
of genes related to DNA damage and repair as well as the p53 pathway was predominantin
Flu- and Clo-treated organoids. Differences between the chemotherapy types, nucleoside
analog or alkylating agent, were also observed by Gene Set Enrichment Analysis (GSEA)
of chemo-treated organoids (Figure 2e). For example, a negative association between
Bu-treatment and the p53 pathway was observed, in contrast to Flu- and Clo-treatment.
However, a transcriptional change associated with inflammatory response was observed for
all treatments. In summary, chemotherapeutics can evoke distinct transcriptional responses
in the intestinal epithelium with nucleoside analogs Flu and Clo being more similar when
compared with the alkylating agent Bu.
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Figure 1. Modeling chemotherapy-induced damage in human small intestinal epithelial organoids.
(a) Representative EVOS images of organoids treated for 96h with Busulfan (35uM), Fludarabine (15uM)
or Clofarabine (1uM), scale bar =1000um. (b) Representative confocal images of organoids stained with
DAPI (blue) and YH2AX-complexes (red/AF647) 24h after chemo-treatment, at 40X, scale bar = 50um
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(left panel), quantification of yH2AX foci per nucleus (right panel) (n=2 donors, >700 nuclei analyzed
per condition), mean with SEM, ANOVA. (c) Relative proliferation of chemotherapy-treated organoids,
quantified as CellTrace Violet MFI ratio by FACS after 72h of busulfan 35 uM treatment (n=4 donors),
fludarabine 7.5uM (n=2 donors), clofarabine 0.25uM (n=2 donors), Paired t test (d) Normalized MFI of
TMRM staining for functional mitochondria after 48h of indicated chemo treatment damage, measured
by FACS, n=2 donors, mean with SEM, ANOVA. (e) Levels of cleaved caspase 3/7 as measured by
CaspaseGlo assay after 48h of indicated chemotherapy treatment, n=4 donors, mean with SEM,
ANOVA. (f) Annexin-V and PI staining for early apoptotic (Annexin-V*) and late apoptotic or necrotic
cells (Annexin-V*PI') after 48h of indicated chemo treatment damage (right panels), measured by FACS.
Representative FACS, n=2 donors, mean with SEM, ANOVA. (g) Reconstitution of single organoid cells
into organoids after treatment with indicated chemo for 48h, n=2 donors, mean with SEM, ANOVA.

Chemotherapy-damaged organoids directly promote T cell activation

To evaluate whether chemotherapy-damaged organoids can directly influence T cell
responses, we first evaluated migration (Suppl. Figure 2a). Intermediate chemotherapeutic
concentrations were chosen to model epithelial damage. In order to quantify T cell migration,
we made use of a transwell system with 3um-pored inserts. Organoids were treated with
chemotherapeutics for 48 hours and subsequently cultured in drug-free medium for an
additional 24 hours. Either unstimulated or polyclonally pre-activated CTV-stained human
peripheral blood CD4" and CD8* T cells were subsequently added to the transwell insert
(Suppl. Figure 2b). After 24 hours, the number of T cells that had migrated to the lower
compartment was evaluated. Both unstimulated and pre-activated CD4* and CD8" T cells
demonstrated significantly increased migration towards chemotherapy-treated organoids
(Figure 3a).

Subsequently, the effect of chemotherapy-damaged epithelium on the polyclonal activation
of T cells was evaluated (Suppl. Figure 2c). CD4" and CD8" T cells were isolated, stained
with CTV, and activated by incubation with plate-bound anti-CD3 and soluble anti-CD28,
in the presence of untreated or chemotherapy-treated organoids (representative images
of organoids after treatment and before washing are shown in Suppl. Figure 2d). This co-
culture system allows measurement of the effects of epithelial damage on T cell activation,
as T cells received activation stimuli in the presence of damaged organoids. Proliferation
and activation markers were assessed by flow cytometry after four days of co-culture.
Co-culture with chemotherapy-treated epithelial organoids led to both increased IFNy-
production (Figure 3b) and proliferation (Figure 3c). However, membrane expression levels
of activation markers CD25 and CD69 (Figure 3d-e) were not significantly changed between
conditions, with the exception of CD4* T cells co-cultured with Clo-treated organoids which
expressed higher CD25. In conclusion, Bu-, Flu- and Clo-damaged intestinal epithelium
promote T cell migration, and potentiated T cell activation, supporting T cell expansion and
IFNy production.
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Figure 2. Chemotherapy conditioning specifically reprograms the intestinal epithelial transcriptome.
(a-e) Human intestinal epithelial organoids (n=3 donors) were treated with busulfan (3.5uM), fludarabine
(15uM), clofarabine (0.5uM) for 24h.RNA was isolated and subjected to bulk RNA-sequencing, after
which bioinformatics analyses was performed. (a) Volcano plots indicating differentially expressed
(padj<0.1) genes of 24h Bu- (left), Flu- (middle) and Clo- (right) treated organoids versus control in red.
(b) Heatmaps of top most different differentially expressed genes in 24h Bu- (left), Flu- (middle) and
Clo- (right) treated organoids versus control (DESeq2, padj<0.1). (c) Venn-diagram showing numbers of
overlapping and distinct DE genes between different chemotherapeutics (DESeq2, pdaj<0.1). (d) Gene
Ontology (GO) term analysis of Biological Processes in genes upregulated (LFC>0) or downregulated
(LFC<O0) by 24h Bu- (top), Flu- (middle) and Clo- (bottom) treatment of organoids (pdaj<0.1). (e) Gene Set
Enrichment Analysis (GSEA) on all genes in each indicated treatment-condition.
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Figure 3. Chemotherapy-induced damage promotes T cells migration and activation. (a) Normalized
number of unstimulated and pre-activated CD4"' and CD8" T cells that have migrated overnight from
a 3 um-pore sized insert (upper compartment) to the lower compartment containing organoids that
were treated with busulfan (35uM), fludarabine (15uM), clofarabine (0.5uM) for 48h, and then refreshed
for 24h, counted by FACS. n>5 T cell donors with 1 organoid donor, each data point indicates a T cell
donor, mean with SEM, ANOVA. (b-e) (Membrane) activation marker expression and proliferation of
CD4* and CD8" T cells as measured by CTV-dilution after 4-day co-culture with organoids that were
previously treated with busulfan (35uM), fludarabine (15uM), clofarabine (0.5uM) for 24h before the start
of the assay. Organoids were washed and disrupted mechanically before replating in co-culture with
T cells. n>11 T cell donors with 1 organoid donor, each data point indicates a T cell donor, mean with
SEM, ANOVA.
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Intestinal organoid-derived galectin-9 modulates T cell migration and activation

To gain mechanistic insight as to how epithelial damage can increase the migration and
proliferation of T cells, we utilized the Olink proteomics platform. Here, we evaluated
conditioned medium (CM) from both chemotherapy-damaged and untreated intestinal
organoids*. 44 proteins were above level of detection (LOD), including chemokines such
as C-X-C motif chemokine ligand 9 (CXCL9), CXCL10 and CXCL11; cytokines such as IFNy
and IL-8; immune checkpoint molecules such as Programmed death-ligand 1 (PD-L1), and
growth factors including EGF among others (Figure 4a). In the conditioned media from
chemotherapy-damaged organoids the levels of galectin-9 (Gal-9), a beta-galactoside-
binding lectin, were increased in CM predominantly from Flu- and Clo-treated organoids
(Figure 4b). To determine whether Gal-9 may play a role in mediating the effects of
chemotherapy-damaged organoids on T cell responses, an anti-Gal-9 blocking monoclonal
antibody was utilized. Anti-Gal-9 added to the lower compartment significantly inhibited
CD8* T cell migration and showed a trend towards decreased migration of CD4* T cells
(Figure 4c). Furthermore, the presence of anti-Gal-9 abrogated both increased proliferation
(Figure 4d) and IFNy levels (Figure 4e) observed in the presence of Bu-, Flu- and Clo-treated
organoids. In contrast, T cells preserved the ability to express activation markers CD69
and, to a certain extent, CD25 (Suppl. Figure 3a). These data suggest that Gal-9 released
by chemo-damaged epithelium can play an important role in T cell migration towards
chemotherapy-damaged epithelium, consequently potentiating T cell activation supporting
both expansion and IFNy production.

To evaluate whether Gal-9 levels following conditioning are also increased in a clinical
setting, we measured Gal-9 levels in stored plasma samples of 17 pediatric transplant
patients aged 12-18 at multiple early time points after HSCT. All patients received a
conditioning regimen with Bu and Flu, and, in addition, some patients Clo, before undergoing
transplantation with a cord blood graft. Seven patients developed acute GVHD grade II-IV
with gastrointestinal involvement. Median time to GVHD was 24 days (range 15-45) and
all patients had a follow-up of more than 100 days. Gal-9 levels were measurable in the
plasma of all patients (Figure 4f) and were increased at the day of, or early after, transplant
in patients that later on developed grade lI-IV acute GVHD. Furthermore, Gal-9 levels
remained elevated at several time points after HSCT in grade 2-4 GVHD patients. While
correlative, this observation suggests that our model system can have predictive value in
identifying novel intestinal damage biomarkers. Taken together, our data suggests that Gal-
9 may be a biomarker for the development of GVHD in HSCT patients. Our functional data
further support a pathogenic role for Gal-9, perhaps by increasing migration and activation
of T cells at the site of the conditioning-damaged intestinal epithelium.
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Figure 4. Galectin-9 is released by chemo-damaged organoids and contributes to T cell migration,
activation and proliferation. (a-b) Analysis of proteins present in conditioned media of organoids treated
with chemotherapeutics as in the ex-vivo T cell migration assay (Olink Proteomics) (n=3 donors). Each
data point indicates the levels of Gal-9 in the CM from each organoid condition (log scale), mean with
SEM, ANOVA. (c) Migration of activated CD4" and CD8* T cells towards treated organoids in the presence
of anti-gGal-9 blocking mAb. n>5 T cell donors with 1 organoid donor, each data point indicates a T cell
donor, mean with SEM, paired t-test. (d-e) CD4" and CD8" T cell activation after co-culture with treated
organoids in the presence of anti-Gal-9 mAb. n>4 T cell donors with 1 organoid donor, each data point
indicates a T cell donor, mean with SEM, paired t-test. (f) Galectin-9 levels in plasma of HSCT patients with
and without acute grade II-IV (gut) GVHD as measured by Luminex. n>5 patients per condition
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Discussion

Immune activation after intestinal epithelial cell injury is a well-known phenomenon, but how
such damage can directly affect T cell function remains unclear. Here we have developed
a novel ex-vivo intestinal organoid model to mimic chemotherapy-induced damage which
can occur during cancer treatment or conditioning preceding HSCT. This ex-vivo human
model has allowed us to study the direct effect of epithelial damage on T cell homeostasis,
without possible confounding or species-specific interactions that may occur in an in
vivo mouse setting. In addition to developing our understanding of the biology of T cell
responses during sterile inflammation, the model has the potential to serve as a platform
for the discovery of new targets and testing of therapeutics in multiple intestinal disease
settings including the field of HSCT and GVHD, as well as in the tailored development
of autologous immunotherapy and CAR T cell therapy for solid tumors in sequence with
chemo or radiotherapy®-°'.

This is the first study comparing epithelial damage response to different clinically relevant
chemotherapeutics. We observed that exposure of intestinal epithelial organoids to
chemotherapeutics resulted in chemotherapy-distinct transcriptional responses. Their main
chemotherapeutic mechanism of action is chain termination when incorporated in place
of natural purine nucleosides, with stalling of the cells in S-phase resulting in induction
of apoptosis. Clofarabine affects cells with lower proliferation rates as well. Busulfan on
the other hand is an alkylating agent that crosslinks guanine bases in the DNA, therefore,
making it impossible for DNA strands to unfold, thereby also resulting in apoptosis. Although
we cannot completely exclude the contribution of the chemotherapeutic concentrations
utilized, we observed a similar gene expression pattern and related T cell responses
between Flu and Clo, the purine nucleoside analogs we included in our study. While it is
currently not possible to reduce chemotherapy regimens, it is important to understand the
differential consequences of exposure to each individual chemotherapeutic, and a further
argument for pursuing the development of antibody-based conditioning for the future®.

We found that epithelial damage caused by chemotherapy increases the migration of
both resting and polyclonally pre-activated T cells toward the site of injury. The migration
assay studies the cells in two compartments, suggesting a soluble molecule gradient to
be responsible for this. Interestingly, in our setting, migration occurred in the absence of
endothelium, or any previously known intestinal-epithelial-derived chemokine. In particular,
we did not observe an increase in the concentration of the chemokines CXCL9, CXCL10 and
CXCL1M. However, we observed decreased T cell migration when blocking Gal-9 during the
migration assays, suggesting a possible new role for Gal-9 in modulating T cell trafficking
to the damaged epithelium.
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Besides the capacity of chemotherapy-induced epithelial damage to increase T cell migration,
we also demonstrate a direct influence on the proliferation and activation of T cells. Besides
peripheral and local hematopoietic APC-mediated activation, we have shown for the first time
that damaged epithelium can directly additionally stimulate tissue-recruited activated T cells,
which likely further propagates intestinal damage through local IFNy production. While the
precise mechanism by which this occurs remains to be fully elucidated, we have identified
Gal-9 as novel driver. Gal-9 is a beta-galactoside-binding lectin with immunomodulatory
properties widely expressed by a variety of tissues®-. The carbohydrate domains of Gal-9
can bind -galactosides, such as lactose, found on O-glycans and N-glycans of glycosylated
proteins or lipids®®. Gal-9 expression can be nuclear as well as cytoplasmic, or extracellular
where it is membrane-bound or in the extracellular matrix. It has many different receptors,
among which TIM-3, DR3, 4-1BB, CD44, PD1 and Protein Disulfide Isomerase are expressed
on T cells %72 Interestingly, the expression of soluble TNFRSF9 (CD137 or 4-1BB), one of the
receptors for Gal-9, was also significantly upregulated in chemo-treated organoids (Supp.
Figure 3b). The reported effects of Gal-9 on T cells in vitro, in vivo, and deduced from human
biomarker studies are pleiotropic and range from immunosuppressive to pro-inflammatory. The
complexity of reported effects may be related to the Gal-9 doses utilized, species differences,
as well as the cellular or tissue context. Gal-9 at low doses has been shown to increase
T cell expansion and activation ex-vivo, inducing a Th1 phenotype with IFNy production’.
This Thil-type response by Gal-9 has been linked to a pathway mimicking antigen-specific
activation of the TCR resulting in cytosolic calcium mobilization”*’¢. However, which receptor
mediates these effects remains unknown. The binding of Gal-9 to TIM3 on conventional T
cells has been reported to induce apoptosis®’, which we have not observed in our studies.
However, Gal-9 TIM-3-induced apoptosis has only been observed under supraphysiological
concentrations of Gal-9, and the relevance of this for human T cells is unclear. These effects
are also likely to be immune context-dependent since CD4* T cells from rheumatoid arthritis
patients also do not undergo apoptosis when exposed to increasing concentrations of Gal-9,
compared to cells from healthy controls”’.

Damage to the gastrointestinal tract plays a major role in the morbidity and mortality
associated with GVHD. Currently, it remains difficult to predict the onset of intestinal GVHD
due to a lack of early biomarkers. Our data show increased plasma levels of Gal-9 even
early after conditioning which persist in patients that develop GVHD after HSCT. Others
have shown increased serum Gal-9 later, at onset of GVHD, suggesting it to be a biomarker
of the disease, which may or may not be directly related to its pathophysiology. Higher
levels of Gal-9 measured from 4 weeks post HSCT, were associated with a higher incidence
of GVHD, a higher transplant related mortality and a lower overall survival’®. Gal-9 levels
have also been associated with intestinal inflammation and correlate with disease severity
in inflammatory bowel disease’®. In contrast to our own data, a recent study has shown
that large doses of Gal-9 administered intraperitoneally reduced acute GVHD in a murine
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model®®. However, in this study Gal-9 was administered only after the initial onset of GVHD
and of note there was no improvement in overall survival. Despite the differences frequently
observed between species, and especially for Gal-9, another murine study showed that
perturbation of TIM3/Gal-9 interaction increased GVHD lethality, but reduced it when Treg
cells were concomitantly depleted from the graft, resulting in improved survival®'. Gal-9
has also recently received attention in the context of cancer immunotherapy® where
anti-Gal-9 blocking antibodies are being developed as checkpoint inhibitors to induce the
anti-tumor immune response. Ongoing clinical trials (NCT0466668) will provide important
information regarding the safety and effectiveness of Gal-9 blockade, potentially helping
the translation of Gal-9 targeting intervention for GVHD patients®. However, given the
pleiotropic and diverse effects reported, strict control of Gal-9 perturbation must be in place
in respect to timing, location and cell types involved.

In conclusion, we have modeled chemotherapy-induced damage to the human intestinal
epithelium and studied its effects on T cell homeostasis. T cells demonstrate increased
migration to chemotherapy-treated organoids, proliferated more and expressed higher
levels of IFNy. We propose that damaged-organoid-derived Gal-9 may be a novel damage-
associated molecule responsible for these effects, and we suggest that Gal-9 may be a
possible biomarker for GVHD development in HSCT patients. In addition, treatment aimed
at blocking/potentiating Gal-9 may be a new damage-dampening, preventive therapy in the
context of immune-mediated diseases in which there is damage in the gut, such as GI-GVHD.
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Supplementary figure 1. (a) Quantification of yH2AX foci per nucleus per donor. (b) Heatmaps of a
combined list made from the top 50 DEGs of 24 hour Bu-, Flu- and Clo- treated organoids versus
control showed in Figure 2b (left) or all DEGs (right).
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a Ex-vivo modeling: T cell migration towards chemotherapy-damaged organoids
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Supplementary figure 2. (a) Schematic overview of the migration assay. (b) Purity, activation markers
and proliferation of CD4* and CD8* T cells polyclonally activated for 3 days before start of the migration
assay (c) Schematic overview of the co-culture system to evaluate T cell activation by polyclonal
stimulation in presence of organoids. (d) Representative EVOS images of organoids treated for 24h
with Busulfan (35mM), Fludarabine (15mM), Clofarabine (0.5mM). Images are taken before the start of
the co-culture assay, scale bar =1000 um.
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Supplementary figure 3. (a) CD4" and CD8" T cell activation after co-culture with treated organoids in
the presence of anti-Gal-9 mAb. N>5 T cell donors with 1 organoid donor, each data point indicates a
T cell donor, mean with SEM, paired t-test. (b) Soluble-TNFRSF9 levels detected by Olink proteomics.
Each data point indicates the levels of the detected protein in the CM from each organoid condition
(log scale), mean with SEM, ANOVA.
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Supplementary table 1. RNAseq analysis of chemotherapy-damaged organoids.

Supplementary table 1 combines Supplementary table 2-9 found at:
https://www.biorxiv.org/content/10.1101/2023.04.30.538862v1.full
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Abstract

Despite the importance of intestinal stem cells (ISCs) for epithelial maintenance and the
significance of epithelial injury in immune-mediated intestinal diseases, there is limited
understanding of how immune-mediated damage impacts ISCs and their niche. We found
that stem cell compartment injury is a shared feature of both alloreactive and autoreactive
intestinal immunopathology, reducing ISCs and impairing their recovery in T-cell-mediated
injury models. While imaging revealed few T cells near the stem cell compartment in
healthy mice, donor T cells infiltrating the intestinal mucosa after allogeneic bone marrow
transplantation (BMT) primarily localized to the crypt region lamina propria. Further modeling
with ex vivo epithelial cultures indicated ISC depletion and impaired human as well as
murine organoid survival upon co-culture with activated T cells, and screening of effector
pathways identified Interferon-y as a principal mediator of ISC compartment damage.
Interferon-y induced JAK1- and STATI1-dependent toxicity, initiating a pro-apoptotic gene
expression program and stem cell death. BMT with Interferon-y-deficient donor T cells, with
recipients lacking the Interferon-y receptor (IFNyR) specifically in the intestinal epithelium,
and with pharmacologic inhibition of JAK signaling all resulted in protection of the stem cell
compartment. Additionally, epithelial cultures with Paneth cell-deficient organoids, IFNyR-
deficient Paneth cells, IFNyR-deficient ISCs, and purified stem cell colonies all indicated
direct targeting of the ISCs that was not dependent on injury to the Paneth cell niche.
Dysregulated T cell activation and Interferon-y production are thus potent mediators of ISC
injury, and blockade of JAK/STAT signaling within target tissue stem cells can prevent this
T-cell-mediated pathology.
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Introduction

Epithelial stem cells are critical for physiologic self-renewal as well as regeneration after
injury'. Toxic insults to the gastrointestinal (Gl) tract frequently result in acceleration of epithelial
turnover, and tissue pathology can develop if regeneration does not adequately respond to
the insult and replace the injured tissue. The trans-membrane protein leucine-rich repeat-
containing G protein-coupled receptor 5 (Lgr5) marks crypt base columnar intestinal stem cells
(ISCs) capable of regenerating all the cells of the epithelium in the small intestine (SI) and large
intestine (LI)2. Paneth cells, which are progeny of ISCs, provide an epithelial niche for Lgr5+
ISCs in SI by producing growth factors including Wnt3 and epidermal growth factor (EGF)**.

Despite the critical importance of the stem cell compartment for epithelial maintenance
and regeneration after injury®®, numerous associations of immune dysregulation and tissue
damage’™, and increasing evidence for immunologic effects on tissue regeneration”",
there is little understanding of the interactions between the immune system and tissue stem
cells and of the effects of immune-mediated damage on the stem cell compartment. Within
the Gl tract, a frequent site of tissue damage after allogeneic hematopoietic transplantation,
injury to crypts containing the ISC compartment is a characteristic finding of graft vs. host
disease (GVHD) post- transplant?®?'. GVHD is an immune-mediated complication of bone
marrow transplantation (BMT) in which donor T cells attack recipient tissues, and it has been
reported that both ISCs and their Paneth cell niche are reduced in mice with GVHD"®?*
25, However, the mechanisms leading to their loss, the relationship between these cell
populations during tissue injury, and the relevance of these findings to tissue damage
beyond the transplant setting are all poorly understood.

Expression of cytotoxic molecules and production of cytokines are principal effector
functions of T cells, and both functions, have been studied considerably in GVHD models?3°.
Although T cells can mediate potent tissue damage in the Gl tract, the impacts of these
effector pathways on the ISC compartment are not well defined. Inflammatory cytokines
such as IFNy and TNFa have been associated with damage to the Paneth cell niche**#?,
and IFNy contributes to reduced epithelial proliferation in mice with colitis*®. Given that
group 3 innate lymphoid cells and IL-22 can signal to ISCs to protect them and promote
epithelial regeneration, it is possible that there are also direct interactions between ISCs
and inflammatory cytokines during pathologic immune responses that compromise the ISC
compartment. We thus sought to examine the specific cellular interactions and molecular
mechanisms underlying ISC loss in immune-mediated Gl damage. Using a combination of
phenotypic and functional characterizations of the ISC compartment after alloreactive and
autoreactive intestinal injury in vivo, coupled with ex vivo modeling of T cell interactions
with ISCs and their Paneth cell niche in organoid cultures, we found that ISCs can be directly
targeted by T-cell- derived cytotoxic cytokine signaling.
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Results

Alloreactive and autoreactive immune responses impair the intestinal stem cell com-
partment

We first evaluated ISC kinetics in immune-mediated Gl damage using a clinically relevant
major histocompatibility complex (MHC)-matched allogeneic BMT model. Three days after
transplantation and the pre-transplant conditioning (total body irradiation), BMT recipients
receiving marrow alone (no GVHD) or marrow and T cells (for induction of GVHD) both
demonstrated a reduction in SI Lgr5+ ISCs compared to normal mice that had not undergone
BMT or pre-transplant conditioning (Fig. 1, A and B, top panels). One week later, on day 10
post-BMT, Lgrb+ ISC numbers had recovered in recipients transplanted without T cells,
but ISC numbers remained reduced in GVHD recipients transplanted with donor T cells,
demonstrating failure of ISC recovery in immune-mediated Gl damage occurring after BMT
(Fig. 1, A .and B, bottom panels). In contrast, lysozyme+ Paneth cell numbers remained intact
early after transplant, but were reduced by day 10 post-BMT in mice transplanted with donor
T cells (Fig. 1C and fig. S1A), indicating that the ISCs were reduced prior to Paneth cells in
mice with GVHD. Similar to the MHC-matched model, testing an independent haploidentical
MHCmismatched transplant model demonstrated rapid Lgr5+ ISC reduction followed by
substantial recovery in mice without GVHD, but persistent severe diminution of Lgr5+ ISCs
in T cell recipients (Fig. 1D). Paneth cells also were reduced in this model of GVHD, but again
this occurred only following the reduction in ISCs (Fig. 1E and fig. S2).

To determine if T-cell-dependent stem cell loss was specific to alloreactive immune-
mediated Gl damage and BMT, we examined the ISC compartment in mice with systemic
autoimmunity by crossing Foxp3-diphtheria toxin receptor (DTR) mice* with Lgr5-LacZ
reporters. Mutations in the FOXP3 gene in humans result in IPEX (Immune dysregulation,
polyendocrinopathy, enteropathy, X-linked) syndrome, which is frequently associated with
intestinal autoimmunity*, and ablation of Foxp3+ regulatory T cells (Tregs) in mice leads
to rapid systemic and intestinal autoimmunity*®. Induction of systemic autoimmunity by DT-
mediated Treg depletion quickly resulted in fewer Lgr5+ ISCs, while Paneth cell numbers
were maintained (Fig. 1, F and G). Reduction of ISCs was thus a shared feature of alloreactive
and autoreactive immune-mediated Gl damage, and it was not subsequent to epithelial
niche damage in the form of Paneth cell deficiency.

We next evaluated the effects of immune-mediated damage on the ISC compartment
functionally, assessing ex vivo organoid-forming capacity after in vivo challenge. Intestinal
crypts are functional units containing epithelial stem, progenitor, and niche cells, and
isolated crypts can generate intestinal organoids ex vivo, recapitulating the in vivo
intestinal organization with crypt-villus structures and central lumens*. Consistent with
the quantification of Lgr5+ ISCs (Fig. 1, A and B), S| crypts isolated early post-transplant
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demonstrated significant impairment in organoid-forming capacity compared to normal
mice that had not received a transplant or pre-transplant conditioning (Fig. 1H). The
functional ability to generate organoids rapidly recovered in mice without GVHD, but
organoid formation from crypts of mice transplanted with allogeneic donor T cells remained
impaired ten days after BMT (Fig. 1l). Likewise, Treg depletion in Foxp3-DTR mice treated
in vivo with DT significantly impaired ex vivo organoid formation from isolated crypts in
comparison to cultures from control mice treated with DT (Fig. 1J). Furthermore, we also
examined the in vivo function of ISCs after BMT using genetic marking of the stem cells
and their progeny. In addition to Lgr5, Olfm4 also marks crypt base ISCs in mouse Sl, and
Olfm4-driven Cre expression has been shown to be more robust than that of Lgrb*. We
thus performed allogeneic BMT into OIfm4-CreERT2xRosa26 reporter mice, treating the
BMT recipients with Tamoxifen prior to transplantation to activate Cre-driven lineage tracing
(fig. S3). In comparison to unirradiated normal controls, transplanted mice demonstrated
reduced lineage tracing from Olfm4+ cells after allogeneic BMT even without donor T cells,
suggesting ISC damage due to the pre-transplant conditioning. Moreover, allogeneic BMT
with T cells led to significant further reduction in tracing, providing additional functional
validation for the loss of ISCs in GVHD (fig. S3). In total, both alloreactive and autoreactive
in vivo immune responses resulted in loss of ISCs and functional impairment of the stem

cell compartment.

Allogeneic T cells preferentially invade crypt region lamina propria after BMT

In order to examine the intramucosal localization of T cells mediating epithelial injury and
ISC reduction after BMT, we next performed 3-D confocal microscopy of intact whole-
mount intestinal tissue. This approach has recently identified preferential infiltration of crypt
region mucosa after allogeneic BMT*%, but such localization has not been distinguished
between the intraepithelial and lamina propria components of the mucosa, and it has not
been defined in homeostasis either. Staining for CD3, nuclei, and cellular membranes
followed by imaging of full-thickness ileum allowed for accurate determination of mucosal
architecture as well as precise localization and quantification of T cells in the epithelial and
lamina propria regions of Sl crypt and villus compartments. Normal control (unirradiated and
untransplanted) B6 mice demonstrated similar T cell densities in crypt and in villus regions
of ileal lamina propria at steady state (Fig. 2, A and B). In contrast, intraepithelial T cells were
much more abundant in villus epithelium than in crypt epithelium at steady state in B6 ileum
(Fig. 2, A and B).
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We next evaluated the location of donor T cells in recipient intestinal mucosa after
allogeneic BMT, using B6-GFP mice as the source of donor T cells. Four days after BMT,
the early infiltration of GFP+ donor T cells in recipient ileum was primarily located in the
lamina propria of the crypt region, and few donor T cells could be identified in the villi (Fig.
2, Cand D). Three days later, donor T cell invasion of the intestinal mucosa was much more
substantial, and again most donor T cells were located in the crypt region lamina propria
(Fig. 2, E and F). In contrast to intraepithelial T cells in B6 ileum at steady state, intraepithelial
donor T cells one week after BMT were significantly more frequent in the crypts than in
the villi (Fig. 2, E and F). These results indicated that allogeneic donor T cells mediating
GVHD primarily infiltrated the lamina propria of the crypt region, in proximity to the ISC
compartment, and most donor T cells invading the intestinal epithelium after BMT were
present in the crypt region as well.

Activated T cells produce IFNy that targets the intestinal epithelium, reduces ISCs, and
eliminates organoids ex vivo

Investigation of T-cell-derived molecules mediating tissue injury can be complicated by
redundancies in effector pathways and by the complex systemic nature of immunologic
pathophysiology, with numerous potential targets exhibiting divergent responses to similar
molecules?s3%505! Conflicting experimental results may be due at least in part to the lack
of models for studying specific interactions between immune effectors and primary cells
as well as challenges in deciphering immune responses against specific cellular subsets
within a tissue. As such, we sought to establish a model for studying interactions between
T cells and the ISC compartment by culturing intestinal organoids with allogeneic T cells
ex vivo. While co-culture with naive allogeneic T cells had no effect on regeneration from
dissociated mouse organoid cells, allo-activated T cells significantly reduced allogeneic
Sl and LI organoid numbers in a concentration-dependent fashion (Fig. 3A and fig. S4A).
Co-culture with polyclonally-activated allogeneic T cells also impaired organoid formation,
and both CD4+ and CD8+ T cells were able to mediate organoid suppression (fig. S4, B and
C). In addition to murine co-cultures, human T cells suppressed the growth of genetically
disparate human duodenal organoids as well (Fig. 3B).

As organoid formation and survival were impaired by activated allogeneic T cells but not by
naive allogeneic T cells (Fig. 3A), we hypothesized that antigenic disparity was important for
T cell activation but was not required for target suppression once the T cells were already
activated. Indeed, syngeneic co-cultures with allo-activated T cells or with polyclonally-
stimulated T cells both impaired the viability of syngeneic mouse organoids (Fig. 3C and fig.
S4D). Furthermore, upon co-culturing T cells and organoids from the same donors, activated
human CD4+ and CD8+ T cells suppressed the growth of autologous human colon organoids
(Fig. 3D). These findings indicated that T cell activation can impair the viability of intestinal
epithelium ex vivo, even in the absence of genetic disparity with the epithelial targets.
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Fig. 2. Donor T cells infiltrate the epithelial layer and lamina propria in the crypt region after bone
marrow transplantation. 3-D whole-mount immunofluorescent confocal imaging of mouse ileum.
(A and B) T cells in normal (untransplanted and unirradiated) B6 mice were identified by anti-CD3
immunofluorescence. (A) Left panels: Representative 3-D projection images of full-thickness Sl tissue
divided into villus and crypt regions, with cellular membrane staining (DiD lipophilic dye; blue) indicating
the tissue architecture utilized for distinguishing IELs and LPLs within the ileum; yellow, CD3+ [ELs; red,
CD3+ LPLs. Right panels: 3-D projections of CD3+ IELs and CD3+ LPLs in the villus and crypt regions,
with cellular membrane staining removed and tissue orientation (and thus T cell localization within the
3-D tissues) indicated by 2-D slices shown on the posterior projection walls. (B) Quantification of CD3+
IEL and CD3+ LPL densities in normal B6 (n = 3 independent 3-D views). (C to F) B6-into-LP allogeneic
BMT was performed using wild-type B6 marrow and purified GFP+ B6 T cells, with donor T cells in the
epithelium shown in purple and donor T cells in the lamina propria shown in green. (C) Representative
3-D projections and (D) quantifications of donor T cells in the villus and crypt regions four days post-
BMT (n = 24 independent 3-D views combined from 2 transplants). (E) Representative 3-D projections
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and (F) quantifications of donor T cells in the villus and crypt regions seven days post-BMT (n =12
independent 3-D views). Tissue orientation and T cell localization are again indicated by 2-D slices
shown on the posterior walls of the 3-D projections. Graphs indicate mean and s.e.m.; comparisons
performed with t-tests; **P < 0.01, ***P < 0.001. Data are representative of two independent experiments
unless otherwise mentioned.

In order to define the T cell effector pathways mediating organoid toxicity, we performed
cocultures under several conditions with either genetically-deficient T cells or with
neutralizing antibodies. Inhibition of perforin, FasL, TRAIL, IL-183, IL-6, IL-17A, IL-22, and TNFa
had no effect on organoid numbers (fig. S5, A to F). In contrast, T cell co-culture with anti-
Interferon-y (IFNy) neutralizing antibodies restored murine Sl organoid growth (Fig. 3E), and
IFNy blockade with neutralizing antibodies also protected human duodenal organoids from
human allogeneic T cells (Fig. 3F). It was possible that addition of anti-IFNy neutralizing
antibodies to co-cultures protected organoids by preventing paracrine/autocrine IFNy
activity among the T cells or by suppressing IFNy signaling within the organoids. However,
Ifngr-/- T cells demonstrated intact organoid suppression (fig. S5, G and H), while /fngr-/-
organoids were significantly resistant to activated allogeneic or syngeneic T cells (Fig. 3G
and fig. S5I), indicating that IFNy targeted the epithelium during co-culture with activated T
cells.

Inthe absence of T cells, IFNy alone was sufficient for mediating organoid toxicity. Addition of
recombinant murine (rm) IFNy to organoid cultures without co-cultured T cells demonstrated
concentration-dependent suppression of organoid numbers (Fig. 3H). Tracking T cell kinetics
in co-cultures using GFP+ T cells, we found that T cell frequencies decreased by day 4 of
the culture (Fig. 31 and fig. S4E), suggesting that T-cell-mediated organoid suppression was
initiated within the first few days of the culture. Consistent with this, IFNy was detected in
the culture media on day three of co-culture, and the concentration of IFNy decreased
by day five of culture (Fig. 3J). Moreover, flow cytometry analysis showed a significant
reduction of Lgr5-GFPhigh ISCs in organoids after 16 hours of incubation with IFNy, and this
ISC depletion progressed substantially by 72 hours after exposure to IFNy (Fig. 3K).
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Fig. 3. T-cell-derived IFNy targets intestinal epithelium leading to reduction of Lgr5+ stem cells.
(A) Representative images and number of S| organoids after co-culture of B6 organoid cells with
activated or naive allogeneic BALB/c T cells (day 7 of culture, n = 3-6 wells per group). Prior to organoid
culture, T cells were activated by stimulation with allogeneic B6 dendritic cells. Scale bars = 500um.
(B) Representative images and number of human Sl organoids cultured with human allogeneic CD8+
T cells (culture day 7, n = 7-13 wells per group). Scale bars =1000um. (C) Numbers of B6 S| organoids
after culture with anti- CD3/CD28-activated B6 syngeneic T cells (culture day 7, n = 3 wells per group).
(D) Human LI organoids after culture with autologous human CD4+ and CD8+ T cells (culture day 7,n =3
wells per group). (E) Representative images and numbers of B6 Sl organoids after culture with anti-CD3/
CD28-activated BALB/c T cells and anti-IFNy neutralizing antibodies (culture day 7, n = 4 wells/group);
scale bars = 500um. (F) Human Sl organoids after culture with human allogeneic T cells and anti-IFNy
(culture day 7, n = 9 wells/group). (G) WT or Ifngr-/- B6 Sl organoids cultured with BALB/c T cells (culture
day 7, n =4 wells/group). (H) B6 Sl organoids after culture with rmIFNy (culture day 7, n = 3 wells/group).
() Representative images after coculture of BDF1 organoid cells with GFP+ allogeneic B6 T cells. Shown
are bright field (upper), fluorescent (middle), or overlap (lower) images; scale bars = 50um. (J) IFNy
ELISA on supernatants from culture of B6 Sl organoids with BALB/c T cells (n = 4-8 wells/group. ND; not
detected. (K) FACS analysis of Lgr5-GFPhigh ISCs in organoids cultured with rmIFNy for 16 or 72 hours;
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n =3 or 5 wells/group. Data are mean and s.e.m.; comparisons performed with t-tests (two groups) or
one-way ANOVA (multiple groups); *P < 0.05, **P < 0.01, **P < 0.001. Data are representative of two (A,
C, H and K), three (D), four (G and I) or five (E) independent experiments, or combined from two (J) or
three (B, F) independent experiments.

IFNy programs stem cell death, and Inhibition of JAK/STAT signaling protects ISCs from
IFNy

We next investigated the signaling pathways involved in IFNy-mediated organoid and ISC
suppression. Ruxolitinib is an immunosuppressive JAK 1/2 inhibitor capable of preventing
T cell function, suppressing production of inflammatory cytokines by CD4+ T cells and
promoting increased frequencies of Foxp3+ regulatory T cells in the setting of transplant®2.
Recent work has established ruxolitinib as a therapeutic option in GVHD, particularly for
steroid refractory disease, and it has received FDA approval for this indication®*°°. However,
the potentially distinct effects of ruxolitinib on the T cells mediating tissue damage in GVHD
and on the targettissues themselves have yet to be delineated. Modeling immune-mediated
damage ex vivo, we found that culture with ruxolitinib significantly protected mouse intestinal
organoids from allogeneic T cells (Fig. 4A). Culture with ruxolitinib also protected mouse
(Fig. 4B) and human (Fig. 4C) intestinal organoids from IFNy in the absence of allogeneic T
cells. Furthermore, ISC frequencies were significantly preserved in organoids cultured with
IFNy in the presence of ruxolitinib (Fig. 4D).

Protection of organoids from IFNy in the absence of T cells suggested that ruxolitinib was
acting on the organoids themselves, mediating IFNy resistance by suppressing epithelial
JAK signaling. We next tested specific signaling molecules within the epithelium potentially
involved in IFNy- mediated toxicity. Using organoids from Jak7-floxed x Rosa-cre-ert2 mice,
we found that passaged organoid cells pretreated with 4-OHT to delete Jak1 were resistant
to allogeneic T cells and to IFNy (Fig. 4E and fig. S6). Furthermore, ruxolitinib prevented
phosphorylation of Stat1 by IFNy in Sl crypts (Fig. 4F), and Stat!-/~- organoids were resistant
to IFNy as well (Fig. 4G). We thus concluded that allogeneic T cells and IFNy targeted the
intestinal epithelium via Jak1/STAT1 signaling, and inhibition of epithelial Jak1 could protect
intestinal tissue from immune-mediated damage.

In addition to the reduction of ISCs identified by flow cytometry (Fig. 3K), gPCR analysis
of intestinal organoids showed that gene expression associated with ISCs (Lgr5, Olfm4)
decreased quickly (within 24 hours) in mouse and human cultures after treatment with IFNy
(fig. S7, A and B). Target genes of Wnt signaling (Axin2) and Notch signaling (Hes?) were
also reduced (fig. S7C), and gene expression associated with Paneth cells (Lyz!, Defal),
enterocytes (Alpi), goblet cells (Muc?2), enteroendocrine cells (Chga), and tuft cells (Trpmb5)
were all reduced as well (Fig. S7, D and E). Consistent with these ex vivo results, gPCR
analysis of crypts from recipients of allogeneic BMT with T cells demonstrated reduced
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gene expression associated with ISCs (Lgr5, Olfm4), Paneth cells (Lyz1, Defal), goblet cells
(Muc?2), enteroendocrine cells (Chga), and tuft cells (Trom5) in comparison with recipients
of only T-cell-depleted bone marrow, while Alpi expression, which is associated with the
enterocyte lineage, trended down even after BMT without T cells (fig. S7F). Overall, these
gene expression patterns suggested that ISCs were not being lost due to increased
differentiation of ISCs into their progeny.

Given the reduction of ISCs in vivo and ex vivo, and given that this reduction could not
easily be explained by differentiation, we next evaluated the role of programmed cell
death. Gene expression in mouse Sl organoids cultured with IFNy demonstrated multiple
transcriptional changes consistent with induction of apoptosis, as there was decreased
expression of the antiapoptotic genes Bcl2 and Bcl2I1 (Bcl-xL) and increased expression
of the pro-apoptotic gene Bak (Fig. 5A). Similar transcriptional changes were observed
in human duodenal organoids treated with IFNy (Fig. 5B). No changes were observed
in expression of the anti-apoptotic gene Mcl? or the pro-apoptotic gene Bax (fig. S8A).
Moreover, Annexin V analysis showed increased Annexin+DAPI- and Annexin+DAPI+ Lgrb-
GFP+ cells 16 hours after treatment with IFNy, consistent with increased early apoptotic
and dead ISCs, even though there was already a statistically significant reduction in ISC
frequency at that point (Fig. 5, C and D). Increased apoptosis was also identified in human
intestinal organoids incubated with IFNy, as determined by increased caspase-3/7 activity
and confirmed by increased detection of cleaved caspase-3 (Fig. 5, E and F). Additionally,
culture with ruxolitinib inhibited the pro-apoptotic transcriptional changes observed in
intestinal organoids treated with IFNy (Fig. 5G), thus specifically linking JAK signaling to the
apoptotic phenotype. Therefore in total, ex vivo experiments indicated that T cells induced
organoid toxicity via production of IFNy, which activated JAKI-dependent STAT1 activation
within the epithelium, resulting in an apoptotic transcriptional program and elimination of
ISCs.

T-cell-derived IFNy promotes stem cell apoptosis and intestinal pathology in immuneme-
diated Gl damage in vivo

We next sought to evaluate the role of IFNy in T-cell-mediated stem cell injury in vivo.
Anti-IFNy antibody treatment after BMT significantly protected ISC numbers in Lgrb-LacZ
reporter mice transplanted with allogeneic donor marrow and T cells for induction of GVHD,
confirming the in vivo relevance of IFNy for the stem cell compartment (Fig. 6A). Additionally,
anti-IFNy neutralizing antibodies increased ISC frequencies during autoimmunity occurring
after Treg depletion in Foxp3-DTR mice (Fig. 6B). Furthermore, inhibition of JAK/STAT
signaling in vivo by treating allogeneic BMT recipients with ruxolitinib significantly protected
ISCs from donor T cells and GVHD (Fig. 6C and fig. S1B).




Fig. 4. JAK/STAT inhibition protects intestinal stem cells from IFNy. (A) Representative images and
numbers of B6 organoids after culture with BALB/c T cells and ruxolitinib (culture day 7, n = 4 wells/
group); scale bars =500um. (B) Numbers of B6 Sl organoid cells after culture with rmIFNy and ruxolitinib
(culture day 7, n = 4 wells/group). (C) Human Sl organoids cultured with rhIFNy (culture day 7, n = 3 wells/
group) and ruxolitinib. (D) FACS analysis of Lgr5—GFPhigh ISCs in organoids cultured with rmIFNy and
ruxolitinib for 16 or 72 hours; n = 3 or 4 wells/group. (E) Jakl-deficient B6 Sl organoids from Rosa-cre-
ert2-JakTfl/fl mice. Organoids were pretreated with control media or 4-OHT (1uM) to delete Jak1 and
then cultured with BALB/c T cells or rmIFNy (culture day 7, n = 4 wells/group). (F) Crypt pSTAT1 western
blots after 30 minutes incubation with rmIFNy +/- ruxolitinib. (G) WT or Stat’-/- B6 Sl organoids cultured
with rmIFNy (culture day 7, n = 4 wells/group). Graphs indicate mean and s.e.m,; t-tests (two groups) or
one-way ANOVA (multiple groups); *P < 0.05, **P < 0.01, **P < 0.001. Data are representative of two (A,
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Fig. 5. IFNy programs stem cell death. (A) Apoptosis-related genes expression in mouse Sl organoids
cultured with rmIFNy for 6 hours; n = 6 wells/group; Mann—-Whitney U analysis. (B) Apoptosis-related
genes expression in human Sl organoids cultured with rhIFNy for 24 hours; n =9 or 10 wells/group, data
are from 3 different SI donors; Mann—Whitney U analysis. (C and D) FACS plots (C) and quantifications
(D) of Lgr5-GFPhigh cells and Annexin V analysis from Sl organoids cultured with rmIFNy for 16 hours;
n =4 wells/group. (E) Relative caspase-3/7 activity as evaluated by Caspase-Glo assay; fold increase
over baseline after treatment with rhIFNy for 24 hours (n = 6 wells/group). (F) Human organoid cleaved
caspase-3 western blot after 48 hours incubation with rhIFNy. (G) Apoptosis-related genes expression
in mouse S| organoids cultured with rmIFNy and ruxolitinib for 24 hours; n = 6 wells/group Kruskal—
Wallis analysis. Graphs indicate mean and s.e.m.; comparisons performed with t-tests (two groups) or
one-way ANOVA (multiple groups) unless otherwise stated; *P < 0.05, **P < 0.01, ***P <0.001. Data are
representative of two (A to D and F to G) or combined from two (E) independent experiments.
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To identify in vivo sources of IFNy promoting ISC reduction, we first performed FACS-
based phenotyping of IFNy+ cells in recipient mucosa post-transplant. After mechanically
dissociating the villi to enrich for crypt region mucosa, lamina propria lymphocytes (LPLS)
were isolated and incubated with a golgi inhibitor to facilitate immunostaining and flow
cytometric analysis for IFNy. Substantially more IFNy+ cells were identified in recipient
intestinal mucosa after allogeneic BMT than after syngeneic BMT, and the vast majority of
these IFNy+ cells identified after allogeneic BMT were indeed donor T cells (fig. S9, A and
B). Further analysis indicated Tbet+ Th1 helper T cells with an activated phenotype (fig. S9,
C and D).

Investigating the functional impacts of donor-derived IFNy, we performed allogeneic BMT
using /fng-/- T cells or Ifng-/- donor marrow. While transplantation with /fng-/- donor marrow
did not impact the reduction in ISC numbers in GVHD (Fig. 6D), allogeneic BMT with /fng-/-
donor T cells resulted in significantly greater ISC recovery (Fig. 6E), functionally confirming
donor Tcells to be the critical source of IFNy resulting in ISC reduction post-transplant.
Furthermore, broader histopathologic analysis after allogeneic BMT with /fng-/- donor T
cells showed significant reduction in overall GVHD pathology, including reduced Sl crypt
loss and villus blunting (Fig. 6, F and G, and fig. S1C). We also observed increased epithelial
proliferation along with the tissue injury occurring in GVHD, which was significantly reduced
in BMT recipients transplanted with IFNy-deficient T cells (Fig. 6H).

Consistent with the IFNy-dependent pro-apoptotic gene expression pattern identified ex
vivo, gPCR analysis post-BMT indicated increased expression of Bc/2, increased expression
of Bcl2l1, and decreased expression of BakT in recipients transplanted with /fng-/- donor
T cells (Fig. 6l). Additionally, anti-cleaved-caspase-3 and TUNNEL staining both indicated
significantly reduced crypt apoptosis in mice transplanted with /fng-/- donor T cells (Fig.
6, J to L). Furthermore, anticleaved-caspase-3 and anti-3-gal double immunofluorescent
staining demonstrated apoptotic Lgr5+ ISCs in GVHD, and the frequency of cleaved
caspase-3+ ISCs was significantly reduced in mice transplanted with IFNy-deficient donor
T cells (Fig. 6L and fig. S10). Finally, SI crypts isolated after in vivo BMT with /fng-/- donor
T cells demonstrated significantly greater organoid formation than crypts isolated from
mice transplanted with wild-type (WT) T cells (Fig. 6M), indicating functional improvement
in addition to the histologic amelioration described above. Overall, in vivo studies thus
supported the ex vivo findings of ISC reduction induced by T-cell derived IFNy and JAK/
STAT signaling.

IFNy directly targets intestinal stem cells and induces apoptosis

Given the broad expression of the IFNy receptor on numerous cell types, T-cell-derived IFNy
could have many targets in vivo, including the donor T cells themselves or other immune
cells, leading to indirect effects on the epithelial stem cell compartment. To examine if T-cell-
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derived IFNy was targeting the recipient epithelium directly in vivo, selective depletion
of the IFNy receptor from recipient intestinal epithelium was investigated by performing
allogeneic BMT into Ifngrfl/fl x Villin-Cre (IfngrAIEC) mice. Given the lack of an ISC reporter
in IfngrAIEC mice, SI'ISCs were quantified by immunohistochemistry for Olfm4. Elimination
of the IFNy receptor from recipient intestinal epithelium significantly protected Olfm4+ ISCs
from allogeneic T cells (Fig. 7A and fig. S1D). In addition to the stem cell protection, IfngrAIEC
recipients also demonstrated reduced overall GVHD pathology, greater crypt numbers,
decreased villus blunting, and significantly less crypt apoptosis (Fig. 7, B to D).

These results indicated that IFNy could act directly on the intestinal epithelium to promote
tissue pathology and ISC reduction in GVHD. However, it remained possible that effects on
ISCs were secondary to targeting some other cell population in the intestinal epithelium
rather than direct targeting of the stem cells with IFNy. Crypt base ISCs repopulate other
intestinal epithelial cells including Paneth cells, which in turn produce several supportive
factors such as Wnt3, EGF, and Notch ligands (4). While allogeneic T cells and IFNy eliminated
intestinal organoids and depleted ISCs in our experiments, Paneth cell frequencies and
Paneth-cell-associated gene expression were also reduced (Fig. 1, C and E, fig. S2B, and fig.
S7, D and F). Additionally, IFNy has been reported to induce apoptosis and loss of Paneth
cells**#! |SC reduction and organoid elimination could thus have been due to direct ISC
injury or indirect effects resulting from damage to the Paneth cell niche. We investigated IFNy
receptor expression on intestinal epithelium by flow cytometry and confirmed expression
of the IFNy receptor (IFNyR1, CD119) on both CD24+c-kit+CD44+ Paneth cells and Lgr5-
GFPhigh ISCs (Fig. 7E and fig. S2A). Given that ISC-restricted cre-driven gene deletion is
not possible in vivo because genetic manipulation of the stem cells is rapidly transmitted
to their progeny with faster kinetics than GVHD pathophysiology and at times even faster
kinetics than the genetic manipulation can manifest protein-level changes within the I1SCs,
we therefore examined ex vivo if T-cell-mediated injury was due to targeting of the ISCs
or Paneth cells. Supplementation of organoid culture media with the Paneth-cell-derived
factors Wnt3 and Jagged1 did not protect intestinal organoids from activated allogeneic T
cells (Fig. 7F), suggesting that loss of Paneth cell niche support was not a critical component
of T-cell-mediated elimination of intestinal organoids. Indeed, prevention of Paneth cell
targeting by co-culturing T cells or IFNy with Paneth-cell-deficient Atoh1AIEC organoids did
not protect the organoids from T cells either (Fig. 7G).

To further determine if targeting of Paneth cells was critical for T-cell-mediated organoid
elimination and ISC damage, we co-cultured purified ISCs and purified Paneth cells such
that organoid formation from ISCs was dependent on support provided by the Paneth cells.
Cultures with WT and Ifngr-/- Paneth cells were both sensitive to activated T cells, indicating
that Paneth celltargeting with IFNy was dispensable for T-cell-mediated organoid elimination
(Fig. 7H). Given that ISCs expressed IFNYR1 (Fig. 7E), we investigated if the receptor was




functional, treating sorted Lgr5high cells with IFNy for 1.5 hours. RNA sequencing confirmed
a robust IFNy transcriptional signature in the stem cells, as several IFNy-related genes were
upregulated shortly after exposure, indicating direct activity of IFNy in ISCs (Fig. 71). We next
tested direct T cell targeting of ISCs by performing T cell co-culture with purified ISCs in the
presence of Wnt3.

Organoid growth from WT ISCs was significantly reduced by co-culture with allogeneic T
cells, but /fngr/-1SCs demonstrated intact organoid-forming capacity and were thus resistant
to T-cell mediated suppression (Fig. 7J).

To exclude the possibility that cultures of WT ISCs were sensitive to IFNy because of damage
to their immediate progeny and to further evaluate the direct effects of IFNy on ISCs, we
utilized a niche-independent high-purity ISC culture system composed nearly entirely of
Lgr5+ cells®®. In this system, the combination of a GSK3[3 inhibitor and a histone deacetylase
inhibitor enables culture of homogenous symmetrically dividing Lgr5+ ISC colonies from
purified ISCs. Despite the potent activation of the Wnt and Notch pathways in this culture
system that maintained the high frequency of Lgr5+ cells (fig. S8B), IFNy directly induced
apoptosis within the ISC colonies as evidenced by staining for cleaved caspase-3 (Fig. 7K).
Apoptotic ISCs identified within the cellular layer of the colonies peaked after eight hours
(Fig. 7, K and L) and subsequently accumulated in the colony lumen (Fig. 7, K and M). Gene
expression analyses revealed the same apoptotic program identified in organoids exposed
to IFNy, with downregulation of Bc/2 and upregulation of Bak, as well as downregulation of
Bcl211 without a significant change in expression of Mclf or Bax (Fig. 7N and fig. S8C). IFNy-
induced ISC apoptosis also led to substantial colony death confirmed by propidium iodine
uptake (Fig. 7, O and P). Furthermore, addition of the pan-caspase inhibitor Q-VD-Oph to
WT ISC colonies (Fig. 7, O and Q) or genetic depletion of Bak and Bax using ISC colonies
derived from double-deficient (Bak-/-/Bax-floxed x Rosa-cre-ert2) mice (Fig. 7, P and Q) both
maintained ISC colony viability despite exposure to IFNy. In conclusion, T-cell-derived IFNy
directly targeted the intestinal epithelium in vivo resulting in ISC reduction and intestinal
pathology, and IFNy induced Bak/Bax-dependent ISC apoptosis by directly acting on the
stem cells themselves.
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Fig. 6. T-cell-derived-IFNy decreases ISCs in vivo. (A) ISCs 10 days after LP-into-B6 BMT with isotype
or anti-IFNy antibodies (0.5mg every three days starting the day of BMT). Representative images and
frequency of Sl Lgrb-LacZ+ ISCs; analysis of n =15 (TCD BM only), n = 27 (Isotype), or n =19 (Anti-IFNy)
independent sections from 6-8 mice per group; scale bars = 500um (upper images) or 50um (lower
images). (B) SI Lgr5+ ISCs in Foxp3-DTR+ or Foxp3-DTR- Lgrb-LacZ reporter mice 5 days after DT
treatment along with Isotype or anti- IFNy antibodies (0.5mg every three days starting the day of DT
treatment); analysis of n = 29 (Control), n = 31 (Isotype), or n = 29 (Anti-IFNy) independent sections from
4-6 mice per group. (C) Frequency of SI Lgrb-LacZ+ ISCs 10 days after LP-into-B6 BMT with vehicle or
ruxolitinib (30mg/kg twice every day starting the day -1 of BMT); Analysis of n =10 (TCD BM only), n =8
(Vehicle), or n =7 (Rux) independent sections from 3-4 mice per group. (D) Frequency of SILgrb-LacZ+
ISCs 10 days after B6-into-BDF1 BMT with wild type or /fng-/- marrow. Analysis of n =5 (WT TCD BM
only), n =6 (Ifng-/- TCD BM only), n =11 (WT BM plus WT T cells), or n =13 (I/fng-/- BM plus WT T cells)
independent sections from 2-4 mice per group. (E to M) B6-into-BDF1 BMT with wild type or /fng-/- T
cells. (E) Frequency of SI Lgr5-LacZ+ ISCs; Analysis of n =5 (TCD BM only), n =11 (WT), or n = 9 (Ifng-
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/-) independent sections. (F) Intestinal GVHD histopathology score 10 days after BMT,; n = 6 (TCD BM
only), n =12 (WT), or n =10 (/fng-/-) mice per group. (G) Crypt numbers and villus blunting histopathology
scores 10 days after BMT,; for crypt quantifications, n = 8 (TCD BM only), n = 21 (WT), or n =16 (/fng-/-)
independent sections from 3-7 mice per group; for villus blunting scores, n = 6 (TCD BM only), n =12
(WT), or n =10 (/fng-/-) mice per group. (H) Representative images and quantification of Ki67 IHC in the
crypt area 10 days after BMT; analysis of and n =47 (TCD BM only), n =59 (WT), or n =77 (Ifng-/-) crypts.
Scale bars =100um. (I) Apoptosis-related genes expression in mouse Sl crypts 10 days after BMT; n =
10 mice per group; Mann—Whitney U analysis. (J) Images and quantification of crypt cleaved caspase-3
IHC 10 days after BMT. Arrows indicate cleaved caspase-3+ apoptotic crypt cells; n = 489 (TCD BM
only), n =718 (WT), or n = 974 (Ifng-/-) crypts per group; scale bars = 50um. (K) Quantification of crypt
TUNEL staining 10 days after BMT; n = 251 (TCD BM only), n = 346 (WT), or n = 491 (/fng-/-) crypts per
group. (L) Double immunofluorescent staining of 3-gal (green) and cleaved caspase-3 (red) from Lgr5-
LacZ recipient mice 10 days after BMT. Shown are representative images and average frequencies of
cleaved caspase-3+ apoptotic ISCs per mouse ileum as a percentage of the total Lgr5+ ISCs detected;
scale bars =50um. (M) Day 5 Sl organoid numbers per 100 crypts cultured 10 days after BMT; n =7 (WT),
or n =5 (Ifng-/-) mice per group. Graphs demonstrate mean and s.e.m.; comparisons performed with
t-tests (two groups) or one-way ANOVA (multiple groups) unless otherwise stated; *P<0.05, **P<0.01,
**P<0.001. Data are representative of two (Cto E, H, and J to M) independent experiments, or combined
from two (A, B, F, G and ) independent experiments.

Fig. 7. IFNy directly targets intestinal stem cells and induces apoptosis [Figure at next page]. (A to D)
Allogeneic B10.Br-into-B6 (Allo) or syngeneic B6-into-B6 (Syn) BMT using /fngrfl/fixVillin-Cre (IfngrAIEC)
or Cre-negative Ifngrfl/fl (IfngrWT) littermate controls. (A) Representative images and frequency of SI
(ileum) IHC for OIfm4+ ISCs 7 days after BMT; Analysis of n = 8 (Syn, IfngrWT), n =6 (Syn, IfngrAIEC), n =
17 (IfngrWT), or n =17 (IfngrAIEC) independent sections from 2-5 mice per group. Scale bars =100um. (B)
Intestinal GVHD histopathology score 9 days after BMT; n = 3 (Syn), n = 4 (Allo, IfngrWT), or n = 5 (Allo,
IfngrAIEC) mice per group. (C) Crypt number quantification and villus blunting histopathologic scoring
9 days after BMT; n =9 (Syn), n =14 (Allo, IfngrWT), or n =17 (Allo, IfngrAIEC) independent sections from
3-5 mice per group for crypt count; n = 3 (Syn), n = 4 (Allo, IfngrWT), or n =5 (Allo, IfngrWT) mice per
group for villus blunting histologic scoring. (D) Quantification of crypt cleaved caspase-3 IHC 9 days
after BMT; n = 489 (Syn), n = 718 (Allo, IfngrWT), or n = 974 (Allo, IfngrAIEC) crypts from 3-5 mice per
group. (E) FACS analysis of CD119 (IFNYR1) expression on ISCs and Paneth cells. (F) Numbers of B6 SI
organoids after culture with BALB/c T cells +/- Wnt3a and Jagged1 (Ing/ml); culture day 7, n = 3 wells/
group. (G) Paneth-cell-deficient Atoh1AIEC Sl organoids cultured in WNT3-supplemented ENR media
+/- BALB/c T cells or IFNy; culture day 7, n = 4 wells/group. (H) SI organoids from sort-purified SI Lgrb-
GFPhigh ISCs and sort-purified Paneth cells cultured +/- BALB/c T cells; culture day 7, n = 3-6 wells/
group. (I) RNAseq indicating IFNy-responsive gene expression in sorted Lgr5-GFPhigh ISCs incubated
with IFNy for 1.5 hours. (J) Organoids from sorted WT or /fngr-/- Lgr5-GFPhigh SI ISCs cultured +/-
BALB/c T cells (culture day 6, n = 7-8 wells/group). (K to Q) ISC colonies cultured in WENR with HDAC
and GSK3f inhibition +/- IFNy. (K) Representative confocal images of cleaved caspase-3 (cCaspase-3)
immunofluorescence in ISC colonies cultured +/- IFNy (culture day 6, arrows indicate apoptotic ISCs
in the cellular layer, and arrow heads indicate apoptotic ISCs in the colony lumen, scale bars = 50um).
(L) Frequency of epithelial-layer cleaved caspase-3+ ISCs; analysis of n = 65 (0 hour), n = 65 (2 hour),
n =64 (4 hour), n =40 (8 hour), n =72 (12 hour), and n = 57 (16 hour) colonies per group. (M) Cleaved
caspase-3 staining intensity in the lumen area; analysis of n = 83 (0 hour), n =104 (2 hour), n = 86 (4
hour), n = 76 (8 hour), n =136 (12 hour), and n = 82 (16 hour) colonies per group. (N) gPCR analysis
of apoptosis-related genes in mouse S| ISC colonies cultured with rmIFNy for 24 hours; n = 6 wells/
group; Mann-Whitney U analysis. (O to Q) Representative images and viability quantification of ISC
colonies cultured with IFNy. Images show bright field microscopy (upper panels), Hoechst staining
(middle panels), or propidium iodide (lower panels); scale bars = 200 um (O) Images of Lgr5-GFP+ S|
ISC colonies cultured with rmIFNy +/- caspase inhibitor Q-VD-OPh (culture day 7). (P) Images of SI ISC
colonies initiated from sorted WT or Bak/Bax double knockout (DKO) SI'ISCs cultured with IFNy (culture
day 7). (Q) Quantification of ISC colony survival after cultured with rmIFNy (n = 3 wells/group); t-tests at
each concentration of IFNy. Graphs indicate mean and s.e.m.; comparisons performed with one-way
ANOVA unless otherwise stated; *P<0.05, **P<0.01, ***P<0.001. Data are representative of two (A to F,
H, Jto N, and P) or three (G, O and Q) independent experiments, or combined from three independent
experiments (I).
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Discussion

T-cell-mediated tissue damage, particularly in the BMT setting, is the culmination of a
systemic process involving cellular activation, migration, and effector function. Given
this complexity and the involvement of numerous cell types in various tissues at specific
time points, it is challenging to comprehensively and accurately elucidate the specific
interactions occurring between T cells and individual subsets of intestinal epithelial cells.
To overcome these limitations, we established an ex vivo co—culture system of intestinal
organoids and T cells. Using this system to model Tcell-induced ISC damage, we identified
a direct role for T-cell-derived IFNy and subsequent JAK/STAT signaling in ISC apoptosis
occurring during immune-mediated Gl damage. Consistent with this cytokine-mediated
pathology, whole-mount 3-D microscopy after allogeneic BMT demonstrated that donor
T cells invading the small intestine post-transplant primarily infiltrated the lamina propria
of the crypt compartment. Donor T cells thus invaded the intestinal mucosa near the stem
cells, but were mostly not located precisely within the targeted epithelium. Further analysis
of these T cells confirmed that they were the principle source of IFNy in this area after BMT.
Surprisingly though, there were remarkably few T cells present within the crypt epithelium
at baseline, as most intraepithelial T cells were found within the villi. The lamina propria
showed roughly similar T cell densities within the crypt and villus regions at baseline, so the
preferential infiltration of the crypt region after allogeneic BMT represented a substantial
redistribution of T cell localization within the mucosa of the ileum. Interestingly, a recent study
showed that depletion of donor CD4+ T cells immediately after BMT resulted in increased
serum IFNy and reduced intestinal GVHD pathology with fewer donor CD8+ T cells in the
colon®, suggesting that IFNy from donor T cells in proximity to the crypt compartment,
rather than the IFNy present in circulation, may be essential for its direct epithelial toxicity.
While naive T cells had no impact on epithelial growth in ex vivo co-cultures, activated
T cells induced substantial organoid toxicity and reduction of ISCs. This toxicity did not
require genetic disparity between the T cells and their epithelial targets once the T cells
were activated, as T cells activated by allogeneic DCs or anti-CD3/CD28 antibodies
suppressed both allogeneic and syngeneic mouse intestinal organoid numbers. This was
also true in human co-culture models, with human T cells eliminating allogeneic human
organoids and even eliminating autologous organoids generated from the same donors as
the T cells. This organoid toxicity was mediated by T-cell-derived IFNy, which also induced
the ISC reduction observed ex vivo as well as in vivo. Antigen specificity of this pathologic
immune response appeared to occur at the level of initial T cell activation, which led to
substantial production of IFNy. These results are consistent with experiments indicating
that inflammatory cytokines can mediate tissue damage induced by allogeneic T cells
irrespective of antigen presentation by epithelial cells®®, although antigen presentation by
epithelial cells including ISCs may be critical for certain other immune responses®®®'.
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Effects of IFNy on the Gl tract have been studied in various experimental models, and it has
beenreportedtoinduce epithelial toxicity through both cell-autonomous and non-autonomous
negative regulatory feedback loops**%263, |FNy has also been found to induce loss of Paneth
cells in models of infection and autoimmunity*®4. Studies in transplant models have identified
both pathologic and protective roles for IFNy in GVHD, as discussed below. However, there
has been little exploration of the direct interactions between ISCs and IFNy. The exclusive
use here of primary cells, containing the full diversity of lineages present in normal epithelial
tissue (such as stem cells, niche cells, progenitors, and mature post-mitotic cells), for in vivo
and ex vivo models of tissue damage has allowed for identification of ISCs as direct targets of
T-cell mediated cytokine-dependent Gl damage. Such a finding would not be possible using
model systems such as transformed cell lines lacking a stem cell compartment. In studying
the ISC compartment directly, we found that reduction of ISCs preceded any reduction of
Paneth cells in multiple models of immune-mediated Gl damage. The reduction of ISCs was
validated using two distinct functional approaches: culturing organoids from crypts isolated
after in vivo challenge and lineage tracing for stem cell-derived progeny. Both functional
approaches were consistent with the kinetics indicated by ISC quantifications. Furthermore,
these kinetics suggested that ISCs were the primary target, though a decrease in ISCs could
also have been due to niche dysfunction, rather than loss of the niche. While Paneth cells
are not the only component of the stem cell niche, which includes stromal and immunologic
members as well®19246455 and consideration should also be paid to progenitors and mature
epithelial cells for a comprehensive understanding of intestinal immunopathology®®%°, ex vivo
modeling revealed that IFNy-receptor-deficient ISCs were resistant to T cells and IFNy, while
niche-dependent cultures of ISCs with IFNy-receptor-deficient Paneth cells as well as cultures
of niche independent stem cell colonies were not. These findings thus indicated that ISCs
were indeed direct targets of T cells and IFNy.

Further investigation of the stem cell compartment indicated that IFNy could directly
program ISC death, inducing transcriptional changes capable of shifting the cells toward
induction of apoptosis. BCL-2 and BCL-XL are anti-apoptotic BCL-2 family members, and
their downregulation, as described here in ISCs due to IFNy, can result in activation of
pro-apoptotic effectors BAX and BAK’®. Activated BAX and BAK can then form oligomers
which permeabilize the mitochondrial outer membrane and release cytochrome c to
activate caspases and further propagate the apoptotic cascade”. The downregulation
of Bcl2 and Bcl2/1 and the upregulation of Bak, along with stable expression of Bax (i.e.,
without reciprocal decrease in Bax that could counterbalance the increase in Bak), clearly
implicate initiation of apoptosis as a major direct effect of IFNy in ISCs. Furthermore, we
observed increased caspase-3 activity and cleaved caspase-3 protein in human organoids
treated with IFNy. /In vivo IFNy signaling blockade with neutralizing antibodies, IFNy deletion
from donor T cells, IFNy receptor deletion from the intestinal epithelium, and ruxolitinib all
protected ISCs from T cells in vivo, although the specific mechanisms of ISC protection may




be distinct between GVHD and autoimmunity after Treg deletion. Nonetheless, these results
suggest that IFNy-induced apoptosis is a central mechanism of ISC impairment caused by
T cells, using a secreted cytokine to kill stem cells via activation of JAK/STAT signaling and
subsequent gene expression driving the cell toward programmed death.

Due to its pleiotropic effects, IFNy has demonstrated strikingly distinct impacts depending
on the BMT model. Deficiency of donor-derived IFNy resulted in increased GVHD mortality
and limited GVL in a CD8+ T-cell-mediated experimental transplant model®*®. A subsequent
study showed opposing effects of IFNy in distinct tissues, with IFNy playing a protective
role in the lungs, but mediating Gl toxicity in mice with GVHD?%, and another study indicated
that IFNy can reduce intestinal GVHD pathology after depletion of CD4+ T cells®. These
studies illustrate the complex role played by IFNy in the transplant setting, and undesirable
complications could thus result from targeting IFNy in clinical BMT. IFNy signaling is
transduced by the JAK/STAT pathway, including JAK1/2 and STAT172, which could represent
another approach for interfering with IFNy-mediated Gl damage and loss of ISCs. Indeed, we
found that treatment with the JAK1/2 inhibitor ruxolitinib protected ISCs from Tcell- mediated
damage ex vivo and in vivo. While inhibition of JAK signaling can suppress T cell activity®?,
we found that JAK inhibition also protected intestinal epithelium from T-cell mediated injury
by suppressing the tissue’s response to IFNy. This was consistent with our findings that
deletion of the IFNy receptor on the intestinal epithelium protected the stem cells and the
tissue overall from T-cell-mediated pathology. JAK inhibition has been investigated clinically
in GVHD with promising results®>*5, and it has recently been approved for GVHD treatment
in the setting of steroid refractory disease. JAK inhibitors thus provide a promising approach
for protecting the ISC compartment from pathologic immune responses. Additionally, these
findings suggest that part of the clinical efficacy of JAK inhibition in GVHD, particularly
in settings where other potent immunosuppressive agents such as corticosteroids have
failed, could be due to suppression of pathologic cytokine signaling outside of the T cell
compartment and perhaps within the GVHD target organs.

In summary, we found that damage to the ISC compartment was a shared feature of GVHD
and autoimmunity, and T-cell-derived IFNy was a key mediator of ISC reduction in immune-
mediated Gl damage. Intestinal organoid cultures were used to assay epithelial function
during immune-mediated damage in vivo and to interrogate specific interactions between
T cells and epithelial targets ex vivo. T cell localization within the intestinal mucosa differed
substantially between homeostasis and the setting of damage post-transplant, with donor
T cells primarily localizing to the lamina propria of the crypt region where they were the
dominant producers of IFNy. IFNy directly targeted ISCs, inducing a gene expression
program resulting in stem cell apoptosis, and JAK inhibition protected ISCs from T cells by
suppressing their response to IFNy. IFNy thus played a central role in the T-cell-mediated
stem cell damage studied here, and pharmacologic JAK inhibition may provide clinically
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efficacious immunosuppression in part by suppressing tissue responses to pathologic

signals from the immune system.

Materials and Methods

Study design

The purpose of the study was to investigate mechanisms of T cell effects on ISCs during
immune-mediated Gl damage. We used two types of in vivo animal models: allogeneic
BMT and Treg-depletion-induced autoimmunity. To perform detailed evaluation of direct
interactions between T cells and ISCs, we established a method of co-culturing T cells with
intestinal organoids. Analyses of experiments were performed with histologic staining, 3-D
imaging, flow cytometry, gPCR, and western blotting. Statistical issues are described below.
There were no pre-defined study end points. Experiments were generally performed a
minimum of two times, and the number of independent experiments and statistical methods
are described in the figure legends. For further details, please see the Supplementary
Materials and Methods.
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Supplementary Materials

Material and Methods

Mice. C57BL/6 (B6, H-2b), LP (H-2b), B10.Br (H-2k), B6D2F1 (BDF1, H-2b/d), C57BL/6-Tg
(UBC-GFP)30Scha/J (B6-GFP), B6.129S7-Ifngritm1Agt/J (Ifngr-/-), C57BL/6-Prfitm1Sdz/J
(Prfl-/-), B6.129S-Tnfrsflatm1imx Tnfrsflbtm1imx/J (Tnfar-/-), and B6.129S7-Ifngtm1Ts/J (Infg-/-
) mice were purchased from Jackson Laboratories. 129S6/SvEv-Statitmi1Rds (Stat?-/-) and
129S6/SvEvTac were purchased from Taconic. Lgr5-lacZ B6 (Lgr5-LacZ), B6 Igr5-gfp-ires-
CreERT2 (Lgr5—GFP) and olfm4-gfp-ires-CreERT2 (Olfm4-CreERT2) mice were provided by
Hans Clevers. BALB/c //22-/- mice were provided by Genetech. Ifngr-/-Lgr5-GFP mice were
created by mating /fngr-/- mice with Lgr5-GFP mice. Lgrb-LacZ BDF1 mice were created by
mating female Lgr5-LacZ mice with male DBA/2 mice (Jackson Laboratories). Rosa-cre-ert2-
JakTfl/fl mice were created by mating JakTfl/fl mice” with male rosa-cre-ert2 mice (Jackson
Laboratories). Bak-/-/ Rosa-cre-ert2-Baxfl/fl mice were created as described before’.
IfngrAlEC mice were created by mating Ifngrifl/fl mice (C57BL/6N-Ifngritm1.1Rds/J, Jackson
Laboratories) with Villin-Cre mice (B6.Cg-Tg(Vill-cre)997Gum/J, Jackson Laboratories).
Lineage tracing mice for Olfm4 were created by mating B6.129S4-Gt(ROSA)26Sortm1Sor/J
(R26R, Jackson Laboratories) mice with Olfm4-CreERT2 mice. All animal experiments were
performed in accordance with the institutional protocol guideline of the Memorial Sloan
Kettering Cancer Center (MSKCC) Institutional Animal Care and Use Committee. Mice were
housed in microisolator cages, five per cage, in MSKCC pathogen-free facilities, and received
standard chow and autoclaved sterile drinking water. To adjust for differences in weight and
intestinal flora among other factors, identical mice were purchased from Jackson and then
randomly distributed over different cages and groups by a non-biased technician who had
no insight or information about the purpose or details of the experiment. The investigations
assessing clinical outcome parameters were performed by non-biased technicians with no
particular knowledge or information regarding the hypotheses of the experiments and no
knowledge of the specifics of the individual groups.

Crypt isolation and cell dissociation. Isolation of intestinal crypts and the dissociation
of cells for flow cytometry analysis were largely performed as previously described®. In
brief, after euthanizing the mice with CO2 and collecting small and/or large intestines, the
organs were opened longitudinally and washed with PBS. To dissociate the crypts, small
intestine was incubated at 4 °C in EDTA (10 mM) for 20 min. Large intestine was incubated
in collagenase D (Sigma) for 30 min at 37 °C to isolate the crypts. To isolate single cells
from small and large intestine crypts, the pellet was further incubated in 1x TrypLE express
(Gibco, Life Technologies) supplemented with 2 kU/ml DNase1 (Roche).

Organoid and ISC colony culture. For mouse organoids, depending on the experiments,
100-200 crypts or 2000-3000 dissociated single organoid cells per well were suspended
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in growthfactor- reduced Matrigel (Corning) mixed with DMEM/F12 medium (Gibco). After
Matrigel polymerization, complete ENR medium containing advanced DMEM/F12 (Sigma), 2
mM Glutamax (Invitrogen), 10 mM HEPES (Sigma), 100 U/ml penicillin, 100 pg/ml streptomycin
(Sigma), B27 supplement (Invitrogen), N2 supplement (Invitrogen), 50 ng/ml mouse EGF
(Peprotech), 100 ng/ml mouse Noggin (Peprotech) and 10% human R-spondin-1-conditioned
medium from R-spondin-1-transfected HEK 293T cells was added to small intestine crypt
cultures. For mouse large intestine, crypts were cultured in ‘WENR’ medium containing
50% WNT3a-conditioned medium, and supplemented with SB202190 (10 uM, Sigma), ALKS
inhibitor A83-01 (500 nM, Tocris Bioscience) and nicotinamide (10 mM, Sigma). Media was
replaced every 2—-3 days. Along with medium changes, treatment wells received different
concentrations of rmIFNy (R&D systems) and/or ruxolitinib (Selleckchem). ISCs were isolated
from Lgr5—GFP mice as above followed by several strainer steps and a 5-min incubation
with TrypLE and 2 kU/ml DNasel under minute-to-minute tapping to make a single-cell
suspension. The Lgr5—GFP high cells were isolated by flow cytometry. Approximately
2,000-3,000 ISCs were plated in 20 pl Matrigel and cultured in WENR media containing
Rho-kinase/ROCK inhibitor Y-27632 (10 uM, Tocris Bioscience) and Jagged1 (1 uM, Anaspec).
Starting from day 4, ISC were cultured without Wnt.

ISC colonies were cultured from sort-purified single Lgr5-GFP+ cells or from ISCs sort-
purified based on cell surface phenotype’ as per the method reported by Yin et al®.
Approximately 3,000 ISCs were plated in 30 pl Matrigel and cultured in ENR-VC media with
Valproic Acid (V, 1.5 mM, Sigma) and CHIR99021 (C, 3 uM Stemgent), containing Rhokinase/
ROCK inhibitor Y-27632 (10 uM) and Jagged1 (1 uM) only for the first 48h. Under these culture
conditions ISCs divide symmetrically without differentiating, growing into homogeneous
stem cell colonies. ISC colonies were passaged once per week as single cells following
a 3-min incubation with TrypLE containing 2 kU/ml DNase1, N-acetylcysteine, and Y-27632.
Along with medium changes, treatment wells received different concentrations of rmIFNy
and/or QVD-OPh (Millipore Sigma). To confirm ISC colony death, ISC colonies were stained
with Hoechst 33342 (1 ug/ml, Sigma) and propidium iodine (1.5 uM, Life Technologies) one
hour before taking images.

For co-culture of intestinal organoids with T cells, CD5+, CD4+, or CD8+ cells were isolated
from splenocytes using magnetic Microbeads with the MACS system (Miltenyi Biotec)
according to the manufacturer’s instructions. Methods to generate DCs were previously
described?®. T cell purity was determined by flow cytometry, and was routinely approximately
90%. T cells were cultured at a concentration of 1 x105 T cells per well with 1 x 104 irradiated
DCs per well, or with 5 pg/ml plate-bound anti-CD3 monoclonal antibodies (mAbs) and 2 pg/
ml anti-CD28 mAbs. After 3-5 days of culture, harvested T cells and passaged single cells
were cultured in Matrigel with a 0.5-50:1 T cell: single cell ratio.
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For Jakl-deficient organoid culture, intestinal crypts isolated from Rosa-cre-ert2-JakTfl/fl
mice were cultured with 4-OHT (1 uM, Sigma) for 6 days to induce the deletion of JAK1.
Organoids from these mice were dissociated as single cells and then incubated with rmIFNy
or co-cultured with T cells. For Paneth-cell-deficient organoid cultures, frozen crypts from
Atoh1AIEC mice’® depleted of Paneth cells were used to culture organoids. As previously
described, Atoh1AIEC mice (and littermate controls) were given an intraperitoneal injection
of tamoxifen (1 mg per mouse, Sigma, dissolved in corn oil) for 5 consecutive days to achieve
deletion of ATOH1 from intestinal epithelium. Animals were euthanized on day 7 after the
first injection, and intestinal crypts were isolated and frozen in 10% dimethylsulfoxide
(DMSO) and 90% FBS.

For Bak/Bax double knockout ISC colony culture, Bak-/-/Rosa-cre-ert2-Baxfl/fl mice were
treated with 4-OHT (50 mg/kg) every other day for a total of 5 doses. Single CD44highc-
kit- cells were sorted from 4-OHT treated mice, and ISC colony culture was performed as
described above.

Human healthy duodenal organoids were cultured from banked frozen organoids (> passage
7) that had been previously generated from biopsies obtained during duodenoscopy of
healthy human controls. All healthy controls had been investigated for celiac disease,
but turned out to have normal pathology. They had previously provided written informed
consent to participate in this study according to a protocol reviewed and approved by the
review board of the UMC Utrecht, the Netherlands (protocol STEM study, METC 10-402/
K). Organoids were passaged via mechanical disruption or single cell dissociation using
1x TrypLE express (Gibco, Life Technologies) or 0,25% Trypsin-EDTA (Sigma-Aldrich) and
FBS (Biowest) in medium without growth factors (GF-) comprised of Advanced DMEM/F12
(GIBCO), 100 U/ml penicillinstreptomycin (GIBCO), 10 mM HEPES (GIBCO) and Glutamax
(GIBCO). Single cells or disrupted organoids were resuspended in GF- containing 50-
66% Matrigel (BD Biosciences) and plated on pre-warmed 24-, 48- or 96- well cell culture
plates (Costar). After Matrigel polymerisation, organoid culture medium (hSI EM) was added
consisting of GF- medium, Wnt conditioned medium (50% final concentration) R-spondin-
conditioned medium (20% final concentration) and Noggin conditioned medium (10% final
concentration), 50ng/ml murine EGF (Peprotech), 10mM nicotinamide (SIGMA), 1,25mM
N-acetyl (Sigma), B27 (Gibco), 500nM TGF-3 inhibitor A83-01 (Tocris), 10uM P38 inhibitor
SB202190 (Sigma), and 100ug/ml Primocin (optional) (Invitrogen). For single cells, 10uM
ROCK inhibitor Y-27632 (Abcam) was added for the first 2-3 days of the culture. Medium was
refreshed every 2-3 days. Along with medium changes, treatment wells received different
concentrations of rhIFNy (R&D systems) and/or ruxolitinib (Jakavi, Novartis).

For human co-cultures: 1000-2000 single cells from with Trypsin or TrypLE dissociated
organoids were cultured with activated human T cells in a ratio of 1:5 and 1:50 where
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applicable. Single cells were added to T cells and plated together in 50% Matrigel on
pre-warmed 24- or 48-wells cell culture plates. Media containing human Interleukin-2
(Proleukin; 12 IE/ml, Prometheus) and ROCK inhibitor Y-27632 was added to the co-cultures
after Matrigel polymerization for the first 2-3 days of culture.

T cells were isolated from human blood which was collected from healthy donors in
the UMC Utrecht as approved by the UMC Utrecht’s Ethics Committee under protocol
number 07/125. After Ficoll gradient separation, T cells were isolated from the peripheral
blood mononuclear cells (PBMCs), using MACS kits with magnetic beads, BD IMag™Cell
Separation Magnet (BD Biosciences), and MACS buffer consisting of PBS supplemented
with 2% heat-inactivated FBS and 2% 0, M EDTA. CD8+ T cells were isolated from PBMCs
using column-based CD8+ T cell isolation kits (Miltenyi) or CD8+ Dynabead isolation kits
(ThermokFisher). CD4+ T cells were isolated from the PBMC fraction depleted of CD8+ T
cells using the MagniSort human CD4 T cell enrichment kit (Thermo Fisher). Isolated T cells
rested overnight in RPMI 1640 media with 1% GlutaMAX (GIBCO) supplemented with 100
U/ml penicillin-streptomycin (GIBCO) and 10% heat-inactivated FBS. Resting T cells were
cultured in the presence of Proleukin (12 IE/ml). Rested T cells were activated with anti-CD3
and anti-CD28 antibody stimulation for four days at a concentration of 1 million cells per well.
For this purpose, 24-well plates were coated with 0.8ug/ml anti-CD3 (BioLegend) overnight
at 4 °C or two hours at 37 °C. After plate washing, harvested T cells were concentrated and
0.8ug/ml anti-CD28 (BioLegend) was added.

After seven days of mouse and human co-cultures, total organoid numbers per well
were counted by light microscopy to evaluate growth efficiency. Neutralizing antibodies
against cytokines and T cell effector molecules were purchased from eBioscience, and
experiments were performed according to the manufacture’s instruction. See table S1 for
full description of antibodies used. R-spondin-1-transfected HEK293T cells were provided
by C. Kuo. WNT3a- transfected and Noggin-transfected HEK293T cells were provided by H.
Clevers. Cell lines were tested for mycoplasma and confirmed to be negative.

Imaging of organoids and colonies. Random representative non-overlapping images of
organoids and colonies were acquired from each well using a Zeiss Axio Observer Z1
inverted microscope or LSM880 (Carl Zeiss) using 20x/0.8NA objective. For size evaluation,
the images were analyzed using ImageJ software.

BMT. BMT procedures were performed as previously described’®. A minor or major
histocompatibility antigen-mismatched BMT model (LP into B6, H-2b into H-2b; B6 in to
BDF1, H-2b into H-2b/d; B10.Br into B6, H-2k into H-2b) or syngeneic BMT model (B6-
into-B6) was used. Female mice were typically used as recipients for transplantation at an
age of 8—10 weeks. Recipient mice received 1100 (for B6 and LP) or 1300 cGy (for BDF1) in 2
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doses split at 3-4 h intervals to reduce gastrointestinal toxicity. To obtain bone marrow cells
from euthanized donor mice, the femurs and tibias were collected aseptically and the bone
marrow canals washed out with sterile media. Bone marrow cells were depleted of T cells
by incubation with anti-Thy 1.2 and low-TOX-M rabbit complement (Cedarlane Laboratories).
The TCD bone marrow was analyzed for purity by quantification of the remaining T cell
contamination using flow cytometry. T cell contamination was usually about 0.2% of all
leukocytes after a single round of complement depletion. Donor T cells were prepared as
above. Recipients typically received 5 x 106 TCD bone marrow cells with or without 1-4 x 106

T cells per mouse via tail vein injection.

Rat anti-mouse IFNy (XMG1.2) and isotype control (HRPN) antibodies were purchased from
BioXCell and reconstituted to a concentration of 2.5 mg/mlin PBS. Mice were treated every
three days starting day O of BMT via i.p. injection with either 200 pl PBS containing 500 pg
anti-mouse IFNy mAb or isotype.

Ruxolitinib dissolved in 2% dimethyl sulfoxide (DMSQO), 30% PEG300, and water according
to the manufacture’s instructions was administered by oral gavage at a daily dose of 30 mg/
kg twice daily starting from day -1 after BMT. The control group received PEG/DMSO alone.
For lineage tracing experiments, tamoxifen dissolved in sunflower oil was administered via

i.p. injection, with two 4 mg doses administered per mouse on the day of BMT.

Diphtheria toxin treatment. Foxp3DTR mice were kindly provided by A. Rudensky*.
Diphtheria toxin (DT) was purchased from Sigma-Aldrich and reconstituted in PBS. Mice
were treated via i.p. injection with 0.5 ug DT for five consecutive days. Five days after the
last injection, mice were euthanized and organs were harvested for analysis.

LacZ staining. For evaluation of stem cell numbers, small intestines were collected from
Lgr5-LacZ recipient mice or non-transplanted controls. 3-galactosidase (LacZ) staining was
performed as previously described? Washed 2.5-cm-sized small intestine fragments were
incubated with an ice-cold fixative, consisting of 1% formaldehyde, 0.02% Igepal and 0.2%
gluteraldehyde. After removing the fixative, organs were stained for the presence of LacZ
according to manufacturer's protocol (LacZ staining kit, Invivogen). The organs were then
formalinpreserved, paraffin-embedded, sectioned, and counterstained with Nuclear Fast
Red (Vector Labs).

Immunohistochemical staining. Immunohistochemistry detection of lysozyme was
performed at the Molecular Cytology Core Facility of MSKCC using a Discovery XT processor
(Ventana Medical Systems). Formalin-fixed tissue sections were deparaffinized with EZPrep
buffer (Ventana Medical Systems), antigen retrieval was performed with CC1 buffer (Ventana
Medical Systems) and sections were blocked for 30 min with Background Buster solution
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(Innovex). Slides were incubated with anti-lysozyme (DAKO, 2 ug/ml), anti-Ki67 (Abcam, 1
pg/ml), anti-Olfm4 (Cell Signaling, 1 pg/ml), anti-Cleaved-Caspase-3 (Cell Signaling, 0.1 ug/
ml) antibodies or isotype (4 pg/ml) for 6 h, followed by a 60-min incubation with biotinylated
goat anti-rabbit IgG (Vector Laboratories) at 1:200 dilution. The detection was performed
with a DAB detection kit (Ventana Medical Systems) according to the manufacturer’s
instructions. Slides were counterstained with haematoxylin (Ventana Medical Systems), and
coverslips were added with Permount (Fisher Scientific). See table S1 for full description of
antibodies used.

Immunofluorescent staining. For immunofluorescent staining, the slides were prepared
as for IHC. After blocking with Background Buster solution (Innovex), the sections were
followed by avidin-biotin blocking for 8 minutes (Ventana Medical Systems) Multiplex
immunofluorescent stainings were performed as previously described”. First, sections
were incubated with anti-B—gal (eBioscience, 1 ug/ml) for 5 hours, followed by 60 minutes
incubation with biotinylated goat anti- rabbit IgG (Vector labs) at 1:200 dilution. The detection
was performed with Streptavidin-HRP D (part of DABMap kit, Ventana Medical Systems),
followed by incubation with Tyramide Alexa 488 (Invitrogen, B40953) prepared according
to manufacturer instruction with predetermined dilutions. Second, sections were incubated
with anti-Cleaved-Caspase-3 (Cell Signaling, 0.1 ug/ml) for 5 hours, followed by 60 minutes
incubation with biotinylated goat anti- rabbit IgG (Vector labs) at 1:200 dilution. The detection
was performed with Streptavidin-HRP D (part of DABMap kit, Ventana Medical Systems),
followed by incubation with CF594 (Biotium, 92174) prepared according to manufacturer
instruction with predetermined dilutions. After staining slides were counterstained with
DAPI (Sigma Aldrich, 5 pg/ml) for 10 min and coverslipped with Mowiol.

3-Dimmunostaining and imaging. Immunofluorescent staining was performed as previously
described’®”°. Mouse small intestines were fixed by paraformaldehyde (4%) perfusion. The
fixed tissues were immersed in 2% Triton-X 100 solution for permeabilization. Before the
staining steps, tissues were blocked with the blocking solution. Small intestines were
then incubated with CD3 primary antibody (R&D systems) at 1:100 dilution. An Alexa Fluor
647 conjugated goat-anti-rat secondary antibody (Invitrogen) at 1:250 dilution was then
used to reveal the immunepositive structure. Afterward, tissues were incubated with DiD
(4-chlorobenzene sulfonate salt; 2 pug/ml; Invitrogen) to label cellular membrane and DAPI
(20 pg/ml, Invitrogen) to label the nuclei. Finally, the labeled specimens were immersed in
the FocusClear solution (CelExplorer, Hsinchu, Taiwan) for optical clearing before being
imaged via confocal microscopy (Zeiss LSM 880). Amira 6.0.1image reconstruction software
(FEI) was used for 3-D processing and projection of the confocal images.

Whole mount staining of cleaved-Caspase-3. Matrigel-embedded intestinal organoids,
plated in 8-well chambered coverglass (Lab-Tek, #155411), were stained according to the
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reported method with slight modifications®. Briefly, Matrigel-embedded organoids were
washed twice with PBS for 5 min and then were fixed in 4% Paraformaldehyde (PFA) for 30
min at room temperature (RT). After washing with PBS 3 times for 5 min, organoids were
permeabilized with PBS/0.1% TritonX100 (PBST) for 30 min at RT. Blocking was achieved
by incubation with PBST/2%BSA/10%goat for 1h at RT. Staining with primary antibody anti-
cleaved-caspase-3 (Cell Signaling) was done over-night at 4°C in PBS/2%BSA. After 5
washes with PBST for 5 min each, samples were incubated with secondary antibody for 1
hr at RT (Goat-anti-rabbit Alexa 594). Samples were washed twice with PBST and twice with
PBS for 5 min each, stained with DAPI to visualize nuclei and mounted with VectaShield
(Vector Laboratories, Burlingame,CA, USA) prior to analyses using inverted confocal
microscope Zeiss-LSM880.

Images were analyzed using ImageJ/FIlJI software in which colonies were segmented using
DAPI channel. Lumen region was defined as enclosed area 15 um away from the edge of
the organoid. Area and morphology of lumen region were measured, as well as the total
intensity of cleaved caspase-3 signal. The edge of the organoid was defined as within 15 um
from the outer edge. Area of the edge region as well as total intensity of cleaved caspase-3
in the region were measured. Total intensity of cleaved caspase-3 was normalized to the
area of the region analyzed to calculate normalized density of cleaved caspase-3.

GVHD histopathology analysis. Mice were sacrificed for histopathological analysis 7 or
10 days after BMT using CO2 asphyxiation. The small intestines were formalin-preserved,
paraffinembedded, sectioned, and stained with haematoxylin and eosin. An expert in the
field of GVHD histopathology performed blinded assessment of the sections for histologic
evidence of GVHD pathology. A semiquantitative score consisting of 19 different parameters
associated with GVHD was calculated®.

Flow cytometry. DAPI, APC conjugated anti-annexin V, and annexin V buffer (BD Phamingen)
were used for annexin V staining. Paneth cells were identified based on bright CD24
staining and side scatter granularity in combination with CD44 and c-kit expression*’482
(fig. S2A). For flow cytometry of small intestine organoid cells, organoids were dissociated
using TrypLE (37°C). After vigorously pipetting through a p200 pipette causing mechanical
disruption, the crypt suspension was washed with 10 ml of DMEM/F12 medium containing
10% FBS and 2 kU/mI DNase1 and passaged through a 40 um cell strainer. All staining with
live cells was performed in DMEM/F12 medium with 2% FBS.

Flow cytometry analyses were performed with an LSRIlI cytometer (BD Biosciences) using
FACSDiva (BD Biosciences), and the data were analyzed with FlowJo software (Treestar).

ELISA. For measuring IFNy (BD Bioscience) levels, we performed ELISA according to the
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manufacturer’s instructions with sensitivities of 31.25 pg/ml.

Caspase-Glo assay. Disrupted human organoids were cultured in 96-well cell culture
plates. After 2-3 days, organoids were treated with 0—20 ng/ml rhIFNy for 24 hours. After 24
hours, the Matrigel was dissolved with GF- and equilibrated to room temperature. Caspase-
Glo 3/7 Reagents (Promega) were mixed and equilibrated to room temperature. Reagent
was added to the organoids in a 1:1 ratio to GF- up to a total volume of 200ul. The reagents
were mixed for 1 hour using a plate shaker, and luminescence was measured with a TriStar2
Multimode plate reader LB942 (Berthold Technologies).

Western blotting. Western blot analysis was carried out on total protein extracts. Free-
floating crypts isolated from small intestine were treated in DMEM supplemented with
Y-27632 (10 ng/ml, Tocris), IFNy (1 ng/ml, 30 min), and ruxolitinib (10pum, 30min). Vehicle (PBS)
was added to control wells. Crypts were then lysed in RIPA buffer containing a cocktail
of protease and phosphatase inhibitors (Sigma). After sonication, protein amounts were
determined using the bicinchoninic acid assay Kit (Pierce). Loading 30 pg per lane of
lysate, proteins were separated using electrophoresis in a 10% polyacrylamide gel and
transferred to nitrocellulose. Membranes were blocked for 1 h at room temperature with
1% Blot-Qualified BSA (Promega, W384A) and 1% non-fat milk (LabScientific, MO841) and
then incubated overnight at 4 °C with the following primary antibodies: rabbit anti-phospho-
STAT1(7649P), rabbit anti-STAT1(9172P) and rabbit from Cell Signaling. This was followed by
incubation with the secondary antibody anti-rabbit HRP (7074P2) and visualization with the
Pierce ECL Western Blotting Substrate (Thermo Scientific, 32106).

For human cultures, disrupted organoids were grown in a 24-well cell culture plate and
harvested in cold GF- medium. After washing, organoids were resuspended in Laemmli
buffer (10% SDS, 87% glycerol, M Tris pH 6.8, H20). Samples were heated 5 minutes at
100°C. Total protein concentration was quantified using Pierce BCA (bicinchoninic acid)
Protein Assay Kit (ThermoFisher) according to manufacturer’s protocol. 20 ug protein
samples were run in 12% or 15% acrylamide SDS PAGE gels (H20, Acrylamide 30%, 1,5M Tris
(pH 8,8) for running gel, 1M Tris (pH 6,8) for stacking gel, SDS 10%, APS 10%, TEMED) of 1,5mm
with 10 or 15 slots for 90 minutes at 130V (constant Voltage). Proteins were transferred to
PVDF membranes using Trans-Blot®Turbo Transfer System (Bio-Rad) according to protocol.
Blocking was done with 5% ELK in TBST (Tris Buffered Saline Tween) (5M NaCl, 1M Tris
pH 8, Tween 20, aqua dest.) overnight at 4°C or for one hour at room temperature. After
blocking, the membrane was washed three times with TBST and rocked overnight at 4°C
or for one hour at room temperature in a primary antibody solution containing Anti-active-
caspase-3 antibody (Ab32042, Abcam) and B-Actin antibody (sc-47778, Santa Cruz) in 0.5%
ELK in TBST. After primary antibody binding, the membrane was washed once with TBST
and incubated with 1:10000 secondary antibody solution (IRDye® 800CW Donkey anti-
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Mouse IgG, IRDye® 680RD Donkey anti-Rabbit IgG, LI-COR) in 0,5% ELK in TBST in a light
protected tube for one hour at RT. The membrane was washed three times with TBST and
once with PBS before visualising the bands through measuring fluorescence with Odyssey
Imaging System technology (LI-COR). Images were processed using Adobe Photoshop CS6
Extended.

RT—qPCR. For gPCR, RNA was isolated from organoids after ex vivo culture or crypts isolated
from BMT recipients. Extracted RNA was also stored at —80°C. Reverse transcriptase PCR
(RT-PCR) was performed with a QuantiTect Reverse Transcription Kit (QIAGEN) or a High-
Capacity RNA-to-cDNA Kit (Applied Biosystems) for mouse, and iScript cDNA Synthesis
Kit (BioRad) for human samples. gPCR was performed on a Step-One Plus or QuantStudio
7 Flex System (Applied Biosystems) using TagMan Universal PCR Master Mix (Applied
Biosystems). For mouse genes, specific primers were obtained from Applied Biosystems:
Gapdh: Mm99999915_g1; OIfm4: MmO01320260_m1, Axin2: Mm00443610_m1, LyzT
MmO00657323_m1; Defal: Mm02524428_g1; Alpi: Mm01285814_g1; Muc2: Mm01276696_
m1; Chga: Mm00514341_m1; Trpm5: MmO1129032_m1; Bcl2: Mm00477631_m1; and Bak:
MmO00432045_m1; Bcl2/1: Mm00437783_m1; Mcll: Mm01257351_g1. Other primers were
obtained from PrimerBank: Gapdh (ID 6679937a1), Hes1(ID 6680205a1), Bax (ID 6680770a1),
Ccnd1 (ID 6680868a1). For human genes, specific primers were obtained from integrated
Dna Technologies after primer-design with the NCBI nucleotide and primer blast databases
and having checked them for effectiveness: LGR5: Fw GAATCCCCTGCCCAGTCTC
and rv  TCTTAAACGCTTCGGAAGTTA, HPLBP3: Fw CCCACGTCCCAAGATGGAT
and v AAGGTCTTCTCACCACGTAGTC, BCL2: Fw CCCGCGACTCCTGATTCATT
and rv AGTCTACTTCCTCTGTGATGTTGT, BAKI: Fw CATCAACCGACGCTATGACTC
and rv GTCAGGCCATGCTGGTAGAC, BCL2LT (specific sequences for BCL-XL): Fw
ACCTAGAGCCTTGGATCCAGGA and rv GTGGATGGTCAGTGTCTGGTCA.

cDNAs were amplified for mouse primers with TagMan or SYBR master mix (Applied
Biosystems) in QuantStudio 7 Flex System (Applied Biosystems) and for human samples
with a SYBR master mix (BioRad) in a CFX96TM Real-Time PCR Detection System (BioRad).
Relative amounts of mMRNA were calculated by the comparative ACt method with Gapdh as
housekeeping gene for mouse samples and with HPIBP3 for human samples.

RNAseq. Lgr5-GFP high cells sorted from Lgr5-GFP mice were incubated with IFNy in
ENR for 1.5 hours. RNA was extracted using Trizol reagent followed manufacture protocol
(Invitrogen). After RNA extraction, the quantity and quality of RNA was accessed by
Agilent BioAnalyzer Pico chip, 2ng of total RNA underwent cDNA pre-Amplification using
CloneTech SMART-Seq v4 Ultra Low Input RNA Kit followed manufacture instruction with 12
cycles of PCR. Library preparation was followed by using KAPA Hyper prep kit according to
instruction provided by KAPA Biosystems, cDNA input was normalized to 10 ng per sample
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as library input, with 8 cycles of PCR. Samples were barcoded and run on a Hiseq 2500 in
a Paired End 50 bp run, using the TruSeq SBS Kit v4 (lllumina). An average of 52.1 million
reads was generated per sample. At the most the ribosomal reads represented 0.01% and
the percent of MRNA bases was 66.1% on average.

The output data (FASTQ files) were mapped to the target genome using the rnaStar
aligner®® that maps reads genomically and resolves reads across splice junctions. We
used the 2 pass mapping method outlined in®in which the reads were mapped twice.
The first mapping pass used a list of known annotated junctions from Ensemble. Novel
junctions found in the first pass were then added to the known junctions and a second
mapping pass was done (on the second pass the RemoveNoncanoncial flag is used). After
mapping we posted process the output SAM files using the PICARD tools to: add read
groups, AddOrReplaceReadGroups which in additional sorts the file and coverts it to the
compressed BAM format.

We then computed the expression count matrix from the mapped reads using HTSeq
(wwwhuber.embl.de/users/anders/HTSeq) and one of several possible gene model
databases. The raw count matrix generated by HTSeq was then processed using the R/
Bioconductor package DESeq (www-huber.embl.de/users/anders/DESeq), which is used to
both normalize the full dataset and analyze differential expression between sample groups.
A heatmap was generated using the heatmap.2 function from the gplots R package. The
data plot was the mean centered normalized log2 expression of the top 100 significant
genes. For simple hierarchical clustering the correlation metric was used (Dij =1 — cor(Xi,Xj))
with the Pearson correlation on the normalized log2 expression values.

Quantification and Statistical Analyses. No statistical methods were used to predetermine
sample size. To detect an effect size of >50% difference in means, with an assumed
coefficient of variation of 30%, common in biological systems, we attempted to have at
least five samples per group, particularly for in vivo studies. All experiments were repeated
at least once, unless otherwise stated. No mice were excluded from experiments.

Graphs indicate the mean and standard error of the mean (S.E.M.) for the various groups.
Statistics are based on ‘n’ biological replicates. All statistical tests performed were two-
sided. For the comparisons of two groups, a t-test or non-parametric test was performed.
RT—gPCR reactions and ordinal outcome variables were tested non-parametrically. All
analyses of statistical significance were calculated and displayed compared with the
reference control group unless otherwise stated.

Statistical analyses of organoid numbers were based on individual wells. To take into

account intra-individual and intra-experimental variation as well, all ex vivo experiments
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were performed at least twice with several wells per condition, and sample material coming
from at least two different mice or three different human donors. Statistical analyses of
stem cell numbers in vivo using Lgr5-LacZ mice or WT mice analyzed by Olfm4 IHC were
performed on several independent sections from multiple mice. Statistics were calculated
and display graphs were generated using Graphpad Prism. P < .05 was considered
statistically significant.
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Supplementary figures
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Fig. S1. Representative images post-BMT. (A) Representative images of Paneth cells: SI (ileum)
lysozyme staining on day 3 and day 10 after LP-into-B6 MHC-matched BMT. (B) Representative images
of ruxolitinib treatment: Sl (ileum) Lgr5-LacZ staining on day 10 after LP-into-B6 BMT using Lgr5-LacZ
recipients treated with vehicle or ruxolitinib (30mg/kg twice every day starting the day -1 of BMT). (C)
Representative images of GVHD histology related to donor T cell IFNy: SI (ileum) H & E staining on
day 10 after B6-into-BDF1 BMT with WT or /fng-/- donor T cells. Scale bars = 500um (upper images)
or 100um (lower images). (D) Representative images of Sl (ileum) Olfm4 IHC staining on day 7 post-
BMT: B6 (Syn) or B10.Br (Allo) donor cells transplanted into /fngrfl/fixVillin-Cre B6 mice (/fngrAIEC) or
Crenegative B6 littermates (/fngrWT). Scale bars = 500um (upper images) or 50um (lower images),
unless otherwise mentioned.
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Fig. S2. FACS plots demonstrating the gating strategy for Lgr5-GFPhigh ISCs and for Paneth cells.
(A) After excluding DAPI+ dead cells and CD45+ cells, ISCs were identified as Lgr5-GFPhigh cells
and Paneth cells were identified as SSChighCD24+c-kit+CD44+ cells. (B) Representative FACS plots
and frequencies of SSChighCD24+c-kit+CD44+ Paneth cells out of CD45- cells, 10 days after B6-
into-BDF1 BMT, analysis of n = 3 (BM) or n = 5 (BM+T) mice per group. Graphs indicate mean and
s.e.m.; comparisons performed with t-test; ***P < 0.001. Data are representative of two independent
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Fig. S7. Epithelial lineage markers ex vivo and in vivo. (A to E) gPCR analysis of mouse or human S|
organoids cultured with recombinant mouse or human IFNy (1 ng/ml) for 6 or 24 hours; n = 6 wells/
group. Shown are mouse (A) or human (B) ISC genes, and mouse Wnt/B-catenin or Notch target genes
(C), Paneth cell-related genes (D), and marker genes for differentiated cell lineages (E). (F) B6-into-BDF1

BMT: gene expression shown from Sl crypts isolated 10 days after BMT; n = 3 (No BMT), n

= 6 (TCD

BM only), or n =10 (BM + T) mice per group. *P < 0.05, *P < 0.01, **P < 0.001. Data analyzed by Mann—
Whitney for experiments with two groups or by Kruskal-Wallis for experiments with more than two
groups. Data are representative of two independent experiments (A, C to E), combined from 3 different
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Abstract

Corticosteroids (CS) represent first-line treatment for gastrointestinal graft-versus-host
disease (Gl GVHD), and CS failure is associated with severe morbidity and mortality.
While the immune system is the intended CS target, the glucocorticoid receptor is widely
expressed, and direct CS effects on intestinal epithelium following immune-mediated
damage are poorly understood. In healthy mice, we found that in vivo administration of
clinically relevant CS doses reduced epithelial proliferation in the intestines without inducing
overt pathology. Similar findings were observed ex vivo using murine and human intestinal
organoid cultures. However, CS exposure exacerbated organoid toxicity mediated by T
cells and Interferon-y. Furthermore, in vivo CS treatment after murine allogeneic bone
marrow transplantation (allo-BMT) impaired epithelial regeneration and increased crypt
loss. Conversely, Interleukin-22 (IL-22) administration overcame CS-mediated attenuation
of regeneration, augmenting ex vivo organoid growth and promoting in vivo crypt recovery
following radiation injury and allo-BMT despite CS treatment. These findings indicate
that CS can suppress epithelial proliferation in the intestines and exacerbate Gl damage
if they fail to control the damage-inducing immune response. However, deleterious CS
side effects can be counterbalanced by promotion of epithelial regeneration, providing
rationale for combining immunosuppression with tissue-supporting therapeutics to optimize
management of GVHD and immune-mediated Gl damage.
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Introduction

The epithelial lining of the gastrointestinal (Gl) tract undergoes turnover every 5-7 days'.
This renewal is driven by the cycling of Leucine-rich repeat-containing G-protein coupled
receptor 5% (Lgr57) intestinal stem cells (ISCs) that reside in the intestinal crypt base?
Cycling ISCs produce highly-proliferative progenitors that move up the crypt as they
divide and subsequently differentiate into mature enterocytes of the surface epithelium.
The highly-proliferative cells in transition between ISCs and differentiated cells encompass
the transit-amplifying (TA) progenitor compartment. Despite the importance of precursor
proliferation for epithelial maintenance and recovery after immune-mediated Gl injury, there
is limited understanding of the mechanisms underlying regeneration in this setting or how
they are impacted by immunosuppressive treatments.

Damage to the Gl tract is a frequent occurrence after allogeneic hematopoietic/bone
marrow transplantation (allo-BMT). The transplant conditioning regimen, consisting of
chemotherapeutic agents and ionizing irradiation, can cause severe intestinal injury®“.
Furthermore, injury to intestinal crypt epithelium is a common histopathological finding of
graft- versus-host disease (GVHD) in BMT recipients®t. Lower GI GVHD, which is associated
with high morbidity and mortality, often manifests in ileal as well as colonic mucosa’®.
GVHD, occurring in 30-70% of patients undergoing BMT, is an immune-mediated
complication arising from a donor T cell-mediated response against recipient tissues®. The
systemic administration of synthetic corticosteroids (CS) is the first-line therapy for GVHD
patients, with a response rate ranging from 50-70%'°. However, the optimal CS dosing for an
individual patient is not always clear, and high-dose CS can be associated with substantial
side effects™=. Additionally, CS treatment courses involve prolonged tapers, leading to
systemic CS use over several weeks. Even when CS treatment fails, administration often
continues alongside other second-line agents. It is thus clinically necessary to examine the
direct effects of CS treatment on the intestinal epithelium and to improve our understanding
of steroid refractory GVHD (SR-GVHD) pathophysiology.

Therapeutic effects of CS in inflammatory settings have primarily been ascribed to their
pleiotropic suppression of immune function™. However, the Gl epithelium is known to
express the glucocorticoid receptor (GR)"*", and little is known about the direct effects
of systemic CStreatment on the intestinal mucosa during GVHD-related tissue injury and
regeneration. We thus sought to examine the tissue-specific impact of synthetic CS in
GVHD- related tissue damage in the intestines. A combination of phenotypic and functional
characterizations of intestinal epithelium were utilized to examine CS administration in the
settings of conditioning-related and immune-mediated injury in vivo as well as in ex vivo
intestinal organoid cultures and organoid injury models. We report here that CS treatment
suppresses epithelial proliferation with complex context-dependent implications,
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potentially resulting in exacerbated intestinal epithelial damage in certain settings if the CS
treatment does not also suppress the pathologic response that is initiating the damage. In
addition, we found that administration of exogenous Interleukin (IL)-22 could counteract this
CS-mediated toxicity, restoring epithelial regeneration and promoting intestinal recovery.

Results

Corticosteroid administration reduces epithelial proliferation in vivo

In murine GVHD models, CS efficacy appears to be timing-dependent, with a greater
likelihood of effectiveness when initiated earlier?®?. We performed a major histocompatibility
complex (MHC)- mismatched GVHD model and tested early CS treatment from day 1 to
28 post-BMT at different concentrations (1, 3, and 6 mg/kg prednisolone). We found that
CS treatment significantly improved survival in a dose-dependent manner, with high-dose
CS (6 mg/kg prednisolone) increasing median survival to 46 days, compared to 8 days in
the vehicle-treated control group (Figure 1A). Lower doses of CS had less impact on median
survival (Figure 1A). CS also reduced the clinical signs of GVHD in a dose-dependent manner,
although low-dose CS (Img/kg prednisolone) failed to improve clinical GVHD scores (Figure
1A). Notably, weight loss in association with injury of the Gl epithelium is a common finding
in GVHD (8), and GVHD-related weight loss was unchanged by CS in any group with the
doses administered here (Figure 1A). Given this discrepancy, we sought to scrutinize the
effects of CS treatment on the intestinal epithelium.

It has been shown that GR is expressed across many tissues including the Gl tract™'. To
examine GR gene Nr3cT expression in distinct small intestine (Sl) epithelial cell populations, we
analyzed a single-cell RNA sequencing (scRNA-seq) dataset (GSE92332) of Sl epithelial cells
from naive wild-type (WT) C57BL/6 (B6) mice??. Unsupervised graph clustering partitioned
the cells into eight groups, which we visualized using uniform manifold approximation and
projection (UMAP) and annotated using the expression of known marker genes (Figure 1B).
Each cluster was associated with a distinct cell type or state: stem cells, transit amplifying
(TA) progenitor cells, more differentiated enterocyte precursors, enterocytes, goblet,
Paneth, enteroendocrine, or tuft cells (Figure 1B). We found that Nr3c? was predominantly
expressed in stem and TA cells as well as cells of the enterocyte lineage (Figure 1B). Indeed,
immunohistochemical (IHC) staining for GR in WT mouse S| sections indicated GR staining in
epithelial cells along the crypt/villus axis (Figure 1C).

Having confirmed the presence of GR within SI epithelial cells, we next investigated
the impact of systemic CS administration on epithelial cells in healthy WT mice during
homeostasis. Intraperitoneal administration of methylprednisolone (MP) did not change Sl
crypt or Lgr5*" ISC frequency (Figure 1D). However, we observed a significant reduction in
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Sl crypt height, including the total height and the TA compartment specifically, leading to
an increase in the villus/crypt ratio in MP-treated animals (Figure 1E and F). The reduction
in the height of the TA compartment suggested reduced proliferation of Sl epithelial cells.
Indeed, IHC staining for Ki67 revealed a decreased frequency of proliferating cells upon
MP treatment (Figure 1G). MP administration also induced expression of the key cell cycle
checkpoint molecule Cdknlain Sltissue (Figure 1H). Taken together, these results suggested
that systemic administration of CS doses used here did not exhibit signs of toxicity in healthy
mice, but it did reduce epithelial proliferation within the GI mucosa.
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Figure 1. Corticosteroid treatment reduces epithelial proliferation in vivo. (A) Percentage survival,
clinical score of GVHD and relative weight of a B6-into-BALB/c BMT, +/- prednisolone (1, 3, or 6 mg/
kg i.p. daily from day 1 to 28 after BMT); n=13 (BM only), n=24 (BM + T cells -- vehicle), n=8 (BM + T
cells -- 1 mg/kg), n=8 (BM + T cells -- 3 mg/kg), and n=16 (BM + T -- 6 mg/kg) mice per group. Data
combined from two independent experiments. (B) UMAP visualization of 12,457 Sl epithelial cells from
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naive WT B6 mice. Left, unsupervised clustering, based on the expression of known marker genes.
Right, expression of Nr3cl. EP, enterocyte precursor; TA, transit amplifying; TPM, transcripts per million.
(C) Immunohistochemistry staining of GR in Sl sections from naive WT mice; scale bars, 50 um. (D-H) WT
B6 mice treated with methylprednisolone (MP, 2 mg/kg i.p. daily for 7 days) or vehicle (CTRL); one of two
experiments. (D) Representative images, Sl crypt and ISC frequency; n= 8-9 independent sections per
group; scale bars, 250 um. (E) Representative S| crypt images. (F) Sl crypt height, TA height, and villus/
crypt ratio; n= 8-9 independent sections per group; scale bars, 50 um. (G) Ki67 IHC images and Ki67*
cell frequency; n= 62-69 crypts from 3 mice per group; scale bars, 50 um. (H) gPCR of Cdknia in Sl
tissue; n=3 mice per group. Data are mean and s.e.m.; comparisons performed with log—rank analysis
(A) or t-tests (D-H); NS, not significant; *p<0.05, **p<0.01, ***p<0.001.

Corticosteroids reduce epithelial proliferation in mouse and human intestinal organoids
Interpreting effects of CS that are administered systemically can be complicated by the
numerous potential CS targets in vivo, including epithelial, stromal, and hematopoietic cells.
To address this limitation, we utilized ex vivo Sl organoid cultures to explore direct effects
of CS on murine and human epithelium. Assessing a variety of clinically relevant CS agents,
we found that addition of MP, dexamethasone, or budesonide to standard EGF/Noggin/R-
spondin-1 (ENR) culture conditions all resulted in decreased murine organoid size without
affecting organoid numbers (Figure 2A). CS culture also attenuated organoid crypt bud
formation (Figure 2B). Furthermore, in vivo administration of MP prior to crypt isolation from
mice resulted in a significant reduction of organoid size without additional MP treatment
ex vivo (Figure 2C). We also identified that Nr3c?” organoids were significantly resistant to
growth inhibition by MP, further indicating a direct GR-mediated effect of CS on intestinal
epithelium leading to reduced growth (Figure 2D).

We next examined the effects of CS on human intestinal tissue. First, we explored NR3C1
expression in  human S| epithelial cell populations by analyzing a previously
published scRNA-seq dataset (GSE119969, GSM3389578) of EpCAM® live single cells from
human Sl tissue?®. Unsupervised graph clustering partitioned the cells into 10 groups, which
we visualized using UMAP and labelled by the expression of known marker genes (Figure
2E). Consistent with the scRNAseq analysis of murine Sl tissue (Figure 1B), we detected
NR3CT expression in stem and TA cells as well as enterocyte lineage cells (Figure 2E).
Furthermore, MP treatment significantly decreased the size of human intestinal organoids
generated from primary duodenal tissue without affecting organoid numbers (Figure 2F).
Overall, our ex vivo studies with mouse and human S| organoids indicated that CS directly
suppressed intestinal epithelial growth in a GR-dependent manner.

Flow-cytometry-based intracellular Ki67-DAPI analysis of cell cycle revealed an MP-
dependent down- regulation of cell cycling, as evidenced by an expansion of G1 phase in
organoid cells after 5 days in culture (Figure 3A). Lgr5 is a well-established marker for ISCs,
and ISCs represent a constitutively active and highly proliferative stem cell population?.
Using organoids from Lgr5-GFP* mice, we observed a pronounced suppression of ISC
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proliferation upon organoid exposure to CS (Figure 3B). Consistent with this suppression of
ISC proliferation, MP treatment significantly reduced the frequency Lgr5-GFP* cells within
S| organoids (Figure 3C). To further evaluate the direct effects of corticosteroids on ISCs,
we generated ISC colonies by sorting Lgr5-GFP* cells and culturing them in the presence
of glycogen synthase kinase3B (GSK3@) and histone deacetylase (HDAC) inhibitors to
promote strong Wnt and Notch signaling, which results in cultures primarily composed of
ISCs. Exposure of these ISC colonies to MP for 4 days increased expression of the cell
cycle checkpoint molecule Cdknfa and reduced expression of cyclins Ccna2 and Ccnbl
in ISC colonies (Figure 3D). Additionally, use of the CellTrace Violet cell proliferation assay
indicated that human S| organoids cultured with MP retained significantly higher dye
fluorescence than untreated human organoids, indicative of reduced proliferation following
treatment with CS (Figure 3E and F). Together with the in vivo findings from mice treated
with CS (Figure 1), these data suggested that MP and other CS suppress proliferation within
the intestinal epithelium, including proliferation of Lgr5* ISCs and progenitors.

Effects of corticosteroid treatment after irradiation are timing-dependent

Following radiation injury, surviving crypts become highly proliferative to mediate recovery
of the intestinal mucosa, which can be observed by day 3 following total body irradiation
(TBI)?>25, Since CS directly suppressed proliferation of epithelial crypt cells, we next
investigated CS-mediated effects on radiation-induced intestinal injury and regeneration.
MP treatment of mice starting 24 hours following TBI mitigated epithelial injury four days
later, as evidenced by increased preservation of ileal crypt numbers (Figure 4A and B). In
this context, there was no difference in crypt height with or without MP treatment (Figure
4B). In contrast, delaying initiation of MP by two days had the opposite effect. Four days
of MP treatment starting day 3 post-TBI (Figure 4C), during the proliferative phase of the
epithelial response to radiation injury, resulted in increased pathology as demonstrated
by a reduction in ileal crypt numbers compared to controls (Figure 4D). lleal crypt height
and Ki67* cells were also significantly reduced, suggesting that epithelial proliferation was
attenuated in MP-treated animals (Figure 4D and E). Consistent with this, we observed
reduced expression of the cyclins Ccna2 and CcnbTin Sltissue of MP-treated animals (Figure
4F). These in vivo studies indicated that while early initiation of MP treatment could mitigate
the severity of intestinal radiation injury, MP-induced suppression of epithelial proliferation
during the regenerative phase of the response to radiation injury could exacerbate the
severity of crypt damage.
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Figure 2. Corticosteroids limitthe growth of murine and human intestinal organoids. (A) Representative
images, size and frequency of murine S| organoids cultured in ENR +/- MP, dexamethasone, or
budesonide for 7 days; n=4 wells per group; scale bars, 200 um. (B) Frequency of crypt bud formation
in Sl organoids cultured +/- MP for 5 days; n=8 wells per group. (C) Size of Sl organoids derived from
harvested crypts of WT mice treated i.p with MP or vehicle in vivo; organoids cultured in ENR for
6 days; n=6 wells per group. (D) Size of WT or Nr3c?” S| organoids cultured +/- MP for 4 days; n=4
wells per group; scale bars, 200 um. (E) UMAP visualization of 2,342 cells from human ileum intestinal
epithelial crypts. Top, unsupervised clustering, based on the expression of known marker genes.
Bottom, expression of NR3CT1. TA, transit amplifying; EEC, enteroendocrine cells; TPM, transcripts per
million. (F) Representative images, size and frequency per field of human Sl organoids cultured +/- MP;
n =18 fields of view (in 9 wells) from 4 different donors per group; scale bars, 1000 um. Data are mean
and s.e.m.; comparisons performed with t-tests (two groups) or one-way analysis of variance (ANOVA)
(multiple groups); *p<0.05, **p<0.01, **p<0.001. Data are representative of at least two independent
experiments or combined from two independent experiments (F).
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Figure 3. Corticosteroid exposure reduces proliferation in murine and human organoids. (A)
Quantifications of intracellular Ki67-DAPI cell cycle analysis in live organoid cells cultured +/- MP (10
uM) for 5 days (n=4 wells per group). (B) Flow cytometry plots and quantifications of intracellular Ki67-
DAPI cell cycle analysis in Lgr5-GFP* cells from S| organoids cultured +/- MP (10 uM) for 5 days (n=4
wells per group). (C) Flow cytometry plots and quantifications of Lgr5-GFP* cell fractions from murine
Sl organoids cultured +/- MP (10 uM) for 5 days (n=3 wells per group). (D) gPCR of Cdknla, Ccna2,
and Ccnb? in organoids derived from S| crypts cultured in ENR or in ISC colonies (ISCC) cultured in
ENR supplemented with histone deacetylase and GSK3[ inhibition (CV) +/- MP (10 uM) for 4 days
(n=3 wells per group). (E-F) Flow cytometry plots and quantifications of CellTrace Violet (CTV) dilution
in human S| organoids cultured +/- MP (10 uM) for 5 days (n=3 donors per group). Data are mean
and s.e.m.; comparisons performed with t-tests (two groups) or one-way ANOVA (multiple groups);

NS, not significant; *p<0.05, **p<0.01, **p<0.001. Data are representative of at least two independent
experiments.
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Figure 4. Epithelial effects of corticosteroid treatment after irradiation are timing-dependent. (A-
B) WT B6 mice were treated with MP (2 mg/kg) or vehicle i.p. daily starting 24 hours after TBI. (B)
Representative images, Sl crypt frequency and height, 5 days after TBI (n=21-25 sections per group);
scale bars, 50 um. (C-F) WT B6 animals were treated with MP (2 mg/kg) or vehicle i.p. daily starting 72
hours after TBI. (D) Representative images, Sl crypt frequency and height (n=15-21 sections per group),
7 days after TBI. (E) Representative images and Ki67* cell frequency, 7 days after TBI (n= 20-21 sections
per group); scale bars, 50 um. (F) gPCR of Ccna2 and CcnbTin enriched SI crypts, 7 days after TBI (n=8
animals per group). Data are mean and s.e.m.; comparisons performed with t tests (two groups) or one-
way ANOVA (multiple groups); NS, not significant; *p<0.05, ***p<0.001. Data are combined from at least
two independent experiments.

Corticosteroids impair the epithelial response to immune-mediated Gl damage

We next investigated CS-induced effects on epithelial regeneration during immune mediated
Gl damage resulting from GVHD (Figure 5A). CS may be less effective at controlling
the alloreactive immune response when initiation is delayed?®?, allowing for evaluation of
immune-mediated tissue damage in the presence of steroids. Recipients of B6-into-BALB/c
MHC- mismatched allo-BMT were thus treated with MP daily for seven days starting day 7
after transplant, once GVHD had already been established, as evidenced by mean weight
loss of over 20% in recipients of allogeneic BM and T cells at the time of CS initiation (data
not shown). Recipient tissues were analyzed on day 14. In this CD4-driven model?, vehicle-
treated mice demonstrated T cells with an activated effector phenotype in the spleen as well
as lymphocytic tissue infiltration within the intestines (Figure 5B-D). In addition, vehicle-treated
GVHD mice demonstrated ileal crypt loss as well as increased height and Ki67* cell frequency
in residual crypts compared to BM only controls (Figure 5E-G), indicating the presence of
damage-induced epithelial regeneration. Reflecting steroid-refractory disease in this delayed
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treatment model, CS administration failed to reduce T cell activation or lymphocytic infiltration
(Figure 5B-D). However, MP treatment appeared to attenuate regeneration and worsen
intestinal pathology, as evidenced by exacerbated crypt loss in association with reduced
crypt height and Ki67* cell frequency (Figure 5E-G).

To better understand these in vivo findings, we next investigated CS effects on epithelial
cells in ex vivo organoid models of immune-mediated damage. By co-culturing intestinal
organoids with activated T cells, immune-mediated epithelial injury can be modeled ex
vivo, and both allogeneic and syngeneic T cells are effective at including this injury?s.
To distinguish between the potential impacts of CS on T cells vs. the epithelium, and to
model a steroid-refractory T cell response, we performed co-culture experiments using
GR-deficient T cells from Nr3c1”,CD4-Cre mice. Addition of MP to standard ENR organoid
cultures once again had no impact on organoid viability, while co-culture  with Nr3c1” (GR-
deficient) T cells in standard ENR culture conditions resulted in substantial organoid loss
(Figure 5H). Addition of MP to co-cultures with GR-deficient T cells resulted in more severe
organoid reduction than co-cultures with GR-deficient T cells in the absence of MP (Figure
5H), indicating that MP could act directly on the epithelium to increase toxicity. Additionally,
we co- cultured WT T cells with SI crypts from mice that were treated in vivo with MP or
with vehicle. Pre- treatment with MP in vivo prior to crypt harvest and organoid culture
resulted in increased sensitivity to T-cell-mediating killing ex vivo (Figure 5I). T-cell-derived
IFNy is a major mediator of crypt injury in GVHD and in organoid models?®. Therefore,
we exposed intestinal organoids to MP and IFNy concurrently and found that exposure
to MP augmented IFNy-mediated organoid loss (Figure 5J). Furthermore, co-culture of MP
and IFNy reduced the formation capacity of human Sl organoids compared to IFNy alone
(Figure 5K). Modelling of GVHD immunopathology in vivo and ex vivo thus indicated that
CS exposure could exacerbate immune-mediated Gl damage induced by T cells and their
effector cytokines.

IL-22 treatment reverses corticosteroid-induced inhibition of epithelial proliferation.

CS are currently a necessary standard of care for clinical treatment of GI GVHD (10). IL-22
has been shown to promote epithelial recovery in experimental GVHD models?®3°, and has
recently been investigated in a clinical trial for treatment of GI GVHD along with systemic CS
(NCT02406657). Given the intestinal suppression identified above, we investigated if IL-22
treatment could promote epithelial regeneration and recovery in the presence of CS. First,
we co-cultured murine Sl organoids together with MP and recombinant mouse (rm)IL-22.
The combined treatment did not affect organoid formation or survival, but addition of IL-22
to MP-treated organoids promoted their growth despite the suppression induced by MP
(Figure 6A). Consistently, exposure to rmlL-22 reversed MP-mediated effects on cell cycle
regulators, such as the induction of Cdknla expression and inhibition of Ccna2 expression
(Figure 6B). Furthermore, addition of recombinant human (rh)IL-22 to human S| organoids
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cultured with MP also promoted human organoid growth despite the suppression induced
by MP on its own (Figure 6C).

We next evaluated the potential of F-652, a clinical grade rhlL-22-dimer and Fc-fusion
protein, to overcome MP-mediated suppression of epithelial proliferation in vivo. During
homeostasis in healthy WT mice, F-652 and MP treatments had no effect on Sl crypt
frequency, suggesting the treatments were not toxic alone or in combination (Figure 6D).
Moreover, treatment with F-652 reversed the MP- mediated reduction of Sl crypt height
(Figure 6D). We next tested the combination of F-652 and MP treatments in models of
intestinal injury. Daily MP treatment for four days starting three days after TBI once again
worsened radiation-associated crypt loss and reduced regeneration-associated crypt
height and Ki67 cell frequency (Figure 6E). However, combined administration with F-652
increased Sl crypt recovery on day 7 and increased Ki67* cell frequency as well (Figure
6E), indicating enhanced regenerative capacity of intestinal crypts despite the presence of
systemic CS treatment. Finally, F-652 administration also reversed the CS-associated crypt
loss and reduction of crypt height and Ki67* cell frequency observed in mice with GVHD,
indicating reduced epithelial injury and enhanced regeneration (Figure 6F).

Figure 5. Corticosteroid-induced impairment of epithelial regeneration is associated with increased
severity of immune-mediated intestinal injury [Figure at next page]. (A-G) B6-into-BALB/c transplant;
recipients treated with MP (2 mg/kg) or vehicle i.p. daily starting on day 7 after BMT. (B) CD44'CD62L"
cell frequency out of live CD45'CD3*CD4'CD8" splenocytes, 14 days after BMT (n= 3-5 animals per
group). (C) Representative images of Sl tissue, 14 days after BMT. (D) Semiquantitative SI lymphocytic
infiltrate histopathology score, 14 days after BMT (n= 8-9 animals per group). (E and F) Sl crypt
frequency and height, 14 days after BMT (n= 20-26 independent sections per group); scale bars, 50
um. (G) Representative images and Ki67* cell frequency, 14 days after BMT (n=42-84 crypts per group);
scale bars, 50 um. (H) Representative images and B6 organoid frequency after culture +/- anti-CD3/
CD28-activated Nr3ct” B6 T cells +/- MP (10 uM) for 4 days (n=6 wells per group); scale bars, 500 pum.
() B6 organoid frequency after in vivo MP (or vehicle) treatment prior to crypt isolation and subsequent
culture with anti-CD3/CD28-activated WT B6 T cells; day 6 of culture (n =12 wells per group). (J)
Representative images and organoid frequency after culture +/- MP (10 uM) and IFNy (O-1 ng/ml; 0.05
ng/ml in images) for 6 days (n=6 wells per group); scale bars, 500 um. (K) Representative images and
human organoid frequency after culture +/- MP (10 uM) and rhIFNy (2 ng/ml) for 7 days (n=12 fields of
view in 6 wells from 2 donors per group); scale bars, 1000 um. Data are mean and s.e.m.; comparisons
performed with t-tests (two groups) or one-way ANOVA (multiple groups); NS, not significant; *p<0.05,
**p<0.01, **p<0.001. Data are representative of at least two independent experiments (B, H, I) or
combined from two experiments.
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Figure 5. Corticosteroid-induced impairment of epithelial regeneration is associated with increased
severity of immune-mediated intestinal injury [Legend at previous page].
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Figure 6. IL-22 administration overcomes ex vivo and in vivo corticosteroid-mediated inhibition of
epithelial regeneration. (A) Representative images, frequency and size of organoids cultured +/- MP
and rmlL-22 0.5 ng/ml for 5 days (n=4 wells per group); scale bars, 200 pm. (B) gPCR of Cdknla and
Ccna2 in organoids cultured +/- MP (1 uM) and rmIL-22 (1 ng/ml) for 3 days (n=3 wells per group). (C)
Representative images and size of human organoids cultured +/- MP (10 uM) and rhiIL-22 (10 ng/ml) for
6 days (n=6 wells from 2 human organoid donors per group); scale bars, 1000 um. (D) B6 mice treated
+/- MP (2 mg/kg i.p. daily) +/- F-652 (100 pg/kg s.c. every other day). Representative images, Sl crypt
frequency and height on day 7 (n= 8-12 independent sections per group); scale bars, 50 um. (E) WT B6
mice were treated +/- MP (2 mg/kg i.p. daily) +/- F-652 (100 ug/kg s.c. every other day) starting 72 hours
after TBI. Representative images, Sl crypt frequency and height (n= 20-23 independent sections per
group), and Ki67* cell frequency (n= 41-53 crypts per group) on day 7; scale bars, 50 um. (F) B6-into-
BALB/c transplant; recipients treated +/- MP (2 mg/kg i.p. daily) +/- F-652 (100 pg/kg s.c. every other day)
starting on day 7 after BMT. Sl crypt frequency and height (n= 25-31 independent sections per group),
and Ki67" cell frequency (n=103-163 crypts per group) on day 14; scale bars, 50 pum. Data are mean and
s.e.m.; comparisons performed with t-tests (two groups) or one-way ANOVA (multiple groups); *p<0.05,
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**p<0.01, **p<0.001. Data are representative of at least two independent experiments or combined
from two experiments (E, F).

Discussion

Although synthetic CS have long been used as a principal treatment forimmune-mediated Gl
disorders, there is little understanding of the direct impacts CS may have on the targeted
tissue, in particular under non-homeostatic conditions. By re-analyzing murine and human
scRNAseq datasets (GSE92332, GSE119969) and performing IHC staining, we confirmed
that Sl epithelial cells express Nr3c? (NR3C1) and GR and also identified that this epithelial
expression is predominantly detected within stem cells, progenitors, and the enterocyte
lineage. We further observed that CS administration can cause suppression of epithelial
proliferation in vivo. Considering that GR is expressed by numerous cell types in various
tissues and that secretion of endogenous CS is part of a physiologic stress response®,
it is challenging to comprehensively and accurately elucidate the specific effects of
exogenously administered CS on intestinal epithelial cells. To overcome this limitation,
we utilized an ex vivo organoid system enabling us to exclusively study effects on the
intestinal epithelium. We found that CS can directly inhibit proliferation of Sl epithelial cells
in a GR-dependent fashion. Flow cytometry and gene expression analyses revealed CS-
mediated cell cycle inhibition in SI organoids, including reduction of proliferation within the
ISC compartment. The GR is a broadly active transcriptional regulator, and proliferation-
promoting cell cycle genes contain negative GC response elements that enable CS-
induced direct repression via GR binding®. Our study provides evidence that CS directly
inhibit proliferation of crypt epithelial cells, and that this reduced proliferation impaired
regeneration in vivo.

Using a radiation injury model and administering systemic CS at different time points, we
sought to scrutinize the effects of CS treatment on epithelial injury and regeneration.
Notably, we uncovered opposing results depending on the timing of treatment initiation.
While early treatment mitigated radiation-induced SI epithelial injury, delaying treatment
to a timepoint with severe injury (day 3 post-TBI) led to impaired epithelial regeneration
by suppressing crypt proliferation. Although the mechanism of action for CS-mediated
mitigation of radiation injury remains unclear, this observation is consistent with a study
demonstrating that administration of a glucocorticoid-acting androgen, nandrolone, 24
hours after lethal TBI alleviated Gl injury and extended survival®2.

Balancing immune and tissue tolerance has recently been proposed as a more

comprehensive model for understanding GVHD pathophysiology and developing
treatment strategies thatinclude overcoming tissue-compromising effects and promoting
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tissue recovery®’. To address this need, we tested a strategy to increase “tissue tolerance”
without forgoing the beneficial immunosuppressive effects of CS treatment. IL-22 has
emerged as a key regulator of intestinal epithelium after damage and has shown potential
to effectively protect GI mucosa from radiation injury, genotoxic stress, and T cell-mediated
damage and to promote epithelial regeneration as well?*304142. By combining IL-22 and
CS treatment, we identified that IL-22 treatment could overcome the tissue-compromising
effects of CS exposure and could support intestinal crypt regeneration despite
the presence of exogenously administered CS in both radiation and T cell-mediated injury
models. Our study provides support for a comprehensive treatment strategy combining
standard immunosuppression with tissue-supportive strategies to enhance recovery
of damaged mucosa. Host-derived IL-22-producing lymphocytes are depleted in GVHD
models, providing rationale for administration of IL-222°4344 Notably, CS have been shown
to suppress IL-22 production in peripheral blood mononuclear cells*®, further supporting
the rationale for administering IL-22 in this setting.

In summary, we report that CS treatment suppressed S| epithelial proliferation in
a GR- dependent manner. Within the epithelium, GR expression predominantly localized
to the stem cells, progenitors, and mature non-secretory enterocytes. Organoid cultures
demonstrated direct targeting of intestinal epithelium by CS, which led to impaired
regeneration and worsened T cell- mediated injury. These findings indicate that CS
treatment can exacerbate Gl damage ifthe treatment fails to control the pathologic immune
response. However, deleterious side effects of CS can be counterbalanced by promotion
of epithelial regeneration, providing rationale for combining immunosuppression with
tissue-supporting therapeutics to optimize intestinal recovery in GVHD. IL-22 promoted
epithelial regeneration both ex vivo and in vivo despite the presence of CS, and
thus may provide a complementary treatment option reducing the negative effects of
CS without forgoing the beneficial anti-inflammatory immunosuppressive effects they can
provide.

Materials and methods

Mice. B6 (H-2°), BALB/c (H-29), and B6.Cg-Nr3c1mds/J (Nr3c1”™ mice were purchased from
Jackson Laboratories. Lgrb-LacZ B6, B6 Lgr5-GFP-IRES-CreERT2 (Lgr5—GFP) and Olfm4-
GFP-IRES-CreERT2 (Olfm4-CreERT2) mice were provided by Hans Clevers. Nr3c1"xOlfm4-
CreERT2 (Nr3c1¥E) mice were created by crossing Nr3c1”"mice with OIfm4-CreERT2 mice.
Nr3c1"xCd4-Cre mice were created by crossing Nr3c1”" mice with Cd4-Cre mice (B6.Cg-
Tg(Cd4-cre)1Cwi/Bflud, Jackson Laboratories). All animal experiments were performed in
accordance with the institutional protocol guideline of the Memorial Sloan Kettering Cancer
Center (MSKCC) Institutional Animal Care and Use Committee. Mice were housed in micro-
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isolator cages, five per cage, in MSKCC pathogen-free facilities, and received standard
chow and autoclaved sterile drinking water. The investigations assessing clinical outcome
parameters were performed by blinded technicians.

Crypt isolation and cell dissociation. Isolation of intestinal crypts and the dissociation of
cells for flow cytometry analysis were performed as previously described®°. In brief, after
asphyxiating the mice with CO_, the Sl was harvested, opened longitudinally, and washed
with PBS. To dissociate the crypts, Sl was incubated with shaking at 4°C in EDTA (10 mM) for
20 min. To further isolate single cells, Sl crypts were incubated in 1x TrypLE Express (Gibco).

Organoid and ISC colony culture. For mouse organoids, depending on the experiments,
50-100 crypts per well were suspended in growth-factor-reduced Matrigel (Corning) mixed
with DMEM/F12 medium (Gibco). After Matrigel polymerization, complete ENR medium
containing advanced DMEM/F12 (Sigma), 2 mM Glutamax (Invitrogen), 10 mM HEPES (Sigma),
100 U/ml penicillin, 100 pg/ml streptomycin (Sigma), N2 supplement (Invitrogen), 50 ng/ml
mouse EGF (Peprotech), 100 ng/ml mouse Noggin (Peprotech) and 5-10% human R-spondin-
1-conditioned medium (CM) from R-spondin-1-transfected HEK 293T cells was added to
cultures. Media was replaced every 2—3 days. Along with medium changes, treatment wells
received different concentrations of MP, dexamethasone, or budesonide (Tocris Bioscience)
as well as rmIFNy (R&D systems) or rmIL-22 (R&D Systems).

For experiments with Nr3c?” organoids, Nr3c14&¢ mice (and littermate controls) were given
an intraperitoneal injection of tamoxifen (2 mg per mouse, Sigma, dissolved in sunflower oil)
for 5 consecutive days prior to crypt isolation to achieve deletion of GR from Sl epithelium.
ISC colonies were cultured from sort-purified single Lgr5-GFPM" cells*. Approximately
3,000 ISCs were plated in 10 pl Matrigel and cultured in ENR-CV media with CHIR99021 (C,
3 uM Stemgent) and valproic acid (V, 1.5 mM, Sigma), containing Rho-kinase/ROCK inhibitor
Y-27632 (10 uM) and Jagged1 (1 M) for the first 48h. Under these culture conditions ISCs
divide symmetrically without differentiating, growing into homogeneous stem cell colonies.
Along with medium changes, treatment wells received different concentrations of MP
(Tocris Bioscience).

As described previously?, for co-culture of intestinal organoids with T cells, CD5 cells were
isolated from splenocytes using magnetic MicroBeads with the MACS system (Miltenyi
Biotec) according to the manufacturer’s instructions. T cell purity was determined by flow
cytometry, and was routinely greater than 90%. T cells were cultured at a concentration of
1x10° T cells per well with 5 pg/ml plate-bound anti-CD3 monoclonal antibodies (mAbs) and
2 pg/ml anti-CD28 mAbs. After 3-5 days of culture, harvested T cells and freshly isolated Sl
crypts were cultured in Matrigel with a 500:1 T cell: crypt ratio.
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Healthy human duodenal organoids were cultured from banked frozen organoids (> passage
7) that had been previously generated from biopsies obtained during duodenoscopy of
healthy human controls. All healthy controls had been investigated for celiac disease, but
ultimately found to be free of pathologic findings. They had previously provided written
informed consent to participate in this study according to a protocol reviewed and approved
by the review board of the UMC Utrecht, the Netherlands (METC 10-402/K; TCBio 19-489).
Organoids were passaged via single cell dissociation using 1x TrypLE Express (Gibco) and
resuspended in medium without growth factors (GF-), comprised of Advanced DMEM/
F12 (Gibco), 100 U/ml penicillin-streptomycin (Gibco), 10 mM HEPES (Gibco) and Glutamax
(Gibco), and 50-66% Matrigel (Corning). After plating and Matrigel polymerization, human
Sl organoid expansion medium (hSI EM) was added consisting of GF-, Wnt CM (50% final
concentration), R-spondin CM (20% final concentration), Noggin CM (10% final concentration),
50 ng/ml murine EGF (Peprotech), 10 mM nicotinamide (Sigma), 1.25 mM N-acetyl (Sigma),
B27 (Gibco), 500 nM TGF-B inhibitor A83-01 (Tocris), 10 uM P38 inhibitor SB202190 (Sigma),
and 100 pg/ml Primocin (optional) (Invitrogen). Medium was refreshed every 2-3 days. Along
with medium changes, treatment wells received different concentrations of MP (Pfizer) or
rhIFNY(R&D systems). RhIL-22 (Genscript) was added daily.

Imaging of organoids and colonies. Random representative non-overlapping images of
organoids and colonies were acquired from each well using a Zeiss Axio Observer Z1
inverted microscope or LSM880 (Carl Zeiss) using 20x/0.8NA objective. For human Sl
organoids, images were acquired using an EVOS FL Cell Imaging System (Thermo Fisher
Scientific). For size evaluation, the images were analyzed using ImageJ software.

Total body irradiation. Animals were exposed to a single dose of 10 Gy using a GammaCell
40 irradiator to induce epithelial injury.

BMT. BMT procedures were performed as previously described*. A major histocompatibility
antigen-mismatched BMT model (B6 into BALB/c, H-2° into H-2¢) was used. Female mice
were typically used as recipients for transplantation at an age of 8-10 weeks. Recipient mice
received 850 cGy in 2 doses split at 3-4 h intervals to reduce gastrointestinal toxicity. To
obtain bone marrow cells from euthanized donor mice, the femurs and tibias were collected
aseptically, and the bone marrow canals washed out with sterile media. Bone marrow cells
were depleted of T cells by incubation with anti-Thy 1.2 and low-TOX-M rabbit complement
(Cedarlane Laboratories). The TCD bone marrow was analyzed for purity by quantification
of the remaining T cell contamination using flow cytometry. T cell contamination was usually
about 0.2% of all leukocytes after a single round of complement depletion. Donor T cells
were prepared as above. Recipients typically received 5x108 TCD bone marrow cells with
or without 0.5x10° T cells per mouse via tail injection.
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For survival experiments, BALB/c mice were lethally irradiated at 700 cGy on day -1followed
by transplantation (i.v) with 1x10” non-T-cell-depleted BM with/without 2x10°¢ purified T cells
from C57BL/6 donors on day 0. Donor T cells were purified from splenocytes using biotin-
labeled anti-CD19 (1D3), CD45R (RA3-6B2), CD1lb (M1/70), CD1lc (N418), CD49b (DX5),
NK1.1 (PK136), TCR y& (GL3) and TER-119 (TER-119), followed by streptavidin RapidSpheres
depletion with EasySep magnet (StemCell Technologies). Purity of T cells > 98%. Survival
was monitored daily, and weights and clinical scores were recorded twice per week.

In vivo treatment. Prednisolone (Merck) was administered by i.p. injection at a daily dose
of 1, 3, or 6 mg/kg starting from day 1 to day 28 after BMT. MP (Tocris Bioscience) was
administered by i.p. injection at a daily dose of 2 mg/kg at indicated time points. F-652
(Generon Corporation) was administered by s.c. injection at a daily dose of 100 pg/kg at
indicated time points. The control groups received vehicle alone.

GVHD histopathology analysis. Mice were sacrificed for histopathological analysis at
indicated time points after TBI with or without BMT using CO, asphyxiation. The SI were
formalin-preserved, paraffin embedded, sectioned, and stained with hematoxylin and eosin.
GVHD histopathology assessment of the sections for evidence of GVHD was performed
by a blinded pathologist. A semiquantitative score consisting of 19 different parameters
associated with GVHD was calculated, with a maximum score of 3 for an individual
parameter®.

LacZ staining. For evaluation of stem cell numbers, SI were collected from Lgr5-LacZ
recipient mice or non-transplanted controls. 3-galactosidase (LacZ) staining was performed
as previously described?. Washed 2.5-cm-sized S| fragments were incubated with an
ice-cold fixative, consisting of 1% formaldehyde, 0.02% Igepal and 0.2% glutaraldehyde.
After removing the fixative, organs were stained for the presence of LacZ according to
manufacturer's protocol (LacZ Staining Kit, Invivogen). The organs were then formalin-
preserved, paraffin-embedded, sectioned, and counterstained with Nuclear Fast Red
(Vector Labs).

Immunohistochemical staining. Formalin-fixed tissue sections were deparaffinized with
SafeClear Il (Fisher Scientific), heat-induced antigen retrieval was performed with sodium
citrate buffer and sections were blocked for 60 min with 1.5% blocking serum (Vector
Laboratories). Slides were incubated with anti-Ki67 (Abcam, 1:.800) and anti-Olfm4 (Cell
Signaling, 1:200) antibodies in 1.5% normal serum overnight, followed by a 60-min incubation
with biotinylated goat anti-rabbit IgG (Vector Laboratories). The detection was performed
with an AMEC Red detection kit (Vector Laboratories) according to the manufacturer’s
instructions. Slides were counterstained with hematoxylin (Vector Laboratories), and
coverslips were added with VectaMount (Vector Laboratories).



For some experiments, IHC detection of Ki67 was performed at the Molecular Cytology
Core Facility of MSKCC using a Discovery XT processor (Ventana Medical Systems).
Formalin-fixed tissue sections were deparaffinized with EZPrep buffer (Ventana Medical
Systems), antigen retrieval was performed with CC1 buffer (Ventana Medical Systems) and
sections were blocked for 30 min with Background Buster solution (Innovex). Slides were
incubated with anti-Ki67 (Abcam, 1 ug/ml), isotype (4 pg/ml) for 6 h, followed by a 60-min
incubation with biotinylated goat anti-rabbit IgG (Vector Laboratories) at 1:200 dilution. The
detection was performed with a DAB detection kit (Ventana Medical Systems) according
to the manufacturer’s instructions. Slides were counterstained with hematoxylin (Ventana
Medical Systems), and coverslips were added with Permount (Fisher Scientific).

Flow cytometry. For flow cytometry of mouse small intestine organoid cells, organoids were
dissociated using TrypLE Express (37°C). After vigorously pipetting through a p200 pipette
causing mechanical disruption, the crypt suspension was washed with 10 ml of DMEM/
F12 medium containing 10% FBS and 2 kU/ml DNasel and passaged through a 40 um cell
strainer. For intracellular Ki67 and DAPI staining, cells were stained with surface markers,
fixed, and permeabilized using the Fixation/Permeabilization kit (eBioscience) according to
the manufacturer’s instructions. All staining with organoid cells was performed in DMEM/
F12 medium with 2% FBS. Lymphoid organs from GVHD mice were processed into single-
cell suspensions, and surface staining was performed with the corresponding cocktail of
antibodies. For flow cytometry of splenocytes, spleens were collected from euthanized
mice and processed into single cell suspension. After thorough washing, cells were
stained with the appropriate mixture of antibodies. Fluorochrome-labelled antibodies were
purchased from BD Pharmingen (CD4, CD8, CD45), eBioscience (CD44), and Invitrogen
(CD62L). Fixable Live/Dead Cell Stain Kits (Invitrogen) were used for viability staining. Flow
cytometry analyses were performed with an LSRIlI or LSRFortessa X-50 cytometer using
FACSDiva (BD Biosciences), and the data were analyzed with FlowJo software (Treestar).

CellTrace Violet cell proliferation assay. For evaluation of the effect of MP treatment on
proliferation in human duodenal organoids, organoids were dissociated into single cells
and stained with CellTraceViolet (CTV) (Invitrogen, 5 uM in PBSO) before plating. After 5
days of culture, organoids were harvested, processed into single cells, stained with live/
dead marker Zombie NIR (Biolegend), and analyzed by flow cytometry for CTV MFI in live
cells on a CytoFLEX Flow Cytometer (Beckman Coulter) with CytExpert Software.

RT—qPCR. For gPCR, RNA was isolated from organoids after ex vivo culture or crypts isolated
from BMT recipients. Extracted RNA was also stored at —80°C. Reverse transcriptase PCR
(RT-PCR) was performed with a HighCapacity RNA-to-cDNA Kit (Applied Biosystems).
Specific primers were obtained from Applied Biosystems: Gapdh: Mm99999915_g1; Cdknla:
MmO00432448_m1. Other primers were obtained from PrimerBank: Gapdh (ID 6679937al),
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Cdknla (ID 66717264al), CcnaZ2 (ID 6753308a), Ccnb1(ID 28195398al). cDNAs were amplified
with TagMan or SYBR master mix (Applied Biosystems) using the QuantStudio 7 Flex System
(Applied Biosystems). Relative amounts of mRNA were calculated by the comparative ACt
method with Gapdh as housekeeping gene.

Computational analysis of single cell RNA sequencing. To explore expression of Nr3c?
in epithelial cells of Sl in homeostasis we analyzed a scRNA-seq data set (GSE92332)
based on Sl epithelial cells from WT B6 mice?2. All in silico analyses downstream of gene
quantification were done using Scanpy*®°°. Prior to filtering, the data set consisted of 13,353
cells and 27,998 genes. For quality control, cells with less than 700 genes, less than 1,500
or greater than 40,000 unique molecular identifier (UMI) counts per cell, higher fraction
of mitochondrial genes than 0.2 were removed. Genes detected in less than 20 cells
were excluded. After filtering, a total of 12,457 cells and 12,818 genes were processed for
downstream analysis. The filtered data matrix was normalized to median library size and
log transformed prior to analysis. Using ComBat, batch correction was performed to adjust
for batch effects from the 6 samples that were loaded®. After log normalization, 4,000
highly variable genes were identified and extracted. The normalized expression levels
then underwent linear regression to remove effects of total reads per cell and cell cycle
genes, followed by a z-transformation. Dimension reduction was performed using principal
component analysis (PCA) and then uniform manifold approximation and projection (UMAP)
on the top 50 principal components (PCs) and 30 nearest neighbors for visualization on
two dimensions®?. For de-noising and imputation, we used the MAGIC algorithm®3. Clusters
of cells within the data were calculated using the Louvain algorithm within Scanpy with a
resolution of 0.5%*. Detected clusters were mapped to cell types or intermediate states
using markers for intestinal epithelial cell subtypes??.

To explore the expression of NR3C7in human Sl epithelial cells under homeostatic conditions,
we re- analyzed a scRNA-seq dataset (GSE119969, GSM3389578 Human_SI_tissue) of
human ileum intestinal epithelial crypts?, largely as previously described?® using the R
package Seurat®®*%8 In brief, cells with <2,5% or >15% UMI reads mapped to mitochondrial
genes and less than 200 expressed genes were removed. Genes expressed in less than
three cells were excluded. A total of 2,342 cells and 17,562 genes were processed for
downstream analysis. The expression matrix was log-normalized by the NormalizeData
function. Using the ScaleData function, total UMI counts per cell and proportions of
mitochondrial reads were corrected by negative binomial regression. Variably expressed
genes were identified with the FindVariableFeatures function, with scaled dispersion >0.5
and log-normalized average expression between 0.125 and 3 and used to perform linear
dimensionality reduction with RunPCA. Subsequently, cellclusters were identified with
the FindNeighbors and FindClusters functions, using the top 25 PCs with the following
parameters: k.param = 20, prune.SNN = 1/15 and resolution 0.6. For visualization in tow
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dimensions, UMAP plots were generated using the RunUMAP function using the top 25
PCs. With the FindAllMarkers function differentially expressed genes (Wilcoxon Rank Sum
test) in each cluster were identified with at least a 0.25 log fold increase. Markers for
intestinal epithelial cell types were used to assign cell identity to the clusters?. The cluster
of immune cells, also described in the original manuscript, was excluded using the
Subset function in the Seurat package, after which all previous steps of analysis were
repeated from the identification of variably expressed genes until cluster identification,
using the same parameters on the remaining 2,262 cells. Finally, the MAGIC function in the
Rmagic package was used for de-noising and imputation, after which (marker) genes were
projected on the UMAP plots®3.

Quantification and Statistical Analyses. To detect an effect size of >50% difference in
means, with an assumed coefficient of variation of 30%, common in biological systems,
we attempted to have at least five samples per group, particularly for in vivo studies. All
experiments were repeated at least once, unless otherwise stated. No mice were excluded
from experiments. Occasional individual mice that died post-transplant before analysis
could not be included for tissue evaluation.

Graphs indicate the mean and standard error of the mean (s.e.m.) for the various groups.
Statistics are based on ‘n’ biological replicates. All statistical tests performed were two-
sided. For the comparisons of two groups, a t-test or non-parametric test was performed.
Adjustments for multiple comparisons were made. In most cases, non-parametric testing
was performed if normal distribution could not be assumed. RT-gPCR reactions and ordinal
outcome variables were tested non-parametrically. All analyses of statistical significance
were calculated and displayed compared with the reference control group unless otherwise
stated.

Statistical analyses of organoid numbers were based on individual wells. To account for intra-
individual and intra-experimental variation as well, all ex vivo experiments were performed
at least twice with several wells per condition, unless otherwise stated, and sample material
coming from at least two different mice or two different human donors. Statistical analyses of
cell numbers (stem cells, Ki67* cells), crypt numbers, or measurements (crypt, villus) in vivo
were performed on several independent sections from multiple mice. Statistical analyses
and display graphs were generated using Graphpad Prism. A p-value <.05 was considered
statistically significant.
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Abstract

Despite advances in immunosuppressive prophylaxis and overall supportive care,
gastrointestinal (Gl) graft-versus-host disease (GVHD) remains a major, lethal side effect
after allogeneic hematopoietic stem cell transplantation (allo-HSCT). It has become
increasingly clear that the intestinal epithelium, in addition to being a target of transplant-
related toxicity and GVHD, plays an important role in the onset of GVHD. Over the last two
decades, increased understanding of the epithelial constituents and their microenvironment
has led to the development of novel prophylactic and therapeutic interventions, with the
potential to protect the intestinal epithelium from GVHD-associated damage and promote
its recovery following insult. In this review, we will discuss intestinal epithelial injury and the
role of the intestinal epithelium in GVHD pathogenesis. In addition, we will highlight possible
approaches to protect the Gl tract from damage posttransplant and to stimulate epithelial
regeneration, in order to promote intestinal recovery. Combined treatment modalities
integrating immunomodaulation, epithelial protection, and induction of regeneration may
hold the key to unlocking mucosal recovery and optimizing therapy for acute intestinal
GVHD.
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Introduction

Damage to the gastrointestinal (Gl) tract is a common occurrence following allogeneic
hematopoietic stem cell transplantation (allo-HSCT)'?. Several factors are thought to
contribute to this damage, including pretransplant conditioning, posttransplant activation
of alloreactive T cells, and both tissue-targeted and immunomodulatory effects of the
intestinal microbiota (Figs. 1, 2). Before transplantation of a donor allograft, the recipient
receives chemotherapy+irradiation conditioning to Kill residual malignant cells, weaken
the recipient’'s immune system, and create space for donor hematopoietic engraftment.
However, the required pretransplant conditioning can also cause significant damage to
cycling cells in the epithelial gut lining, resulting in mucositis and disruption of the mucosal
barrier. Impaired barrier function leads to exposure of the basolateral intestinal epithelial
cell (IEC) membranes and lamina propria leukocytes to luminal contents. Activation of
the immune system in this context may cause the development of acute Graft-versus-
Host Disease (aGVHD). In aGVHD, transplanted donor T cells recognize antigens in the
recipient and launch an inflammatory attack against the recipients’ tissues such as the skin,
intestines, and liver'?“. Despite prophylactic immunosuppression and careful HLA-matching,
~30-50% of allo-HSCT patients develop GVHD symptoms, half of which include significant
Gl tract involvement manifesting in nausea, anorexia, and diarrhea. In addition, poor
barrier function contributes to potentially life-threatening bloodstream infections in these
immunocompromised patients. The immunosuppression and high dose corticosteroids
necessary for treatment of GI-GVHD provide additional potential complications, even
when GVHD can be successfully treated. As such, GI-GVHD remains an important cause of
transplant-related morbidity and mortality"?.

Current GI-GVHD treatment focuses mainly on suppressing posttransplant aberrant
immune responses with corticosteroids®®, but this approach is often ineffective. Up to 50%
of patients develop steroid-refractory (SR)-GVHD and require additional treatment®. The
Jak1/2-inhibitor Ruxolitinib (Rux) is currently the only FDA-approved treatment for SR-GVHD’.
Other second and third-line therapies lack consistent demonstrated benefit, and are mostly
based on providing additional immunosuppression. This causes most GVHD therapeutic
approaches to be accompanied by an increased risk of infection and a potentially reduced
graft-versus-leukemia (GVL) effect.

An evolving understanding of intestinal homeostasis and its related epithelial constituents
has led to new treatment opportunities that aim to protect the intestines peri-transplant,
without impairing the recovery of physiologic immune function posttransplant. It has also
become increasingly clear that the intestinal epithelium is not only a direct target of GVHD-
associated damage, but in addition may take part in the development and propagation of
the disease, and possibly in its resolution as well®. In this review we focus specifically on the
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role of the intestinal epithelium and epithelial injury in GVHD initiation, and how it can be
protected from transplant-associated insult. Furthermore, strategies to promote epithelial
restoration by improving regeneration and augmenting posttransplant epithelial recovery
are discussed, both through regulating epithelial-intrinsic constituents as well as factors
supplied by the microenvironment.
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Figure 1. The pivotal role of the intestinal epithelium and epithelial damage in GVHD onset.
Irradiation, chemotherapy and/or immunotherapy used in the conditioning regimen before HSCT
damages the intestinal epithelial cells and disrupts barrier protecting the recipient from luminal pathogens.
Translocating PAMPs and released DAMPs bind to their corresponding PRRs and activate the innate
immune system, including APCs. Antigen presentation by APCs, including the intestinal epithelium, lead
to the propagation and activation of alloreactive T cells, which cause further damage through cytokine-
and cell-cell mediated toxicity in the then developed GVHD. Created with BioRender.com.
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Figure 2. Opportunities for intestinal protection and repair over the course of HSCT.

Damage to the intestinal epithelium over the course of HSCT occurs in different phases. As such,
opportunities for protection against the insult and repair of the injury occur in parallel, rather than after
the fact. The timing of these different approaches will be crucial, since certain treatment opportunities
may have pleiotropic effects on other cell types at different time points during the post-transplant
period. Created with BioRender.com.

Preventing intestinal epithelial damage

Minimizing conditioning-induced injury

The intestinal epithelial barrier forms the first line of defense between the lumen and the
underlying immune system in the gut®. As such it protects the recipient from harmful gut
contents, including pathogens. The barrier is formed by the plasma membranes of a single
layer of IECs that are tightly connected with tight junctions (TJ). The IEC lining is covered
with a protective, extracellular layer of mucus produced by epithelial Goblet cells, which
inhibits direct contact between the IEC and gut luminal particles and bacteria. The mucosal
immune cells are present within the epithelial compartment, as well as in the lamina propria
below, and in designated lymphoid regions called Peyer’s patches. In addition to providing
a physical barrier, the epithelial cell layer is essential for the absorption and transport of
nutrients and water. Both integrity and functionality of the epithelial barrier are crucial
elements in the course of transplant, as loss is associated with systemic infections, severe
Gl symptoms like anorexia/diarrhea and poor outcome in general®.

Pretransplant conditioning is recognized as an early insult to this barrier integrity’®. In both
preclinical models and human studies overall aGVHD severity is associated with the intensity of
the pretransplant conditioning regimen'™"?. In mice, high intensity regimens were associated with
reduced mucus layer thickness and the presence of bacterial RNA in the colon lamina propria®.
Indeed, total body irradiation (TBI) and chemotherapy treatment led to significant leakage
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of orally administered FITC-labeled dextran into the bloodstream, indicating consequential
compromise of the epithelial barrier". In a study by Nalle et al. preconditioning-induced
damage to the epithelium was even required to induce aGVHD in a MHC-matched minor-
histocompatibility-antigen (miHA)-mismatched transplantation’®’®. In humans, compromised
epithelial integrity, as measured by 51Cr-EDTA absorption, has been documented in association
with myeloablative regimens even 14 days after stem cell infusion®”. Conditioning toxicity
is also associated with the release of pro-inflammatory cytokines in the Gl tract, which can
contribute to GVHD development'®'°. In particular, TBI appears to be associated with both a
higher aGVHD incidence?® and treatment-related mortality?'.

The implementation of reduced intensity conditioning (RIC) regimens has decreased
conditioning-associated tissue toxicity and enabled older and more fragile patients to
undergo allo-HSCT. Regimens typically include an alkylating agent like busulfan (Bu),
melphalan or cyclophosphamide (Cy) and a purine analog such as fludarabine (Flu), with or
without low-dose TBI. Clinical Gl toxicity of RIC transplants is reported to be moderate???%, and

1817 and mucositis?* have been found to be less

the associated intestinal epithelial damage
severe. The occurrence of aGVHD after RIC is reduced as well*>. Additionally, more favorable
combinations of agents have been applied to this approach. For example, in reducing the
number of combined alkylators, Bu/Flu has a more favorable toxicity profile than Bu/Cy in

patients across HSCT indications, while still providing a myeloablative regimen?62728,

More recent developments in conditioning regimen tolerability have focused on tailored
dosing based on chemotherapy plasma levels of the individual patient to reduce exposure
and consequent epithelial damage. This concept is known as reduced toxicity conditioning
(RTC). The superiority of pharmacokinetic (PK)-directed dosing for intravenous Bu in adults
has been established for over a decade with both enhanced safety?® and efficacy®°. Similar
results were found in children®32. Additionally, Flu exposure, as calculated by a PK-model,
was recently retrospectively demonstrated to be a strong predictor of HSCT survival in
adults®. In conclusion, PK-directed dosing of favorable chemotherapeutic combinations
will hopefully further reduce conditioning-related toxicity and development of acute GVHD
in the near future.

Preventing deleterious responses to PAMPS and DAMPS

Upon intestinal barrier breach, translocating pathogen-associated molecular patterns (PAMPs)
and tissue-released damage-associated molecular patterns (DAMPs) are recognized by
pattern recognition receptors (PRRs), which activate the innate immune system. Concurrently,
the development of alloreactive responses can be initiated®2>%¢. As such, many DAMPs,
PAMPs and corresponding PRRs have been implicated in the development of GVHD, and
multiple approaches have been taken to dampen the response at this level (Table 1). Firstly,
scavenging or breaking down the PAMPs and DAMPs would ascertain they do not reach
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the target immune cell. Examples are treatment with anti-LPS®’, HSP9O-inhibitor 17AAGS,
locked nucleic acid anti-miRNA-29a%, uricase for uric acid*®, apyrase for ATP*, NecroX-7
for HMGB1 blockade® and alpha-T-antitrypsin (AAT) targeting heparin sulfate®, all of which
have been shown to reduce GVHD in mouse models and AAT in addition SR-GVHD in
humans*. Secondly, binding of DAMPs to target immune cells can be blocked, e.g., by
P2X7R antagonists, blocking ATP binding*'*®, or anti-TIM-1 monoclonal antibodies, inhibiting
binding to phosphatidylserine on apoptotic cell debris*®. Thirdly, responsiveness of immune
cells to DAMPS could be modulated. MicroRNA-155 deficiency in host DCs protected against
GVHD through reduced purinergic receptor and inflammasome-associated gene expression,
and concurrent reduced IL-1B release®. Inhibiting microRNA-155 with antagomir could be
a promising new approach. Contrarily, Siglecs play a crucial role in mitigating specifically
DAMP-induced immune responses*®#°. Following conditioning-mediated tissue damage, the
interaction of Siglec-G on host APCs with the glycoprotein CD24 on T cells was essential
for GVHD protection in both a MHC-matched and mismatched mouse model®°. Enhancing
the Siglec-CD24 interaction with a CD24-Fc fusion protein mitigated GVHD in experimental
GVHD®%®!, The results of a phase |l trial testing the safety of CD24-Fc for the prevention of
aGVHD following myeloablative allo-HSCT are expected shortly.

Table 1. All DAMPS/PAMPS implicated in GI-GVHD and targeted therapy options

Receptor DAMP/PAMP Signaling Effect on Therapeutic options Ref
pathway GVHD
TLR3 dsRNA TRIF = - 25
TLR2/4 HMGB1 MyD88 - NecroX-7 42
TLR4 LPS MyD88/TRIF - Anti-LPS 7
TLR4 Heparan sulphate MyD88 - AAT 4344
TLR4 S100 proteins MyD88 - - 216
TLR4/CD14 HSP90O MyD88 - 17-AAG 8
TLR5 Flagellin MyD88 + Flagellin treatment 21
TLR7/8 ssRNA MyD88 - locked nucleic acid anti- 39218
MiR29a miRNA-29a
TLR9 Bacterial DNA MyD88 - - 54184
cGAS Bacterial DNA STING + DNA treatment &4
RIG-I dsRNA MAVS + 3pRNA treatment 184
Caspase-11 LPS Pyroptosis/ - - 56
NLRP3
? Uric acid NLRP3 - Uricase 0
P2X7 ATP NLRP3 - Apyrase 45
P2X7R antagonists
NOD2 Eg MDP NLRC + - 190
? ? NLRP6 - - 52
TIM Phosphatidylserine ? - Anti-TIM 4
ST2 IL-33 MyD88 - ST2-Fc treatment 29

+ alleviating, = no effect, - worsening.
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Additionally, targeting innate signaling pathways downstream of PRRs might be a future
therapeutic approach®3545556 |nterestingly, host TLR deficiency was found to be
protective against GVHD in murine studies®>®*, but inhibition of TLR and inflammasome
pathway signaling (via MyD88 and TRIF) only in host hematopoietic cells did not reduce
GVHD®®. This suggests a GVHD-promoting role of non-hematopoietic tissue signaling.
More importantly, deficiency of TLR9** and NLRP6 inflammasome®? was protective only
when it was restricted to the non-hematopoietic compartment, indicating that TLR signaling
at the tissue level, which includes the intestinal epithelial compartment, may be a future
target for GVHD reduction. Despite the numerous possibilities of molecules and pathways
to block, only very few damage-modulating agents have led to successful clinical trial
results. Probably, the concurrent involvement of many different damage molecules as
well as redundant downstream signaling pathways, make achieving significant clinical
improvements by targeting just one molecule unlikely. Alternatively, involved molecules
and signaling pathways may have concurrent roles in the resolution of GVHD, and targeting
them would abrogate this, giving no net improvement.

Preventing cell death within the epithelial compartment

Under homeostatic conditions, the intestinal epithelium is continuously regenerated by
stem and progenitor cells that are present within the crypt region (Fig. 3). While a point of
longstanding debate, work from the last 15 years has identified Lgr5-expressing crypt base
columnar (CBC) cells as intestinal stem cells (ISCs) capable of giving rise to all other cell
types of mouse and human intestinal epithelium in vivo and ex vivo®*¢° Olfm4 is another
marker identifying 1ISCs®® in humans and in mouse small intestine. ISCs are maintained by
both secreted and membrane-bound molecules of surrounding cells, together constituting
the ISC niche®. These niche cells include Paneth cells (PCs), which lie interspersed between
CBC ISCs at the bottom of the crypt and promote stemness through the release of Wnt3
and EGF, which bind to their respective receptors Frizzled—LRP5-LRP6 complex and
ERBB1 on CBCs®?%. PCs also express Notch ligands DLLT and DLL4 on the cell-surface that
directly interact with ISC Notch receptors such as NOTCH1 to maintain stemness and inhibit
differentiation into secretory-cell lineages®’. Crypt-adjacent stromal cells also promote I1SC
maintenance through the secretion of Wnts® and R-spondins (Rspo)®®°¢. Rspo-binding of
LGR5 on the ISC potentiates Wnt signaling by phosphorylation and stabilization of B-catenin in
the cytoplasm, thus promoting subsequent translocation to the nucleus®’. To protect ISCs from
mesenchymal-derived epithelium-maturating BMP2 and BMP4 signals®%°, myofibroblasts
and smooth muscle cells around the crypt bottom secrete BMP-inhibitor proteins such as
Gremlin 1and Gremlin 2 that sequester BMPs before they can bind the BMP receptors’®”'. As
epithelial precursors continue to proliferate and move up the crypt, they give rise to the highly
proliferative transit amplifying (TA) cell compartment. Finally, differentiation into the destined
cell type of for instance the absorptive or secretory lineage occurs under the influence of both

environmental and intrinsically programmed factor dynamics®.
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When aGVHD of the gut develops, the histopathology characteristically demonstrates
epithelial apoptosis within intestinal crypts’?’2. In addition to crypt loss, the number of CBC
ISCs per crypt is reduced in experimental GVHD’4757%77 Severe colonic crypt loss at the
time of GVHD has been associated with delayed recovery, persistence of symptoms, and the
development of SR-GVHD’®, suggesting an impaired capacity to recover beyond the initial
insult. In addition, PCs are reduced in GVHD’6777980818283 \yhich may hamper their ability to
provide the indispensable niche factors Wnt3, EGF and membrane-bound Notch ligands for
the maintenance of ISC integrity. Besides their role as regulators of ISC proliferation, PCs
play an important physiologic role in the production of antimicrobial (AMP) and the release
of immunomodulatory proteins (e.g., IgA, IL-1B), both key components of host defense in
the gut®. A-defensins are a major class of AMPs produced by PCs, and their production
is markedly reduced in experimental GVHD®®', as well as in GVHD patients®®. Loss of PC
a-defensins has been associated with decreased bacterial diversity and domination of
bacterial species such as Proteobacteria at the phylum level, Enterobacteriales at the order
level, and Escherichia and Bacteroides at the genus level, some of which pathogenic®®®,
Interestingly, increased plasma levels of the AMP REG3a act as a biomarker of GI-GVHD,
predictive of response to therapy, non-relapse mortality and survival®®. Murine transplant
recipients deficient in Reg3y, the claimed mouse ortholog of REG3a, developed more
severe GI-GVHD with increased crypt apoptosis®®. As such, PC deficiency may contribute
to GVHD pathology due to the impairment of ISC niche functions as well as through a
reduction in bacterial containment.

Up until recently it was uncertain whether crypt loss in GVHD was directly caused by
the effector mechanisms of allo-T cells. Using 3D microscopy, donor T cells were shown
to primarily invade the intestinal crypt region early after allo-BMT””#”. The potential of allo-T
cells to damage the intestinal crypt compartment was studied using so-called intestinal
organoid cultures; self-organizing, 3D mini-guts, that form from isolated crypts or purified
ISCs when cultured in the presence of defined ISC niche growth factors EGF, Rspo-1 and
BMP-inhibitor Noggin®®. Intestinal organoids contain multiple epithelial cell types, including
Lgr5+ ISCs, and ex vivo culture models with allogeneic T cells recapitulated in vivo ISC
damage”’. Interferon (IFN)-y secreted by allo-T cells directly caused ISC apoptosis through
signaling via the IFNy receptor (IFNyR) expressed by ISCs”’. Interestingly, blocking IFNyR
signaling with the JAK1/2-specific inhibitor Ruxolinitib early after allo-BMT protected ISCs
from IFNy-induced damage’’. Ruxolitinib has recently been approved by the FDA for
treatment of SR-GVHD’. The rationale for its use in GVHD is based on the suppression of
allo-T cell activation, proliferation, cytokine production, and promoting a more favorable
regulatory T cell to conventional T cell ratio. The findings of this study indicate that earlier
posttransplant use might have a beneficial, target-tissue-protective effect in patients
developing GI-GVHD®,
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Finally, other protective mechanisms downstream of T cell-induced cytotoxicity have
recently been described, that could protect epithelial cells in preclinical models. For
example, inhibition of HSP90 by 17AAG after allo-HSCT protected the ISC niche®®. HSP90
is released during tissue damage and induces the intracellular response to ER stress,
which PCs are particularly sensitive to®°. Administration of 17AAG was found to decrease
the ER stress actor expression and increase the level of spliced XBP1 important for the
regulation of the unfolded-protein response, and preserved both PCs and ISCs in two
MHC-mismatched models®®. A second example concerns serine protease inhibitor 6
(Spi6), the only known endogenous inhibitor of the cytolytic serine protease Granzyme
B (GzmB) which protects immune cells from GzmB-mediated damage. In a GVHD model,
host Spi6 expression in the non-hematopoietic compartment played a prominent role in
GVHD protection, independently of donor-derived GzmB, and Spi6 was upregulated in the
intestinal epithelium upon irradiation and subsequent GVHD induction®®. A third example
is found in the inhibitors of apoptosis proteins (IAPs), which are classically involved in the
inhibition of cell death proteases such as caspase 3. IAP inhibition was found to exacerbate
GVHD, but not when IAP1/XIAP deficiency was limited to the immune system. This suggests
intact tissue IAPs are relevant to tissue protection in GVHD?". Patients with XIAP deficiency
undergoing allo-HSCT after myeloablative conditioning appear to have a poor overall
outcome and extra protection against GVHD may be crucial for successful transplantation
of these recipients®. A fourth example suggests manipulating epithelial integrity regulators
to protect the epithelium in GVHD?. The expression of MLCK210, an established factor in
epithelial tight junction regulation, was found to be increased in the intestinal epithelium
of GVHD patients and mice®. MLCK210 deficiency in the host led to decreased barrier
dysfunction, lower clinical GVHD sores and increased survival in multiple mouse GVHD
models. Target-tissue allo-T cell numbers were lower in MLCK210-deficient hosts, and the
GzmB-expressing CD8 T cell fraction in mesenteric lymph nodes (MLNs) was reduced®.
Multiple mechanisms can attribute to this however, including activation, proliferation and
homing of the allo-T cells, as well as epithelial-T cell interaction specific factors. Lastly,
a recent study describes the disruption of oxidative phosphorylation in IECs exposed to
allo-T cells, caused by a reduction in succinate dehydrogenase A (SDHA), a component
of mitochondrial complex 119, In colonic biopsies from confirmed GI-GVHD patients the
amount of SDHA was reduced in comparison to patients suspected of GI-GVHD that could
not be histopathological confirmed. Genetically increasing SDHA levels in an experimental
GVHD model reduced clinical and histopathological intestinal GVHD severity. Further study
of all four approaches is required to establish usefulness in the clinical setting.
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Figure 3. The intestinal crypt as target, and mechanisms of protection.

The intestinal epithelium is maintained by intestinal stem cells (ISCs) which reside at the base of
intestinal crypts, interspersed between their supportive Paneth cells (PCs) in the small intestine. Along
the crypt-villus axis the ISCs differentiate into transit amplifying (TA) cells and their destined lineage,
including absorptive (eg enterocyte), secretory (eg PC, Goblet cell, Tuft cells) and enteroendocrine
cells. In the vasculature near the intestinal crypt the addressin MAdACAM-1 is expressed, which binds
a4p7-integrin expressed on gut-directed immune cells. Several approaches to protect at the level of
the intestinal epithelial cell in general or in addition at the ISC and PC level specifically are indicated
in red. A437 blockade inhibits the influx of T cells into the lower crypt regions of the small intestine;
the serine protease inhibitor Spi6 present in the epithelium protects against GVHD-induced damage,
possibly through inhibition of caspase 3/7; intestinal epithelial Inhibitor of Apoptosis Proteins (IAPS)
inhibits the function of pro-apoptotic caspases; the SDHA enzyme is reduced in IECs after allo T cell
insult, increasing reactive oxygen species (ROS) levels; Ruxolitinib (Rux) inhibits JAK1/2-STAT1signaling,
relieving IFNy induced epithelial apoptosis; and 17AAG was reported to suppress ER stress and thereby
cell death in a.o0. Paneth cells. Created with BioRender.com.

Preventing T cell trafficking to the gut

Given the epithelial damage caused by allo-T cells, blocking their entry into the
intestines provides a promising strategy for tissue protection without increasing global
immunosuppression and associated risks of relapse or infection elsewhere. Expression of
a4p7 integrin is an important contributor to T cell homing to the Gl tract, and plays a major role
inthe homing of allo-T cells to the Gl tract as well®>?6. Blocking a4f7 binding to its constitutively
expressed receptor MAACAM-1 on intestinal endothelium with anti-MAdCAM-1 antibody after
GVHD induction®, or using a4B7-deficient donor T cells®®, selectively reduced CD8 T cell
infiltration in the gut®® and led to less GI-GVHD®®. Interestingly, it was recently discovered
that MAdCAM-1 expression in the small intestine vasculature localizes predominantly to
vessels located in the lower crypt region, offering a possible explanation for the observed
pattern of allo-T cells invading the crypt region early posttransplant. As such, inhibition of
the a4p7-integrin/MAdCAM-1 axis reduced T cell infiltrate into the crypt base region of the
mucosa and protected the ISC compartment from GVHD® . In a clinical setting, patients with
GI-GVHD had a significantly higher percentage of a4(37-expressing memory T cell subsets
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than patients with skin-only GVHD or patients with no evidence of GVHDY. Retrospective
studies indicated potential efficacy of vedolizumab, an anti-a4(37 antibody, for reduction of
GI-GVHD severity?®°°. Results of a prospective, dose-finding trial of vedolizumab starting 1
day prior to transplant are promising; the treatment was well tolerated, and the incidence
of subsequent GI-GVHD development was low'®®. Blocking the a4B7 integrin pathway with
monoclonal antibodies is therefore a promising strategy for protecting the crypt compartment
following allo-HSCT. Antibodies that block only the 37 subunit may hold promise as well.
These, in addition to antagonizing the a4B37-MAdCAM-1 mediated T cell influx, also target the
aEB7-E-cadherin interaction, believed to be important for T cell retention in the intraepithelial
compartment™'. A phase Il clinical trial of the recombinant human anti-B7 etrolizumab for
inflammatory bowel disease had promising results'®?. Future study will have to show if it can
be useful in the treatment of GVHD as well.

In addition to protecting the intestinal epithelium from the effector phase of aGVHD,
prophylactic inhibition of T cell entry to the gut may also protect against epithelium-
dependent contributions to GVHD development. It was recently reported that intestinal
epithelial antigen presentation can propagate alloreactive T cell responses. This is contrary
the notion that host and donor professional antigen presenting cells (APCs) are the principle
APC populations contributing to the activation of alloreactive donor T cells'®®. Despite the
dominantrole of hematopoietic APCs in propagating MHC-I-restricted/CD8 T cell-dependent
GVHD™®* radio-resistant non-hematopoietic APCs could contribute to the initiation of MHC-
I-dependent GVHD as well'®>. Furthermore, profound deletion of professional host APCs
did not decrease CD4-dependent GVHD in both a MHC-matched miHA-mismatched and
a MHC-ll-mismatched mouse model'®. The action of recipient non-hematopoietic, non-
professional APCs was sufficient to induce lethal GVHD'Y”. MHC-II expression on IECs
specifically could thus initiate lethal GVH immune responses, even in the presence of other
types of APCs'8. As such, approaches to reduce intestinal epithelial MHC-II expression,
for instance through the initiation of a high fat diet in mice'®®, may reduce the development
of experimental GVHD. Nonetheless, preventing donor T cells from reaching the intestinal
epithelium with agents such as vedolizumab may be the most promising approach for
reducing intestinal epithelial antigen presentation at the present time.

Preventing acute GVHD to prevent chronic GVHD

In some cases acute GVHD can progress or contribute to the development of chronic GVHD
(cGVHD)"" and aGVHD is a well-defined risk factor for cGVHD'?. While certain aspects of
acute GVHD pathophysiology may be shared with cGVHD, such as the involvement of Th17/
Tc17"2"2 there is a paucity in research data studying the links between intestinal epithelial
injury and the development of consequent cGVHD of the gut. Most recent insight in the
pathobiology include an allogeneic ‘auto-immune’-like course of events, with defective
thymic deletion of self-reactive T cells and aberrant B cell activation and production of
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antibodies"

. Therefore, new targets of therapy include T and B cell-signaling pathways that
are operational during cGVHD"™. As aberrant tissue repair mechanisms, an inflammatory
local milieu and continuous antigen exposure are also contributors in the development
of cGVHD", approaches discussed above to prevent intestinal epithelial injury and the

development of acute GVHD are in essence applicable in the prevention of cGVHD as well.

Stimulating epithelial cell restoration

GVHD treatments have traditionally emphasized immunosuppression, and advances
have focused on novel ways to accomplish this. In order to make continued meaningful
progress, it is necessary to approach GVHD from additional perspectives. A promising and
complimentary approach may be to focus on stimulating epithelial repair. Several processes
are involved in the maintenance and recovery of the epithelium, including proliferation and
differentiation of intestinal cells, as well as cell migration. Major pathways involved in these
processes are multifactorial, and some examples are listed in Table 2. While it has been
postulated that GVHD is mainly a disease of the inability to regenerate®, evidence exists
that regeneration does take place, but may not be enough to overcome the continuous
insult. This is for instance illustrated by the fact that intestinal epithelial crypts that survive
allo-T cell insult in fact proliferate more than crypts of matched controls’”’. In addition,
enterocytes of patients suffering from refractory GI-GVHD showed significant telomere
shortening, which is associated with compensatory proliferation. Below we will discuss
regenerative approaches that hold promise to support the epithelium in the context of
GVHD, either by stimulating epithelial constituents to promote recovery of the lining itself or
by influencing the mucosal microenvironment (Fig. 4).

Restoration from within the epithelial compartment

Despite growing insights into ISC maintenance under homeostatic conditions, the principles
underlying epithelial regeneration for maintenance of barrier function after tissue damage
remain incompletely understood. Although radiation injury can cause a significant loss of
ISCs, the Lgrb5+ CBC cell pool is relatively resistant to radiation injury, reportedly due to their
ability to repair DNA damage™. Crypt repopulation originated from surviving CBC cells",
which are essential, as Lgr5 genetic deletion and subsequentirradiation severely hinders the

19

regenerative response'”. There appears to be considerable plasticity in intestinal progenitor

cells in response to damage. Upon CBC ablation, progenitors were able to dedifferentiate
and regain stemness, thereby replenishing the ISC pool and subsequently the mature

123

enterocytes atthe epithelial surface’?®. Both secretory"'?2 and enterocyte' progenitors are

capable of this reversion, and even fully differentiated enterocytes can contribute to crypt
repopulation under specific circumstances of extreme damage'?. In both instances, the
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expression of Lgrb reappeared at the base of the cryp , preceded by the re-expression
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of the ISC-restricted transcription factor Ascl2'?°. Even a subset of Paneth cells acquired
multipotency upon irradiation through Notch activation'?®. The reprogramming of adult
differentiated cells appears to have a developmental link'??, as fetal mouse IECs can give

rise to the adult ISC pool irrespective of their location or Lgr5 status'™’

. Additionally, during
infectious insult fetal-type gene expression programs play a role in epithelial recovery, as
the murine ISC niche can revert to a fetal-like state upon parasitic helminth infection'?®,
The importance of these complex crypt stem cell and progenitor dynamics in regeneration
during GVHD-induced damage is currently unknown. The prolonged damage to the Gl tract
present in GVHD likely includes substantial insult to the cells with regenerative potential

that are responsible for overall epithelial reconstitution.
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Figure 4. Regenerative treatment options in GI-GVHD.

Restoration of the epithelial barrier during the course of GVHD occurs at several levels. The epithelium
reconstitutes from within, deriving from progenitors under the influence of supportive niche factors. It
can also be supported in its regeneration from its immediate surroundings, for instance through the
action of immune cells or particular excreted cytokines, growth factors and hormones. Finally microbial
components can contribute to intestinal epithelial healing. Created with BioRender.com.

Tables

Table 2. Major pathways involved in intestinal epithelial regeneration and repair

Signaling (S)timulation/ (I) Effect Example of eliciting factor and/or Ref
pathway nhibition mechanism
mTORC1/SIRT1 S ISC expansion Caloric restriction 220
PI3K/AKT S |IEC proliferation, G1 cell cycle Binding of EGF, TGF-a 22
progression
WNT/Rspondin/ S ISC proliferation, suppressed Arachidonic acid presence 67222
B-catenin |IEC differentiation
STAT5/NFkB STAT5 S ISC proliferation, crypt Cytokine receptor activation 223
regeneration
NFk3 | Mucosal wound healing Decreased MLCK phosphorylation 2%

and TJ permeability
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Table 2. Continued.

Signaling (S)timulation/ (I) Effect Example of eliciting factor and/or Ref
pathway nhibition mechanism
Hippo/YAP-TAZ Hippo I, YAP S  Intestinal regeneration in DSS  Binding of stroma-derived 225226
colitis Immunoglobulin superfamily
Low Wnt signaling, wound- containing leucine-rich repeat
healing response protein (ISLR)

Excessive PC differentiation,
crypt regeneration

Increased organoid growth Binding of bile acids to TGR5 227
Hippo S, YAP | Maintenance Wnt signaling, - 228
canonical stem cell function
SMAD S Increased barrier function Binding of TGF-B 229

through TJ protein upregulation

BMP/SMAD ISC maintenance, expansion Relief of direct, HDACI-mediated 230
transcriptional repression of stem
cell signature genes
ERK/MAPK S ISC expansion, crypt formation, Binding of HGF to MET s
|IEC proliferation

Increased barrier function Binding of TGF-B 229
through TJ-protein upregulation

Enhanced IEC migration Binding of Flagellin 21
STAT3 S Intestinal mucosa regeneration, Downstream FAK activation and 148
organoid formation integrin signaling
ISC expansion, crypt formation, Binding of IL-22 to IL-22R 76
organoid proliferation
Myd88/NFkB S/ Regulation of intestinal NFk@ inhibition leads to severe 232
epithelial integrity and chronic inflammation and epithelial
inflammatory responses apoptosis
Epithelial MyD88 required for 233
survival in multiple colitis models
c-Jun/AP-1 S Promotion of epithelial Upregulation of PLCyl-induced 234
restitution after wounding Ca? signalling
through cell migration
JNK2 S Epithelial barrier maintenance,  Protection from DSS colitis, 235 (/'
enhanced Goblet cell and reduced barrier dysfunction and \
EEC differentiation and mucus  enterocyte apoptosis, increased
production Atoh1 expression

Restoration through replenishment of ISC niche factors

Several niche factors secreted by cells in the microenvironment of the crypt compartment
could contribute to restoration of crypt damage in allo-HSCT. Wnt signaling is essential for
ISC maintenance, with cytoplasmic (3-catenin translocating to the nucleus, interacting with
transcription factors of the TCF/LEF family, and subsequently activating expression of target
proteins involved in proliferation, such as Myc®”. Wnt is required for crypt regeneration after
damage'?®° and during inflammation, as seen in a DSS colitis model™'. Short term Wnt
agonism has been proposed as a therapeutic countermeasure against irradiation-induced
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gastrointestinal damage in mice®?. GSK3pB is an essential kinase of the Wnt/B-catenin
pathway involved in the control of the cytoplasmic levels of 3-catenin and its inhibition
increases B-catenin availability and downstream Myc expression®3. In an observational pilot
study the known GSK3@-inhibitor lithium was used to salvage SR-GVHD, with promising

results™®*.

Another approach to potentiate the Wnt pathway in the experimental transplant setting is
through R-spondin-dependent modulation of Lgrb signaling. It has recently been proposed
that the most abundant R-spondin in the intestines, Rspo-3, is predominantly produced by
lymphatic endothelial cells (LECS) in the lamina propria. LECS were found to be reduced
in number and their Rspo-3 production impaired in experimental GVHD"®. Exogenous
administration of Rspo-3 promoted stem cell recovery and epithelial regeneration in the
colon in a murine DSS-induced colitis model'?*. Another source of R-spondins are the
recently described MAP3K2-regulated intestinal stromal cells at the bottom of colon crypts,
which release Rspo-1to maintain Lgr5+ ISCs during DSS colitis®®. A prophylactic strategy
of enhancing Wnt signaling with administration of Rspo-1 reduced murine colon pathology

126 and chemotherapy injury™®’. Furthermore, in a MHC-mismatched

resulting from radiation
allogeneic BMT model, pretransplant treatment with Rspo-1 was associated with increased
Olfm4+ ISCs and reduced GVHD mortality’®. In addition, Rspol administration stimulated
differentiation of ISCs towards PCs, increasing their numbers, with a positive impact on
the secretion of luminal a-defensins and microbiome diversity®'. Rspo administration might
therefore be a promising approach, but future clinical studies are necessary to investigate

efficacy and safety.

Also other stem cell niche factors are important for crypt regeneration and intestinal
epithelial integrity after damaging or inflammatory insults. For instance, mice with impaired
EGF-receptor signaling in the gut were more susceptible to inflammation in DSS colitis,
due to impaired IEC regeneration and consequent barrier compromise®™®. In a phase |
study, patients receiving urinary-derived human chorionic gonadotropin (uhCG) that could
supplement EGF as supportive care in aGVHD had a promising biochemical response
correlating with day 28 clinical response™®. Also Notch ligands like Jagl and DLL3 have
been implicated in intestinal epithelial reconstitution and proliferation during inflammation,
downstream of YAP pathway activation'®, but have thus far not been studied in the context
of GVHD.

Restoration through the regulation of immune cells & cytokines

In addition to epithelial and stromal contributions to the ISC niche, there is a growing
appreciation that the local immune system can regulate the ISC compartment and its
regeneration'¥. The IL-10-type cytokine IL-22'? is produced by a variety of immune cells and

is involved in antimicrobial immunity and in both induction and resolution of inflammation
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in the intestine®3#45 |n addition, IL-22 has been implicated in the maintenance of the
intestinal barrier and epithelial repair, due to its influence on mucus production® and IEC
proliferation’®1¢_|L-22 derived from group 3 ILCs (ILC3s) was shown to be protective in the
Gl tracts of transplant recipients in experimental GVHD’*. However, the pathophysiological
process of gut GVHD leads to loss of intestinal ILC3s and their protective IL-22 production’.
Furthermore, patients with low numbers of ILCs in circulation prior to transplant had an
increased risk of developing GVHD™ . Interestingly, in vivo treatment of transplanted
mice with the recombinant human IL-22 dimer/Fc fusion molecule F-652 (Generon Corp.,
Shanghai) reduced GVHD-related clinical scoring and mortality in a MHC-matched GVHD
model’®. IL-22 activated STAT3 phosphorylation in small intestine ISCs and organoids,
promoting ISC survival and expansion as well as overall epithelial regeneration and
recovery’®. Findings of the role of the IL-22-STAT3 axis in crypt regeneration have been
validated by the fact that STAT3 was required for damage-induced crypt regeneration after
radiation injury™®. In addition, IL-22 was required for an effective DNA damage response in
protecting ISCs from genotoxic stress'*. The influence of IL-22 on crypt regeneration under
homeostatic conditions in vivo has not yet been studied. A Phase |l trial for treatment of
newly diagnosed GI-GVHD with a combination of corticosteroids and a recombinant human
IL-22 dimer has recently been performed to investigate the safety potential of this novel
tissue-regenerative approach to GVHD treatment (NCT02406651).

While therapy with IL-22 appears promising, additional immune-mediated pathways of
regeneration may hold translational potential as well. IL-22-independent effects of ILC3s
on epithelial regeneration involving the Hippo-YAP1 pathway have been described after
methotrexate-induced Gl damage'™®. The authors proposed a dichotomy between stem cell
maintenance, which could be ILC3/IL-22/STAT3 dependent, and crypt proliferation, which
they found to occur in a ILC3-dependent but IL-22 independent manner'®®. As such, the
application of an ILC3-based cell therapy, instead of only administering IL-22, may have
additional benefits for GVHD patients.

Also another type of innate lymphocyte cells, ILC2s residing in MLNs and Peyer’s patches,
are known to support the intestinal barrier function, by inducing Goblet cell expansion
through IL-13 secretion in response to Tuft-cell-derived IL-25"". Goblet cells are important for
barrier function by secreting mucus that shields the intestinal epithelium from gut contents
and microbes, and were found to be reduced in GVHD in mice and patients”®. As mentioned
earlier, ILCs are lost in GVHD, but pretransplant administration of IL-25 led to protective
Goblet cell induction, decreased bacterial translocation, and ameliorated GVHD, increasing
survival in a haploidentical and MHC-mismatched model™. In addition, ILC2-derived IL-13
may have a direct regenerative effect through binding the IL-13R expressed on ISCs. IL-13
increased ISC self-renewal and B-catenin signaling'?.
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Recently, it was reported that type Il IFNs (IFN-A), known for their role in epithelial viral
defense, have an epithelial protective effect in experimental GVHD'™. In vivo treatment of
naive mice with recombinant IFN-A in the form of PEGylated (PEG-)IL-29, which has been
tested in phase I-lll clinical trials as an adjunctive treatment for hepatitis C virus, increased
ISC numbers and led to more efficient ISC-derived organoid growth ex vivo. In experimental
GVHD, prophylactic PEG-IL-29 administration prolonged survival, reduced GVHD severity
and increased epithelial proliferation'™?.

Some other, classic pro-inflammatory cytokines have been shown to also play a
role in maintaining epithelial integrity. Many of these cytokines may be inhibited by
immunosuppressive GVHD therapies. For instance, TNFa has long been implicated in
GI-GVHD pathogenesis'®, but also has epithelial-supportive effects in vitro. Low-dose
TNFa increased the number of human fetal intestinal organoids, while higher doses
impaired organoid formation'™®. Mechanistically, TNF treatment directly promoted Wnt/B-
catenin signaling’™® and increased the expression of several stem cell markers in murine

intestinal’®® and human fetal intestinal organoids'™®

,including Acl2. This epithelial-supportive
mechanism provides insights as to why TNFa-blockade has had inconsistent results in the
treatment of GI-GVHD™’. A similar paradox can be found with the pro-inflammatory cytokine
IL-6. IL-6 inhibition through blockade of IL6R-signaling with tocilizumab has had some
promising results in both experimental and clinical GVHD, and has been associated with
induction of allo-T cell suppressive Tregs'®®'>?. However, IL-6 administration in healthy mice
has been associated with STAT3-induced epithelial regenerative effects such as increased
intestinal villus height, elongated enterocyte lifespan and a concurrent decrease in pro-
apoptotic caspase activity’®®. Accordingly, in a Gl damage model of mechanical wound

161

injury, IL-6 inhibition resulted in impaired healing due to decreased proliferation™'. As such,

care should be taken with IL-6-blocking therapeutic approaches in GI-GVHD.

An additional example of cytokine-mediated restoration can be found in the regulatory
cytokine IL-10. IL-10- and IL10R deficiency are known to cause severe intestinal disease

in both mice and humans'®?

, and disruption of the IL-10 signaling pathway resulted in
exacerbation of experimental GVHD'®. Nonetheless, treatment of IL-10 or co-culture with
peripherally induced Tregs led to the expansion of ISC numbers in murine organoids, and
increased clonogenicity after passage'®. In addition, human recombinant IL-10 was shown
to promote intestinal epithelial proliferation by activation of CREB signaling'®®. Despite the
fact that treatment of GVHD by exogenous IL-10 does not seem to be clinically feasible due
to its pleiotropic and divergent effects'®®, there may be a crypt-protective effect if epithelial-

targeted administration would be possible.

198



Table 3. Ongoing trials aimed at protecting or regenerating the intestinal epithelium in GI-GVHD
treatment or prevention (per February 1%, 2022)

Trial agent (Proposed) mechanism of action Phase  Trial number
Reducing DAMPs or response to DAMPS
Alpha-1 Antitrypsin (AAT) Serine protease inhibitor degrading heparan sulfate il NCT04167514
/11 NCT03805789
Blocking allo-reactive T cell influx to the gut
Vedolizumab a4B7-integrin inhibitor il NCT03657160
Natalizumab Selective a4 subunit adhesion molecule inhibitor Il NCT02133924
Blocking cytokine-mediated killing
Ruxolitinib JAK1/2 inhibitor I NCT04384692
Il NCT04061876
I NCT03701698
1711 NCT03491215
v NCT02386800
| NCT05121142
Baricitinib JAK1/2 inhibitor | NCTO04131738
Pacritinib JAK2 inhibitor 11 NCT02891603
Itacitinib JAK1 inhibitor | NCT04070781
I NCT03846479
| NCT03755414
Tocilizumab IL-6 inhibitor I NCT04395222
| NCT04070781
I NCT03434730
Il NCT04688021
Jaktinib JAK1/2/3 inhibitor Il NCT04971551
TQO5105 JAK2 inhibitor I/ NCT04941404
Regeneration of the epithelium
Pregnyl human Chorionic Gonadotrophin (hCG)/EGF 1711 NCT02525029
11 NCT05123040
IL-22Fc IL-22R binding Ib NCT04539470
Lactobacillus Plantarum Producers of indole-3-aldhehyde il NCT03057054
Galacto-oligosaccharide Prebiotic sustaining butyrate-producing bacteria 111 NCT04373057

Restoration through use of growth factors and hormones

In addition to previously discussed niche factors, stromal cells surrounding the epithelial
crypts are important sources of EGF-like growth factors for the intestinal epithelium.
Keratinocyte growth factor (KGF) is one of the most well-studied for its protective role
during conditioning-induced damage and oral mucositis'®®. While initially described as
a growth factor for skin epithelium, KGF can enhance intestinal epithelial proliferation'®’,
and crypt cell survival after irradiation™®. In experimental GVHD, KGF administration
started prior to and continued after the transplant reduced GVHD mortality and severity
in the Gl tract®®"°. However, administration of palifermin, a recombinant human KGF, did
not reduce GVHD incidence or improve overall survival in allo-transplant patients in two
randomized controlled trials'”*""?, although it did reduce mucositis incidence and severity
in a subgroup of patients”". Another EGF-like growth factor in preclinical development is
the potent liver mitogen Hepatocyte Growth Factor (HGF) produced by intestinal fibroblasts
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and macrophages'”®. Using a human HGF expression vector injected into muscle at the
time of transplant, stable expression of hHGF in HSCT recipient mice reduced GVHD

histopathology and crypt apoptosis'*

. Interestingly, HGF was found to be a possible
substitute for EGF in intestinal organoid cultures. Mice lacking the receptor for HGF in
their epithelium had reduced numbers of proliferating crypts and ISCs after irradiation'®.
Perhaps the protective effect of HGF in experimental GVHD is a result of directly targeting
the intestinal epithelium. Lastly, it has been postulated that amphiregulin (AREG), a weak
EGF-receptor agonist produced by a multitude of immune, stromal and epithelial cells, may
have intestinal epithelial regenerative effects in the GVHD setting. It has been implicated
as a possible plasma biomarker for risk stratification and steroid response in aGVHD"®.
Genetic disruption of Areg significantly impaired intestinal regeneration after radiation injury
in full knockout mice'’. Nonetheless, the beneficial effects of AREG on experimental GVHD
incidence and mortality observed thus far do not directly implicate epithelial regeneration
as the main mechanism and could still be ascribed to allo-immune suppression, such as
through Treg function enhancement'”®79180 Taken together, the intestinal regenerative
effect of growth factor substituents may be promising, but seems to have limited application
in the clinic thus far.

In addition to growth factors, enteroendocrine hormones may have intestinal epithelial
protective effects™ in the context of GI-GVHD. Glucagon-like peptide (GLP)-2 is produced
by intestinal L-cells, which are a subset of enteroendocrine cells. L-cells are reduced in
mice and patients that develop GVHD™®?. In vivo, GLP-2 agonism acutely increased the
proportion of Lgr5+ISCs in S-phase and prolonged treatment increased numbers of Olfm4+
ISCs per crypt'®. GLP-2 stimulation of intestinal organoids led to increased organoid size'?.
Prophylactic treatment with a GLP-2 agonist injected subcutaneously in a MHC-mismatched
mouse model, improved survival, decreased gut GVHD histopathology scores, and restored
ISC loss, even when applied as an additive to steroids'®?. Future clinical studies will have to
investigate its utility in clinical GVHD patients.

Restoration through the supply of protective microbial stimuli

Despite the pro-inflammatory effects of some innate immune signaling pathways, it was
demonstrated that specific innate pattern recognition pathways can exert a protective effect
on the intestinal epithelium during GVHD in mice. The RIG-I/MAVS pathway is involved in the
sensing of dsRNA during infection, while the cGAS/STING signaling pathway is involved in the
recognition of DNA. Perturbation of these innate pathways with genetic STING knockouts,
changed the sensitivity to GVHD with contrasting effects on outcomes depending on the
donor/recipient disparity and the specifics of the transplant models utilized®*'®. In a MHC-
mismatched model, treatment with 3pRNA or DNA prior to allo-HSCT protected mice from
conditioning-induced intestinal damage and GVHD without diminishing the GVL activity of
allo-T cells. Mechanistically, activation of the pathways led to the expression of protective
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type | IFNs (IFN-Is), which were indispensable for the maintenance of gut epithelial barrier
integrity, but only when they were induced prior to the TBI insult. Treatment of intestinal
organoids with 3pRNA and DNA confirmed the direct epithelial effects with increased IFN-
I-dependent proliferation'®. Intestinal epithelial IFN-I signaling was recently implicated in
the regulation of stemness and differentiation into secretory-cell lineages. Mice lacking
IEC Interferon regulatory factor 2, which downregulates IFN-signaling, had fewer ISCs,

86 In clinical

accumulation of immature PCs and impaired regeneration after damage
studies, treatment with IFN-a before HSCT'™® or after relapse post-HSCT'®® was associated
with a higher incidence of overall acute GVHD. Tight regulation of IFN-signaling induction

during injury thus appears to be crucial.

Another cytosolic innate immune pathway implicated in the protection against intestinal
epithelial injury is NOD2. It binds to the peptidoglycan muramy!l dipeptide (MDP), which
is produced by most bacteria. In a T cell-induced enteropathy model, NOD2 deficiency
outside the intestinal epithelial compartment led to more severe crypt damage, apoptosis
and delayed epithelial regeneration’®®. Similarly, in mouse BMT models, host NOD2
expression in the hematopoietic compartment is protective against the development of
GVHD™. Nevertheless, MDP was shown to directly increase organoid-forming potential
of intestinal crypts and to protect ISCs from oxidative-stress-induced cell death™®. NOD2
also supported intestinal crypt survival and regeneration after irradiation, both in organoid

cultures of NOD2 knockout mice and in vivo'®?

. Given these findings, a non-hematopoietic
protective role of NOD?2 signaling in GVHD protection may also be possible. Nonetheless,
more study is required to appreciate whether these mechanisms can also be exploited in

GVHD patients to promote regeneration.

Over the past decade, several bacterial metabolic products have been associated with
gut barrier integrity, including in the context of GVHD. Many studies have focused on
short chain fatty acids (SCFAs), such as butyrate and propionate. Butyrate contributes
to intestinal health in multiple ways'®319495 |t was found to directly increase epithelial

regeneration in 3D organoid cultures'#®

and improve wound healing through tight junction
protein upregulation™®®®7 |n the setting of GVHD, intragastric administration of butyrate to
allogeneic recipients improved IEC junctional integrity, decreased expression of apoptotic
proteins in IECs, and led to decreased GVHD, independent of the induction of Tregs'®®.
Clostridia commensals are known butyrate producers, and administration of a microbial
cocktail including 17 strains of Clostridiales elevated intraluminal butyrate concentrations,
decreased GVHD clinical scores, and increased survival in a mouse GVHD model™®. This

could explain why the presence of Clostridiales'®

and its protection in the microbiome by
selective antibiotic use was found to be associated with reduced GVHD-related mortality in
clinical studies'®®2%°_ |t also provides a rationale for the use of fecal microbiota transplants

for the treatment of GVHD?%1202203 Recently, it was demonstrated that signaling through
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non-hematopoietic GPR43, a metabolite sensor, is critical for the GVHD treatment effects of
SCFAs, independent of baseline microbiota constitution?%*. Given the clear associations of
microbial constituents and GVHD outcomes, manipulation of the enteric flora or associated
metabolites represent promising approaches for clinical prevention and treatment of GVHD.
The tryptophan catabolite indole and its derivatives are other product of commensal
bacteria with gut immunomodulatory effects. Lactobacillus-derived indole-3-aldhehyde,
for instance, engages the aryl hydrocarbon receptor (AHR), an environmental sensor and
crucial transcription factor for ILC3s in the gut. As such, it can expand ILC3s and their IL-

205 as well as influence the immune response via

22 production in the intestinal mucosa
many other immune cell types?°®. AHR ligation however also has a direct epithelial effect,
as it was shown to regulate ISC differentiation and thereby maintain barrier integrity?®’.
In a GVHD mouse model, administration of indole-3-aldehyde reduced GVHD severity,
intestinal epithelial damage, and gut bacterial translocation. The effects were mediated
through an IFN-I response observed at the transcriptional level in whole gut samples®®®. In
allo-HSCT patients, higher levels of urine 3-indoxyl sulfate, an indole-derived metabolite,
correlated with lower treatment-related mortality and higher overall survival?®®. Therefore,
indole-3-aldehyde administration represents another potential interventional approach of

interest for treatment of GVHD.

Concluding remarks and future prospects

The intestinal epithelium experiences substantial toxicity during the course of allogeneic
transplantation. Given the pivotal role of alloreactive T cells in GVHD pathogenesis, effective
immunosuppression is the cornerstone of GVHD treatment strategies. However, in addition to
control of the alloreactive immune response, development of target-organ-focused strategies
that can protectthe epithelium and stimulate its regeneration is important for further progress in
improving clinical outcomes for transplant patients. Given advancements in both experimental
and clinical research, it is possible that this hope may be realized in the near future.

Most epithelial-targeted factors and pathways discussed here have pleiotropic effects
with complex feedback mechanisms in multiple tissues and different cell types. The mere
stimulation or inhibition on the systemic level therefore may not result in the intended
outcome. New ways to specifically target the intestine, for example through intestine-

210 or carriers such as nanoparticles?"?'223 might

directed genetically engineered cells
make additional Gl-targeted approaches more feasible in the future, similar to the wide use
of oral budesonide for more targeted administration of corticosteroids to the Gl tract. On an
even smaller scale, a better understanding of the structural design of factors involved may
enable the decoupling of protective functions from pro-inflammatory effects. In a recent
study authors were able to design a STAT3-biased IL-22 receptor agonist, which elicited

tissue selective STAT3 activation in vivo?'.
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A combinatory approach of factors that hold promise in preliminary trials at different levels
of epithelial support could be considered (Table 3). To have an effect, adequate timing
of the different strategies will be essential (Fig. 2). Wider use of drug-exposure-targeted
pretransplant conditioning to limit the initial damage?®3°3'33 in combination with early
initiation of Jak1/2 inhibition to shield the epithelium from allo-T cell-derived IFNy and
protect ISCs’” may represent a currently attainable approach to improve GVHD prophylaxis.
Should GVHD develop, pro-regenerative therapies such as IL-22 could be administered
in the front-line setting along with corticosteroids to promote epithelial recovery’®.
Attention must also be paid to maintaining a supportive enteric microbial environment,
including preservation of healthy anaerobic commensals such as butyrate producers™929,
A comprehensive approach involving these strategies as well as the implementation of
additional tissue-targeted modalities currently in development will be necessary to fully
incorporate epithelial biology into GVHD treatment strategies and optimize outcomes for

HSCT patients.
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General discussion



Acute Graft-versus-Host disease (GVHD) of the gut (Gl-) is a severe complication of
allogeneic hematopoietic stem cells transplantation (HSCT) and when unresponsive to first-
line corticosteroid (CS)-treatment in many cases lethal. As such, it is the most important
saboteur of an otherwise lifesaving treatment for hematologic malignancies, immune
deficiencies and inborn errors of metabolism. Current treatment targeting the dysregulated
immune system falls short, and other options should be explored. In this thesis we explore
another side of the coin, investigating how damage to the intestinal epithelium in the
course of allo-HSCT and the development and propagation of GVHD could be a target for
therapeutic options (Fig. 1). In this chapter, | discuss our main findings, their limitations and
implications, and provide a future perspective for research endeavors in the field of allo-
HSCT and beyond.

No response to corticosteroids; then what?

In our retrospective cohort study of Chapter 2 we describe the clinical course and
outcomes of steroid refractory (SR-)GVHD in children in the Netherlands over the past ten
years. With a cumulative incidence of almost 50%, a high disease burden and considerable
mortality, we illustrate the severity of the condition and identify risk factors for outcome.
There is currently no proven effective treatment available for steroid refractory (SR-)GVHD
in children due to a lack in prospective studies. The absence of a clearly superior choice
of therapy causes divergence in management of the disease and standardization of care'.

In our study no choice of second-line therapy proved to be superior, despite the multitude of
immunosuppressive therapies available. Drawing definitive conclusions in our population is
challenging, due to the statistically relatively small and heterogeneous population, in which
often many lines of therapy were given concurrently. This underlines the importance of
large, multicenter prospective studies. Nonetheless, due to the meticulous reporting of the
clinical course in relation to the start of new lines of therapy, we were able to demonstrate
the importance of looking beyond just day 28 for a treatment response in this population,
reflecting the continued damage to the epithelium?. Most of our patients that did recover
from SR-GVHD did so after 28 days.

Especially for children it is vital to improve the outcomes of SR-GVHD. Improved knowledge
on biology and genetics have broadened the indications of SCT to include benign diseases,
suchas primary immunodeficiencies and metabolic disorders®=°. In those settings the positive
graft-versus-leukemia/tumor (GVL) effects that occur in conjunction with the overactive
immune system during GVHD are irrelevant due to the lack of underlying malignancy and
associated relapse risk. GVHD occurrence is then particularly harmful. Furthermore, limiting
treatment-related toxicity like GVHD on the long term becomes increasingly important,
since improvements in whole SCT trajectory have significantly increased long-term survival
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of children and adolescents®®. Non-relapse mortality is still higher than relapse mortality
in children after SCT”. Improvement of GVHD outcomes in children will hopefully reduce
long term effects, like infections, cataract, pulmonary dysfunction, bone- and joint issues,
diabetes, hypothyroidism, cardiac problems, secondary malignancies®?, but also learning
disabilities and psychosocial issues®.

Immunosuppression
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Figure 1. Multimodal and targeted approach to the treatment of GI-GVHD. ISC intestinal stem cell, TA
transit amplifying cell, IFNy interferon-gamma, Rux ruxolitinib, CS corticosteroids.

Defining the battlefield in the gut

The cohort of SR-GVHD children of Chapter 2 illustrates the fact that GVHD of the gut is
prevalent, severe, and hard to treat". 84% of the patients suffered from gut GVHD, and
68% from the more severe form (grade Ill-IV). The combination of malnutrition, dehydration,
blood loss, and risk of infection make GVHD patients very vulnerable to death. In almost all
children that died in our cohort, gut involvement played a role.

The tolerance of tissues that are targeted in GVHD has been proposed as an important
factor in GVHD pathophysiology™. In rectal biopsies of GVHD patients that suffered early
mortality, the transcriptional signature hinted at a higher degree of DNA damage and
stress”. Recent early biomarker-based prediction models for both GVHD™"* and SR-GVHD'™
outcome include the proclaimed gut-related damage factor REG3a. Another model was
superior in the prediction of GVHD outcomes when tissue damage factors ST2 and/or
REG3a were included, as compared to using systemic inflammation factors TNFR1and TIM3
only”. In Chapter 7 we identify all aspects of damaging insults to the gut during the course
of HSCT and their possible relation to GVHD, from conditioning injury and danger signals to
the actions of alloreactive T cells.




Despite the numerous aspects of epithelial damage as risk factors for the development
and severity of GVHD®, causality is for most still far out of reach. Nonetheless, the concept
of tissue damage already has implications for clinical HSCT management, for instance
to increase or slower taper GVHD prophylaxis. Certain conditions with a lot of tissue
damage and infection risk, such as common (variable) immunodeficiency, are recognized
as indications for which increased GVHD preventive measures should be undertaken. In
this thesis, we shed light on the role and mechanism of intestinal epithelial damage in
the course of allo-HSCT and in the development and treatment of GVHD using various
preclinical models.

Chemotherapy conditioning and galectin-9

Chemotherapy used in the conditioning before HSCT is a well-known risk factor for GVHD.
Despite recent developments in the pharmacokinetic modeling of chemotherapy exposure
and tailored dosing having reduced toxicity and improved HSCT survival®-24, conditioning
appears to be a necessary evil to ‘get the cells in” and to deal a last blow to any remaining
leukemic (stem) cells. Thus far, mechanistic propositions of GVHD development after tissue
injury have primarily implicated the activation of the innate immune system, which sets the
stage for the development of allo-reactive T cell responses. We found that chemo-induced
epithelial damage also could exert a direct effect on T behavior in Chapter 4. Galectin-9
(gal-9), a galactoside-binding lectin that we identify as an epithelial derived danger signal,
influences CD4 and CD8 T cell migration, activation and proliferation. These observations
may be of significance for future preventive or even therapeutic approaches.

The role of gal-9 is pleiotropic, ranging from pro-inflammatory to immunosuppressive,
even with respect to its direct effects on T cells. High levels of extracellular gal-9 have
been shown to induce apoptosis in both CD4%?°?” and CD8 T cells?®?°, but lower levels
may also cause subsequent activation?®?” and induce pro-inflammatory cytokines such as
IFNy252730 and granzymes/perforin®®. Conversely, gal-9 can potentiate Treg development
and function®-34. Gal-9’s capacity to bind to glycosylated parts of the cell, creating lattices,
causes highly variable ligand-receptor interactions in a spatiotemporal manner®*3. As such,
gal-9 has been shown to associate with, and influence downstream processes of multiple
receptors?>33343/-39 Therefore, its netto effect depends on the (combination of) receptors
present, glycosylation status of involved cells, as well as gal-9 abundancy (high versus low
concentration), which highly complicates research endeavors elucidating its effects.

Our findings hint at the pro-inflammatory part of the spectrum, with gal-9 potentiating Th
cells and cytotoxic T cells. A similar mechanism was described for the conditioning-induced
danger signal IL33, which acted as a costimulatory signal to generate allo Th 1 cells, and
inhibit a regulatory phenotype*. The pro-inflammatory hypothesis is corroborated by the
higher gal-9 plasma levels at time of transplant in HSCT patients that eventually develop
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GVHD. A previous clinical study found a similar trend in gal-9 levels (albeit at a much later
timepoint) and showed that high gal-9 levels pre-GVHD development were associated with
increased GVHD incidence and reduced overall survival®. Thus, blocking the gal-9-T cell
interaction may be a promising preventive approach. There are several examples in which
the blocking of the interaction of damage molecules with the immune system is associated
with improved outcome in GVHD (see Table 1 Chapter 7). Blocking anti-gal-9 antibodies
are currently being developed as checkpoint inhibitors to induce an anti-tumor immune
response?¥#2-4 which may facilitate future application in HSCT patients. Nonetheless,
considering the application of a checkpoint inhibitor in the treatment of a condition in which
an overactive immune system is the hallmark of disease is hard to imagine.

Thus far, results of gal-9 signaling in already established experimental GVHD support a
beneficial role of gal-944546 albeit in one study only in the presence of Tregs* and not on
all envisioned endpoints*. We show that gal-9 plasma levels remain high in patients with
GVHD beyond the day of transplant. This could ‘just’ indicate ongoing damage, but may also
be part of a (failing) protective feedback loop, for instance facilitating Tregs and suppressing
conventional T cells. This notion may be supported by the fact that pre-transplant and pre-
conditioning gal-9 levels in patients that did not develop GVHD were actually higher than
those who did, perhaps providing a layer of protection pre-insult®. Whichever direction it
will take, strict regulation of gal-9 targeted therapies must be in place with respect to timing,
location, dosage, and cell types involved, which carefully executed future research must
elucidate.

Regardless of its (preventive) therapeutic potential, gal-9 could serve as a very early
biomarker for the development of GVHD. Current established prediction models predict
development of severe GVHD and outcomes based on samples taken on day 7 after
transplant™ or when GVHD has already developed™"”. If gal-9 were to be validated as a
prognostic biomarker already at the time of transplant, it will give the physician more time to
plan and conduct preventive strategies and hopefully reduce the development or severity
of GVHD.

Conversely, serious effort is being made to develop methods of conditioning that forgo
chemotherapy all together by specifically targeting the hematopoietic compartment, without
inducing any bystander tissue damage. The application of CD45-targeted (pan-leukocyte
and HSC marker) antibody-drug conjugates (ADCs) proved to be a safe and highly effective
non-genotoxic conditioning replacement in mouse HSCT models*. Another example is
found in ADCs targeting CD117 (c-kit or stem cell factor receptor), which is expressed only by
HSC and progenitor cells. Conditioning with CD117-ADCs* in combination with antibodies
targeting T and NK cells**° resulted in stable HSC reconstitution in MHC-mismatched
transplantation in immunocompetent mice. Both ‘naked’ anti-CD45 and CD117 antibodies




and ADCs are now subject of phase 1 trials, and could be applicable in pediatric HSCT for
diseases like severe aplastic anemia, fanconi anemia, sickle cell disease, beta-thalassemia
and primary immune disorders®. These developments will potentially remove the use of
chemotherapy from conditioning regimens, and associated risks with that, but extensive
dose finding trials will be necessary before such conclusions can be drawn.

Enteric viruses

A damaging factor influencing clinical decision making not touched upon in our review
of Chapter 7 is the presence of viruses in the gut. While much is known about microbial
correlations with GVHD outcomes and allo-HSCT in general, the role of the virome remains
to date relatively understudied®. Nonetheless, the presence of specific viruses in the gut
before®*>* or within 1 week after® transplant has been associated with the occurrence of GI-
GVHD. For true virome assessment in the transplant-trajectory unbiased virus detection by
NGS technology is required, but this has been limited by the low sensitivity of NSG for this
application®®. Recent strategies for the enrichment of viral nucleic sequences has improved
the detection sensitivity®®. In Chapter 3 we applied an example of such an approach, named
ViroCap, to clinical stool samples of pediatric transplant patients and were able to broadly
detect untested viruses and recent variants®’. This thereby could be a useful approach for
studying the role of virus in GVHD etiology and development in future, larger cohorts of
patients.

Several hypothesis can be raised as to how viral presence associates with allo-immune
activation in the gut. Firstly, viral enteritis could activate the innate immune system through the
induction of DAMP-release and fuel alloreactive responses in the way that has already been
described. A recent study suggests that in an inflammatory environment viral components
can induce MHC-II expression on the intestinal epithelium®8. Epithelial MHC-II expression
has been shown to be indispensable for the induction of lethal GI-GVHD in mice®®. Thirdly,
viral infection may influence the development of immune tolerance to self-antigens. In mice,
infection with a specific herpes virus led to the development of auto-immune gastritis, which
was associated with a disruption of thymic/central tolerance®®. After transplant, donor T
and B cells exiting the newly engrafted bone marrow undergo selection for tolerance for
recipients antigens. Failure may result in acute and chronic GVHD. Knowing more about
viral constitution and predisposition for development and severity of GVHD will allow the
testing of these hypotheses, and hopefully provide new therapeutic insights.

Allo T cells

Killing mechanisms

Despite pre-damaging events in HSCT, the main event in GVHD remains the allo-activation of
donor T cells which causes further damage to the already compromised epithelial barrier. It
was long unknown how activation of allo-T cells caused damage to the intestinal epithelium.
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Direct cytolytic effects of donor T cells through the TNF family member Fas ligand/Fas
pathway®? or the release of serine protease granzyme B (GzmB) and pore-forming
cytolytic perforin® did not or insufficiently explain the mechanism in mice®. Nonetheless,
gut-infiltrating CD8 T cells in non-human primates with GVHD exemplified a highly cytotoxic
profile with high GzmB expression and frequent perforin co-expression®. In Chapter 5,
we demonstrate that the intestinal epithelium is destroyed indirectly, by the allo-activated
donor CD4 and CD8 T cell derived cytokine IFNy targeting the intestinal stem cells (ISCs),
and thereby hindering epithelial regeneration®®. In addition to IFNy, plenty other cytokines
have been shown to play a role in GI-GVHD development, including TNFa, IL-1a/@3, IL-6, IL-
21, IL-23, IL-33 and GM-CSF (reviewed in®). Their inhibition as — mostly immunosuppressive
— therapeutic approach to improve GVHD has been giving contradicting results. As
discussed in Chapter 7, this is probably due to pleiotropic, temporal effects, which vary
between different cell types, and are dependent on the abundancy of cytokines relative
to one another. This phenomenon of dichotomy will be discussed in more detail later on in
this chapter.

Recruitment to the intestinal epithelium

In Chapter 5, we found that donor T cells preferentially invade the intestinal crypt region after
SCT, where the stem cells are residing. Our collaborators found that a437-integrin expressing
donor T cells migrate to the small intestine and interact with endothelial MAdCAM-1, which
was especially abundant in the venules surrounding the crypt compartment®. As such, the
a4B7-MAdCAM-1 axis is a promising target for intestinal crypt-protecting therapy in GVHD
as discussed in Chapter 7.

There are however multiple other ways to prevent T cells from entering the gut during
GI-GVHD, which were not discussed in Chapter 7. Trapping allo-activated T cells in
the lymph nodes (LNs) inhibits their devastating effects on the epithelium. Due to
lymphopenic reconstitution, irradiation only sufficed for donor T cells to massively enter
the spleen, cutaneous and mesenteric LNs in mice. Subsequent mismatched bone marrow
transplantation (BMT) increased the magnitude of infiltration, but did not affect the pattern®®,
In non-human primates the influx pattern of donor CD4 and CD8 T cells into LNs and most
organs after HSCT was the same for allogeneic and autologous transplant. However,
significantly more T cells infiltrated into the gut in the allogeneic setting®®. Donor T cell
could already be found in the gut as early as 6 hours post-BMT in mice’. In spite of T cells
simultaneously accessing mouse peripheral LNs and the gut, activation was predominantly
seen in the gut”. Gut tissue-tropism is already initiated at the anatomical site of the LNs,
but with considerable redundancy. Only blocking entry into all sites improved GVHD2. Also
inhibiting T cell egress from LNs reduced target organ infiltration and diminished GVHD
mortality in mice’s.
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Interfering with the migration of T cells from LNs to the gut is another approach. Migration
occurs under the influence of attracting chemokines and corresponding receptors’,
independent from antigen expression®’®. For instance, T cell-expressed CCR5 chemokine
receptor and its ligands CCL3, 4 and 5 have been implicated in GI-GVHD pathogenesis®®747677,
Maraviroc, a CCR5 antagonist, may be a potentially effective prophylactic strategy to reduce
GI-GVHD in adults’®”° and children®#®' despite conflicting results in animal models®?&. One
of the reasons for conflicting findings might lie in a shift in balance to prevalence of other
chemokine-receptor pairs during inhibition of the one. Patients that developed aGVHD
despite maraviroc prophylaxis showed elevation of serum CXCL9 and 10 levels, which
suggests the CCR5 blockade is being bypassed by increased CXCR3-mediated lymphocyte
migration®. CXCR3 signaling has also independently been associated with GVHD®*# and
its ligands CXCL9, 10 and 11 were found to be upregulated in the gut after conditioning®’
and in GVHD®. A third lymphocyte-gut migration pathway involved in experimental GVHD
consists of CX3CL1 (or fractalkine) and its receptor CX3CR18. Also in GVHD patients CX3CL1
(both mononuclear cells and epithelial cells stained positive) and its receptor were implicated
in GVHD by immunohistochemistry on slides of GVHD patients and blood levels®. Lastly,
CCR6 expression® by and TRPM7 kinase activity® in donor T cells were implicated in the
development of GI-GVHD through gut-infiltration, and might provide future therapy targets.
Animportant side note in targeting T cell homing in GVHD therapy strategies, is the concurrent,
unwanted inhibition of influx of immunosuppressive and gut-protective Tregs®*®. Tregs have
been shown to be potent suppressors of GVHD® and multiple efforts are being made to
induce Tregs in the transplant setting either in vivo®>° or in vitro prior to adoptive transfer®”.
In a recent study, homing-receptor expression was exploited to induce gut-directed Tregs in
vitro. CXCR3-expression allowed the Tregs to migrate towards CXCL10, and induction of a437
and CCR9 expression during expansion enabled the Tregs to infiltrate inflamed intestine in
vivo®® This marks an important trade off, where reducing infiltration of allo-T cells using the
chemokine receptor axis hampers possible gut-directed Treg therapies.

Toxicity of first-line corticosteroids

To make matters worse, we discovered in Chapter 6 that the most effective treatment of
GVHD, first-line therapy with immunosuppressive corticosteroids (CS), provides an extra
layer of intestinal epithelial damage or failure to recover. Patients are often exposed to CS
for long periods of time because of slow tapering to prevent flaring of GVHD. Even in case
of SR-GVHD, CS gifts are initially continued alongside a newly started experimental therapy.
We show in Chapter 6 that when alloreactive responses are insufficiently suppressed, CS
caused additional toxicity and reduction of epithelial regeneration. This was perhaps to be
expected given the well-known atrophic effects of CS on the skin epithelium®®.

Our findings are in line with those of a recent study using a SR-GVHD mouse model, in
which SR-GVHD mice experienced an overall increase in GVHD-specific histopathological
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damage to target organsin comparison to steroid-responsive animals, without any significant
differences in donor T cell characteristics™. Also transcriptomic analysis of biopsies
of patients with SR-GVHD as compared to those taken at the time of GVHD diagnosis
demonstrate negative regulation of growth and reduced wound healing®. No differences
in T cell-related expression were found between GVHD diagnosis and SR-GVHD. These
observations perhaps provide an explanation as to why it has been so challenging to find
an effective treatment for SR-GVHD by focusing solely on the immune system.

However, our findings do not completely resolve the mystery of SR-GVHD. Another recent
mouse model suggested that the development of SR-GVHD is associated with a shift in
donor T cell subsets. They observed an expansion of interleukin (IL)-22 producing T cells,
which caused dysbiosis in a Reg3y dependent manner™. Donor T cell derived IL-22 has
previously been shown to enhance GI-GVHD™2'% This finding is a stark contrast with the
beneficial effect of exogenously administered IL-22 on CS-induced epithelial impairment
we found in Chapter 6, and the promising results of a recent phase Il trial applying
recombinant IL-22 in the treatment of GVHD patients'®. This seeming contradiction will
be further discussed later on in this chapter. There are probably multiple facets to the SR-
GVHD mechanism, including T cell dependent and independent ones.

So how to save the tissue?

Tissue resilience, repair and regeneration are essential to overcome the continuous insults
to the integrity of the intestinal epithelial barrier in GI-GVHD™. In addition to protecting
the gut by directly targeting the damaging factors discussed above, we explored several
options as to how the intestinal epithelium can be restored in Chapter 7.

Interferon-gamma: friend or foe?

Resilience at the level of the intestinal epithelial cell as a GHVD treatment target is
exemplified in Chapter 5. Due to its pleiotropic roles in the SCT trajectory, targeting IFNy
directly to inhibit intestinal epithelial destruction is very challenging’®>'°°. As such, merely
blocking its function with an antibody like emapalumab does not seem to be an option.
Inhibiting the effect of IFNy at the site of the tissue through inhibiting its signaling cascade
with JAK inhibition does seem promising®, but may have similar issues. Nonetheless, our
findings plea for extended use of JAK-inhibitor ruxolitinib (rux), beyond SR-GVHD, either
earlier in the course of GVHD', or even as prevention™". Care should be taken with these
approaches however, since ironically we recently found that IFNy also exerts positive
effects on epithelial regeneration at a later stage of GVHD™. Mice deficient in STAT1, an
essential transcription factor for IFNy signaling, initially are protected against IFNy-mediated
detrimental effects on the epithelium, but eventually experience reduced epithelial recovery




at a later time point than STAT1 potent littermates. This appears to be caused by a STAT-
1-MYC mediated proliferation of ISC. In addition, JAK/STAT signaling may be required for
thymic immune recovery™. The effect of IFNy and the application of its inhibition is therefore
time-dependent.

The effect of IFNy on the intestinal epithelium may also be dose-dependent. When treating
intestinal organoids with IFNy, higher concentrations result in organoid loss and epithelial
death as shown in Chapter 5, while lower concentrations induced increased growth
and even increased reconstitution from single cells in organoids™. A similar dichotomy
is observed with another cytokine important in GVHD pathology, TNFa. Contributions of
TNFa to GVHD pathology have resulted in the introduction of TNFa blocking therapies™",
Indeed, TNFa also has a detrimental effect on the intestinal epithelium as indicated by a
reduction in fetal intestinal organoid number and impaired ISC proliferation™. Nonetheless,
low amounts of TNFa were able to induce organoid growth. This provides us with an extra
layer of complexity in targeting signaling in the epithelium as a therapeutic approach.
The divergent effects do not seem to be relying upon different signaling pathways of
the cytokines. At least for IFNy the signaling pathway involved in both destructive and
regenerative effects appears to be STAT1, as STAT1-deficient organoids were resistant to
IFNy-dependent damage and growth induction. Other mechanisms may be at play resulting
in the divergent effects observed, including IFNy-receptor affinity, membrane expression
levels, or the stability of and crosstalk between tertiary complexes in the signaling pathway™°.
It will require further careful consideration to understand when exactly the inhibition of IFNy
signaling is best to be applied.

Local, and cell-specific regeneration

In addition to opposing effects in timing or dose, the exact anatomical location may be an
important factor when targeting the epithelium as well. The microbial metabolite butyrate
has positive effects on the gut in GVHD as reviewed in Chapter 7. In vitro, it specifically
increased the growth of small intestinal (SI) organoids (mouse and human) via HDAC
inhibition™'. However, more recently it was described that butyrate actually decreased the
growth of organoids derived from mouse colon™?. Since organoids maintain their location-
specific identity in vitro'?, it seems that even the location of the epithelial cells is important
for certain regenerative effects. Perhaps divergent biological outcomes of HDAC inhibition/
induction in the different parts of the intestine underlies these findings. Inositol derived from
E. Coli increased the size of colon organoids via induction of HDAC™2, which is the exact
opposite mechanism of the butyrate induced organoid growth in SI.

Another example of a factor supportive of epithelial regeneration with complex dynamics

is IL-22, as reviewed in Chapter 7. In mice, treatment with IL-22 directly supported ISC
survival and proliferation and reduced GI-GVHD pathology and mortality'*. In vitro, 1L-22
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was recently shown to induce the formation of Paneth cells™®, which in turn support the
ISCs. Incidence of GI-GVHD was higher in children with above median serum IL-22 levels
at day 30 after transplant’?®, but no difference was seen in gut biopsy IL-22 expression
between patients with and without GVHD'?. However, IL-22 expression was upregulated
in gut biopsies of GVHD patients who survived and low IL-22 expression correlated with
increased transplant-related mortality after HSCT'?”. This hints at a protective role for IL-
22 also in patients. A Phase Il clinical study involving IL-22 IgG2-Fc (F-652) treatment
on subjects with grade II-IV lower GI-GVHD has just been conducted in adults, and with
reaching the primary endpoint of a treatment response in 70% of patients the results are
promising'®*. Tissue regenerative IL-22 is released from innate lymphoid type 3 cells (ILC3s)
that perish in experimental and clinical GVHD™2°, As briefly mentioned above, ILC3s are
not the only cells in the intraepithelial/mucosal compartment excreting it. IL-22 derived from
donor T cells was shown to promote both GVHD™2'% and SR-GVHD™ in animal models.
Recent work studied the contributions of IL-22 from both cell types in the same animal
model during Citrobacter rodentium infection™. They found that IL-22 from both origins
induced protective STAT3 phosphorylation in the intestinal epithelium, but prolonged T
cell-derived IL-22 was required for controlling the infection. Probably similar spatiotemporal
effects of IL-22 are at play in the development of (SR-)GVHD. Thus, anatomical location, cell
of origin, and timing appear to be crucial in the workings of IL-22.

Recent data suggests that peri-transplant cell therapy with IL-22 producing ILC3s could be
an even more promising approach for the prevention of GVHD. Next to IL-22 production,
ILC3s may have additional immunosuppressive?® and regenerative effects™. ILCs are
depleted from the blood of patients who undergo conditioning therapy before HSCT™2
In mice, ILC3s move to the crypt after TBI, and excrete IL-22 there locally’™:. Interestingly,
patients with a relatively rapid recovery of ILC numbers after conditioning, before HSCT,
experienced less mucositis and acute GVHD after HSCT®™2. Furthermore, presence of ILCs
in the HSCT grafts correlated with reduced GVHD™. There are now ways of efficiently
generating human ILC3s in the lab™™¢ Nonetheless, ILCs have been shown to be very
plastic depending on the condition they are in, easily switching to a pro-inflammatory ILC1
phenotype under inflammatory conditions™. Engineering of the cells to stabilize their ILC3
phenotype might be warranted before cell therapy is feasible. In addition, the molecular
structure of the IL-22 they excrete can be fine-tuned, rendering only a tissue protective
effect through STAT3 signaling'™®.

Challenges in a multimodal and targeted approach

When developing treatments aimed at the resilience or regeneration of the intestinal
epithelium, we have to keep in mind that in patients multiple treatments will be given at the
sametime (Fig.1). ltisimportant to study how the different approaches affect each other. Since

allo-immune activation is the main culprit in GVHD we will never get away from some form
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of immunosuppressive therapy. Despite the negative effects of CS on epithelial recovery, it
is the most effective therapy we have for GVHD at this time. Luckily, we found in Chapter 6
that IL-22 could exert regeneration even in the presence of crypt recovery-undermining CS.
This is a very relevant finding since in clinical practice patients may still be on CS when IL-22
treatmentis considered. The combination of IL-22 with rux, the only registered treatment for
SR-GVHD in adults thus far, poses a challenge however. In the future development of IL-22
and/or ILC3s as a treatment for (SR-)GVHD it should be taken into consideration that rux will
possibly eliminate IL-22-induced STAT3 effects through the inhibition of upstream JAK1/2.
These therapies cannot be applied simultaneously. A possible treatment schedule may
include the application of CS with rux early on at GVHD onset, to inhibit alloreactive T cells
on the one hand and, in case of rux, protect the epithelium against the cytokine storm on
the other hand. Consequently, ruxolitinib can be discontinued to let remaining IFNy support
epithelial regeneration, and (ILC3-secreting) IL-22 applied, to boost that same regeneration.
Additional research is required to understand which treatment to subscribe exactly when,
and based on which clinical parameters or biomarkers these choices should be made.
Chemical-pharmaceutical innovations, as well as cell therapeutic technologies, could
help to ascertain delivery of just the right compound at just the right time and place.
Nanoparticles specifically destined for the gut™®"! could provide a medium for the delivery
of JAK-inhibitors or IL-22. Recent developments in orthogonal IL-IL-Receptor complexes
have allowed for the expansion of specific immune cells, facilitating immune tolerance
after solid organ transplantation'?. A similar approach can be imaginable expanding and/or
sustaining IL-22 secreting cells, whether these are ILC3s or for instance engineered CAR
T cells. In addition, engineering of synthetic CAR T receptor circuits has allowed for their in
vivo proliferation and secretion of specific interleukins upon encounter of specific peptides,
such as tumor antigens™3°. Were such cell therapies to be translated to the context of
GVHD, one could think of an engineered cell that was to specifically migrate to the intestinal
crypt compartment, based on a4f37-integrin expression, and there, upon exposure to for
instance high levels of IFNy and another damage molecule, for instance gal-9, release IL-
22. All these cutting-edge technologies provide exciting new research targets, of which the
possibilities seem endless.

Model systems and translation to The Human

It is challenging to dissect cause from consequence in a multifaceted disease such as GI-
GVHD as it develops in the whole complexity of an organism. The nuances in GI-GVHD
damage mechanisms and therapeutic targets discussed above have been discovered
through the use of existing-, and the development of new disease models, both in vivo
and in a dish. In the past decades many important lessons about GVHD biology have
been learnt through the use of mouse BMT models, and have resulted in many clinical
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applications™®. Also in our studies on mechanisms of donor T cell-induced damage in
Chapter 5 and CS-induced epithelial effects in Chapter 6, the use of several mouse BMT
models was extremely insightful. Nonetheless, in multiple aspects mice are really not
humans, and other methods are necessary to make the step to understand human biology
and pathophysiology, hopefully eventually making the use of animal models dispensable.

Intestinal epithelial organoids

We were the first to demonstrate that mouse epithelial organoids could serve as a proxy
for in vivo GI-GVHD intestinal crypt function and damage. The application of organoids
allowed us to study epithelial specific effects and interactions with T cells which held true
in vivo in Chapter 5 and 6. Despite the fact that not all in vivo crypt homeostatic processes
are recapitulated in organoids™', we were able to use less mice in our investigations. In
addition, the use of organoids made it possible to ‘leap’ from mouse and mouse in vitro
studies to more clinically relevant human in vitro studies'™?.

Despite multiple similarities, quite some differences exist between mouse and human
intestinal epithelium™:3, and consequently in therefrom derived organoids™. For instance,
human crypts have an increased dependency on niche factors and small molecule inhibitors
to be sustained in culture, suggesting fundamental differences in self renewal between human
and mouse'®*5. As a consequence, human organoids as used in this thesis contain a limited
number of cell types and lack niche-supporting Paneth cells (PC) for example'™®. Furthermore,
in vivo human epithelium contains unique cell types, such as motilin+ enteroendocrine cells™®,
which are not present in mice, signifying different constrains during crypt development®™’.
The limited cell diversity in human organoids presents the biggest limitation in their current
applicability to answer clinically relevant questions. A very recent publication describing
optimized culture conditions for human S| organoids may overcome this hurdle™. Several
previous attempts had been made to improve cell diversity in human organoids "6%8%9 put
had not yet led to a new ‘golden standard’ of culture. In expectance of culture conditions that
can give rise to the full spectrum of human intestinal epithelial cells, conditions to specifically
differentiate organoids towards certain human cell types have been described™®°. The new
culture conditions simultaneously induce a great variety of human intestinal epithelial cell
types, including a PC, goblet, enteroendocrine and tuft cell phenotype, provoking budding
with crypt-villus structures as observed in mouse organoids'?. Interestingly, the addition of
IL-22, the factor previously shown to directly contribute to ISC survival and proliferation,
appeared to be pivotal for the induction of PCs. With these developments human organoids

have become more similar to in vivo intestinal epithelium.

Another shortcoming of both mouse and human intestinal epithelial organoids is the lack
of other gut-relevant tissues, such as the submucosal tissue. Certain progress has been
made in this respect. Transducing differentiated cells with 4 transcription factors generates




human induced pluripotent stem cells (hIPSC)*®. Intestinal organoids derived from hIPSC
(HIOs) are surrounded by a primitive mesenchyme, which can differentiate into smooth
muscle, myofibroblasts, and fibroblasts during a differentiation protocol?. However, HIOs
have a fetal phenotype and require either transplantation in vivo under the kidney capsule
of mice'™ or the inclusion of immune components'® to mature into adult epithelium. This is
a long and tardy process. For the purpose of intestinal transplantation efforts are made in
combining different gut tissues. In a proof of concept, co-assembling human small intestinal
organoids with de-cellularized human intestinal matrices as biological scaffold reliably
reconstructed small intestinal mucosal grafts'®. Finally, since the intestine also contains
vasculature and innervation, co-culturing of epithelial organoids with different types of
mesenchymal, endothelial and glial cells aims to model cellular interactions within those

specific compartments’©®,

Translational potential of disease models in a dish

Many important insights in both intestinal epithelial homeostasis and disease have been
gained by the application of organoids'®’. In Chapter 4, 5 and 6 we make use of co-cultures
of human peripheral blood (PB) T cells and intestinal organoids to model parts of the Gl-
GVHD pathophysiology in a dish. Despite the fact that we were not the first to use this
culture combination to answer pathophysiological questions (for instance®"™), we were
the first to apply it to the field of GI-GVHD. In future studies our models can be used to
understand the course of HSCT damage processes in time even better. For instance, it can
be used for unravelling the role of specific viruses (Chapter 3)'°® and microbiota™® in the
development of alloreactive responses. In addition, new damage-limiting and regeneration-
targeted therapies can be tested. For example through the development of a new co-
culture system with human ILC3s, as was done recently with ILC1s"°.

An important point of discussion when modelling GI-GVHD in the lab is the type and origin
of the used T cells. Donor IFNy-producing CD4 (Th1) and CD8 (Tc1) T cells are classically
identified as the main propagators of GVHD in mice and men®, which matched with our
identification of IFNy as epithelium damaging factor in Chapter 5. The protocols for PB T
cell activation we used induced a strong IFNy production response. However, the frequency
of certain T cell types implicated in GVHD is low in PB, such as IL-17"" and IL-22 producing
Th17/Tc17, respectively Th22/Tc22, although the latter has thus far only been implicated in
mouse studies. Concerning the origin of involved T cells, preclinical studies have supported
the role of donor naive T cells in inducing GVHD as opposed to central memory T cells. But
in humans the specific depletion of naive T cells from the graft reduced only the incidence
of chronic GVHD"2. PB contains both naive and memory CD4 and CD8 T cells in ratios 1:1
respectively 1:2. A recent elegant study in macaques demonstrates that the phenotype that
T cells acquire during GVHD is probably the most important aspect. Donor CD8 T cells
developed a tissue resident memory (CD69+CD103+), effector memory (CCR7-CD45RA-)
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phenotype with gut-infiltration in GVHD®°. The transcriptomic profile of these CD8 T cells
matched that of T cells in the PB of acute GVHD patients. Therefore PB might not be such
a bad place to start for modelling GVHD.

Nonetheless, a patient-based approach will be warranted in future modelling. In mice, the
PB T cell clones associated with GVHD were similar to those found in the gut, but very
rare compared to clones present pre-transplant”. Using PB from patients pre-transplant to
model GVHD will therefore include the eventually responsible clones, but also many other
clones that will not be involved in case GVHD develops. In addition, GVHD-associated
clones were very different between individual mice, even when the same donor repertoire
was used. Using the PB of individual GVHD patients when GVHD has developed is required
to further shed light on the human setting. Furthermore, contrary to what was known thus
far, recent data suggests that also residual patient T cells can contribute to GVHD. Tissue-
residing host T cells are relatively resistant to conditioning and HSCT®"4 and at least in
the skin have been associated with GVHD in humans”47®. All these findings underline a
need for an individual patient approach when it comes to better recapitulating GI-GVHD
in a dish. We are in the process of biobanking both PB T cells as well as those isolated
from biopsies of patients with GVHD. Improvements in culture conditions that can sustain
intestinal biopsies and its constituents in its entirety ‘in situ’, including the epithelial, stromal
and immune compartment, could be the next step to study all possible cellular interactions
in future studies using these materials”®,

Consequently, our co-culture models can be exploited to work towards further clinical
translation. The feasibility of using organoids for this purpose in GVHD is exemplified by the
development of IL-22 therapy by our collaborators in New York'©424 By generating organoids
from patients that still have to undergo the SCT, treatment can be tailored/personalized by
testing the most effective treatment with the least side effects on an individual level””. Also
organoids derived from patients that have already developed GI-GVHD can be used. We
have started biobanking organoids derived from different parts of GVHD-damaged small
and large intestine of clinical patients. Already it has become apparent that establishing the
organoids from the crypts of GVHD damaged tissue is challenging, similar to what we saw
in mice in Chapter 5. Despite the fact that the epithelium has a clear phenotype of damage
in GVHD®787° future studies will have to show if the phenotype can be upheld to a relevant
level under defined culture conditions.

Finally, the co-culture models can be applied beyond the field of HSCT and GVHD, for
instance in studies related to inflammatory bowel disease (IBD) and (hemato-)oncology. In
the IBD field the models can be used for elucidating immune-epithelial contributions™. In
the field of oncology, they can be applied in the development of autologous immunotherapy
for solid tumors™®°®" and the optimization of preceding chemo-treatment for potentiating




anti-tumor immune responses’®23, Lastly, they can be exploited as tissue-test setting for
the construction of (engineered) tumor-specific donor immune cells such as in CAR T cell
therapies'™®+86,

Untrodden paths of epithelial opportunity

There are several new paths to embark on concerning the intestinal epithelium as a target
in GVHD management. As discussed in Chapter 7, the plasticity in the ability of intestinal
crypts to regenerate during damage appears to be inexhaustible®®& More and more is
now known about transcription factors that are involved in crypt regeneration™, We
need to better understand the role of these concepts in the setting of GI-GVHD to exploit
therapeutic possibilities in that respect. As organoids provide a tractable technical platform
to understand spatiotemporal regulation of crypt morphogenesis™* they are eminently
the model to use. Another undiscovered field of study is found in epigenetics. There is
ample evidence in skin®"®2 and also some in gut'®3, that initial damage induces epigenetic
memory in epithelial (stem) cells that influences immune- or regenerative responses in the
epithelium at a later stage. Since the process of HSCT encompasses just that, an initial
insult with conditioning and a consequent secondary insult by an alloreactive immune
system, targets in epigenetics may be promising for new therapeutic approaches in GVHD.

Conclusion

In conclusion, the development of SR-GHVD is associated with a high mortality and morbidity
due to lack of proven effective therapies. The era of immunosuppressive monotherapy
seems to have come to an end. Damage to the intestinal epithelium is in many ways
associated with the development and propagation of GI-GVHD, and provides a good target
for new, additional therapies. Further application of our developed disease models, but
mostly evaluating new tissue targets in prospective clinical trials, is crucial to improve the
outcomes of GHVD.
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Nederlandse samenvatting

leder jaar ondergaan er gemiddeld 75 kinderen in Nederland een allogene stamcel-
transplantatie (SCT) als laatste redmiddel voor bijvoorbeeld leukemie. Voordat de SCT kan
plaatsvinden ondergaat de patiént bestraling en/of chemotherapie om ruimte te maken voor
het transplantaat. Transplantatie vindt vervolgens plaats met de meest compatibele donor op
basis van het weefsel HLA-type. Helaas wordt het succes van SCT als behandeling bedreigd
door het optreden van acute Graft-versus-Host ziekte (GvHZ). GvHZ ontstaat wanneer donor
afweercellen de weefsels van de patiént als lichaamsvreemd herkennen en grootschalige
inflammatie veroorzaken. Met name patiénten met GvHZ van de darm lopen gevaar door het
risico op uitdroging en ondervoeding, en een verhoogd risico op infectie.

De behandeling van GvHZ is voornamelijk gericht op het onderdrukken van het overactieve
afweersysteem met corticosteroiden (CS). Een balans te vinden tussen het onderdrukken van
de afweer tijdens GvZH enerzijds, en infectiebescherming anderzijds, is daarbij een grote
uitdaging. Bovendien reageert ongeveer de helft van de patiénten niet of onvoldoende op
CS en ontwikkelt zogenaamde steroide-refractaire (SR-)GvHZ. Het is cruciaal dat er nieuwe
therapieén ontwikkeld worden die zich niet primair richten op het onderdrukken van het
immuunsysteem. Darmepitheelschade speelt een grote rol tijdens de ontwikkeling van GvHZ
(Hoofdstuk 7). Desondanks is er nog veel onbekend over het mechanisme dat hieraan ten
grondslag ligt, waardoor potentiéle behandelingsmogelijkheden op dit vlak nog niet kunnen

worden benut.

In dit promotieonderzoek brachten we ten eerste in kaart hoe het de kinderen verging die
SR-GvHZ ontwikkelden na SCT in Nederland, en wat de risicofactoren waren voor slechtere
uitkomsten (Hoofdstuk 2). Verder hebben we op verschillende momenten in het SCT traject
bestudeerd wat de rol is van darmepitheelschade bij het ontstaan van en in stand houden
van GvHZ. Hiervoor zijn verschillende GvHZ muismodellen gebruikt en kweekmodellen
ontwikkeld met organoids, ‘mini-darmpjes’, om specifieke aspecten van GvHZ na te kunnen
bootsen.

We ontdekten dat het cytokine interferon-gamma (IFNg) dat wordt uitgescheiden door donor T
cellen ervoor zorgt dat darmepitheelstamcellen ten onder gaan (Hoofdstuk 5). De stamcellen
konden beschermd worden door de cel signalering van IFNg in het epitheel te remmen met
het medicijn ruxolitinib. Momenteel wordt ruxolitinib alleen aan volwassenen met SR-GvHZ
voorgeschreven, maar eerdere of zelfs preventieve behandeling zou veelbelovend kunnen

zijn.

Vervolgens bestudeerden we wat het effect is van behandeling met CS op het darme-
pitheelherstel in GvHZ (Hoofdstuk 6). CS belemmerde het herstel aanzienlijk, maar
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behandeling met epitheelstamcel-stimulerend interleukine (IL)-22 kon dit overwinnen. Dit is
een belangrijke bevinding, omdat in klinische trials met volwassenen IL-22 tegelijkertijd met
CS wordt gegeven.

Ook brachten we het directe effect van epitheelschade door chemotherapie op donor T cel
responsen voorafgaand aan SCT in kaart (Hoofdstuk 4). Epitheelschade door chemo bleek
T cellen aan te trekken en bij te dragen aan hun activatie. Het door epitheel uitgescheiden
eiwit galectin (gal)-9 speelde bij beide processen een rol, en bleek ook verhoogd te zijn in het
serum van kinderen die uiteindelijk GvHZ ontwikkelden na SCT. Afhankelijk van de precieze
rol van gal-9 in het ziekteproces, zou het een aangrijpingspunt voor preventie of behandeling
van GvHZ kunnen zijn.

Ten slotte pasten we een methode toe om efficiént virussen aan te kunnen tonen in de
ontlasting van kinderen die worden verdacht van GvHZ van de darm (Hoofdstuk 3). Er zijn
aanwijzingen datde aanwezigheid van bepaalde virussen predisponeren voor het ontwikkelen
van GvZH, maar het onderzoek daarnaar is beperkt. Een van de uitdagingen is het efficiént
kunnen identificeren van de virussen. Door de verrijking van virale nucleinezuren (RNA/DNA)
met ViroCap voorafgaand aan next-generation sequencing konden we niet eerder gevonden
virussen aantonen, inclusief een nieuwe variant. Door dit in de toekomst toe te passen op een

groter cohort kunnen associaties tussen virussen en uitkomsten in kaart gebracht worden.

Concluderend is het optreden van SR-GvHZ bij kinderen geassocieerd met een hoge
mortaliteit en morbiditeit door het ontbreken van een bewezen effectieve behandeling. De era
van immunosuppressieve monotherapie lijkt daarmee voorbij. Schade aan het darmepitheel
is op veel verschillende manieren geassocieerd met de ontwikkeling en instandhouding van
GvHZ van de darm, en is daarmee een goed aangrijpingspunt voor nieuwe, aanvullende
therapieén. Verdere toepassing van de door ons ontwikkelde ziektemodellen, maar
voornamelijk toetsing van de daaruit behaalde resultaten in prospectieve klinische trials, is
cruciaal voor de verbetering van de uitkomsten voor patiénten met GvHZ.
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