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ABSTRACT

Crohn’s disease (CD) is a progressive inflammatory and fibrotic disorder of the intestinal tract
thought to arise from defective interactions of immune cells, intestinal microbes, and intervening
mucosal barriers. Here we perform novel clonogenic analyses of stem cells derived from the
terminal ileum of pediatric and adult patients with CD. We show that CD stem cell libraries are
dominated by two variants that display ingrained pro-inflammatory and pro-fibrotic signaling.
Transplantation of these variants to immunodeficient mice triggers key features of CD including
leukocyte infiltration and fibrosis. These variants, which exist at low levels in control and fetal
terminal ileum, display an absolute commitment to gastric epithelial fates. Together, this work
links CD to the amplification of minor stem cell variants whose conventional roles are in the
response to ancient human pathogens and suggests mechanistic analogies to chronic
obstructive pulmonary disease (COPD) and perhaps other chronic inflammatory conditions. If
true, Crohn's disease can be mitigated by therapeutics that selectively target these variant stem
cells allowing existing normal stem cells to compensate for the loss of those. We develop a
high-throughput chemical screening platform to uncover small molecules that specifically target
these variant stem cells. Furthermore, these small molecules, in a unique combination with
promoters, protect and promote normal stem cells while eradicating variant stem cells. Lastly,
the clonogenic mucosal stem cell variants tied to pathological features of the disease are
selectively targeted by candidate small molecules in the xenograft model diminishing those

features in parallel and leaving normal stem cells to repopulate and maintain homeostasis.

il



TABLE OF CONTENTS

ACKNOWLEDGEMENTS .....ciniiiiiiiiiin s s s r s s s s s s s i
5 I 2 O iii
LISTOF TABLES ...t e e e s s s s r e s s e e e s s n e e e vii
LIST OF FIGURES ... s s s s s s s s s s s e e n s viii
LIST OF ABBREVIATIONS ... s e iX
LIST OF PUBLICATIONS USED IN THE DISSERTATION .......cccciiiiiiiieieeeeene Xi
1 GENERAL INTRODUCTION..... . s s s s s s s e e 1
1.1 Crohn's disease: incidence, symptoms and diagnosis ..............cocvviiiiiiiiniiiininn. 1
1.2 Current therapies and medical management ..., 3
1 8 CaAUS S .ttt e 6
131 GENEEICS e 6
1.3.2 Environmental factors ........ ... 8
1.3.3 MICrODIOta ... e 9
1.3.4 Innate and adaptive immunity ........ ..o 9
1.3.5 Intestinal epithelial barrier ........ ... 11
1.4 ANIMal MOTEIS ..o e e e 13
1.4.1 Chemically induced models .............ccooiiiiiii e 14
1.4.2 Immunological MOdEIS ... 15
1.4.3 GenetiC MOEIS ... 15
1.4.4 Spontaneous MOEIS ...t 15
2 MATERIALS AND METHODS ..o reier e e e s e s e s s e e e e rm s 17
2 A Materials ... e 17
2.1.1 List of reagents and commercial Kits ... 17
21.2 Listof antibodies ... 17
213 List of QPCR PriMErs ... 18
2.1.4 Experimental models: cell ines ... 18
2.1.5 Experimental models: organisms/strains .............cooooiiiiiiiiiiii 18
2.1.6 Biological SamPIes ... 18

v



2.2 Experimental model and subjectdetails ... 19

2.2.1 HUMAN SUDJECES ...t 19
2.2.2 Primary cell CURUIE ... ..o e 19
2.2.3 ANIMaIS ..o 19
224 Cell NS ... 20
2.3 Method details ... 20
2.3.1 In vitro culture of human terminal ileum epithelial stem cells ..................... 20
2.3.2 Stem cell differentiation ......... ..o 21
2.3.3 Histology and immunostaining ...........cocouiiiiiiiii e 21
2.3.4 Xenografts in immunodeficient mice ... 22
2.3.5 Flow cytometry @analysis ...........oooiiiiieiiii e 23
2.3.6 RNA sample preparation ............coouiiiiiiiiii e 23
2.3.7 Sequence alignment of single cell RNA sequencing ..............ccooviiiinenn, 23
2.3.8 Single cell RNA SEQUENCING ... .ouviiiiii e 24
2.3.9 Expression microarray data analysis ...........c.ccooiiiiiiiiiiii 25
2.3.10 Expression qPCR array ........oooiiiiii e 26
2.3.11 Statistical @analysSis ..........oooiiiii 26
2.3.12 In vitro culture of GFP-tagged cells in multi-well plates........................... 26
2.3.13 High throughput screening and imaging of cell lines ........................c... 27
2.3.14 High content image analysis and selection of drugs ................c.cooiients 28
2.3.15 Drug validation and establishing dosage response curve ....................... 29
2.3.16 In vivo testing of drugs in xenograft model ...................co 29
3 CLONING AND CHARACTERIZATION OF PATIENT-DERIVED STEM CELLS.....31
3.1 Significance of the proposed study ... 31
3.2 ResearCh strategy ........o.ouiiii 32
3.2.1 Cloning epithelial stem cells from Crohn's patient biopsies ....................... 32
3.2.2 Expanding single cell-derived clones .............cooiiiiiiiii e 34
3.2.3 Functional characterization of intestinal stemcells .....................oos 34
3.2.4 Stability of intestinal cells ... ... 34



B B RESUIS oo 35

3.3.1 Stem cell heterogeneity in Crohn's ... ... 35
3.3.2 Crohn's variant stem cells committed to upper Gl fate ............................. 48
3.3.3 Crohn's stem cell libraries drive neutrophilic inflammation ........................ 56
3.3.4 Variant stem cells drive fibrotic hostresponses ..............cccooiiiiiiiiinnn. 66
3.3.5 Crohn's variant stem cells preexist in fetal terminal ileum ......................... 73

B0 1D 1= o7 1 1] T o 84
4 DRUG DISCOVERY USING PATIENT-DERIVED STEM CELLS ........................ 90
4.1 Significance of the proposed study ............oooiiiii i 90
4.2 ReSearch Strategy ...... ..o 91
4.2.1 Phenotypic approach to drug diSCOVErY ..........cccoieiiiiiiiiiiiiiiiieeea, 91
4.2.2 High throughput screening in hit discovery process ..............cccoovvvieinenn. 93
4.2.3 Cell-based assay development and high content screening ..................... 94
4.2.4 Primary and stem cell lines for high throughput screening ....................... 95
4.2.5 Animal model for in vivo validation of drugs ..o, 97
4.2.5.1 Limitations of current animal models ....................coiii. 97

4.2.5.2 Humanized mouse model for in vivo validation of drugs ................ 98

4.3 RESUIS . e 99
4.3.1 Adapting stem cells for high throughput screening ...t 99
4.3.2 HTS allows discovery of drugs against variant stemcells ...................... 100
4.3.3 HTS allows discovery of promoters ............coiiiiiiiiiiiiiee s 109
4.3.4 Drugs recover the phenotype in xenograftmodel ....................oin 110

1D 11T o -1 o) o 114
BIBLIOGRAPHY ... e s s s s e e s s nm e e s s m e e s 124

vi



LIST OF TABLES

3.1 Crohn’s and CoNtrol SUDJECES ... . ..o 36
4.1 Target or pathway enrichment from common hits ..., 104
4.2 Compounds selected for validation in VItro ..o, 108
4.3 Promoters selected for validation in Vitro ..o 112

vii



LIST OF FIGURES

3.1 Clonal analysis of terminal ileum stem cells reveals heterogenity in Crohn’s ................... 39
3.2 Stem cell heterogeneity by gqPCR and immuofluorescence staining .....................oooeeene. 43
3.3 Stem cell heterogeneity by FACS and clonogenicity of stemcells ................coooiiini, 45
3.4 CLST2 and CLST3 clones are committed to upper gastrointestinal fates ........................ 49
3.5 Clonal differentiation in air liquid interface (ALI) ..., 52
3.6 Clonal differentiation in xenograft ... 54
3.7 CLST2 and CLST3 markers in resected tissues from three Crohn’s patient .................... 55
3.8 Constitutive expression of inflammatory mediators in CLST2 and CLST3 .............cceenenn. 58
3.9 CLST3 clones drive neutrophilic inflammation in xenografts .................oo, 61
3.10 Pro-inflammatory activities of Crohn’s libraries ..............cooooiiiiiiiiiiiie e, 64
3.11 Inflammatory signatures of Crohn's variant stem cells overlap with GWAS ................... 67
3.12 Pro-fibrotic activities of CLST2 and CLST3 ClONeS ........ccoiiuiiiiiiiiiiiieieeeen 70
3.13 Pro-fibrotic activities of Crohn’s libraries ..o, 74
3.14 CLST 2 and CLST3 variant stem cells in fetal terminal ileum ...................oon, 77
3.15 Variant clones in fetal terminal ileum are similar to that in Crohn’s...................coi, 79
3.16 Variant stem cells in provoke pathology in lower ratios ............c.cooviiiiiiiiiin, 82
4.1 Stem cells adapted for high throughput screening ..............cocoiiiiiiiiiie 101
4.2 Small molecules specifically target variant clones ... 103
4.3 Validation of selected small molecules from HTS ..., 106
4.4 Synergistic HTS identifies drugs that promote CLST1 ..o, 111
4.5 Validation of two best candidate drugs in xenograft mouse model ......................ooee. 115

viii



IBD
CD
uc
HTS
HCA
CTE
MRE
5-ASA
6-MP
MLCK
MMPs
si-RNA
GWAS
rRNA
TLR
NOD
NLR
iTreg
ER
DSS
TNBS

SCID

LIST OF ABBREVIATIONS

Inflammatory Bowel Disease
Crohn’s Disease

Ulcerative Colitis

High Throughput Screening

High Content Analysis

Computed Tomography Enterography
Magnetic Resonance Enterography
5-Aminosalicyclic Acid
6-mercaptopurine

Myosin Light Chain Kinase

Matrix Metalloproteinases
small-interfering Ribonucleotide Acid
Genome-wide Association Studies
ribosomal Ribonucleic Acid

Toll-like receptors

Nucleotide Binding Domain
Nucleotide Binding Domain (NOD) Like Receptors
inducible regulatory T-cells
Endoplasmic Reticulum

Dextran Sodium Sulfate
Trinitrobenzenesulfonic

Severe Combined Immunodeficient

X



gPCR quantitative Polymerase Chain Reaction

NSG NOD.Cg-Prkdcscid 12rgtm1Wijl/SzJ

ALI Air-liquid Interface

H&E Hematoxylin and Eosin

IF Immunofluorescence

IHC Immunohistochemistry

FACS Fluorescent-activated Cell Sorting

RIN RNA Integrity Number

t-SNE t-distributed Stochastic Neighbor Embedding
PCA Principal Component Analysis

GFP Green Fluorescent Protein

RFP Red Fluorescent Protein

PBS Phosphate Buffered Saline

CNV Copy Number Variation

STR Short Tandem Repeats

HPA Human Protein Atlas

IACUC Institutional Animal Care and Use Committee
BWH Brigham and Women’s Hospital

UCONN University of Connecticut
BCM Baylor College of Medicine

UNC University of North Carolina



LIST OF PUBLICATIONS USED IN THE DISSERTATION

Duleba M, Yamamoto Y, Neupane R, Rao W, Xie J, Qi Y, Liew AA, Niroula S, Zhang Y,
Mahalingam R, Wang S, Goller K, Ajani JA, Vincent M, Ho KY, Hou JK, Hyams JS, Sylvester
FA, Crum CP, McKeon F, Xian W. (2020). Cloning of ground-state intestinal stem cells from
endoscopic biopsy samples. Nature Protocol, 15(5):1612-1627.

Rao W, Wang S, Duleba M, Niroula S, Goller K, Xie J, Mahalingam R, Neupane R, Liew AA,
Vincent M, Okuda K, O'Neal WK, Boucher RC, Dickey BF, Wechsler ME, Ibrahim O,
Engelhardt JF, Mertens TCJ, Wang W, Jyothula SSK, Crum CP, Karmouty-Quintana H, Parekh
KR, Metersky ML, McKeon FD, Xian W. (2020). Regenerative metaplastic clones in COPD lung
drive inflammation and fibrosis. Cell, 181(4):848-864.e18.

Duleba M, Qi Y, Mahalingam R, Flynn K, Rinaldi F, Liew AA, Neupane R, Vincent M, Crum
CP, Ho KY, Hou JK, Hyams JS, Sylvester FA, McKeon F, and Xian W. (2019). An efficient
method for cloning gastrointestinal stem cells from patients via endoscopic biopsies.
Gastroenterology, 156 (1):20-23.

X1



CHAPTER 1: GENERAL INTRODUCTION

1.1 Crohn’s Disease: incidence, symptoms, and diagnosis

Crohn’s and ulcerative colitis are two chronic remitting and relapsing inflammatory
disease of the bowel. These two parts of inflammatory bowel disease (IBD) are of unknown
cause and share many clinical and therapeutic features. However, important clinical and
pathophysiological differences exist between these two forms of IBD (Fiocchi, 1998). Ulcerative
colitis starts from the rectum and spreads to a variable length of the large intestine while
Crohn’s can affect any part of the gastrointestinal tract — most commonly, terminal ileum (Both
et al., 1983). The primary effect of ulcerative colitis is limited to the mucosa, but Crohn’s disease
is transmural in nature affecting the entire gastrointestinal tract. Finally, ulcerative colitis
presents a continuous disease without the involvement of abscesses, granulomas, or lesions
progressing to fistulas (Floren et al., 1987). In contrast, Crohn’s disease is characterized by
scarring, abscesses, and lesions that can progress to strictures or fistulas in the gastrointestinal
tract requiring hospitalization and surgical intervention (Baumgart and Sandborn, 2012). The
presentation of Crohn’s disease is mostly regional where affected lesions are commonly
separated by uninvolved regions known as ‘skip areas’ (Geboes, 2001). It is an obstructive
condition in both adults and pediatrics, with an incidence of 3 to 20 cases per 100,000 each
year in the United States (Molodecky et al., 2012). While the onset of the disease is more
common in young adults, approximately a quarter of the affected patients are children (Van
Limbergen et al., 2008). Patients with Crohn’s are in frequent need of immunosuppression and
anti-inflammatory therapy. They also have a higher chance of developing colorectal cancer (Van
Limbergen et al., 2008; Sauer and Kiugathasan, 2009; Hyams, 2014; Peloquin et al., 2016) and
are susceptible to Clostridium difficile infections, with an occasional incidence of death among

patients (Saidel et al., 2011).



The disease frequently presents with abdominal pain, diarrhea, fever, anemia, weight
loss, and delayed growth (in children under 12 years of age). Especially, in teenagers and
young adults, the disease may have extra intestinal manifestations as well. Arthritis, cholangitis,
hydronephrosis, urinary tract infections, and skin lesions are some of those (Levine and
Burakoff, 2011). The patients often show signs of bowel obstruction as the bowel wall gets
thickened with the involvement of the submucosa, the muscularis propria, the subserosa, and
mesenteric fat. The mesenteric fat wrapping sometimes covers 50% of the circumference of the
intestine (Sheehan et al., 1992). This phenomenon is specific to Crohn’s disease and is called
‘fat wrapping’. In other patients, inflammation can extend transmurally deep into the wall of the
intestine and cause the formation of ulcers and abscesses, which is a collection of pus as a
result of infection. Sometimes, fistulas can be formed as a result of this abscesses formation in
the ileum connecting either two different parts of the bowel or the bowel to other organs such as
the bladder or vagina (Scharl and Rogler, 2014). Stenosis or strictures are other forms of
intestinal obstruction observed in Crohn’s disease. Fibrosis can cause excess smooth muscle
cell accumulation and collagen deposition in the bowel wall causing it to be narrow and blocking

the passage of food (Rieder et al., 2013).

The duration of symptoms before being diagnosed as Crohn’s is being shortened with
time as the clinical symptoms are being correlated with objective findings from imaging
techniques. Endoscopic and radiological techniques supported by pathology are the basis of the
diagnosis of Crohn’s disease (Cheifetz, 2013). One of the classic features of Crohn’s — ‘skip
lesions’, where normal-appearing mucosa and lesions with varying degrees of inflammation
exist side to side, can be seen by endoscopic imaging. Similarly, endoscopes can also
characterize luminal stenosis and fistula formations. Both computed tomography enterography

(CTE) and magnetic resonance enterography (MRE) scans allow better visualization of
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intestinal obstructions such as fistulas, and abscesses (Dambha et al., 2014; Baumgart and
Sandborn, 2012). Non-invasive imaging techniques such as ultrasound have been used for
initial diagnosis, disease activity evaluation, detection of stenosis, fistula, and abscesses (Panes
et al., 2011). Pathology is another aspect of diagnosis of the disease which allows finding more
common features of the disease such as the presence of granulomas, plasma cells, varying
degrees of infiltrates from lymphocytes, detection of crypt abscesses, crypt atrophy, distortion of
crypt architecture, and crypt branching (Heresbach et al., 2005). Although serology is also used
as a support for diagnosis, no markers have been specific enough to establish or rule out the
diagnosis of Crohn’s. Some of the commonly used biomarkers are C-reactive protein, anti-
Saccharomyces cerevisiae, antineutrophil cytoplasmic autoantibodies, and the fecal granulocyte

proteins - lactoferrin and calprotectin (Peeters et al., 2001).

1.2 Current therapies and medical management

Crohn’s is an aggressive disease that leads to intestinal obstruction and many
associated extra-intestinal complications. Hence, current therapies are aimed towards the
resolution of active inflammation followed by stable clinical and endoscopic remission of the
disease. The therapeutic approach is based on the age of diagnosis, the severity of the disease,
and the extent of gastrointestinal tract involvement. Initially, steroids and anti-TNFs are used as
fast-acting agents for immediate symptom relief and combined with strong immune system
suppressants such as methotrexate or thiopurines to achieve long-lasting maintenance (Chande
et al., 2016). Corticosteroids such as prednisone have been an integral part of therapeutics for
the treatment of moderate to severe Crohn’s (Steinhart et al., 2000). Their combination with
anti-inflammatory drugs has been the choice for treatment during the first 4-5 years of
uncomplicated disease stage. In contrast to systemic steroids, topical steroid drugs such as

budesonide can be targeted to deliver in specific regions of the gastrointestinal tract. A lower
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dose of topical drugs has been proven to be effective in such cases compared to a higher dose
of systemic drugs (Seow et al., 2008). Non-steroidal anti-inflammatory drugs such as 5-
aminosalicylic acid (5-ASA) derivatives are also used as topical drugs to treat mild to moderate
Crohn’s. These drugs are coated with a pH-sensitive acrylic polymer and targeted to release in
terminal ileum and colon at a pH of 7.0 (Gisbert et al., 2002). While corticosteroids and anti-
inflammatory drugs relieve the symptoms by directly working at the site of inflammation,
immunomodulatory drugs regulate or normalize the response from the immune system.
Azathioprine, 6-mercaptopurine (6-MP), and cyclosporine are some examples of

immunomodulators that inhibit natural killer cell and T-cell activities (Dulai et al., 2014).

Humanized monoclonal antibodies are one of the recently approved therapy for
moderate to severe Crohn’s disease. Vedolizumab and natalizumab are such antibodies that
inhibit selective adhesion molecules. Vedolizumab targets adhesion molecule a437- integrin
heterodimer resulting in inhibition of leukocyte migration (Sandborn et al., 2013). Similarly,
natalizumab blocks a4-integrin molecules. Ustekinumab is an interleukin inhibitor blocking the p-
40 subunit of IL-12 and IL-23 molecules (Sandborn et al., 2012). These are major cytokines in
the pathogenesis of inflammatory bowel disease. Humanized monoclonal antibodies against
matrix metalloproteinases (MMPs) are one of the emerging therapies. In experimental models of
inflammations, MMP9 has been suggested as a key mediator for impairing colonic epithelial
permeability and intensifying inflammation by activating myosin light chain kinase (MLCK)
(Nighot et al., 2015). GS-5745, a potent and selective allosteric MMP9 inhibitor, is currently
being tested in clinical trials for IBD. Moreover, small-interfering RNA (siRNA) is also one of the
emerging therapies in the management of tissue fibrosis. siRNA-based silencing of CHST15, an
enzyme biosynthesizing chondroitin sulfate E that promotes tissue fibrosis, in both acute and

chronic dextran sodium sulfate colitis models reduced colitis activity, intestinal accumulation of
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macrophages, a-SMA-positive myofibroblasts, and collagen deposition (Suzuki et al., 2017). A
phase | study of 18 Crohn’s patients published in 2016 showed a reduction of endoscopic
inflammation as well as tissue fibrosis after administration of siRNA against CHST15 compared
to placebo therapy (Suzuki et al., 2017). Lastly, although microbiome has not been identified as
a specific cause in Crohn’s disease, antibiotics such as ciprofloxacin and metronidazole are
used in treatment. Despite the lack of consistent data in terms of effectiveness for induction and
maintenance of remission by antibiotics, they might help patients with bacterial infections such

as Clostridium difficile (Gomollon et al., 2017).

Despite all the advancements in instruments and treatment strategies, the patients with
stable clinical remission are as low as 10%. Therapeutic regimens aim to maintain remission
without the need to go for surgical intervention, but surgery might be required once patients
develop complications such as stricture and fistula formation. The medical management of
Crohn’s disease has gone some significant changes over the past decades- early introduction of
immunosuppressants in high-risk patients, sequential and incremental treatment strategy based
on symptoms (Swaminath and Kombluth, 2007). But these treatments still rely on
immunosuppressants coupled with biologics directed at TNF-alpha and other inflammatory
cytokines. And while these treatments can slow the progression of the disease, they have not
reduced the need for surgical intervention nor have been able to fully establish remission in
patients (Baumgart and Sandborn, 2012). Surgery might be needed to remove the entire colon
(colectomy), the colon and rectum (proctocolectomy), a portion of the colon (resection), or
ileocolonic anastomosis (joining the end of the small intestine and first part of the colon). 50% of
the patients diagnosed with Crohn’s require surgery within 20 years because of intestinal
complications (Cheifetz, 2013). And the remaining 50% require surgery with 10 years of the first
diagnosis with recurrence being as high as 55% after 10 years. In some cases, surgery might
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be needed earlier if they develop abscesses, stricture, perforations, or fistula sooner (Rieder et
al., 2016). Surprisingly, surgery has not been able to induce clinical remission as well. Patients
with aggressive transmural conditions tend to relapse sooner than others. Hence, many patients

will require multiple surgeries over their lifetime (Frolkis et al., 2013).

1.3 Causes

About 3 to 20 per 100,000 new cases of Crohn’s disease are reported each year in the
United States (Molodecky et al., 2012). Although the incidence of the disease is rising in Asia
and South America, it is found to be more common in the industrialized world, North America,
and Western Europe (Ng et al., 2013). The prevalence of the disease is slightly higher in
women and is common in Ashkenazi Jews than in any other ethnic group (Loftus, 2004). The
exact etiology of Crohn’s disease remains obscure, but it is believed to be caused by
interactions between the immune system, microbiome, genetics, and the environment affecting
the lining of the digestive tract (McGovern et al., 2015). So far, the accepted notion for Crohn’s
pathogenesis includes dysregulated mucosal immune responses to intestinal microbiomes and
in genetically susceptible hosts, defects in innate and adaptive immunity, or defects in the

intestinal barrier contributing to inflammation.

1.3.1 Genetics

About 10% to 25% of patients diagnosed with Crohn’s disease have a family history or a
first-degree relative with the disorder (Ng et al., 2013). Along with this, the large concordance
studies performed in twins are indications of the role of genetic predisposition in Crohn’s
disease. Studies in twins show that 20% to 50% monozygotic pairs are concordant for the
disorder compared to 10% in dizygotic pairs which is the same concordance as patients with

family history. A nationwide study among twins in Germany showed concordance of 35% in
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monozygotic pairs and only 3% in dizygotic pairs for the disease (Spehlmann et al., 2008).
However, recent studies indicate an overestimation of concordance in monozygotic twins and
the contribution of genetics in the etiology of the disease due to methodological limitations in

previous studies (Halfvarson, 2011).

Nevertheless, recent genome-wide association studies (GWAS), in silico meta-analyses,
and intestinal pathophysiology studies have made significant contributions in identifying IBD-
associated gene loci. Large scale GWAS alone has identified over 200 IBD-associated genetic
risk loci with stunning overlap between Crohn’s, ulcerative colitis, and other immune-mediated
diseases (Jostins et al., 2012; de Lange et al., 2017). So far, 71 susceptibility loci for Crohn’s
disease on 17 chromosomes, most significantly on chromosome 16, have been identified
(Franke et al., 2010). NOD2 was one of the first genes discovered on chromosome 16 and
identified as a major genetic risk factor for Crohn’s disease (Hugot et al., 2001). An individual
with homozygotic changes in the NOD2 gene has 20 to 40 times higher chances of developing
Crohn’s while a heterozygote has only 2 to 4 times higher chance (Ogura et al., 2001; Philpott et
al., 2004). GWAS reveals an overlap of risk loci for Crohn’s and mycobacterial infections and
implicates genes of adaptive and innate immune processes in the containment of gut microbes
(Hampe et al. et al., 2007; Rioux et al., 2007; Barrett et al., 2008). Interestingly, GWAS has also
identified multiple genes as risk loci that have restricted expression in the intestinal mucosa.
Downregulation of those genes is linked with deficiencies in anti-microbial functions of Paneth
cells in Crohn’s disease patients (Wehkamp et al., 2005), defective autophagy processing of
microbial antigens by mucosal epithelial cells (Wehkamp et al., 2005; Hampe et al., 2007;
Stappenbeck and McGovern, 2017), and altered responsiveness of mucosal immune cells

(Abraham and Cho, 2009).



Despite large contributions of GWAS and meta-analyses studies in identifying risk loci
for Crohn’s, genetic contribution explains only 20% of the heritability of Crohn’s disease.
Relatively low concordance rates in monozygotic twin studies and evidence of low genetic
contribution to heredity suggests large immunobiological and environmental contribution to this

disease (Park et al., 2010; Halfvarson, 2011).

1.3.2 Environmental factors

Although the incidence of IBD was more common in Western countries throughout the
middle of the 20" century, the number of diagnosed cases in developing countries is increasing
each year suggesting this changing epidemiology is related to urbanization and industrialization
(Kaplan et al., 2016; Kaplan et al., 2017). Also, evidence of increasing rate among the
immigrants from low incidence regions to high incidence regions suggests an important role of
the environment and lifestyle (Joossens et al., 2007). The potential risk factors for IBD
associated with urbanization and change in lifestyle include a change in diet, antibiotic use,
exposure to pollution, microbial exposures, and hygiene status. Cigarette smoking, both active
and passive, is one of the well-studied environmental risk factors in Crohn’s disease. Early
tobacco use doubles the risk of developing the disorder while neither carbon monoxide nor
nicotine has been directly related to the disease (Tuvlin et al., 2007; Mahid et al., 2006). An
understanding of environmental influences is also critical to assess the central role of gut
microbiota in the development and progression of IBD (Kostic et al., 2014). The disease often
appears to be occurring after gastroenteritis and is associated with dysbiosis that results in a

lower diversity of gut microbiota (Garcia et al., 2006; Joossens et al., 2011).



1.3.3 Microbiota

Genome-wide association studies highlight risk loci for Crohn’s and mycobacterial
infections and reveal genes of adaptive and innate immune processes in the containment of gut
microbes (Hampe et al. et al., 2007; Rioux et al., 2007). 16S ribosomal RNA (rRNA) gene
sequencing suggests thousands of mostly anaerobic commensal species colonize the human
gut that belongs to four major phyla (Bacteroidetes, Firmicutes, Actinobacteria, and
Proteobacteria). The microbiota varies greatly along the length of the gastrointestinal tract within
an individual and varies among different individuals dictated by genetics, dietary, or drug-
induced factors (Muegge et al., 2011; Dethlefsen et al., 2011). The reduced diversity especially
with Firmicutes and Bacteroidetes phyla is seen in patients with Crohn’s disease and is related
to an elevated risk of postsurgical recurrence of ileal Crohn’s disease (Qin et al., 2010; Frank et
al., 2007; Sokol et al., 2008). Further, metagenomics from fecal samples revealed that by the
end of the first year after birth the microbial ecosystem converged towards that of adults
(Palmer et al., 2007). This highlights the importance of avoiding early life influences that could
cause dysbiosis and potentially cause increased risk to IBD. Despite the risks, research in mice
with mutations in human susceptibility loci confirms that reduced diversity alone is not enough to

trigger disease-related phenotypes (Bloom et al., 2011).

1.3.4 Innate and adaptive immunity

Toll-like receptors (TLR) and nucleotide-binding domain (NOD) like receptors (NLR) are
among pattern recognition receptors in dendritic cells that interpret evolutionary conserved
microbial and viral associated molecular patterns to direct other immune cells towards tolerance
or immunity. Innate immunity response is rapid but limited. Overexpression of TLR2 (Hart et al.,
2005) and TLR4 (Baumgart et al., 2009) along with exaggerated lipopolysaccharides response

(Baumgart et al., 2009) have been reported in Cohn’s disease. In contrast, induced deletion of
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TLRS5 drove intestinal inflammation in murine models (Vijay-Kumar et al., 2007). In other
research, TLR induced signaling through MyD88 prevented inflammation in animals suggesting
the dual role of TLR receptors (Rakoff-Nahoum et al., 2004). Similarly, polymorphisms in NOD-
like receptors are strongly correlated with Crohn’s disease. Homozygous mutations in the NOD2
gene risk 20 to 40 times higher chances of developing Crohn’s in a patient while heterozygous
mutations have only 2 to 4 times higher chance (Ogura et al., 2001; Philpott et al., 2004).
Polymorphisms in NOD2 are associated with weaker cytokine response and impaired

autophagy (Cooney et al., 2010) due to which adaptive T-cell response is not induced properly.

Leukocytes are rapidly recruited and inappropriately retained in mucosa mediated by
selectins, integrins and their ligands from the immunoglobulin superfamily (such as ICAM-1,
MAdCAM-1), chemokines (such as CCL20) and their receptors (chemokine receptor 9), and
fibronectin in Crohn’s disease. Adaptive immunity is considered to retain and propagate
intestinal inflammation but probably not start it. The two main components of T-cell mediated
immunity, effector T-cells and inducible regulatory T-cells (iTreg), originate from the same
precursor cells but their differentiation is inversely regulated to maintain a balance between
immunity and unrestrained inflammation (Zhou at al., 2008). Crohn’s disease is characterized by
the imbalance of these two T-cells reported by serological studies and supported by GWAS.
GWAS link gene loci associated in Treg (such as IL10, IL2RA, SMAD3) and effector T-cells
(Th1 and Th17) differentiation (such as CPEB4) to the disorder (Franke et al., 2010). For
example, gene mutations reported in IL10R, involved in T-cell regulation, have been linked to
the early onset of the disease possibly because of dysregulated T-cell balance (Glocker et al.,

20009).
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1.3.5 Intestinal epithelial barrier

GWAS has identified multiple genes as risk loci with restricted expression in intestinal
epithelial cells such as related to cell adhesion (CDH1, LAMB1), cell polarity (PARD3), tight
junction assembly and regulation (GNAI2, MAGI2, MYO9B, PTPN2), epithelial differentiation
(HNF4A), mucin regulation (ECM1, MUC3A, MUC1, MUC19), membrane transport (ITLN1),
epithelial restitution (PTGER4), microbial sensing (CARD15), and membrane receptor kinase
regulation (ERRFI1) (Declan F. McCole, 2014; Franke et al., 2010). Later, using an ex vivo
approach, it was found that permeability is increased in both ulcerated and non-ulcerated
epithelia of Crohn’s patients (Pearson et al., 1982; Hollander et al., 1988; Ukabam et al., 1983).
Subsequently, more studies revealed that permeability was a result of alteration in the
expression of tight junction proteins such as claudins (Zeissig et al., 2007, Prasad et al., 2005).
Such findings even led to the use of permeability as a sensitive prognostic indicator of
recurrence in clinical remission (Wyatt et al., 1993; D'Inca et al., 1999). More studies have
linked dysfunctional epithelial barrier to IBD since then. Paneth cells are specialized epithelial
cells that defend the mucosa by secretion of antimicrobial peptides such as defensins as well as
regulate commensal microbiota (Salzman at al., 2010). Deficiencies in anti-microbial functions
of Paneth cells (Wehkamp et al., 2005), decreased expression of antimicrobial peptide granules
(Cadwell et al., 2008), and defective autophagy processing of microbial antigens by Paneth cells
(Hampe et al., 2007; Stappenbeck and McGovern, 2017) are reported in patients with the

disorder.

Decreased expression of mucins, secreted by goblet cells of epithelia which act as a
protective layer, is often correlated with inflamed regions in the terminal ileum of Crohn’s
patients (Buisine et al., 1999). But the decreased expression of mucins and antimicrobial

peptides have been previously linked with endoplasmic reticulum (ER) stress in secretory goblet
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and Paneth cells possibly because of existing inflammation (Kaser et al., 2010). In an ER-stress
response study, deletion of XBP1 protein (a key component of ER-stress response) in epithelia
of mice led to the absence of Paneth cells as well as a reduced number of goblet cells (Kaser et
al., 2008). Those mice also showed spontaneous small intestinal inflammation and heightened
sensitivity towards induced colitis. In contrast to this, a study in AGR2-/- mice showed
diminished mucin and abnormal Paneth cell expansion preceding the inflammation and showed
increased susceptibility to induced colitis (Park et al., 2009; Zhao et al., 2010). Anterior gradient
homolog 2 (AGR2) is expressed by epithelial secretory cells and it has been shown to play a
critical role in intestinal mucus production such as MUC2. AGR2-/- mice lacked intestinal mucus
and MUC2 protein, showed abnormal expansion and localization of Paneth cells, showed
increased expression of proinflammatory cytokines, and showed increased susceptibility to
DSS-induced colitis. A minimal level of ER-stress response was reported and since abnormal
Paneth cell expansion and localization preceded the inflammation it could not be an
inflammatory response as thought before. Despite the controversy of whether diminished mucin
and abnormal Paneth cells are a result of inflammation ongoing or are a cause to begin
inflammation, the role of the epithelial barrier is important in IBD. Consistent with this, a study in
GPA33-/- (tight junction protein) mice also showed increased permeability upon induced colitis

as well as elevated levels of immune activity in colonic mucosa (Williams et al., 2015).

A recent study with a single-cell RNA sequencing profile of whole intestinal cells from
Crohn’s patients showed enrichment of inflammation-associated genes (such as HLA-DRA,
HLA-C, CD74, LCN2, HLA-DRB1) including chemokines (such as CCL20, CXCL1) in a group of
undifferentiated epithelial stem cell-like populations (Parikh et al., 2019). Similarly, another study
showed enriched pathways from RNA-sequencing of epithelial cells from pediatric Crohn’s

patients are mostly among immune response (such as antigen processing, chemokine
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receptors, MHC Il antigen presentation, interleukin signaling, etc.) (Howell et al., 2018). In
addition to the possibility of a dysfunctional epithelial barrier being a cause for inflammation,
these studies suggest that epithelial cells might even directly dysregulate the immune system

which can manifest IBD such as ulcerative colitis and Crohn’s disease.

1.4 Animal models

The current approach to therapy in Crohn’s disease is largely towards alleviating
symptoms using immunomodulators, immunosuppressive, and corticosteroids. The etiology of
this disease remains obscure. Hence the treatment strategies remain largely nonspecific. In
such cases, the significance of animal models becomes important as they can improve our
understanding of pathogenic mechanisms underlying this disease. The use of animals allows
investigators to manipulate genes of interest possibly involved in pathogenesis and study-
specific physiological events occurring before the onset of the disease. Moreover, various
approaches like drug trials can be safely investigated in animal models which gives a practical
advantage compared to patient investigations. Several mouse models of intestinal inflammation
have provided significant information about mucosal immunity, intestinal homeostasis, and even
aided in the development of potential therapies for the past two decades. One of the biggest
contributions of animal models has been the development of anti-cytokine therapies for Crohn’s
disease patients (Neurath, M.F., 2014). The use of anti-IL-12, anti-IL23 (Kashani and Schwartz,
2019), anti-IL-18 (Maerten et al., 2004), T helper 1 (Th1) cell blockers (Imam et al., 2018), anti-
IFNy (lto et al., 2006), and anti-TNF (Adegbola et al., 2018) treatments in Crohn’s disease are
the contributions of animal models of intestinal inflammation. The mouse has been the most
widely used species to establish a variety of models of inflammation including chemically

induced, immune-mediated, and genetically manipulated.
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1.4.1 Chemically induced models

Dextran sodium sulfate (DSS), a negatively charged polysaccharide, induced colitis is
possibly the most widely used mouse model of intestinal inflammation which closely resembles
human ulcerative colitis (Okayashu et al., 1990). Administration of DSS causes severe colitis
evidenced by damage of epithelial cells, infiltrations with neutrophils, and ulcerations in
pathology, causes weight loss, and bloody diarrhea. While the exact mechanism by which DSS
exerts toxicity to epithelial cells is unknown, it compromises the epithelial barrier exposing
submucosal immune cells and underlying tissues to luminal microbiome and antigens. This
result is prompt and intense inflammatory response is limited to the large intestine (Okayashu et
al., 1990). Both acute and chronic inflammation can be achieved in a reproducible manner by
simply modifying the concentration and duration of the treatment which makes it popular in IBD
research (Wirtz et al., 2007). Moreover, accumulating evidence of colitis in severe combined
immunodeficiency (SCID) and Rag-/- mice reveals that adaptive immunity might not be required
for this model (Dieleman et al., 1994). Thus, DSS has been very widely used in studying innate
immunity mechanisms in the development of intestinal inflammation and reestablishment of

barrier integrity through tissue repair.

Trinitrobenzenesulfonic (TNBS) acid acts as a hapten to bind colonic or microbiome
proteins of high molecular weight to elicit immunological response against those proteins (Morris
et al., 1989). It is administered intrarectally with ethanol which disrupts the barrier to allow TNBS
to access intestinal epithelial cells as well as penetrate the bowel wall. TNBS-induced colitis
exerts cell-mediated immune response especially T helper 1 (Th1) inflammation which causes
CD4 T cells infiltration and secretion of proinflammatory cytokines (Antoniou et al., 2016). Most
importantly, fibrosis in lamina propria is observed with this model which makes it useful in

studying the mechanism underlying it. Similarly, oxazolone is another hapten administered
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intrarectally which leads to elevated production of various cytokines in the distal colon of mice

(Kiesler et al., 2015).

1.4.2 Immunological models

T cells or bone marrow precursor cells adoptively transferred into immunodeficient mice
constitute immunologically mediated models. Transfer of CD4" T cells that express a high level
of CD45RB into congenic severe combined immunodeficient (SCID) mice caused a wasting
disease with significant lymphoid cell accumulation in intestinal lamina propria (Morrissey et al.,
1993). Also, T cells selected in an aberrant thymic microenvironment and transferred into mice
showed severe colitis in the colon (Hollander et al., 1995). Similarly, the transfer of CD8" T cells
in mice showed inflammation in the small intestine (Steinhoff et al., 1999). Such models are

critical in understanding how pathogenic and regulatory T cells control intestinal inflammation.

1.4.3 Genetic models

Gene knockout models such as IL-10 (Kuhn et al., 1993), IL-2 (Sadlack et al., 1993),
TCRo/p (Mombaerts et al., 1993), and Gi2-a (Rudolph, 1995) knockout mice and transgenic
models such as E-cadherin transgenic mouse have helped to identify key regulators in gut
inflammation. For example, IL-10 deficient mice showed arrested growth, anemia, chronic
enterocolitis, extensive mucosal hyperplasia, and an aberrant expression of MHC class Il
molecules (Kuhn et al., 1993). Such models have helped to reveal important immune-related
molecules in chronic intestinal inflammation. Similarly, knockouts of genes specific to intestinal
epithelial such as GPA33-/- (Williams et al., 2015) and AGR2-/- (Park et al., 2009; Zhao et al.,

2010) have revealed the role of epithelial barrier integrity in mucosal immunity.
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1.4.4 Spontaneous models
Spontaneous models have also gained traction in recent years as inflammation occurs in
a way similar to human disease without any extra manipulations. C3H/HeJBir model is one such

example where spontaneous and chronic inflammation is observed in the colonic and cecal

regions in mice at a young age (Sundberg et al., 1994).
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CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

2.1.1 List of reagents and commercial kits

REAGENTS/ KITS

SOURCE

IDENTIFIER

Trizol Reagent

Thermo Fisher

Cat# 15596018

Feeder removal beads

Miltenyi Biotec

Cat# 130-095-531

Power SYBR Green PCR master mix

Thermo Fisher

Cat# 4368706

TrypLE Express Enzyme (1X), phenol red

Thermo Fisher

Cat# 12605036

Corning Matrigel GFR Membrane Matrix

Fisher Scienitific

Cat# CB-40230

Collagenase Type IV

Life Technologies

Cat# 17104-019

Fixation/Permeabilization Solution Kit BD Biosciences Cat# 554714

(Cytofix/Cytoperm)

Maxima First Strand cDNA Synthesis Kit for RT-qPCR, Thermo Fisher Cat# K1671

with dsDNase

DNeasy Blood & Tissue Kit (250) QIAGEN Cat# 69506

RNeasy Mini Kit (250) QIAGEN Cat# 74106

GeneChip Human Exon 1.0 ST Array Affymetrix Cat# 900650
2.1.2 List of antibodies

ANTIBODIES SOURCE IDENTIFIER

Goat polyclonal E-Cadherin R&D Systems RRID: AB_355504

Rabbit monoclonal human SOX9 Abcam RRID:AB 2728660

Mouse monoclonal human CEACAM5 R&D systems RRID:AB_1207848

Rabbit polyclonal human VSIG1 Sigma-Aldrich RRID:AB_10670795

Mouse monoclonal human PSCA

Santa Cruz Biotechnology

RRID:AB_1128761

Mouse monoclonal human MUC2

Santa Cruz Biotechnology

RRID:AB_2815005

Rabbit polyclonal human CHGA

Abcam

RRID:AB_301704

Rabbit polyclonal KI67 Abcam RRID:AB_302459
Rabbit polyclonal human DEFAG Sigma-Aldrich RRID:AB_1847595
Rabbit polyclonal human GPA33 Abcam RRID:AB_10867420
Rabbit polyclonal human CLDN18 Sigma-Aldrich RRID:AB_2669866
Rabbit polyclonal human LCN2 Abcam RRID:AB_956105
Rabbit polyclonal human MUC5AC Abcam RRID:AB 11143557
Mouse monoclonal STEM121 Takara Bio RRID:AB 2801314
Mouse monoclonal CCL20 Thermo Fisher RRID:AB 2608262
Rabbit polyclonal human TNFRSF1A Sigma-Aldrich RRID:AB 1846232

Rat monoclonal mouse CD45

Thermo Fisher

RRID: AB_657749

Rat monoclonal mouse Ly6G

R&D systems

RRID: AB_ 2232806

Mouse monoclonal a-SMA

Abcam

RRID: AB_262054

Rabbit polyclonal FN1

Abcam

RRID:AB_2262874
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2.1.3 List of gPCR primers

GENE FORWARD SEQUENCE REVERSE SEQUENCE

Human CEACAMS | 5'- CTTCATTTCAGGAAGACTGAC 5'- TTAGTAGAGATGGGGTTTCAC
Human CDX1 5'- GGAGAAGGAGTTTCATTACAG 5-TGCTGTTTCTTCTTGTTCAC
Human HOXA11 5'- CTCCCATTGAATCTCCTTTG 5- TCTTTATTTTCCTTGTGCCC
Human NOX1 5'- CCGGTCATTCTTTATATCTGTG | 5-CAACCTTGGTAATCACAACC

Human HOXA13

5'- ACGCAGTTACTGAAATCTTG

5'- AAGGACAAGCAGATGTTTAC

Human GPA33

5'- GGTTACTACATCTGTACCTCC

5'- TGATGCCAATGATAATGAGG

Human VSIG1 5'- TTCTTCACATCCAGAAGTTG 5- TGCTTTTGCCTTATTCCTTG
Human CLDN18 5'- CATTGTCTCAGGTCTTTGTG 5'- TGTGGACATCCAGAAGTTAG
Human CD74 5'- GAGTCACTGGAACTGGAG 5'- CATGGGATGAGGTACAGG
Human LCN2 5'- GGAAAAAGAAGTGTGACTACTG | 5'- GTAACTCTTAATGTTGCCCAG
Human PSCA 5- AAGTGGACTGAGTAGAACTG 5- GTGTTTATTAAGGGCCTACG
Human TFF2 5'- GAAGACTGCCATTACTAAGAG 5- AGTTTCTTCTTTGGTTTCGG

Human MUC5AC

5'- AATGGTGGAGATTTTGACAC

5-TTCTTGTTCAGGCAAATCAG

Human DPCR1

5'- AGGTGCTACTACATTCCAAG

5'- TACTATAAACAAGGCCTGGAG

Human EMB

5'- ACTTCATGGGAAAAACAAGC

5'- CCTTTACACTCCCATTACTAC

Human SPINK1

5'- TTCTGAAGAGACGTGGTAAG

5'- TGTTACCAGATAGACTCAACA

Human PRSS1

5'- GATTCATGTCAGGGTGATTC

5'- GTAGACCTTGGTGTAGACTC

Human GAPDH

5- GTCTCCTCTGACTTCAACAGCG

5- ACCACCCTGTTGCTGTAGCCA

Human TNFRSF1A

5- CCCCTGGTCATTTTCTTTG

5- ATTTCCCACAAACAATGGAG

Human CCL20

5- AAGTTGTCTGTGTGCGCAAATC

5- CCATTCCAGAAAAGCCACAGT

Mouse GAPDH

5- CATGGCCTTCCGTGTTCCTA

5- TGTCATCATACTTGGCAGGTTT

Mouse a-SMA

5- GTCCCAGACATCAGGGAGTAA

5- TCGGATACTTCAGCGTCAGGA

Mouse CD45

5- ATGGTCCTCTGAATAAAGCCCA

5- TCAGCACTATTGGTAGGCTCC

2.1.4 Experimental models: cell lines

CELL LINES SOURCE IDENTIFIER

GP2-293 Clontech Cat# 631458
2.1.5 Experimental models: organisms/strains

ORGANISMS/STRAINS SOURCE IDENTIFIER

12rgtm1Wijl/SzJ

Mouse: NOD.Cg-Prkdcscid

The Jackson Laboratory

Stock N0:005557 | NSG

2.1.6 Biological samples

BIOLOGICAL SAMPLES

SOURCE

IDENTIFIER

Human biopsies from Crohn’s
and control patients

UCONN Health; UNC; BCM

See Table 1 for a list of
patients included in this study

Human resected terminal ileum
from Crohn’s patients

BWH
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2.2 Experimental model and subject details

2.2.1 Human subjects

Terminal ileum endoscopic biopsies were obtained from pediatric or adult Crohn’s patients,
functional controls lacking mucosal inflammation, and fetal demise cases under informed
parental consent and institutional review board approval at the Connecticut Children’s Medical
Center, Hartford, CT, USA, the University of North Carolina, Chapel Hill, Chapel Hill, NC, USA,
the Brigham and Women’s Hospital, Boston, MA, USA, and Baylor College of Medicine,
Houston, TX, USA. Patient-derived epithelial cell lines were derived from the biopsies as

described in the method below. Patient data is listed in Table 1.

2.2.2 Primary cell culture

The primary cells used in this study were derived from human terminal ileum biopsies or fetal
demise intestine. All cells were cultured in the culture medium described below. The cells were
tested as mycoplasma-free. Short tandem repeats (STR) profiling data from clones and patient

blood were used as a genotyping marker to ensure the authentication of each cell line.

2.2.3 Animals

All animal experiments were approved by the Animal Care Committee at the University of
Houston (IACUC 16-002). Intestine stem cell variants were subcutaneously transplanted to NSG
(NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) mice. Animal studies were conducted under maximum
containment in an animal biosafety level 2 facility. NSG mice were immune-compromised, drug
or test naive, and housed in a sterile condition. Both male and female mice (6-8 weeks old)
were utilized in these studies. At 1-2 weeks post-transplant, mice were humanely euthanized

according to IACUC-approved criteria.
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2.2.4 Cell lines
Human GP2-293 cell line was obtained from Clontech. GP2-293 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with penicillin, streptomycin, and

glutamine. All cell lines were incubated at 37 °C with 7.5% COs,.

2.3 Method details

2.3.1 In vitro culture of human terminal ileum epithelial stem cells

Mucosal stem cell libraries (Wang et al., 2015; Duleba et al., 2020) were generated from 1 mm
endoscopic biopsies which were collected into cold F12 media (Gibco, USA) with 5% fetal
bovine serum (Hyclone, USA), and then were minced by sterile scalpel into 0.2-0.5 mm?
fragments. The minced tissue was digested in 2 mg/ml collagenase type IV (Gibco, USA) at 37
°C for 30-60 minutes with agitation. Dissociated cells were passed through a 70 um Nylon
mesh (Falcon, USA) to remove masses and then were washed four times in cold F12 media,
and seeded onto a feeder layer of lethally irradiated 3T3-J2 cellsin c-FAD media containing 125
ng/mL R-Spondin1 (R&D systems, USA), 1 uM Jagged-1 (AnaSpec Inc, USA), 100 ng/ml
Human Noggin (Peprotech, USA), 2.5 uM Rock-inhibitor (Calbiochem, USA), 2 uM SB431542
(Cayman Chemical, USA), 10 mM nicotinamide (Sigma-Aldrich, USA). Cells were cultured at
37 °Cin a 7.5% CO: incubator. The culture media was changed every two days. Colonies
were digested by 0.25% trypsin-EDTA solution (Gibco, USA) for 5-8 min and passaged every 7
to 10 days. Colonies were trypsinized by TrypLE Express solution (Gibco, USA) for 8-15 min at
37 °C and cell suspensions were passed through 30 um filters (Miltenyi Biotec, Germany).
Approximately 20,000 epithelial cells were seeded to each well of a 6-well plate. Cloning

cylinder (Pyrex, USA) and high vacuum grease (Dow Corning, USA) were used to select single
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colonies for pedigrees. Gene expression analyses were performed on cells derived from

passage 4-10 (P4-P10) cultures.

2.3.2 Stem cell differentiation

Air-liquid interface (ALI) culture of terminal ileum epithelial cells was performed as described
(Wang et al., 2015). Briefly, Transwell inserts (Corning Incorporated, USA) were coated with
20% Matrigel (BD biosciences, USA) and incubated at 37 °C for 30 min to polymerize. 200,000
irradiated 3T3-J2 cells were seeded to each Transwell insert and incubated at 37 °C, 7.5% CO:
incubator overnight. QuadroMACS Starting Kit (LS) (Miltenyi Biotec, Germany) was used to
purify the stem cells by the removal of feeder cells. 200,000-300,000 stem cells were seeded
into each Transwell insert and cultured with stem cell media. At confluency (3-7 days), the
apical media on the inserts was removed through careful pipetting, and the cultures were
continued in differentiation media (stem cell media without nicotinamide) for an additional 6-12

days prior to harvesting. The differentiation media was changed every one or two days.

2.3.3 Histology and immunostaining

Histology, hematoxylin and eosin (H&E) staining, immunohistochemistry, and
immunofluorescence were performed using standard techniques. For immunofluorescence and
immunohistochemistry, 4% paraformaldehyde-fixed, paraffin-embedded tissue slides were
subjected to antigen retrieval in citrate buffer (pH 6.0, Sigma-Aldrich, USA) at 120 °C for 20 min,
and a blocking procedure was performed with 5% bovine serum albumin (BSA, Sigma-Aldrich,
USA) and 0.05% Triton X-100 (Sigma-Aldrich, USA) in DPBS(-) (Gibco, USA) at room
temperature for 1 hr. The sources of primary antibodies used in this study, including anti-mucin
2 (sc-515032; Santa Cruz Biotechnology, USA), -Ki67 (550609; BD Biosciences, USA), -

chromogranin A (ab15160; Abcam, UK), -alpha defensin 6 (HPA019462; Sigma-Aldrich, USA), -
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E-cadherin (AF648; R&D Systems, USA), -GPA33 (ab108938; Abcam, UK), -Ceacam5
(MAB41281; Novus Biologicals, USA), -PSCA (sc-80654; Santa-Cruz Biotechnology, USA), -
Lipocalin2 (ab41105; Abcam, UK), -VSIG1 (HPA036310; Sigma-Aldrich, USA), -CLDN18
(HPA018446; Sigma-Aldrich, USA), -MUCS5AC (ab78660; Abcam, UK), -SOX9 (ab185966;
Abcam, UK), -CCL20 (MA523843; Thermofisher Scientific, USA), -TNFRSF1A (HPA004102;
Sigma-Aldrich, USA), -Alpha Smooth Muscle Actin (ab7817; Abcam, UK), -Fibronectin1
(ab2413; Abcam, UK), -STEM121 (Y40410; Clonetech Laboratories, USA), -CD45 (14-0451-85;
Thermo Fisher, USA) and -LY6G (MAB1037; R&D systems, USA) are listed (table S3).
Secondary antibodies used here are Alexa Fluor-488 or Alexa Fluor-594 Donkey anti-
goat/mouse/rabbit IgG antibody (Thermo Fisher, USA). All images were captured by using the
Inverted Eclipse Ti-Series (Nikon, Japan) microscope with Lumencor SOLA light engine and
Andor Technology Clara Interline CCD camera and NIS-Elements Advanced Research v.4.13
software (Nikon, Japan) or LSM 780 confocal microscope (Carl Zeiss, Germany) with LSM
software. Bright field cell culture images were obtained on an Eclipse TS100 microscope (Nikon,
Japan) with Digital Sight DSFi1camera (Nikon, Japan) and NIS-Elements F3.0 software (Nikon,

Japan).

2.3.4 Xenografts in immunodeficient mice

Two to three million epithelial cells were harvested by trypsinization, mixed with 50% Matrigel
(Becton Dickinson, Palo Alto) to a volume of 100 ul, and injected subcutaneously in NSG
(NODscid IL2ranull) (Shultz et al., 2012) mice (Jackson Laboratories, Bar Harbor) and

harvested one or two weeks later.
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2.3.5 Flow cytometry analysis

Clonogenic cell libraries from patients with or without Crohn’s were trypsinized and harvested as
a single cell suspension. Feeders were removed as mentioned above and approximately
300,000 epithelial cells were fixed and permeabilized by using Fixation/Permeabilization
Solution Kit (BD biosciences, USA, cat. 554714). After a blocking procedure with
Permeabilization solution at 4 °C for 30 min, cells were incubated with primary and Alexa Fluor
488 Secondary antibodies (Thermo Fisher, USA) for 1hr at 4 °C, with five washing events
between each step. Primary antibodies used in these experiments include mouse monoclonal
anti-Ceacam5 antibody (MAB41281; Novus Biologicals, USA), rabbit polyclonal VSIG1 antibody
(HPA036310; Sigma-Aldrich, USA), and mouse monoclonal anti-human PSCA antibody (sc-
80654; Santa-Cruz Biotechnology, USA). Samples were collected and analyzed on a Sony

SH800S Cell Sorter (Sony Biotechnology, USA).

2.3.6 RNA sample preparation

For stem cell colonies, RNA was isolated using the PicoPure RNA Isolation Kit (Life
Technologies, USA). For ALI structure, RNA was isolated using the Trizol RNA Isolation Kit (Life
Technologies, USA). RNA quality (RNA integrity number, RIN) was measured by Agilent 2100
Bioanalyzer and Agilent RNA 6000 Nano Kit (Agilent Technologies, USA). RNAs having a RIN

> 8 were used for microarray analysis.

2.3.7 Sequence alignment of single-cell RNA sequencing

The single-cell MRNA sequencing (scRNA-seq) libraries were established using the 10X
Genomics Chromium system (Single Cell 3' Reagent Kit v2). The scRNA-seq libraries were
sequenced on the lllumina HiSeq X Ten with 10K cells for Crohn’s case and fetal Tl case. For

normal cases, the scRNA-seq library was sequenced on the lllumina NextSeq 500 with 2K cells.
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Demultiplexing, alignment, and UMI-collapsing were performed using the Cellranger toolkit
(version 2.1.0, 10X Genomics) (Ferguson and Chen, 2020). The raw paired-end reads were
trimmed to 26 bps for Read1 and 98 bps for Read2. The trimmed reads were mapped to both
the human genome (hg19) and the mouse genome (mm10). The reads uniquely mapped to the

human genome were used for downstream analysis.

2.3.8 Single-cell RNA sequencing

The scRNA-seq data analyses were performed using the Seurat package (version 2.3.4; Satija
et al., 2015). We kept the genes with expression in at least three cells, and excluded cells
expressing less than 200 genes. We identify the cell with SOX9 high expression as stem cells
and excluded the cells with high mitochondrial percentage or with an outlier level of UMI
content. The normalization was performed using the global-scaling normalization method, which
normalizes the gene expression measurements for each cell by the total expression, and then
multiplies by 10,000, and finally log-transforms the result. The variable genes were identified
using a function to calculate average expression and dispersion for each gene, divides these
genes into bins, and then calculates a z-score for dispersion within each bin (“x.low.cutoff =
0.0125”, “x.high.cutoff = 3”, and “y.cutoff = 0.5”). We scaled the data to regress out the variation

of mitochondrial gene expression.

We performed PCA based on the scaled data to identify significant principal components
(PCs). We selected the PCs with p-values less than 0.01 as input to perform clustering analysis
and visualization by t-SNE. We detected the marker genes in each cell subpopulation using two
methods of Wilcoxon rank-sum test and DESeq2. For the Wilcoxon rank-sum test, we used the
default parameter. For DEseq2, we kept the marker genes with the average log-fold change

above 0.1 and adjust the p-value fewer than 0.05.
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Contaminating 3T3-J2 fibroblast cells were identified by murine reads. In addition, the
cells in the S stage of the cell cycle were identified based on the marker gene of SLBP
(Nestorowa et al., 2016). The cells in the G2 or M stage of the cell cycle were identified based
on the marker genes of UBE2C, AURKA, CENPA, CDC20, HMGB2, CKS2, and CKS1B. The
cells in the GO stage of the cell cycle were identified based on the marker genes of GOS2. In
addition, the ambiguous cells with few marker genes were also removed, which could
correspond to sequencing low-quality cells. Finally, we integrated the clean data of normal and

Crohn’s cases to perform clustering analysis and visualization by t-SNE.

2.3.9 Expression microarray data analysis

Total RNAs obtained from immature colonies and ALI-differentiated epithelia were used for
microarray preparation with WT Pico RNA Amplification System V2 for amplification of DNA and
Encore Biotin Module for fragmentation and biotin labeling (NUGEN Technologies, USA). All
samples were prepared according to the manufacturer’s instructions and hybridized onto
GeneChip Human Exon 1.0 ST array (Affymetrix, USA). GeneChip operating software was used
to process Cel files and calculate probe intensity values. To validate sample quality, quality
checks were conducted using Affymetrix Expression Console software. The intensity values
were log2-transformed and imported into the Partek Genomics Suite 6.6 (Partek Incorporated,
USA) (Wodehouse et al., 2019). Exons were summarized to genes and a 1-way ANOVA was
performed to identify differentially expressed genes. The heatmaps with hierarchical clustering
analysis of the global gene expression pattern in different regions were performed using the
pheatmap package (Li et al., 2018) (https://cran.rproject.org/web/package/pheatmap/index.html)
in R (version 3.5.1). The pathway enrichment analysis was performed using Enrichr (Chen et
al., 2013) based on WikiPathways (Slenter et al, 2018) database, and tissue enrichment

analysis performed using ARCHS4 Tissues (Lachmann et al., 2018). The network analysis was
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constructed using ClueGO (v 2.5.4) (Bindea et al., 2009) and CluePedia (v 1.5.4) (Bindea et al.,
2013) plug-ins of Cytoscape (Shannon et al., 2003), based on the KEGG (Kanehisa et al, 2000)

and Reactome database (Wu and Haw, 2017).

2.3.10 Expression gPCR array

For clonal analysis from a pool of stem cells derived from each patient, an array of genes with
significance in Crohn’s disease were used to run a quantitative real-time PCR on 275 clones
from 21 patients. The genes include CDX1, HOXA11, NOX1, HOXA13, GPA33, CEACAM5,
VSIG1, CLDN18, CD74, LCN2, PSCA, TFF2, MUC5AC, DPCR1, EMB, SPINK1, and PRSS1.
The genes listed were selected based on the microarray (5-fold, p<0.05). cDNA was generated
using the High Fidelity cDNA synthesis kit (Applied Biosystems, USA). gPCR was performed
using SYBR green dye (Applied Biosystems, USA) on QuantStudio 6 Flex Real-Time PCR
system (Applied Biosystems, USA) using primers designed to amplify genes of interest.

Expression data were normalized to GAPDH.

2.3.11 Statistical analysis

Unpaired two-tailed student’s t-test was used to determine the statistical significance between
the two groups. Statistical analyses were performed using R (version 3.5.1). The “n” numbers
for each experiment are provided in the text and figures. P < 0.05 was considered statistically
significant. Asterisks denote corresponding statistical significance *p < 0.05; **p < 0.01; ***p <

0.001 and ****p < 0.0001.

2.3.12 In vitro culture of GFP-tagged cells in multi-well plates
Clones representative of three clusters were selected based on expression gPCR array, FACS

profiling, ALI, and xenograft characterization from each possible Crohn’s patient. Along with
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these, clones from control patients were also selected. Retrovirus carrying green fluorescent
protein (GFP) reporter was infected for genetic labeling in the selected clones. The
pseudotyping vector pVSV-G and pMX-IRES-eGFP plasmid were transfected into GP2 retroviral
packaging cell line following the manufacturer’s guidelines (jetPRIME, Polyplus Transfection).
The virus was harvested and concentrated 48 hours later. Retroviral infection was performed
when the stem cell colonies were small, and the infected cells were sorted after 48 hours to get
a pure population of GFP-positive cell lines. The GFP-positive cell lines were cultured in 384
multi-well plates with a feeder layer of lethally irradiated 3T3-J2 cells (Greiner Bio-One, USA)

using the methodology described above.

2.3.13 High throughput screening and imaging of cell lines

The GFP-tagged cell lines were seeded on multiple 384 well plates (varying according to the
number of compounds in a library) with a feeder layer of irradiated 3T3-J2 fibroblast cells. The
stem cells were allowed to grow until they divided to become 4-5 cells within a colony.
Afterward, they were transported for treatment with four selected chemical libraries (1 uM) to
High Throughput Research and Screening Center at the Institute of Biosciences and
Technology (Houston, Texas), Texas A&M University. The selected libraries included Custom
Clinical Library, Prestwick Chemical Library, Selleck Bioactive Chemical Library, and UT Austin
Kinase Inhibitors Library. Positive and negative control lanes were allocated within each plate. A
highly potent drug was used as a positive control and negative control was just DMSO since
most of the drugs are dissolved in DMSO. The cells were allowed to grow for 5 days at 37 °C,
7.5% CO; incubator after treatment. After the cells in the negative control lanes were at good
confluency, the cells were prepared for imaging. Each multi-well plates were washed with
Phosphate Buffered Saline (Gibco, USA) and fixed with 4% paraformaldehyde at room
temperature for 25 minutes. Paraformaldehyde was replaced with Phosphate Buffered Saline
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(PBS). The plates were imaged using Inverted Eclipse Ti-Series (Nikon, Japan) microscope with
Lumencor SOLA light engine, paired with High Content Microscope system (Nikon, Japan),
Andor Technology Clara Interline CCD camera, NIS-Elements Advanced Research v.4.13
software (Nikon, Japan), and NIS-Elements HC software (Nikon, Japan). High Content Analysis
(HCA) system built on NIS-Elements platform streamlined with automated well plate acquisition
and multiple-well plate job run was used for high throughput imaging of phase contrast as well

as FITC channel.

2.3.14 High content image analysis and selection of drugs

NIS-Elements High Content Analysis (HCA) system was used for image data management of
multiple-well plate job runs. The cells labeled with Green Fluorescent Protein (GFP) in each well
of multi-well plates were imaged with features of each stem cell colonies. The changes in cell
phenotype compared to untreated control lanes were measured based on the fluorescent signal
threshold using automated image analysis. The features like area, colony number were
exported from the automated analysis. Treated wells were compared to untreated wells based
on GFP-signal area and the number of stem cell colonies. The treated well was normalized with
the untreated well based on the area which was represented in terms of survival rate and was
compared between control and variant clones. Z-score (Zhang et al., 1999; Iversen et al., 2006)
was calculated based on the difference between positive and negative control and was used as
criteria for assessing the quality of runs. Only plates with Z’-factor >0.6 were used. The
compounds with a coefficient of variation between plate duplicates larger than 20% were
ignored. B-score (Malo et al., 2006) was calculated via R package platetools v0.0.2
(https://github.com/swarchal/platetools) to control the edge and positional bias to help infer the
potential hits of inhibitors. Only the compounds with a cutoff of B-score < -2 were considered as

potential inhibitors. The selection of drugs was made based on the maximum differences in
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survival rate between patient-matched cell lines (cut-off set at 20%), their targets, structural
spectrum, pathways related to them, and their possible relation implicated in Crohn’s disease. If
there were not patient-matched pedigrees, the median value of survival rates in a contained

group was used as a representative value for that group of pedigrees.

2.3.15 Drug validation and establishing dosage response curve

The selected drugs were further validated in the cell lines used for high throughput screening.
96 multi-well plates (Greiner Bio-One, USA) were used to generate dose-response curves for
each selected hit. Fresh samples of compounds were used for this purpose and half-maximal
inhibitory concentration was generated using the curve. With a negative control setup for each
drug, the cells were allowed to grow for 6 days after treatment and then replated to observe how
drugs affected the clonogenicity after treatment. The dosage-response curves of survival rate
for a certain compound were calculated by fitting a three-parameter log-logistic dose-response
model to the survival rate data using R package drc (Ritz et al., 2015) v3.0.1. R packages Imtest
(Zeileis and Hothorn, 2002) v0.9-36 and sandwich (Zeileis, 2004) v2.4-0 to obtain robust
standard errors to address the fact that some variance heterogeneity is present. The effective

dose (ED50) value was estimated by module ED in the R package drc.

2.3.16 In vivo testing of drugs in the xenograft model

Two to three million control and Crohn’s patient-derived epithelial cells were harvested by
trypsinization, mixed with 50% Matrigel (Becton Dickinson, Palo Alto) to a volume of 100 pl, and
injected subcutaneously in NSG (NODscid IL2ranull) mice (Jackson Laboratories, Bar Harbor).
After 2 to 4 days of xenograft injected, mice were administered with 80 mg/kg of Tanespimycin
(dissolved in corn oil, I.P) five times in 7 days or 25 mg/kg of Gedatolisib (dissolved in 5% D-
glucose, 0.3% Lactic acid, pH 3.5, I.P) three times in 7 days. Control mice were administered
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with corn oil and DMSO only for the same number of days. Mice were sacrificed after seven

days of treatment and xenografts were collected from them for histology and RNA extraction.
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CHAPTER 3: CLONING AND CHARACTERIZATION OF PATIENT-DERIVED STEM CELLS

3.1 Significance of the proposed study

Crohn’s is considered a multifactorial disease with no definite etiology. Despite
advancements in treatment strategies, the patients with stable clinical remission are as low as
10%. Therapeutic regimens aim to maintain remission without the need to go for surgical
intervention, but surgery might be required once patients develop complications such as
stricture and fistula formation. 50% of the patients diagnosed with Crohn’s require surgery within
20 years because of intestinal complications (Baumgart and Sandborn, 2012). And the
remaining 50% require surgery within 10 years of the first diagnosis with recurrence still being
as high as 55% after 10 years (Peyrin-Biroulet et al., 2010). Genome-wide association studies
(GWAS) and meta-analyses studies have revealed 71 risk loci for Crohn’s alone (Franke et al.,
2010). But genetic contribution explains only 20% of the heritability of Crohn’s disease (Ng et
al., 2013). Relatively low concordance rates in monozygotic twin studies and evidence of low
genetic contribution to heredity suggests large immunobiological and environmental contribution

to this disease (Park et al., 2010; Halfvarson, 2011).

GWAS has identified multiple genes as risk loci with restricted expression in intestinal
epithelial cells such as related to cell adhesion, tight junction assembly, mucin regulation, and
many more (Declan F. McCole, 2014; Franke et al., 2010). This observation is further supported
by studies in a large number of IBD patients (Buisine et al., 1999) as well as in several genetic
knockout animal models (Park et al., 2009; Williams et al., 2015). Both studies along with
GWAS highlight the possibility of the dysfunctional epithelial barrier being a cause for initiation
and progression of the disease. Despite a good correlation between the disorder and barrier

defects, it is unclear whether these defects are primary events driving the inflammation or
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simply secondary consequences of the inflammatory state of this disease. It is also unclear how
epithelial barrier dysfunction might explain the alternate regional presentations of Crohn’s
(Farmer et al., 1975; Cleynen et al., 2016), it's "skip-lesion" patterning, or the high rates of
disease recurrence following ileocolonic resection (Baumgart and Sandborn, 2012; Regueiro et
al., 2016). While various chemically-induced, genetically- engineered and immune-moderated
model systems of intestinal inflammation have been valuable in depicting specific aspects of the
disease, no single model has been able to fully capture the complexity of IBD (Pizarro et al.,
2003). Hence, our understanding of the cellular and molecular mechanisms underlying this
chronic disease is limited. Despite the obvious role of the mucosal barrier in Crohn’s, there have
been limited studies of patient-specific stem cells due to the lack of a stable cloning system for
intestinal mucosal stem cells. The present work aims to address the role of the intestinal barrier
in Crohn’s disease through clonal analysis of epithelial stem cells derived from endoscopic

biopsies of Crohn’s and control patients.

3.2 Research strategy

3.2.1 Cloning epithelial stem cells from Crohn’s patients’ biopsies

Currently, embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) lead
stem cell research, therapeutic cloning, and regenerative medicine (Karagiannis et al., 2019).
These remarkable cells together constitute pluripotent stem cells that can become any cell type
of the body. Despite their tremendous advantages, iPSCs, and ECSs demand taxing and
inefficient processes for commitment to desired lineages (Medvedev et al., 2010; Sun et al.,
2014), present risk of teratoma formation, and show lack of regenerative potential in derived
lineages (Muller and Dzierzak, 1993; Amabile et al., 2013; Suzuki et al., 2013). In contrast, adult

or somatic stem cells show indefinite self-renewal and generate all the cell types of the tissue
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from which they originate. They work to replace dead cells and maintain homeostasis in an
organ. Their unique potential to regenerate tissues may fuel cell-based drug discovery and lead
to therapies for diseases that have resisted traditional therapeutic approaches. Green and
colleagues established a system to grow epidermal stem cells in vitro in an immature state
(Rheinwald and Green, 1975). The technology was dependent on irradiated 3T3-J2 fibroblast
cells used as feeder cells to serially cultivate and differentiate epidermal stem cells into a
stratified squamous epithelium. Adding on that, stem cells from other stratified epithelia, such as
thymus, cornea, and lung were subsequently developed (Senoo et al., 2007; Rama et al., 2010;
Kumar et al., 2011). These in vitro generated stratified epithelia have been used for autologous
stem cell transplantation in patients with skin burns, damaged cornea resulting from accidents,
and genetic conditions (Green, 2008; Rama et al., 2010; Hirsch et al., 2017). However,
columnar epithelial stem cells, such as those from the intestine, liver, and pancreas, resist

cloning with the technology pioneered by Green and colleagues.

Later, Wang and colleagues established a platform to isolate and clone epithelial stem
cells from the fetal gastrointestinal tract by formulating a media with components supporting
stem cell renewal (Wang et al., 2015). These stem cells were successfully propagated and
differentiated into cell types of intestinal epithelia in an air-liquid interface (ALI) cultures. Duleba
and colleagues employed the same platform to clone epithelial stem cells from a typical 1 mm-
diameter endoscopic biopsies from the human gastrointestinal tract (Duleba et al., 2019; Duleba
et al., 2020). The ground-state intestinal stem cells (gISCs) were cloned in an undifferentiated
manner and showed unlimited proliferative potential with high clonogenicity. The stem cells
despite extensive in vitro passaging maintained their genomic integrity, and fate commitment
upon differentiation. Such technology opens doors to the potential of somatic stem cells in

disease modeling, therapeutic cloning, and regenerative medicine.
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3.2.2 Expanding single cell-derived clones

From a typical 1 mm-diameter endoscopic biopsy that harbors 300,000-900,000
epithelial cells, 100-200 epithelial stem cell colonies appear 7-10 days post-seeding in a
monolayer of irradiated 3T3-J2 fibroblast cells (Duleba et al., 2020). The gISCs show above
70% clonogenicity with the appearance of compact colonies from seeding single cells in each
well of a 384 well plate previously seeded with irradiated 3T3-J2 fibroblast cells. These single
cell-derived stem cell colonies appear 7-14 days post-seeding and propagate to greater than a
billion cells within 8 weeks. Stem cell libraries, representative of the biopsy, as well as single
cell-derived clones from those libraries, representative of a fraction of the biopsy, can be

expanded for downstream applications.

3.2.3 Functional characterization of intestinal stem cells

The gISCs also show multipotency upon an air-liquid interface (ALI) differentiation in
vitro (Duleba et al., 2020). Both stem cell libraries and single cell-derived stem cells differentiate
into polarized columnar epithelial marked by the presence of MUC2 positive goblet cells, DEFA6
positive Paneth cells, CHGA positive endocrine cells, and VILLIN positive enterocytes. These
four cell types constitute the major cell types of intestinal epithelia. The ALI cultures from gISCs
of different regions of the gastrointestinal tract yield a three-dimensional epithelium whose
cross-sectional histology is similar to the in situ of the analogous regions (Wang et al., 2015;

Duleba et al., 2020).

3.2.4 Stability of intestinal stem cells
The single cell-derived stem cells show extraordinary genomic stability despite long-term
culture in vitro (Wang et al., 2015; Duleba et al., 2020). The somatic allelic copy number

variation (CNV) using the best practices pipeline of GATK v.4.0.4 did not show any
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chromosomal aneuploidies during the long-term passaging of the clones at passage 5 (50 days
in culture), passage 10 (100 days in culture), and passage 20 (200 days in culture). The long-
term stability together with an unlimited proliferative potential of a single cell-derived clone

allows to study and untangle heterogeneity within a patient biopsy.

3.3 Results

3.3.1 Stem cell heterogeneity in Crohn's

Using the technology described in methods (Wang et al., 2015; Duleba et al., 2019;
Duleba et al., 2020), we processed 1 millimeter (mm) endoscopic biopsies taken from terminal
ileum of 38 Crohn’s patients and 11 control patients (Table 3.1). From each patient, 100-300
epithelial stem cell colonies which hereby are referred to as “libraries” were derived. These
libraries were propagated in sterile culture conditions for at least a week before analysis. Clonal
lines were generated from single cells of these libraries by expanding colony formed from
seeding single cell in each well of a 384-well plate (Fig. 3.1A). The clonal lines were grown

separately from the libraries they were derived from and were treated as individual lines.

Single-cell RNA sequencing (scRNAseq; Satija et al., 2015) of one Crohn’s patient
(SPN-29) and one control patient (SPN-19) stem cell library revealed that Crohn’s patient harbor
multiple clusters of cells in contrast to control. t-SNE (t-Distributed Stochastic Neighbor
Embedding; van der Maaten and Hinton, 2008) analysis of the whole genome expression from
ten thousand stem cells showed that libraries from the control case are dominated by a single
cluster of cells (Cluster 1, or CLST1) while that of Crohn’s has a majority of two additional
clusters (Cluster 2, or CLST2 and Cluster 3, or CLST3) on top of CLST1 that dominates the

control case (Fig. 3.1B). CLST1 expressed normal intestinal epithelial markers such as
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Table 3.1. Crohn’s and control subjects

Study Pat. | Age | Sex | Diagnosis Terminal lleum Current Therapy | Remission | Hospital
Report
SPN-16 10 F Two juvenile Normal lleum NA NA UCONN
polyps, no
adenomatous
changes
SPN-19 16 F Normal Normal lleum NA NA UCONN
SPN-48 9 F Normal Normal lleum NA NA UNC
SPN-04 39 M Normal Normal lleum NA NA BCM
SPN-05 35 M Normal Normal lleum NA NA BCM
SPN-06 66 F Normal Normal lleum NA NA BCM
SPN-07 58 F Normal Normal lleum NA NA BCM
SPN-11 63 F Normal Normal lleum NA NA BCM
SPN-12 67 M Normal Normal lleum NA NA BCM
SPN-13 55 F Normal Normal lleum NA NA BCM
SPN-14 67 M Normal Normal lleum NA NA BCM
SPN-01 41 M Crohn’s Normal lleum 5-ASA, Yes BCM
Azathioprine
SPN-02 41 F Crohn’s Stricturing lleum Vedolizumab Yes BCM
SPN-03 43 M Crohn’s Stricturing lleum Budesonide, 6- Unknown BCM
MP
SPN-08 38 F Crohn’s Macroscopic disease in | Azathioprine, Yes BCM
lleum Infliximab
SPN-09 30 M Crohn’s Macroscopic disease in | Budesonide, No BCM
lleum Adalimumab
SPN-10 67 M Crohn’s NSNF in lleum Infliximab No BCM
SPN-15 14 F Crohn’s Normal lleum None Yes UCONN
SPN-17 22 M Crohn’s Mild active Methotrexate Yes UCONN
inflammation
SPN-18 19 M Crohn’s N/A N/A No UCONN
SPN-20 12 M Crohn’s N/A N/A No UCONN
SPN-21 20 M Crohn’s Macroscopic disease in | Humira, Yes UCONN
Tl, had previous Methotrexate
resection Tl/Caecum
SPN-22 21 N/A | Crohn’s Normal lleum Infliximab Yes UCONN
SPN-23 21 N/A | Crohn’s Normal lleum Infliximab Yes UCONN
SPN-24 17 N/A | Crohn’s Normal lleum, had Infliximab Yes UCONN
resection of TI/Caecum
SPN-25 12 N/A | Crohn’s Normal lleum Methotrexate Yes UCONN
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Table 3.1. (cont.) Crohn’s and control subjects

lleum

SPN-26 11 N/A | Crohn’s Normal lleum, Infliximab, No UCONN
Macroscopic disease in Methotrexate
TC
SPN-27 11 N/A | Crohn’s Normal lleum Infliximab, Yes UCONN
Methotrexate
SPN-28 12 N/A | Crohn’s Normal lleum Methotrexate Yes UCONN
SPN-29 14 N/A | Crohn’s Normal lleum Methotrexate Yes UCONN
SPN-30 12 N/A | Crohn’s Microscopic disease in Methotrexate Yes UCONN
lleum
SPN-31 20 N/A | Crohn’s Normal lleum Infliximab Yes UCONN
SPN-32 17 N/A | Crohn’s Normal lleum Infliximab, Yes UCONN
Methotrexate
SPN-33 14 N/A | Crohn’s Mild increase in Infliximab, Yes UCONN
inflammatory cells in
lleum, single Methotrexate
multinucleated giant cell
in pathology
SPN-34 17 N/A | Crohn’s Mild ileitis, superficial Infliximab Yes UCONN
ulceration at ileocolonic
junction
SPN-35 21 N/A | Crohn’s Normal lleum Humira Yes UCONN
SPN-36 15 N/A | Crohn’s Microscopic disease in Humira Yes UCONN
lleum
SPN-37 14 N/A | Crohn’s Normal lleum Infliximab, Yes UCONN
Methotrexate
SPN-38 10 N/A | Crohn’s Normal lleum, Infliximab, No UCONN
Microscopic disease in Methotrexate
Des Colon
SPN-39 20 N/A | Crohn’s Normal lleum Pentasa Yes UCONN
SPN-40 17 N/A | Crohn’s Normal lleum Infliximab Yes UCONN
SPN-41 19 N/A | Crohn’s Microscopic disease in Stelara No UCONN
lleum
SPN-42 17 N/A | Crohn’s Normal lleum Humira Yes UCONN
SPN-43 21 N/A | Crohn’s Normal lleum N/A Yes UCONN
SPN-44 22 N/A | Crohn’s Normal lleum Remicade Yes UCONN
SPN-45 18 N/A | Crohn’s Macroscopic disease in Remicade Yes UCONN
lleum
SPN-46 12 N/A | Crohn’s Normal lleum Infliximab Yes UCONN
SPN-47 13 N/A | Crohn’s Normal lleum Methotrexate Yes UCONN
SPN-49 N/A | N/A | Crohn’s Microscopic disease in None No UNC

*N/A — Not Available, NA — Not Applicable

*UCONN — University of Connecticut, BCM — Baylor College of Medicine,
UNC — University of North Carolina
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CEACAMS5, CLDN3, CDX1, and HOXB7 while CLST2 and CLST3 combinedly expressed
VSIG1, DPCR1, SPINK1, and CLDN18. Further CLST2 was distinguished from CLST3 by
expression of PITX1 and CLST3 from CLST2 by expression of TNFRSF21, CLL20, and CXCL8
expression (Fig. 3.1C). Upon integration of two single-cell RNA sequencing profiles from control
and Crohn’s cases, CLST1 from Crohn’s merged well with the population of cells that dominated
the control (Fig. 3.1D). The same normal mucosal marker (CDX1) was evident on the cells from
control and the same markers (PITX1, TNFRSF21) were evident on the two clusters from

Crohn’s (Fig. 3.1E).

To further examine the heterogeneity observed in terminal ileum stem cells of one
Crohn’s patient, we extended our study to 11 control and Crohn’s patient libraries. We randomly
sampled 36 single cell-derived clones grown in a 384 well plate from these cases and subjected
them to whole-genome microarray transcriptomic analysis. Principal Component Analysis (PCA)
of whole-genome expression profiles of these clones showed separation into three clusters. The
clones from control cases fell into a single cluster CLST1 while that of Crohn’s patients fell into
at least two clusters (Fig. 3.1F). More than 800 differentially expressed genes (<1.5-fold,
p<0.05) were evident among these clusters in a heat map analysis (Fig. 3.1G). Consistent with
the single-cell RNA sequencing markers for these clusters, the intensity values from the
expression data showed that the CLST1 clones had high expression of normal intestinal
mucosal markers such as HOXA11, HOXA13, CDX1, GPA33, NOX1, and CEACAMS. In
contrast to CLST1 clones, the two variant clones combinedly showed high expression of EMB,
CLDN18, VSIG1, SPINK1, DPCR1, and PRSS1. CLST2 was distinguished from CLST3 by
expression of CD74 and LCN2, and CLST3 clones by high expression of PSCA, TFF2, and

MUCS5AC (Fig. 3.1H).
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Fig. 3.1. Clonal analysis of terminal ileum stem cells reveals heterogeneity in Crohn’s
A. Schematic workflow of generating “libraries” of single cell-derived colonies and subsequently
of clonal stem cell lines from 1mm endoscopic biopsies of control and Crohn's terminal ileum.
White light imaging of control and Crohn’s terminal ileum, the site of and resulting biopsy, as
well as Rhodamine red-stained plates bearing the 100-300 colonies derived from a typical
biopsy. Individual colonies are sampled from the pool and grown as separate lines. Scale bar,
100 um. B. Unmerged tSNE profiles of scRNA-seq data of cells from control (SPN-19) and
Crohn's (SPN-29) libraries. C. Mapping of cluster-specific expression marker genes onto tSNE
profile of Crohn's library from case SNP-29. CEACAMS5, CLDN3, and CDX1 mark CLST1;
PITX1 marks CLST2; DPCR1 and SPINK1 mark CLST2 and 3, and CLST3 shows the highest
expression of TNFRSF21, CCL20, and CXCL8. D. Aggregate tSNE profiles of single-cell
RNAseq data of control (SPN-19) and Crohn's (SPN-29) stem cell libraries to reveal three
primary clusters. E. Mapping of cluster-specific markers onto an integrated tSNE profile
assembled from control (SPN-19) and CD (SPN-29) data. F. Principal component analysis of
whole-genome expression data of sampled clones corresponding to D. G. Heatmap of
differentially expressed (1.5x, p<0.05) genes from whole-genome data of CLST1, CLST2, and
CLST3 clones. H. Heatmap of selected, differentially expressed genes from whole-genome
expression data of sampled clones from multiple patients.
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Using these 17 markers to distinguish between CLST 1, 2, and 3, the gene expression
study was further expanded to an additional 7 to 28 clones from each stem cell library (a total of
275 clones) from 21 control and Crohn’s patients. The single cell-derived clones were assessed
by RT-qPCR for the expression of these markers. These clones also separated into three
clusters when expression data was visualized by tSNE analysis (Fig. 3.2A). The inset shows
that Crohn’s patient SPN-29 studied for sc-RNA seq yielded clones that distributed into three
clusters. Similarly, seven other patients were distributed into three clusters, eight patients into
two clusters, and the remaining in a single cluster. Clones from two control patients were only
limited to CLST1 as expected whereas clones from 16 out of 19 Crohn’s patients were mostly
dominated by CLST2 and CLST3 (Fig. 3.2B). Three Crohn’s patients only showed clones only in
CLST1 suggesting they might be like controls. The separation of these clones into different
clusters was because of differences in gene expression which is shown by heat map analysis
(Fig. 3.2C). The three representative clusters showed consistent expression of 17 genes as

seen in whole-genome expression data (Fig. 3.2C, Fig. 3.1H).

Stem cell colonies of representative CLST 1, 2, and 3 from Crohn’s patient SPN-29
showed expression of SOX9, a marker of intestinal epithelial stem cells (Roche et al., 2015;
Wang et al., 2015) in immunofluorescence using antibodies. Similar to gene expression via
transcriptomic analysis, CLST1 clones stained positive for CEACAMS5, both variants stained
positive for VSIG1 and CLST3 alone stained positive for PSCA (Fig. 3.2D). Upon seeing
consistent and stable protein expression of cell junctional markers CEACAMS (for CLST 1),
VSIG1 (for CLST 2 + 3), and PSCA (for CLST 3), we tested whether these can be used in
fluorescence-activated cell sorting (FACS) for quantification. Patient-matched clones from SPN-
29 stained positively (>90%) for CEACAMS5, VSIG1, and PSCA for their respective clusters and

negatively in other clusters (Fig. 3.3A). Similarly, clones from five more Crohn’s patients and
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Fig. 3.2. Stem cell heterogeneity by qPCR and immunofluorescence staining

A. tSNE analysis of the 275 clones based on the expression data of 16 markers. Inset highlights
the distribution of clones sampled from the libraries of a single Crohn's patient (SPN-29) relative
to the overall clusters identified. B. Histogram depicting the distribution of clone types resulting
from a random sampling of 7-28 clones from control and Crohn's stem cell libraries determined
by marker analysis. C. Expression heatmap of 16 marker genes assessed by quantitative RT-
PCR across 275 clones sampled from 2 control and 19 Crohn's stem cell libraries. D. Phase
contrast and immunofluorescence imaging of colonies from cloned CLST1, 2, and 3 lines from a
single Crohn's library using antibodies to SOX9, CEACAMS, VSIG1, and PSCA. Scale bar, 100

um.

43



B c,st [l M2 B3

A
SPN-15 _
. SPN-16 SPN-31
15| & SPN-17 gg”ig
10 o3 e K SPN-20 2 SPN-24
» o SPN-21 © SPN-37
SPN-22 & | SPN-20
SPN-24 = SPN-38
5 - » SPN-21
SPN-25 - SPN.29
N SPN-26 < < Spn27
w SPN-27 o 5
z 0 S SPN-26
7 @® SPN-29 SPN-18
® SPN-30 SPN-30
5 SPN-31 SPN-25
@ SPN-32 g SPN-32
@ SPN-37 = SPN-39
-10 @ SPN-38 © SPN-22
,/ ® SPN-39 e SPN-16
—— SPN-49 — SPN-15
-15 -10 -5 0 5 10 15 @ SPNA36 g =SPN-19
tSNE_2 € TLSPN-17
(&) 0% 25% 50% 75% 100%
C
CLST 1 CLST 3
CLST 2
| ﬁ U {0 | j 1 m | I gg))g\ﬂ
L .. | R
MY ot |||||||1| I Mkt 1 HOXA13 .
AR | 110 I GPA33
il 1 i CEACAMS
| ! IR ) D74
[ 0 0 O 1 D R | 11 1] [0 PSCA 0
| omr. ol |y TFF2
| SR ot | N A s | i |1 MUC5AC
| (R I 1 T | DPCR1
JUl | i | | | | EMB
-y | TR VSIG1 4
I plllullllll il | IIIIIIIIII Il I[ | | u II-III'“I ]I IIIlll | (S.‘.IF.’R:}I&B
[} | MY ol | ni I ™% (1 B PRSS1
D
SOX9 CEACAMS5 VSIG1 PSCA
CLST 1
CLST 2
CLST3




three control patients were also stained for those markers to check consistency across clones
from multiple patients (Fig. 3.3B). Then, we took advantage of these markers to quantify relative
proportions of CLST 1, 2, and 3 across 11 control and 39 Crohn’s patient stem cell libraries
using FACS (Fig. 3.3C). The variant clones (CLST 2 and 3) represented approximately 64.6+/-
32.6% of all clones in 32 out of 39 Crohn’s cases, compared to 1.2+/-1.4% in 11 control cases
suggesting the existence of these variants is a distinguishable feature in Crohn’s libraries
(P=2.5 ™) (Fig. 3.3D, Fig. 3.3E). Seven of Crohn’s cases stained positively only to CEACAM5
(<95%), which is a CLST1 marker suggesting that these cases might be similar to controls.
Each of the clones derived from these patient libraries could be propagated continuously for a
minimum of one year during which they maintained a clonogenicity of greater than 50%, a

feature of mucosal stem cells (Wang et al., 2015; Duleba et al., 2020; Fig. 3.3F).

Fig. 3.3. Stem cell library heterogeneity by FACS and clonogenicity of stem cells

A. Fluorescence-activated cell sorting (FACS) profiles of individual examples of CLST1, CLST2,
and CLST3 clones stained by antibodies to the CLST1-specific marker CEACAMS, the
CLST2+CLST3 marker VSIG1, and the CLST3-specific marker PSCA. B. Histogram of FACS
data from CLST 1, 2, and 3 clones across patients with red (PSCA+) superimposed on the
green (VSIG1; CLST2+CLST3) signal. C. FACS profiling of control and Crohn's stem cell
libraries using antibodies to CEACAMS5, VSIG1, and PSCA. D. Histogram of FACS data from 11
control libraries and 38 Crohn's libraries with red (PSCA+) superimposed on the green (VSIG1;
CLST2+CLST3) signal. E. Box plot of FACS profiles of 11 control and 38 Crohn's libraries
comparing the proportion of variant clones (CLST2+CLST3) to normal terminal ileum stem cells
(CLST1). Medians, Q1 and Q3, and p values are indicated. F. Clonogenicity of CLST1, CLST2,
and CLST3 stem cell variants at passage 5 and passage 25 (P5 and P25).
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3.3.2 Crohn's variant stem cells committed to upper Gl fate

Another feature of mucosal stem cells is their ability to differentiate into multiple cell
lineages. In order to examine their fate upon differentiation, we made use of the air-liquid
interface (ALI) differentiation system (Wang et al., 2015; Duleba et al., 2020) (Fig. 3.4A).
Principal Component Analysis (PCA) (>1.5 fold, p<0.05) of whole-genome microarray
expression data on ALI-differentiated CLST 1, 2, and 3 variants from seven Crohn’s patient and
CLST1 from single control patient showed that the respective clones still occupied three distinct
space suggesting that they are committed to different epithelia (Fig. 3.4B). Further, this
observation in PCA was supported by tissue enrichment analysis on expression data from these
differentiated clones. Upregulated genes (>1.5-fold, p<0.05) from each cluster were compared
across publicly available Human Protein Atlas (HPA) dataset (Uhlén et al., 2015) for all the
epithelial tissues in gastrointestinal and other regions. Consistent with results from sc-RNA seq,
expression data, and immunofluorescence staining on CLST1 stem cells from both control and
Crohn’s patients, tissue enrichment showed that CLST1 epithelia were closest to the colon,
ileum, and small intestine. But CLST2 and CLST3 epithelia were closest to gastric tissue and
gastric epithelia (Fig. 3.4C). The separation in PCA and differences in epithelia commitment was
because of nearly 1500 differentially expressed genes (CLST1 vs CLST2 and CLST3) and 500
differentially expressed genes (CLST2 vs CLST3) among the variants (Fig. 3.4D). Heatmap
analysis showed markers of the normal small intestine and colonic epithelia in ALI-differentiated
CLST1 clones (GCG, ZG16, SST, DEFAG, and TMEM47) relatively high compared to the other
two clusters, whereas differentiated CLST2 and CLST3 clones showed higher expression of
gastric epithelial markers (BAAT, CALB2, and MSMB, VSIG1, DPCR1, SPINK1, ONECUT2,
PSCA, PGC, andGKN1). CLST3 showed higher expression of markers such as PSCA, PGC,

and GKN1 compared to CLST2 (Fig. 3.4E).
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Fig. 3.4. CLST 2 and CLST3 clones are committed to upper gastrointestinal tract fates

A. Schematic for in vitro differentiation of clones starting from libraries seeded to 384-well
plates, sampling, expansion, and exposure to air-liquid interface in Transwell plates. B. Principal
component analysis from whole-genome expression data (1.5x, p<0.05) of ALI differentiated
CLST1, CLST2, and CLST3 clones from indicated patient libraries. C. Top, histogram depicting
the top 5 enriched tissues (p<0.01) determined by ARCHS4 Tissues of differentially expressed
genes in ALl-differentiated CLST1 clones. Bottom, histogram depicting the five most enriched
tissues (p<0.01) determined by ARCHS4 Tissues of differentially expressed genes in ALI-
differentiated CLST2 and 3 clones. D. Heatmap of differentially expressed (1.5x, p<0.05) genes
from whole-genome data of CLST1, CLST2, and CLST3 ALI-differentiated clones. E.
Expression heatmap of selected marker genes from whole-genome data of ALI differentiated
clones, including those of goblet cells (ZG16), Paneth cells (DEFAB), endocrine cells (SST,
GCQG), and junctional markers (VSIG1).
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Cross-sections of ALI-differentiated epithelia of each clone respective of three clusters
from five Crohn’s patients including SPN-29 and respective of a single cluster from three
controls including SPN-19 stained to various small intestine, colonic and gastric markers in
immunofluorescence confirmed our observation from tissue enrichment and heatmap analysis
(Fig. 3.5). CLST1 clones from control and Crohn’s patients differentiated into normal intestinal
epithelia that were marked by MUC2 expressing goblet cells, CHGA expressing
enteroendocrine cells, and DEFA6 expressing Paneth cells. CLST1 differentiated epithelia were
also marked by the continuous expression of tight junction marker GPA33 and cell adhesion
marker CEACAMS typical of small intestine and colon. In contrast, CLST2 and CLST3 were
devoid of goblet cells, enteroendocrine cells, or Paneth cells, and also showed discontinuous
expression or absence of junctional marker GPA33 and cell adhesion marker CEACAMS.
Instead, CLST2 and CLST3 combinedly expressed gastric junctional adhesion markers VSIG1
and CLDN18, and gastric pseudo-goblet cells marker MUC5AC while CLST1 epithelia stained
negative for these. Expression of MUC5AC expressing pseudo-goblet cells were more evident
in CLST3 compared to CLST2. Further, only CLST2 stained positively for LCNZ2, a transporter
protein, and only CLST3 stained positive for PSCA, a gastric cell membrane glycoprotein (Fig.

3.5).

In order to assess if the in vitro stem cell phenotype and ALI-differentiated fate of these
clusters were influenced by the culture system, we employed a humanized xenograft mouse
model to inject CLST 1, 2, and 3 stem cells subcutaneously to immunodeficient (NODscid
IL2ra™" [NSG]; Shultz at al., 2005; Ito et al., 2012; Shultz et al., 2012) mice (Fig. 3.6A). Cross-
sectional staining of harvested xenografts to junction specific marker E-cadherin in
immunofluorescence showed that the epithelial stem cells from each cluster differentiated into

polarized columnar epithelia. The E-cadherin-positive epithelia were also stained positive for
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Fig. 3.5. Clonal differentiation in an air-liquid interface (ALI)

ALI-differentiated CLST1 cells form epithelia dominated by MUC2+ goblet cells, CHGA+
endocrine cells, DEFA6+ Paneth cells, and CEACAM5+ epithelium. CLST2 cells form a
VSIG1+, CLDN18+, and LCN2+ epithelia lacking goblet cells. CLST3 cells form epithelia
lacking goblet cells but express high levels of MUC5AC, VSIG1, and PSCA. Additional staining

by K167 (proliferation marker) shows cells proliferating in all three clusters. Scale bar, 100 um.
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human-specific marker STEM121 (Kelly et al., 2004) suggesting they were unlikely to be of host
origin. Immunofluorescence staining of cross-sections of three variants from five Crohn’s patient
including SPN-29 and single variant from three control patients including SPN-19 showed
consistent results to the ALI-differentiation of these clones. CLST1 differentiated with the
presence of MUC2, continuous GPA33, and apical CEACAMS5 expression while CLST2 and
CLST3 were devoid of MUC2 and had discontinuous expression or absence of GPA33 and
CEACAMS. In addition, CLST2 and CLST3 expressed gastric markers VSIG1, CLDN18, and
MUCS5AC combinedly. Gastric pseudo-goblet cells expressing MUC5AC were still more evident
in CLST3 compared to CLST2. Only CLST2 was marked by LCN2 expression while CLST3 had

no expression (Fig. 3.6A).

In addition, we showed the stability of fate commitment of three variants from Crohn’s
patient SPN-29 and one variant from control patient SPN-19 despite in vitro passaging for 20
passages over 200 days. The differentiation of clones was analyzed by ALl in vitro with markers
such as MUC2, GPA33, CHGA, DEFA6, MUCS5AC, VSIG1, and CLDN18 as well as a xenograft
in vivo with markers MUC2 and MUCS5AC (Fig. 3.6B). We saw no change in marker expression

in differentiated clones even after extensive propagation in vitro.

Finally, we examined histological sections of resected terminal ileum of six Crohn’s
patients to validate our in vitro cloning and differentiation observations. The antibodies specific
to marker genes of CLST1 (CEACAMS5, GPA33, and MUC2), CLST2 (VSIG1 and LCN2), and
CLST3 (VSIG1 and MUC5AC) were used in immunofluorescence to assess this. The
histological cross-sections from all six patients showed regions of normal epithelia (GPA33+,
MUC2+, CEACAM5+) co-existed with regions of gastric metaplasia (VSIG1+, LCN2+,

MUCS5AC+) (Fig. 3.7). These histological observations draw a connection between the CLST2
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Fig. 3.6. Clonal differentiation in xenograft

A. Left, Schematic of subcutaneous transplantation of expanded clones into immunodeficient
NSG mice, the generation of a xenograft nodule, and the xenograft histology showing the
formation of epithelial cysts that are positive for the human-specific STEM-121 monoclonal
antibody. Right, Histology sections of xenograft nodules formed two weeks after transplanting
two million stem cells expanded from CLST1, CLST2, or CLST3 clones stained with H&E or by
immunofluorescence with antibodies to MUC2, MUC5AC, VSIG1, GPA33, CLDN18, LCN2, and
ECAD. Scale bar, 100 um. B. Stability of differentiation phenotype of CLST1, CLST2, and
CLST3 clones at in vitro passage 10 (approximately 100 days) and at passage 20
(approximately 200 days) assessed by in vivo subcutaneous transplantation to NSG mice and
immunofluorescence with antibodies to ECAD, MUC2, and MUC5AC. Scale bar, 100 pum.
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LCN2

Fig 3.7. CLST 2 and CLST3 markers in three Crohn’s patient resected tissue

H&E and Immunofluorescence of histological sections of resected terminal ileum of three
Crohn's cases with antibodies to CLST1 markers MUC2 and GPA33, CLST2 and CLST3
markers VSIG1, CLST2 marker LCN2, and the CLST3 marker MUC5AC. Green arrows showing
normal mucosa and red arrows showing metaplastic mucosa. Scale bar, 100 um.
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and CLST3 clones that dominate Crohn's biopsies with the well-established findings of gastric
metaplasia in affected mucosa of Crohn's patients (Liber, 1951; Lee, 1964; Kariv et al., 2010;

Agarwal et al., 2013; Thorsvik et al., 2019).

3.3.3 Crohn's stem cell libraries drive neutrophilic inflammation

Given the existence of at least two variants in 82% of the Crohn’s patient studied, we
next asked if these CLST2 and CLST3 had any primary role in the manifestation of inflammation
which is a major problem in inflammatory bowel disease (IBD). The question remained if they
simply aided secondarily in the progression of inflammation because of loss of goblet cells,
enteroendocrine cells, Paneth cells, and defect in tight junction protein GPA33 in differentiated
epithelia of CLST2 and CLST3, all of which act as the primary defense against pathogens in

intestine.

We looked at whole-genome expression profiles of the variant clones across Crohn’s
patients and controls to answer this question. The gene set enrichment analysis (Chen et al.,
2013, Slenter et al., 2018) of differentially expressed gene sets (>1.5 fold, p<0.05) between
CLST1 and CLST2 and between CLST1 and CLST3 revealed that the top 30 enriched
pathways among these three clusters were distinct with each other (Fig. 3.8A). The top five
enriched pathways of CLST1 clones were related to metabolisms such as Zinc Homeostasis,
Nuclear Receptor Signaling, Bile Acid Transport, and Copper Homeostasis. In contrast, the
enriched pathways of CLST2 clones were related to inflammation and fibrosis signaling such as
Ebola Virus Responses, Allograft Rejection, Complement Cascades, and Lung Fibrosis. CLST3
clones also showed similar enriched pathways related to inflammation such as EGFR,
Oncostatin M, TGF-beta, and the response to Hepatitis C and Hepatitis B. The differences seen

in enriched pathways were explained by nearly 200 differentially expressed genes related to
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inflammation, inflammatory bowel disease, and fibrosis between CLST1 and CLST2 and
between CLST1 and CLST3 clones. A heatmap of selected genes relevant to inflammatory
bowel disease and Crohn’s disease showed higher expression of genes such as NOX1,
GUCY2C, RETNLB, CD200, TLR4, KLK1, FFAR4, NR1H4, THBS2, REG1A, CLCA1, and

ITLN1 in CLST1 clones compared to the other two clusters (Fig. 3.8B).

CLST2 and CLST3 clones shared several inflammatory genes, specifically chemokines
and their receptors, such as CXCL1, CXCL2, CXCL3, CXCL8, AHR, DDK1, TNFRSF21,
TNFSF10, and CCL20. Only CLST2 clones showed expression of some chemokines like CCL2
and CXCL5, genes related to antigen presentation like CD74, HLA-DMA, and HLA-DRA, and
other genes like LCN2, CD40, TGFB2, and MMP7. Moreover, CLST3 clones showed specific
expression of Oncostatin M pathway genes (OSMR, IL6ST, LIFR; West et al., 2017), interferon
signaling (e.g. INFAR1, INFAR2, IL10RB, INFGR1; Schneider et al., 2014), angiogenesis
(VEGFA, HIF1A), and the thiopurine target RAC1 (Poppe et al., 2006) (Fig. 3.8B). Next, network
analysis (Bindea et al., 2009, Bindea et al., 2013, Shannon et al., 2003) was performed on
CLST2 and CLST3 inflammation associated genes which showed overall interactions between
inflammatory signaling pathway genes to include those dominated by interleukins 1, 6, 8, 12,

and 18, as well as by chemokines such as CXCL1-6 and CCL20 among others (Fig. 3.8C).

Since the gene expression profiles of CLST2 and CLST3 showed shared and unique
inflammatory gene signature, we made use of the humanized xenograft mouse model to
subcutaneously inject the patient-matched stem cells from Crohn’s patient SPN-29 in NSG mice
to see if these two variants drive immune response in a host. Surprisingly, we found that only
CLST3 clones xenografts drove extra- and intra-luminal cellularization of which intra-luminal

cells appeared to be leukocytes by hematoxylin-eosin (H&E) staining and later confirmed by
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Fig. 3.8. Constitutive expression of inflammatory mediators in CLST2 and CLST3

A. Wiki pathway enrichment analysis applied to all genes differentially expressed between
CLST1 and CLST2 and CLST1 and CLST3 stem cells. B. Expression heatmap of a partial list of
inflammatory genes differentially represented among CLST1, CLST2, and CLST3. C. Network
analysis constructed from differentially expressed inflammatory genes in B.
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reaction to hematopoietic lineage marker CD45 and neutrophil marker LY6G (Rose et al., 2012)
antibodies in immunohistochemistry staining (Fig. 3.9A). CLST1 clones (from Crohn’s patient
SPN-29 and control patient SPN-19) induced no intra- or extra-luminal cellularization while
CLST2 (from SPN-29) induced extra-luminal cellularization which was negatively stained for
CD45 and LY6G (Fig. 3.9A). Some of the genes expressed in CLST3 clone stem cells, including
TNFRSF1A and CCL20, also showed expression in the epithelia produced in xenografts of
cloned CLST3 cells (Fig. 3.9B). We expanded the xenografts to seven more clones each
representing CLST 1, 2, and 3 to gain more confidence in the result we observed from xenograft
of Crohn’s patient SPN-29 clones. Cross-section staining of those clones xenograft in
hematoxylin-eosin (H&E) and in immunohistochemistry to CD45 and LY6G antibodies still
showed only CLST3 clones xenograft yielded neutrophilic intra-luminal accumulation while
CLST2 showed extra-luminal cellularization that was not leukocytes. The result is shown in the
histogram constructed by quantifying neutrophilic accumulation (Brazil and Parkos, 2018) in the
lumen of epithelia formed in xenografts based on morphometric scoring standards (Fig. 3.9C).
Moreover, the neutrophil immune response by the host to CLST3 xenografts and differential
gene expression in CLST1, 2, and 3 clones remained stable even after continuous in vitro
passaging over 250 days (Fig. 3.9 D, E). Hematoxylin-Eosin (H&E) staining of CLST3 clone
xenograft from Crohn’s patient SPN-29 showed equally strong neutrophil accumulation in lumen
after extensive 20 passaging (Fig. 3.9D). Similarly, histogram showed the relative expression of
three markers VSIG1, TNFRSF1A, and CCL20 in RT-gPCR remained unchanged in CLST1, 2,

and 3 despite extensive passaging (Fig. 3.9E).

Next, we asked if neutrophilic accumulation was a feature of Crohn’s patients' stem cell

libraries given that the feature was specific to CLST3 clones and the proportion of CLST3
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Fig. 3.9. CLST3 clones drive neutrophilic inflammation in xenografts

A. Histology of xenografts resulting from transplants of individual CLST1, CLST2, or CLST3
clones showing that only CLST3 xenografts trigger infiltration by neutrophils. Scale bar, 100 um.
B. Expression of discrete inflammatory markers, including TNFRST1A and CCL20, in xenograft
epithelia generated from CLST3 clones. C. Assessment of the degree of neutrophil infiltration in
xenografts resulting from transplantation of CLST1, CLST2, and CLST3 clones. D. Stable
neutrophil inflammation from CLST3 clones propagated to passage 5 (P5) and passage 25
(P25) in vitro. Scale bar, 100 um. E. Histogram of VSIG1, TNFRSF1A, and CCL20 gene
expression in clonal representatives of Clusters 1-3 at in vitro passage 5 and passage 25.
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clones (by PSCA) varied among libraries (0.5% to 63%) (Fig. 3.3D). Upon xenograft of 38
Crohn’s patients and 11 control patient stem cell libraries in NSG mice, we observed that 51%
of Crohn’s patients including SPN-29 were distinguished by high intra-luminal infiltration of
neutrophils and 25% by moderate infiltration (Fig. 3.10A, B, D). The remaining 24% had either
low levels of infiltration or no infiltration at all. All the control libraries' xenografts including SPN-
19 showed no signs of neutrophil accumulation. The entire 49 patients’ libraries xenograft result
is shown in a histogram based on quantification of neutrophilic accumulation by morphometric
standards (Fig. 3.10B). Box plot analysis of the fraction of lumen infiltration (high + moderate +
low) in Crohn’s patients vs control patients showed that infiltration by neutrophils is a major
distinguishable feature of Crohn’s library xenografts (P= 5.9 e'®) (Fig. 3.10C). The difference in
the degree of neutrophilic infiltration (high or moderate or low or none) across Crohn’s patients
was justified by the proportion of the CLST3 stem cells in that particular patient library (Fig.
3.11A). The fraction of high and moderate lumen infiltration in xenografts of Crohn’s patient
libraries strongly correlated (coefficient of correlation=0.82, P= 9.7 ) to the proportion of
PSCA positive stem cells (CLST3) within that library suggesting a higher degree of infiltration

was due to higher proportion of CLST3 stem cells and vice-versa (Fig. 3.11A).

Genome-wide association studies of Crohn’s patients have been enormously successful
in identifying risk loci and candidate genes that have shaped our understanding of this disease
(Rioux et al., 2007; Hampe et al., 2007; Barrett et al, 2008; Franke et al., 2010). As the CLST2
and CLST3 stem cells derived from Crohn’s terminal ileum showed pro-fibrotic and pro-
inflammatory gene profiles and corresponding activities host responses upon transplantation to
mice, we asked if the differentially expressed genes in CLST2 and CLST3 clones include genes
implicated by GWAS in the risk for Crohn's. Using gene expression criteria (1.5-fold, p<0.05),

we identified 75 genes differentially expressed in CLST2 and CLST3 stem cells previously
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Fig. 3.10. Pro-inflammatory activities of Crohn’s libraries

A. Histology of xenografts of control and Crohn's libraries stained with H&E or
immunofluorescence with antibodies to ECAD and counterstained with DAPI for nuclei. Inset
focuses on a single epithelial cyst stained with H&E, and antibodies to the hematopoietic marker
CD45 and the neutrophil marker LY6G. Scale bars, 100 um. B. Histogram of lumen
inflammation scored by low, moderate, and high lumen standards across 11 control and 38
Crohn's patient-specific libraries. C. Box plots of total lumen inflammation (low + moderate +
high) across 11 controls and 38 Crohn's libraries with indicated medians, Q1s, Q3s, and p-
value. D. Histogram of CD45 expression fold change between control and Crohn’s library
xenografts.
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implicated in Crohn's by three distinct GWAS analyses (Hampe et al., 2007; Rioux et al., 2007;
Liu et al., 2015) and by computational analyses of linkage disequilibrium (LD) blocks (e.g.
GRAIL, Raychaudhuri et al., 2009); Fig. 3.11B). A majority of the matches we identified involve
single genes among several within LD blocks (e.g. NUPR1 at rs26526), and several highlights
multiple genes coordinately upregulated within a single LD block containing related genes such

as CXCL1, 2, 3, and 5 at rs2472649 (Jostins et al., 2012).

3.3.4 Variant stem cells drive fibrotic host responses

The top five enriched pathways for variant clones from nine Crohn’s patients included
Lung Fibrosis and TGF-beta pathways both of which are implicated in fibrosis (Araya et al.,
2010) (Fig. 3.8A). Fibrosis is a major complication of Crohn’s disease causing bowel obstruction
and immobility because of which surgical intervention is required (Burke et al., 2007; Baumgart
and Sandborn, 2012; D'Haens et al., 2019; Yoo et al., 2020). Further dissecting gene
expression profiles of variant clones for fibrosis-related genes, we found at least 50 differentially
expressed genes among CLST 1, 2, and 3 from nine Crohn’s patients including SPN-29 and two
control patients including SPN-19 (Fig. 3.12A). The heatmap shows that genes such as CCL24,
CDH11, IL1B, F2R, TLR4, RERTNLB, TPSG1, and RGS16 were highly expressed in CLST1
clones compared to the other two variants. CLST2 and CLST3 clones shared some of the
genes which were relatively high in these clusters compared to CLST1 clones. The genes
include PLAU, TGFA, PDGFC, PLA2G10, TIMP1, NAPEPLD, AHR, and SMAD3. Similarly,
CLST2 clones alone had higher expression of several genes such as CCR1, BAX, CFTR,
NT5E, ALOX5, CFLAR, MMP7, C3, CD74, HLA-DRA, and TGFB2. Moreover, CLST3 clones
had higher expression of interferon and interleukin receptor genes (such as IFNAR1, IFNAR2,
IFNGR1, IL1RN, and IL6ST), the thiopurine target RAC1, and other genes such as FAM11B,

FGFR2, PIK3CB, NFKBIA, CRBN, GCLC, GOLM1, MMP12, CAV1, TBGB1, PPARG, EGFRH1,

66



GWAS
candidates

804 @

[l GRAIL

[ | GRAIL+ CLST23
[] cLsT23

>

R=0.82,p=9.7e-13

60 .
> T
(o]
é 40
£
2}
o
© 20
+
<
(@)
(2]
o
0
0 20 40 60
High+moderate lumen inflammation (%)
GRAIL 53 up GRAIL 22 down
\
CCL2 CCL20 CXCL1 CXCL2 CXCL3
ERAP1
Secreted | CXCL5 CXCL6 LTB MARCH? PLTP
J
(" CD27 CD40 FYN GPR18 HLA-C IFNAR1 )
IFNAR2 IL10RB IL1R2 IL6ST CNTNAPZ IL2RA
Membrane KIR2DL1/KIR2DL3 LIFR MUC1 OSMR ITLN1
PDLIM4 RASSF5 RIPK2 RIT1 SLAMF7 PIGR PLAZ2R1
\_ SPRED1 SPRY4 TMEM50B )
( CTSZ EPHX2 GALC )
: CISD1 ERAP2 GPX1 INPP5D JAK2
Cytoplasmic PLA2GA4A RPS6KB1 SMURF1 TNNI2 CFX4 KIF21B NOS2
TUBD1 PHACTR2 PPKFB4 PMM1
L PTK2B DENND1B
Y,
4 N\
Nuclear CTDSP1 DUSP1 FOS GCKR LITAF  CRTC3 IPMK IRF1
NLRP2 NUPR1 REL SMAD3 ZFP36L1 NFIL3 PRKAB1 VDR
N\

J

Fig. 3.11. Inflammatory signatures of Crohn's variant stem cells overlap with GWAS
A. Graph showing the correlation between lumen with high and moderate inflammation in library
xenografts and the proportion of PSCA+ cells in the respective libraries. R=correlation
coefficient. B. Overlap between differentially expressed genes in CLST2 and CLST3 (versus
CLST1) clones and the 1,290 genes within linkage disequilibrium blocks implicated by three
separate GWAS studies. Of the 206 CLST2 and CLST3 genes overlapping with the LD blocks,
75 overlaps with those in the LD block implicated by the GRAIL algorithm including 53
differentially over-expressed and 22 genes differentially under-expressed.
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and MIF. The network analysis was performed on CLST2 and CLST3 fibrosis-associated genes
which showed overall interactions between fibrosis signaling pathway genes to include those
dominated by interleukins 4, 6, 10, 12, and 13, as well as by TGF-b and SMAD2/3 among

others (Fig. 3.12B).

Given the pro-fibrotic gene signatures from both CLST2 and CLST3 compared to
CLSTH1, we tested if these variant clones from Crohn’s patient SPN-29 are driving fibrosis as
host response from xenografts injected in NSG mice. Alpha-smooth muscle actin (a-SMA)-
expressing myofibroblasts have been linked to fibrosis in Crohn's and other chronic
inflammatory conditions through their contractile properties and their production of extracellular
matrix including collagen fibrils (Araya et al., 2010; Li and Kuemmerle, 2020). The extra-luminal
cells in both CLST2 and CLST3 xenografts (from Crohn’s patient SPN-29) cross-sections
stained strongly reacted to a-SMA antibody in immunofluorescence while CLST1 xenograft
(from Crohn’s patient SPN-29 and control patient SPN-19) stained mostly negative (Fig. 3.12C).
We note here that the myofibroblasts in these xenografts, which express both a-SMA and
fibronectin (FN1), do not react to anti-human STEM-121 antibodies (Fig. 3.12D) and therefore
are of host origin. The fibrotic host response in vivo was also evident when we cocultured CLST
1, 2, and 3 clones from Crohn’s patient SPN-29 with human fibroblast in vitro. Both CLST2 and
CLST3 clones induced differentiation of a-SMA positive myofibroblasts after three days of
coculture further confirming in vivo results (Fig. 3.12E). We expanded the immunoreactivity
assay to xenografts from seven more clones each representing CLST 1, 2, and 3 to gain more
confidence in the result we observed from xenograft of Crohn’s patient SPN-29 clones. Cross-
section staining of those clones’ xenograft in immunofluorescence to a-SMA and Fibronectin1
(FN1) antibodies still showed both CLST2 and CLST3 xenograft with the extra-luminal

accumulation of myofibroblasts while CLST1 showed no extra-luminal accumulation. The result
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is shown in the histogram constructed by quantifying a-SMA positive myofibroblasts
accumulation (Brazil and Parkos, 2018) sub-mucosal of epithelia formed in xenografts based on
morphometric scoring standards (Fig. 3.12F). Moreover, a-SMA myofibroblast accumulation
response by the host to CLST2 and CLST3 xenografts remained stable even after continuous in
vitro passaging over 250 days. Immunofluorescence staining of CLST2 and CLST3 clone
xenografts from Crohn’s patient SPN-29 showed equally strong extra-luminal myofibroblast

accumulation after extensive 20 passaging (Fig. 3.12G).

Next, we asked if myofibroblast accumulation was a feature of Crohn’s patients’ stem
cell libraries given that the feature was specific to both CLST2 and CLST3 clones and the
proportion of CLST2 and CLST3 clones (by VSIG1) varied among libraries (64.6%+/-32.6%)
(Fig. 3.3D). The xenograft of a single Crohn’s patient SPN-30 and control patient SPN-19
libraries in NSG mice showed extensive accumulation of myofibroblasts in xenograft of Crohn’s
library compared to control library (Fig. 3.13A). Further, this observation was supported by the
high expression of SMA in xenografts from four Crohn’s libraries assessed by gPCR (Fig.
3.13B). Upon xenograft of 38 Crohn’s patients’ and 11 control patients’ stem cell libraries in
NSG mice, we observed that 82% of Crohn’s patients including SPN-29 were distinguished by
the high extra-luminal accumulation of myofibroblasts. The remaining 18% had either low levels
of accumulation or no accumulation at all. All the control libraries’ xenografts including SPN-19
showed no signs of myofibroblasts accumulation. The entire 49 patients’ libraries xenograft
result is shown in a histogram based on quantification of myofibroblast accumulation by
morphometric standards (Fig. 3.13C). Box plot analysis of the fraction of strong myofibroblast
accumulation in Crohn’s patients vs control patients showed that fibrosis is a major
distinguishable feature of Crohn’s library xenografts (P< 1.3 e*) (Fig. 3.13D). The difference in

the degree of myofibroblast accumulation (strong or moderate or none) across Crohn’s patients
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Fig. 3.12. Pro-fibrotic activities of CLST2 and CLST3 clones

A. Expression heatmap of fibrosis-related genes that are differentially expressed in whole-
genome expression dataset of CLST1, CLST2, and CLST3 clones. B. Network analysis using
differentially expressed fibrosis-related genes in A. C. Immunofluorescence labeling of ECAD
and a-SMA on histological sections of xenograft nodules resulting from transplants of CLST1,
CLST2, and CLST3. Scale bar, 100 um. D. Histological sections of Crohn's library xenograft
stained with the anti-human Stem121 antibody and antibodies to fibronectin (FN1), a marker of
myofibroblasts. Scale bar, 100 um. E. Immunofluorescence labeling of ECAD and a-SMA on
CLST1, CLST2, and CLST3 clones co-cultured with human fibroblast in vitro. Scale bar, 100
um. F. Quantification of the extent of submucosal myofibroblast accumulation in xenograft
nodules resulting from transplants of discrete clones of CLST1, CLST2, and CLST3. G.
Immunofluorescence with antibodies to ECAD (red) and a-SMA (green) on histological sections
of xenografts derived from CLST2 clones at P5 and P25 (left) or CLST3 clones at P5 and P25
showing epigenetic stability of the profibrotic phenotype. Scale bar, 100 pum.
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was justified by the proportion of the CLST2 and CLST3 stem cells in that particular patient
library. The fraction of strong myofibroblast accumulation in xenografts of Crohn’s patient
libraries strongly correlated (coefficient of correlation=0.96, P< 2.2 7'°) to the proportion of
VSIG1 positive stem cells (CLST2+3) within that library suggesting a higher degree of
accumulation was due to a higher proportion of CLST2 and CLST3 stem cells and vice-versa

(Fig. 3.13E).

3.3.5 Crohn's variant stem cells preexist in fetal terminal ileum

The majority of the Crohn’s patients studied (82%) were dominated by CLST2 and
CLST3 variants and this was a distinguishable feature of Crohn’s (P=2.5 e™'*). We also strongly
correlated different proportions of these variants to the extent of inflammation (P=9.7 e*®) and
fibrosis (P<2.2 °), two major complications of Crohn’s (Fig. 3.11A, Fig. 3.13E). Given that the
variants found in Crohn’s patients are likely to be the drivers of this disease, we now wanted to
understand the origin of these. Understanding the origin is important in assessing the roles of

these variants in the progression of the disease and perhaps in designing new therapeutics.

Although CLST2 and CLST3 stem cells dominated Crohn’s terminal ileum libraries, they
were also evident in control case SPN-19 at very minor ratios revealed by single-cell RNA-
sequencing (Fig. 3.1D). The variant stem cells found in more control cases (1.2%+/-1.3%) at
much lower ratios compared to CLST1 suggested that they might be reflections of early disease
(Fig. 3.3D). The disease possibly remained latent in control cases as ratios of CLST2 and
CLST3 are very low. But this still left an open-ended question of whether the occurrence of
these variants in control cases was a result of a response to something that is experienced by
humans in their lifetime. To answer that question, we extended our study to prenatal terminal

ilea of 21- and 22-weeks fetal demise cases. Fetal development occurs in a sterile environment
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Fig. 3.13. Pro-fibrotic activities of Crohn’s libraries

A. Immunofluorescence detection of antibodies to a-SMA (green) and ECAD (red) on
histological sections of xenografts of control and Crohn's stem cell libraries. Scale bar, 100 um.
B. Histogram of a-SMA expression fold change between control and Crohn’s library xenografts.
C. Quantitative assessment of submucosal myofibroblasts in xenografts of 11 control and 38
Crohn's stem cell libraries. D. Box plot of an extent of submucosal myofibroblasts in xenografts
of 11 controls and 38 Crohn's stem cell libraries. Medians, Q1, Q3, and p-values are indicated.
E. Plot of correlation between the percentage of VSIG1+ cells in a stem cell library and the
percent of lumen displaying strong submucosal myofibroblast accumulation. Correlation
coefficient and p values are indicated.
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in utero without being exposed to antigens and protected from the environment and its
influences (Gluckman et al., 2008). We generated stem cell libraries from terminal ileum of 21-
and 22- weeks fetal demise cases (Fig. 3.14A). tSNE profile generated from single-cell RNA-
sequencing data of 21-week fetal terminal ileum library showed the majority of stem cells were
typical of CLST1 (75%) while remaining 15% belonged to CLST2 and 10% to CLST3 stem cells
(Fig. 3.14B). CLST1 had high expression of typical small intestinal genes (GPA33, CLDN3, and
FABP2), CLST2 was distinguished by a relatively high expression of CD74, INSM1, and NKX2-

2, and CLST3 by TFF3, TFF1, and SPINK1 (Fig. 3.14C).

We made use of 384 well plates to sort single cells and establish clones from the fetal
terminal ileum case. Whole-genome microarray expression by PCA showed that the single-cell
derived three representative clones (CLST1, 2, and 3) from fetal cases grouped with
representative clones from Crohn’s patient SPN-29 (Fig. 3.15A). Further, heatmap and qPCR
analysis of selected marker genes showed that the gene expression profiles of each variant
from both fetal and SPN-29 were similar to each other which explained their grouping in PCA
(Fig. 3.15B, C). Most importantly, the xenografts of these fetal clones in NSG mice behaved
exactly similar to that of SPN-29 clones (Fig. 3.15D). The cross-section of CLST1 clone
xenograft showed no intra- or extra-luminal cellularizations by hematoxylin and eosin (H&E)
staining as well as by immunofluorescence to a-SMA and immunohistochemistry to CD45 or
LY6G. CLST2 clone xenograft showed a high number of a-SMA positive myofibroblasts with no
CD45 or LY6G positive neutrophils infiltration. Both fibrosis (by a-SMA positive myofibroblasts)
and inflammation (by CD45 and LY6G positive immune cells) were observed in cross-sections

of CLST3 clone xenograft from the fetal case.

The existence of low ratios of CLST2 and CLST3 variant stem cells in fetal and control

terminal ileum and higher ratios in Crohn’s terminal ileum suggested that inflammation and
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Fig. 3.14. CLST 2 and CLST3 variant stem cells in fetal terminal ileum

A. Schematic for generating a library of clonogenic epithelial cells from the 21-week terminal
ileum and isolation of clones for subsequent analyses. Scale bar, 100 um. B. tSNE profile of
scRNAseq data of stem cell library of the 21-week terminal ileum and a corresponding pie chart
of the distribution of clone types. C. Superimposition of specific gene expression profiles across
tSNE profiles of 21-week fetal ileum library. CLST1 markers include GPA33, CLDN3, and
FABP2; CLST2 markers NKX2-2, INSM1, and CD74; CLST3 markers include TFF3, TFF1, and
SPINK1.
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Fig. 3.15. Variant clones in fetal terminal ileum are similar to that in Crohn’s

A. Principal component analysis of whole-genome expression data of nominal clone types
corresponding to CLST1, CLST2, and CLST3 from both 21-week fetal ileum and from a
pediatric Crohn’s case (SPN-29). B. Expression heatmaps comparing whole-genome
expression data from 21-week fetal ileum clones and those of CLST1, CLST2, and CLST3 from
Crohn’s case SPN-29. C. Quantitative RT-PCR analysis of indicated transcripts across fetal
terminal ileum CLST1, CLST2, and CLST3 clones. D. Xenograft nodules formed by cloned fetal
variants assessed by H&E staining and immunofluorescence using antibodies to ECAD (red)
and a-SMA (green). Sections of CLST3 nodules are further stained by immunohistochemistry
with antibodies to murine CD45 (mCD45) and LY6G as indicated. Scale bar, 100 pum.
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fibrosis might simply be a manifestation of a higher number of variants. To test this hypothesis,
we co-injected CLST1 and CLST3 clones from Crohn’s patient SPN-29 in xenograft in various
ratios (Fig. 5.3A). We observed xenograft of CLST3 clones co-injected with CLST1 clones in
lower ratios such as 5% showed no obvious inflammation or fibrosis-related phenotypes.
Increasing the ratio of CLST3 to 10% showed low but detectable inflammation and fibrosis while
having 20% or more of CLST3 clones showed extensive inflammation and fibrosis (Fig. 3.16A).
The threshold for detection of inflammation and fibrosis from this experiment was around 10-
20% of CLST3 clones within a library. This range included the median percentage (between 8-

18%) of CLST3 stem cells in libraries of patients with Crohn’s (Fig. 3.16B, arrow).

3.4 Discussion

The present study suggests a deterministic role of clonogenic variant mucosal stem cells
in Crohn’s disease that give rise to metaplastic lesions with compromised epithelial barrier
function and that drive pathological features as a host response in immunodeficient mice. The
intestinal epithelial stem cell cloning technology used in this study generated both patient-
derived stem cell libraries, that was representative of a 1 mm endoscopic biopsy, and individual
single-cell derived clones, that were grown separately as pure "pedigrees” away from their
libraries. Although single-cell RNA sequencing and FACS revealed the heterogeneity within a
Crohn'’s library, the generation of clones was critical to corroborate their molecular and
functional properties relevant to the pathology of the disease. Further, isolation and
characterization of single cell-derived clones representing each stem cell population that was
indicated by single-cell RNA sequencing validated the heterogeneity that was based on the
genome-wide expression profile. The technology also allowed to assess their fate commitment
upon differentiation and to functionally test their pro-inflammatory and pro-fibrotic gene

signatures in an immunodeficient mouse in parallel which was essential to securely assign the
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Fig. 3.16. Variant stem cells provoke pathology in lower ratios

A. Co-xenografts with compensating ratios of CLST3 and CLST1 clones assessed by
immunofluorescence with antibodies to ECAD (red) and a-SMA (green) and by
immunohistochemistry with antibodies to mCD45. Scale bars, 100 um. B. Graphical
representation of the percentage of CLST3 clones in stem cell libraries generated from terminal
ileum biopsies of control and Crohn's cases. Arrow indicates the median percentage of CLST3
clones in Crohn's cases.
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disease-related pathology to two epithelial stem cell variants. The co-existence of normal
mucosal stem cells with two pathological variants in an epithelium also explains the skip-lesion
phenomenon seen in Crohn’s where affected regions are separated by completely uninvolved
skip areas. Moreover, the rapid and unlimited proliferative capacity of these single cell-derived
clones revealed the stability of their fate commitment, molecular characteristics related to the

pathology of the disease, and functional properties in an immunodeficient mouse.

The adult stem cell cloning technology used in the present study offers several
advantages in contrast to pluripotent stem cells, embryonic stem cells (ESCs), and induced
pluripotent stem cells (iPSCs). Unlike intestinal epithelial stem cells which are already
committed to a specific lineage of columnar epithelia of the intestinal barrier, iPSCs, and ECSs
demand taxing and inefficient processes for commitment to desired lineages (Medvedev et al.,
2010; Sun et al., 2014). Most importantly, adult stem cell cloning allowed the discovery of
regional epithelial variants. Since intestinal stem cells did not require any further processes for
commitment to a specific lineage, the study of molecular and functional characteristics of those
variants to link them to Crohn’s disease-related pathology was possible. While adult stem cell-
derived organoids for Crohn’s disease may be useful in many aspects, clonal analysis to dissect
and study the epithelial variants at a single cell level would be complex, labor-intensive, and
challenging (Kim et al., 2020; Lancaster et al., 2019). Also, the maintenance of high
clonogenicity (>70%) and long-term culture of stem cells with the present technology has a

tremendous proliferative advantage over organoids (Duleba et al., 2020).

These epithelial variants were found to be dominating both pediatric and adult Crohn’s
cases while their age-matched control cases and fetal ileum had a minor proportion of them.

This strengthens our hypotheses and suggests a common mechanism to Crohn’s disease in
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both pediatric and adult groups. More than 80% of the Crohn’s libraries examined provoked
neutrophilic inflammation and myofibroblast accumulation as a host response in
immunodeficient mice and these features were highly correlated with the proportion of epithelial
variants within that library. But 18% of the Crohn’s libraries (7 out of 38) behaved like that of
control libraries which did not show signs of inflammation or fibrosis and were present with a
minor proportion of variant stem cells. Surprisingly, all the outlier libraries were cases biopsied
at the time of stable clinical remission where the intestine appears normal to white light
endoscopy. Given the skip-lesion phenomenon in Crohn'’s, it raises the possibility of having
pathological features displayed in these outlier libraries if the biopsy were taken from a different
region. The majority of cases examined (29 out of 38) in this study were at a state of stable
clinical remission at the time of biopsy collection (Table 3.1). But 75% of those remission cases
(22 out of 29) still displayed a similar proportion of variant cells correlated to inflammation and
fibrosis in host animals to that of active cases (9 out of 9). This suggests the counteraction of
pathogenic impacts of variant stem cells during remission induced by the use of
immunosuppressants and anti-inflammatory therapeutics. This also raises important questions
concerning therapeutic regimens, the mechanisms by which they induce remission, roles of
latent variant stem cells in relapse, and recurrence of Crohn’s following ileocolonic resection

(Rutgeerts et al., 1984).

The variant stem cells displayed two different characteristics both of which solidify our
argument to classify them as pathogenic for the disease. Both variants differentiated into
polarized columnar epithelia that is devoid of secretory cells including goblet cells, endocrine
cells, and Paneth cells. The epithelia also showed either discontinuous expression or a
complete absence of tight junction-related proteins. All of these are known to play critical roles

in protecting the intestine from the invading gut microbes (Wehkamp et al., 2005; Rioux et al.,
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2007; Adolph et al., 2013). Loss of these components could alone leave the barrier
compromised in the containment of gut microbes and expose them to underlying immune cells

leading to chronic inflammation and fibrosis of Crohn’s.

Another characteristic of variant stem cells was constitutive pro-inflammatory and pro-
fibrotic gene expression which suggested their primary role in driving the pathology of Crohn’s
disease. The pathogenic molecular characteristics of two variants were further confirmed
functionally by subcutaneous transplantation in immunodeficient mice. While both CLST2 and
CLST3 variants induced strong recruitment of host-derived myofibroblasts, only CLST3 induced
a strong trans-epithelial infiltration by host neutrophils. Despite several inflammatory pathways,
including IL-17 signaling, shared between CLST2 and CLST3 stem cells, we found no
inflammatory activities driven by CLST2 as a host response. The inflammatory gene signatures
of CLST3 were biased towards innate immunity response including cytokine and chemokine
signaling implicated in neutrophil chemotaxis such as IL-6 and CXCL8 (Fielding et al., 2008; de
Oliveira et al., 2013) as well as monocyte signaling. In contrast, CLST2 showed inflammatory
gene signatures biased towards adaptive immunity response including T and B cell activation
and differentiation. The immunodeficient host strain, NSG, used in this study has deficiencies in
hematopoietic lineages including those of B and T cell, natural killer cells, macrophages, and
dendritic cells (Shultz et al., 2005; Shultz et al., 2012). Thus, IL-17 signaling pathways seen in
both variants, T and B cell activation signaling seen in CLST2, and monocyte signaling seen in
CLST3 should not be underestimated. Other strains of humanized mice with more

hematopoietic lineages could show profound inflammatory responses to CLST2 and CLST3.

Among inflammatory genes differentially expressed between normal and the two

variants were also the genes that have been previously linked to IBD. The signaling pathways
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involving IL-1, IL-6, IL-12, IL-17, IL-18, and oncostatin M have been tied to play important roles
in IBD before (Kaser et al., 2010; Elinav et al., 2011; Khor et al., 2011). Similarly, there was a
stunning overlap of 75 up-regulated and down-regulated genes between those implicated by
GWAS in the risk for Crohn’s and those differentially expressed by the CLST2 and CLST3 cells.
This overlap of constitutive gene expression with GWAS and with genes implicated in IBD

support that these variants may be actively contributing to Crohn's pathology.

We also reported the existence of these variant stem cells in control libraries as well as
21- and 22-week fetal terminal ileum libraries maintained at lower proportions without inducing
an inflammatory or fibrotic response in host NSG mice. Upon isolation from their libraries, they
displayed similar pro-inflammatory and pro-fibrotic gene expression profiles to that of Crohn’s
variants and also induced pathological activities in xenografts. Moreover, in a co-injection
experiment with various ratios of CLST3 to CLST1, we showed 20% of CLST3 variant is enough
to provoke extensive inflammation and fibrosis in host mice. This suggests the expansion of

CLST2 and CLST3 variants in an individual due to which pathology of the disease is promoted.

The tissue enrichment profile of CLST2 and CLST3 differentiated epithelia showed
similarity to gastric epithelia rather than ileal or colonic epithelia. Further, the reaction of
epithelia to antibodies of gastric marker genes, such as VSIG1, CLDN18, LCN2, MUC5AC, and
many more, validated the gene expression profile and assigned these variants as the source of
gastric metaplasia often seen in ulcer associated regions in Crohn’s (Liber, 1951; Lee, 1964;
Kariv et al., 2010; Agarwal et al., 2013; Thorsvik et al., 2019). But such gastric metaplasia has
been argued to function as repair cells in an ongoing state of inflammation (Wright et al., 1990).
Nevertheless, in the present study, we showed gastric metaplasia rise from clonogenic epithelial

variants and tied them to two pathological features relevant to the disease.

87



We observed that the pro-inflammatory and pro-fibrotic gene signatures underlying
CLST2 and CLST3 were also similar to that of gastric epithelia. In accompanying research by
our lab, we made use of previously cloned stem cells from 21- week fetal proximal and distal
gastrointestinal tract. These stem cells from different regions of the gastrointestinal tract are
epigenetically committed to differentiate to their respective mucosa from which they were
derived (Wang et al., 2015). A mapping between inflammation-related genes differentially
expressed among two variants from Crohn’s and genes differentially expressed among gastric
epithelia from fetus revealed a striking overlap (data not shown). This finding suggests that both
Crohn’s variants and gastric epithelia might play a role as sentinels to prevent the colonization
of pathogens by eliciting an immune response against them and that Crohn’s may simply be an
overrepresentation of variant stem cells. In a recent publication, Rao et al., showed epithelial
variants present in minor ratios in controls are drivers of key pathological features of chronic
obstructive pulmonary disease (COPD), a condition in the lung (Rao et al., 2020). The research
strengthens and supports our finding in Crohn’s and argues for a similar etiology for chronic

diseases.

The present study comes with some limitations. While Crohn’s has regional
presentations in the colon, rectum, or more proximal parts of the gastrointestinal tract (Farmer et
al., 1975; Silverberg et al., 2005; Levine et al., 2011; Cleynen et al., 2016; Kotze et al., 2017),
the research was focused solely on terminal ileum. To assess the nature of Crohn’s disease in
different segments of the gastrointestinal tract and to investigate the role of variant stem cells in
those regions, more studies that are similar to the current one will be necessary. Currently, the
study also does not provide any mechanism for the expansion of these variants. Genetics and
adverse gastrointestinal events may selectively favor such expansions. But a clinically relevant

animal model is necessary to link the variant epithelial cells to causes and symptoms of IBD.

88



If these clones truly contribute to Crohn’s disease, then several strategies can be
employed to mitigate the disease. We have related two major pathologies of Crohn’s,
inflammation, and fibrosis, to an array of cytokines, chemokines, and other relevant genes
constitutively expressed by two epithelial variants. Those pathogenically relevant factors could
be neutralized to lessen their control on disease progression. Another approach could be
targeting the variants specifically with cell surface directed antibodies or through small
molecules that selectively target these variant stem cells allowing normal mucosal stem cells to

repopulate and maintain homeostasis.
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CHAPTER 4: DRUG DISCOVERY USING PATIENT-DERIVED STEM CELLS

4.1. Significance of the proposed study

The current approach to treating IBD including Crohn’s is by the use of anti-
inflammatory, corticosteroids, immune-suppressors, immune-modulators, and anti-TNFs
directed towards alleviating immediate symptoms of the inflammation. The treatment is based
on the assumption that dysregulated immune system, microbiome, or environmental factors are
the trigger of this disease (McGovern et al., 2015). A large number of patient investigations
(Buisine et al., 1999) and genetic knockout animal models (Park et al., 2009; Williams et al.,
2015) along with GWAS (Franke et al., 2010) highlight the possibility of the dysfunctional
epithelial barrier being a key player of the disease. Despite a good correlation between the
disorder and barrier defects, it is unclear whether these defects play a deterministic role in
driving the inflammation or are simply secondary consequences of the inflammatory state of this
disease. Our cloning and characterization of patient-derived epithelial stem cells support the first

hypothesis.

A total of 31 out of 38 Crohn’s patient stem cell libraries were dominated by two variant
mucosal stem cell populations co-existing with normal mucosal stem cell populations. Our
studies showed that these variant stem cells are the source of both gastric metaplasia and
dysfunctional epithelial barrier characterized by loss of mucins, anti-microbial peptides, and tight
junction related proteins often seen in Crohn’s. Together, they present a compromised barrier
that exposes the underlying tissue and immune cells to the microbiome in the gut. Most
importantly, we showed that these variants are also marked by constitutive inflammatory gene
signatures including those associated with inflammatory bowel disease and with the response to

multiple human pathogens. Consistently, xenografts of these variant cells in highly
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immunodeficient mice drive host inflammatory and fibrotic responses which are two major
pathological features seen in Crohn's. Moreover, the existence of these variants in control
biopsies and in the fetal terminal ileum in minor proportion without provoking pathological
features showed that Crohn's disease is the result of an overrepresentation of intrinsic cells that

normally function to protect the gastrointestinal tract from human pathogens.

Therapeutics directed at the immune system might suppress the inflammatory state for
the time being but certainly does not eradicate those pathogenic cells. In this context, the other
emerging treatment options such as immune cell therapy, hematopoietic stem cell therapy, and
mesenchymal stem cell therapy do not hold a suitable rationale. On the other hand, selectively
targeting these pathogenic variants might create an opportunity for existing normal mucosal

cells to repopulate the intestine and maintain homeostasis.

4.2. Research strategy

4.2.1 Phenotypic approach to drug discovery

Ever since advancements made on genomics, target-based methods have been the
focus of drug discovery (Lindsay, 2003). The method includes the identification of a target which
is typically a single gene, protein, or molecular mechanism that has an important role in disease
pathology via genetic biological approach such as RNA interference methods. It is followed by
target validation, screening for hits, and lead compound optimization. The development of
advanced genomic (RNA interference) and structure (X-ray crystallography) based tools have
tremendously helped identification and optimization for targets (Imming et al., 2006). Along with
these, computational modeling and virtual screening methods have also made the discovery

process economical and fast (Overington et al., 2006). The target-based approach allows
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applying chemical and molecular knowledge to investigate specific compounds, biologically
based approaches, and high throughput small molecule screening strategies. Despite these
advantages, this approach has limitations due to challenges remaining in research and
development productivity and due to the requirement of knowledge of molecular mechanism
(Williams, 2005). Also, a solution to the molecular hypothesis might not be relevant to polygenic

disease and its pathogenesis (Flordellis et al., 2006).

On the other hand, the phenotypic approach does not require prior knowledge of disease
mechanisms as well as recognition of disease-relevant targets. Compared to the target-based
approach, the readout from the assays can be directly translated into therapeutic impact in a
disease. Phenotypic assays were primarily the drivers of drug discovery before the genomic era
and target-based approaches (Williams, 2005). This approach also comes with challenges such
as optimization of candidate drugs without the knowledge of the molecular mechanism of action
and incorporating new screening technologies. Nonetheless, the success rate of discovery and
development of innovative drugs is still higher with the phenotypic approach compared to the

target-based approach (Swinney and Anthony, 2011).

The phenotypic approach is especially effective in cancer drug discovery where the main
aim is to either eradicate the malignant cells or to reprogram them minimizing cytotoxicity to
normal cells. Cancer-derived cell lines that show phenotype related to uncontrolled growth have
been the basis for phenotypic screening for anticancer drugs as well as validation in vivo using
humanized mouse models. High throughput screening on these cancer cell lines with a
phenotypic readout, such as survivability or reporter signal, has proven itself as an effective

method to drug discovery (Moffat et al., 2014).
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4.2.2 High throughput screening in the hit discovery process

A ‘hit’ is defined as a molecule which gives anticipated activity during screening and
whose activity is reiterated upon testing. The desired compound screening assays, such as
reporter assays or drug-induced cell death or apoptosis, are developed during the hit
identification phase. Several screening strategies are available to discover hit compounds such
as high throughput screening, focused screening, fragment screening, and many more (Hughes
etal., 2011). Focused and fragment screening requires knowledge about target protein that is
likely to be involved in the mechanism of disease as well as knowledge about the smaller subset
of molecules to be screened (Boppana et al., 2009). On the other hand, high throughput
screening (HTS) involves directly screening the target in an entire compound library. Cell-based
assays, such as using cancer cell lines, mostly use this approach where it might require
secondary assays to confirm the action of compounds (apoptosis or change in expression of
some genes) (Fox et al., 2006). While this screening approach requires automation of complex
laboratory equipment, it does not require any prior knowledge of the nature of the compound

that is likely to have the desired activity.

High throughput screening (HTS) involves screening a large number of
compounds against the target in an assay designed to run in multi-well plates of generally 384
wells or above. Because of its ability to screen hundreds of thousands of molecules in a large
number of chemical libraries (related to genomics, protein, peptide, small, and large molecule
libraries), it accelerates the hit identification process playing an important role in early drug
development. The chemical libraries are a diverse collection of unique small molecules that are
focused on a huge spectrum of targets over many signaling pathways (Hughes et al., 2011).
HTS also aids in the early exclusion of unsuitable compounds by providing qualitative and

quantitative readouts (Martis et al., 2011). Moreover, advancement in technology over the past
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decade has supported the growth of HTS as well. The creation of novel platforms,
miniaturization of assay plates, automation of fluid handling, and robotics have minimized costs
and eliminated labor-intensive steps. High content imaging, the development of advanced
database management software, and advances in analytical tools to analyze massive quantities
of data have dramatically reduced assay times (Szymanski et al., 2012). Thus, high throughput

screening is in high demand for drug discovery today.

4.2.3 Cell-based assay development and high content screening

Mostly, cell-based assays have been applied in a phenotypic approach to drug discovery
to generate the desired readout as a result of the compound activity (Michelini et al., 2010). The
current trend in cell-based assays for drug discovery is the establishment of stable mammalian
cell lines to overexpress the target protein of interest or establishment of cancer cell lines which
serve as target themselves (Hughes et al., 2011). The use of primary cell lines for compound
screening has also increased in recent years (Dunne et al., 2009). Cell-based screening
approaches give more complexity and more information compared to simple biochemical
assays. The assay gives information on the penetration of compounds through the cell
membrane, build an acute cytotoxicity profile, and identifies drugs against a target of an
unknown mechanism. The ease of availability of cell lines from different organs and different
species has contributed to assess toxicity that may be more reliable in extending tests to
animals (Houck and Kavlock, 2008). Further, evaluation of cell signaling and stress-response
pathways in addition to classical membrane leakage, ATP utilization, and cell number count
techniques have added to the understanding of mechanisms of cytotoxicity (Szymanski et al.,

2012).

A number of cell-based assays such as second messenger assays, reporter gene
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assays, cell proliferation assays, and high content screening (HCS) assays exist. High content
screening (HCS) offers measurement of multiple parameters using fluorescence-based
reagents to reveal information about cytoskeletal rearrangements, nuclear size and shape
changes, mitochondrial potential, and most importantly drug-induced programmed cell death. In
combination with high content imaging (HCI), it has become an indispensable tool to

quantitatively analyze cellular phenotype assays (Giuliano et al., 1997).

4.2.4 Primary and stem cell lines for high throughput screening

Most cell-based screening assays for drug discovery have used cancer-cell lines, other
immortalized cell lines such as CHO or HEK 293, or non-human immortalized cell lines such as
3T3 or Vero to overexpress the target protein of interest at high levels to screen for compounds
against the target. These have been successfully working for years in high throughput screening
to identify hit compounds. However, lead optimization requires testing in a physiologically similar
environment to that of in vivo for pharmacological assessment of candidate molecules to reduce
failure of compounds in clinical trials especially with assays involving non-human cell lines
(Hughes et al., 2011). Hence, the field is recognizing the value of primary cell lines which retain
numerous functions seen in vivo as well as endogenously express the target of interest (Eglen
et al., 2008). Primary cells and stem cells, either embryonic or adult, are beginning to secure a

place in drug discovery now.

Primary cell lines are derived either from embryonic tissues, such as neuronal and
cardiomyocyte cultures, or from adult tissues, such as hepatocytes and pituitary cells. The cells
are usually derived from animals although human cells are now being routinely employed for
preclinical drug testing (Eglen et al., 2008). Advances in cell culture have established cell lines

from various organs, including brain, pancreas, liver, heart, intestine, pituitary, ovary, and more
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organs and employed for screening. Their ability to be cryopreserved and cultured for a larger
number of passages in vitro has made it easy to adapt them for screening. Human hepatocytes
and myocytes are perhaps the most widely used cell lines to assess cytotoxicity and the effect
of drugs in metabolism (Nolan, 2007). Pituitary cells have been studied for understanding basic
mechanisms regulating hormone secretion as well as in identifying hypothalamic features
governing pituitary function. Similarly, neuronal cells have been used to study response towards

drugs as assessed by firing frequency and ionic conductance (Daub et al., 2009).

Stem cells provide an unlimited source of cells from various tissues that reflects the cell
properties in vivo more accurately giving phenotypes that are more clinically relevant. They also
allow more precise modeling of human cells as well as a disease when obtained from patients
with different diseases. An extensive amount of work has been done to employ both embryonic
stem cells (ES) and induced pluripotent stem cells (iPSCs) in drug screening (Primary). For
example, cardiomyocytes derived from both mouse and human embryonic stem cells (ES) were
used for compound screening to identify cardioselective drugs that simulated electrical pacing
activity and contractility (McNeish, 2007; Cezar, 2007). Somatic multipotent stem cells such as
those from mesenchyme, blood, brain, and adipose tissue have been used as tools for
compound screening in wound healing and therapeutics (Nirmalanandhan and Sittampalam,
2009). For example, neural stem cells (NCS) that differentiate into neurons play an important
role in patients suffering from neurodegenerative diseases. Chemical screening in NCS to
discover a compound that could promote neurogenesis would be beneficial for those patients
(Rishton et al., 2008). Thus, stem cells can act as authentic human cells that are directly derived

from patients acting as a crucial tool in high throughput screening for drug discovery.
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4.2.5 Animal model for in vivo validation of drugs

4.2.5.1 Limitations of current animal models

While chemically induced models are easy and rapid to develop, they provide limited
information regards to how chronic disease perpetuates in humans. These models are limited to
the study of tissue regeneration, neutrophil infiltration, understanding alleviation of inflammation,
and addressing physiology of other aspects of acute flares. Immunological models portray the
role of adaptive immunity, regulatory and pathogenic T cells, but fail to investigate innate
immunity as hosts possess profound immune disorders. Genetic models reveal the roles of a
single gene or a group of genes in the regulation of mucosal immunity. However, enforced
genetic manipulations are unlikely to represent underlying defects, explain causative factors,
and etiology of the disease. Spontaneous models do not require any extra manipulations to
induce inflammation like in human disease, but it tends to resolve by itself with age without

recurrence which is not the case in human disease.

Each mouse model described under chemically induced, immunologically mediated,
genetically manipulated, and spontaneous has provided valuable insights in understanding one
or another major aspect of chronic intestinal inflammation and the underlying mechanism.
These models have led to the development of generally accepted principles of chronic intestinal
inflammation which has some similarities to human IBD. Yet, no single model has captured all
the aspects of human IBD. Furthermore, the mouse models described above do not involve the
small intestine like Crohn’s disease, so they are more likely to model colitis. Hence, it has fueled
current researchers to develop a model that closely resembles disease in terms of location,

pathophysiological features, and development of therapy.
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4.2.5.2 Humanized mouse model for in vivo validation of drugs

Humanized mouse models are created by engraftment of in vitro cultured human cells,
human cell suspension, or tissues in an immunocompromised mouse that does not reject the
xenografts. The discovery and development of highly immunocompromised mice such as nude,
NOG, BRG, or NSG mice allowed humanized mouse models to advance (Bosma et al., 1983;
Shultz et al., 1995). These mice generally have impairments in B and T cell function and lack
natural killer (NK) cells. The different strains of immunodeficient mice exist with a mutation in the
I12rg gene along with other genetic manipulation and are specific in addressing a certain
question. Thus, choosing an appropriate model and designing proper experiments plays a

critical role in providing valid data.

Humanized mouse models have offered direct translational research on human diseases
which was previously not possible on immunocompetent mice. One of the most popular
humanized mouse model examples is the engraftment of human hematopoietic stem cells
(HSC) and generation of well-differentiated lineages of human myeloid and lymphoid system in
an irradiated NOD-SCID IL2Rynull mouse (Shultz et al., 2005). Such hematolymphoid
humanized mice have also allowed the study of infectious diseases such as HIV-1, HTLV-1, and
EBV (Zhang et al., 2010). The mice provide a system to study viruses that specifically target
lymphocytes and study disease mechanisms along with the development of drugs.
Immunodeficient mice are also used to establish various cancer models that investigate the
development of tumor, its interactions with various types of host cells as well as an immune
response to tumor (Ninomiya et al., 2004; Machida et al., 2009; Shiokawa et al., 2010). In
addition, it was demonstrated that graft versus host disease (GVHD) induction was possible in
humanized mouse models allowing the study of this severe complication. The transplanted

human T cells along with hPBMCs were activated and attacked the host mouse tissues giving
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graft versus host disease-like symptoms (Mosier et al., 1988).

Recently, the patient-derived xenograft (PDX) model has also gained traction in basic
and translational cancer research over the last decade. This model is created by direct
subcutaneous or orthotopic engraftment of patient-derived tumor tissues, bypassing any in vitro
work, in an immunocompromised mouse. Importantly, the features of the patient tumor such as
gene expression profile and drug response are retained by the model. Moreover, the model
maintains heterogeneity and microenvironment that comes with a tumor as well as allows
interaction with various cell types such as fibroblast, blood vessels, and immune cells in the
host. Hence, the PDX model has been considered as an advanced preclinical cancer model and

as a valuable tool to assess personalized medicine (Siolas et al., 2013).

4.3 Results

4.3.1 Adapting stem cells for high throughput screening

Three variant clones representative of CLST 1, 2, and 3 from Crohn’s patient SPN-29,
CLST1 and CLST2 clones from patient SPN-49, CLST2 clone from patient SPN-20, CLST3
clone from patient SPN-25, and CLST1 clone from control patient SPN-19 were subjected to
high throughput screening (HTS) on 1 micromolar (uM) chemical libraries. Each well of a clonal
line, labeled with green fluorescent protein (GFP), after treatment with a chemical library was
represented in terms of survival rate as a percentage of untreated wells (Fig. 4.1A). In general,
a threshold was set for the hit from a small molecule to be at 80% or lower survival rate. The
selection of small molecule libraries included Custom Clinical Library, Prestwick Chemical
Library, Selleck Bioactive Chemical Library, and UT Austin Kinase Inhibitors Library with a total
of more than 4000 compounds and around 2000 unique compounds (Fig. 4.1B).
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A plot between the number of compounds and their effect represented as survival rate
from entire clonal lines after treatment with four chemical libraries showed that 70% of
chemicals were ineffective against the clones as the histogram is skewed towards higher
survival rate (Fig. 4.1C). We also observed some compounds having a promotion effect on
some clonal lines, the threshold for which was set at 120% or higher survival rate (Fig. 4.1C).
An assessment of small molecule targets from all the hit compounds revealed the target
pathways such as Angiogenesis, Cell Cycle, JAK/STAT, NF-kB, TGF-B/SMAD, GPCR,
PISK/AKT/mTOR, Apoptosis, Cytoskeleton Signaling, Metabolism, and many more (data not
shown). Many of these pathways such as JAK/STAT, NF-kB, TGF-B/SMAD, PI3K/mTOR, and
Metabolism have been implicated in Crohn’s and Ulcerative Colitis (Coskun et al., 2013; Atreya

et al., 2008; Sedda et al., 2015; Tokuhira et al., 2015).

4.3.2 HTS allows the discovery of drugs against variant stem cells

A total of 72 common hits from all CLST2 and CLST3 clones across patients and all four
libraries were found, whose target enriched pathways/proteins were among PISK/AKT/mTOR,
HSP, Protein Tyrosine Kinase, and Cytoskeletal Signaling (Fig. 4.2A). We used the median
survival rate of CLST1 clones against CLST2 and CLST3 clones from all the patients in
screening and constructed a multi-patient normalized scatter plot for each library (Fig. 4.2B).
From the plot, we observed a number of candidate small molecules which seemed to inhibit
CLST2 and CLST3 clones more compared to CLST1 clones. Tanespimycin, a HSP90 inhibitor,
was one of such compounds (Fig. 4.2C). Further, the selection of compounds for validation was
based on two criteria - at least 50% inhibition of CLST2 and CLST3 clones and at least 2-fold

lesser effect on CLST1 clones (Fig. 4.2B, C).
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Fig. 4.1. Stem cells adapted for high throughput screening

A. Top, A 384 well plate showing a single cell-derived clone labeled by green fluorescent protein
(GFP) from control or Crohn’s patients stem cell libraries after treatment with a chemical library
at 1uM in high throughput screening. The wells treated with Positive control, negative control,
and various library compounds are indicated in the plate. Bottom, Heatmap representing
survival rate of clones in each well of a 384 well plate after treatment with a chemical library at 1
uM. Scale bars, 200 um. B. Four chemical libraries — custom clinical, Prestwick chemical library,
Selleck bioactive chemical library, and UT Austin kinase inhibitors library selected for high
throughput screening showing a number of unique and overlapping compounds among them. C.
Color histogram showing a plot between the number of compounds and their effect represented
as survival rate from entire clonal lines after treatment with four chemical libraries.
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Fig. 4.2. Small molecules specifically target variant clones

A. Top, A Venn diagram showing unique and common hits from four chemical libraries across
CLST2 and CLST3 variant clones from four Crohn’s patients. Bottom, Enriched targets or
pathways from the hits that are common across all the variant clones screened. B. A scatter plot
showing the median survival rate from all CLST1 clones compared to the median survival rate
from all CLST2 and CLST3 clones screened in the Selleck library at 1 uM. C. A small molecule
circled in scatter plot from B showing differential effect in variant clones compared to CLST1

clone. Scale bars, 200 um.
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From a total of 4000 compounds in HTS, only nine compounds were selected for dose-
response and validation in vitro (Fig 4.3A, B). Among them were four compounds (Alvespimycin,
Tanespimycin, Luminespib, and KW-2478) that target the HSP protein, three compounds
(Gedatolisib, INK 128, and Omipalisib) that target the PI3K/Akt/mTOR pathway, one compound
(TTNPB) that targets the retinoic acid receptor protein, and one compound (ONX 0914) that

targets immunoproteasome (Fig. 4.3B).

The dosage response curve for the selected four compounds (one representing each
target protein or pathway) in three representative clones from multiple Crohn’s patients showed
at least 5-fold differential inhibition in CLST2 and CLST3 clones compared to CLST1 clones
(Fig. 4.3A, left). Next, we tested these compounds in a co-culture of representative CLST1 to
CLST2 clones and CLST1 to CLST3 clones choosing the concentration at which maximum
differential was seen (Fig. 4.3A, right). The drugs added to the culture two days post-seeding of
clones inhibited CLST2 and CLST3 significantly allowing CLST1 to take over the culture by five
days. Red fluorescent protein (RFP) tagged CLST1 and green fluorescent protein (GFP) tagged
CLST2 and CLST3 were used to assess the co-culture treatment (Fig. 4.3A, right). Since we
used a single representative clone from each variant in high throughput screening (HTS) and
dosage response, the question remained whether the compound showed comparable results in
the cell populations representing three clusters. To resolve this, we took the same effective
concentration of compounds that worked in the co-culture experiment and treated two Crohn’s
patient libraries on the second day post-seeding. Fluorescent Activated Cell Sorting (FACS) to
CEACAMS5 (CLST1 marker) and VSIG1 (CLST2 and CLST3 marker) 5 days post-treatment with
two selected drugs showed that only CLST1 stem cells (CEACAMS5 positive and VSIG1

negative) survived the treatment (Fig. 4.3C).
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Fig. 4.3. Validation of selected small molecules from HTS

A. Left, Dosage response curve from treatment of representative CLST1, 2 and 3 clones with
four compounds (Tanespimycin, Gedatolisib, ONX-0914, and TTNPB) out of nine selected for
validation in vitro in B. Each compound represents different target protein/pathway listed in B.
Right, Co-culture of CLST1 with CLST2 and of CLST1 with CLST3 treated with the same
compounds. CLST1 was genetically labeled using retrovirus carrying red fluorescent protein
(RFP). CLST2 and CLST3 were genetically labeled using retrovirus carrying green fluorescent
protein (GFP). Arrows indicate the concentration of each compound used in the co-culture.
Scale bars, 100 um. B. List of nine compounds selected for validation and dose response curve
in vitro from high throughput screening. C. Fluorescence-activated cell sorting (FACS) profiles of
Crohn’s patient SPN-49 stem cell library stained by antibodies to the CLST1-specific marker
CEACAMS5 and the CLST2+CLST3 marker VSIG1 before and after the treatment with
Tanespimycin and Gedatolisib with a concentration that was used in A.
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Table 4.2 Compounds selected for validation in vitro

B
Compounds for validation Target Clinical Trial Stage
17-DMAG (Alvespimycin) HSP90 Phase |
17-AAG (Tanespimycin) HSP90 Phase Il
Luminespib (AUY-922) HSP90 Phase Il
KW-2478 HSP Phase |
INK 128 (MLNO0128) mTOR Phase |
Omipalisib (GSK2126458) mTOR Phase |
Gedatolisib (PF-05212384) mTOR/PI3K Phase |
TTNPB (Arotinoid Acid) RAR
ONX-0914 (PR-957) Immunoproteasome
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4.3.3 HTS allows the discovery of promoters

Tanespimycin, an HSP90 inhibitor, and Gedatolisib, an mTOR/PI3K inhibitor, were
selected as the best candidates out of nine drugs screened for validation. The selection was
based on the maximum differential seen among control and two variants and on the number of
variant clones from multiple Crohn’s patients the drugs showed inhibition. An important aspect
of drug discovery is finding compounds that can work synergistically with each other allowing
the use of lower concentrations in combination to eradicate the target. This is crucial in
minimizing cytotoxicity and side effects to the normal population of cells and organs nearby
(Ashburn and Thor, 2004; Jia et al., 2009). We attempted to discover compounds that could
work synergistically with two selected CLST2 and CLST3 inhibitors. Representative clones from
each variant treated with a sub-lethal dose of Tanespimycin were subjected to Selleck chemical
library treatment at 1 micromolar (uM) (Fig.4.4A, right). Surprisingly, the scatter plot showed
several compounds that promoted CLST1 clones while CLST2 and CLST3 clones were still
inhibited. Such compounds favored all three clones in the absence of Tanespimycin before (Fig.

4.4A, left).

To validate this observation made in high throughput screening (HTS), we chose eight
compounds to combine with two inhibitors of CLST2 and CLST3. The targets of such
compounds were Focal Adhesion Kinase, PIBK/AKT, VEGFR, JAK-STAT1/2, Phosphatase,
beta-secretase, and IGF-1R (Fig. 4.4B). The dose-response curve generated for Tanespimycin
and Gedatolisib in presence of those eight compounds at 1 micromolar (uM) in three variant
clones validated our finding from the screening (data not shown). These eight compounds in
presence of CLST2 and CLST3 inhibitors significantly increased the survivability of CLST1
clones yet keeping the dose-response of variant clones unchanged in a manner similar to that of

before adding the compounds (Fig. 4.4C). Although these compounds greatly reduced the
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toxicity of two inhibitors in CLST1 clones compared to CLST2 and CLST3 clones, we noticed
that most of them were also increasing the survivability of CLST2 and CLST3 clones to some
extent (data not shown). Thus, the complete elimination of two variants with these synergies of
drugs was not possible. Only one out of those eight compounds promoted CLST1 clones
without having any protective effects in CLST2 and CLST3 clones (Fig. 4.4C, left). LY2811376,
a beta-secretase inhibitor, in combination with Tanespimycin increased the differential window
by more than 25-fold compared to 5-fold previously. Similarly, LY2811376 with Gedatolisib
increased the differential window by more than 100-fold compared to 50-fold previously (Fig.

4.4C, right).

4.3.4 Drugs recover the phenotype in the xenograft model

Despite an enormous amount of data from thousands of Crohn’s patients and advances
in genome-wide association and immune studies, we still lack a good model system of the
disease (Pizarro et al., 2000). We showed that inflammation and fibrosis, two major
complications of the disease, were major distinguishable features of Crohn’s patient stem cell
libraries in xenograft (Fig.3.10C, Fig. 3.13D). CLST3 marked by PSCA and both variants
marked by VSIG1 showed a high correlation with inflammation and fibrosis seen in the library’s
xenograft respectively (Fig. 3.11A, Fig. 3.13E). Xenograft mouse model allows us to test the
compounds in vivo not only to assess effective targeting of variant clones but also the
pathological phenotype associated with them. Thus, we made use of this humanized xenograft

mouse model to test the drugs we discovered through high throughput screening (HTS).

CLST1 clones were co-injected at a ratio of 1:1 with either CLST2 or CLST3 clones in
xenograft. Xenografts harvested from the mice treated with Tanespimycin or Gedatolisib two

days post co-injection of the clones showed necrosis by hematoxylin and eosin (H&E) staining
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Fig. 4.4. Synergistic HTS identifies drugs that promote CLST1

A. Left, A scatter plot showing survival rate from one CLST1 clone compared to survival rate
from one CLST3 clone screened in Selleck library at 1 uM. Right, A scatter plot showing survival
rate from same clones (in Left) screened in Selleck library at 1 uM in presence of Tanespimycin
(sub-lethal dose to CLST3 clones). B. Left, Example of two small molecules circled in A which in
combination with Tanespimycin showed synergistic promotion effects in CLST1. Right, List of
top 8 compounds selected for validation in vitro to combine with Tanespimycin. Scale bars, 200
um. C. Dosage response curve of three variants with CLST2 and CLST3 specific inhibitors,
Tanespimycin (Left) and Gedatolisib (Right) in presence of the best candidate promoter,
LY2811376 at 1 uM.
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compared to their untreated control (data not shown). The immunofluorescence staining of
CLSTH1, 2, and 3 specific markers in cross-sections of xenografts from treated mice detected
only CLST1 markers in intact epithelial cells suggesting normal epithelial cells were left to
regenerate. In contrast, all three cluster-specific markers were still detected in untreated
controls (data not shown). The columnar epithelial cells in xenografts that survived the treatment
reacted positively to CEACAMS, a CLST1 specific marker, and negatively to VSIG1, a CLST2,
and CLST3 specific marker. VSIG1 stained positively in necrotic epithelial cells suggesting
CLST2 and CLST3 clones did not survive the drug treatment. Most importantly, neutrophils (by
CD45/LY6G staining) and myofibroblasts (by a-SMA/FN1 staining) in CLST1 and CLST3 co-
injection xenografts were mostly absent after the treatment while in untreated they were still
prominent. Similarly, myofibroblasts in CLST1 and CLST2 co-injection xenograft mostly
disappeared after the treatment. The disappearance of neutrophils and myofibroblasts from
xenografts correlated with necrosis of CLST2 and CLST3 clones after the treatment with

Tanespimycin and Gedatolisib in mice (data not shown).

Since we used a single representative clone from each variant in the xenograft mouse
model, the question remained whether the treatment would show comparable results using the
cell populations representing three clusters. To resolve this, we injected four Crohn’s patients
and one control patient library and took the same effective dosage of compounds that worked in
the co-injection xenograft experiment. Unlike their corresponding libraries xenograft from
untreated mice, Crohn’s libraries xenografts from mice treated with both Tanespimycin and
Gedatolisib showed extensive necrosis visible by hematoxylin and eosin staining (H&E) (Fig.
4.5A). The xenograft of the control library showed no signs of necrosis from either of the mice
treated with two compounds. The results suggested only CLST2 and CLST3 variants epithelia
were targeted in Crohn’s patient libraries xenograft leaving out CLST1 epithelia to regenerate.
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This notion was supported by significantly lesser reads of VSIG1, a CLST2, and CLST3 specific
marker, by qPCR after treatment with two drugs. Conversely, CEACAM5 (CLST1 specific
marker) reads increased after the treatment (Fig. 4.5B). Most importantly, a significantly lesser

number of a-SMA and CD45 reads were seen after the treatment.

The gPCR assessment was further corroborated by immunofluorescence staining of
CLSTH1, 2, and 3 specific markers in cross-section of xenografts from both untreated and treated
mice (Fig.4.5C). The epithelial cells in xenografts of Crohn’s patients’ libraries that survived the
treatment reacted positively to CEACAMS, a CLST1 specific marker, and negatively to VSIG1, a
CLST2 and CLST3 specific marker. VSIG1 stained positively only in necrotic epithelial cells
suggesting CLST2 and CLST3 clones did not survive the drug treatment. Further, neutrophils
(by CD45/LY6G staining) and myofibroblasts (by a-SMA/FN1 staining) in Crohn’s patients'
libraries xenografts mostly disappeared after the treatment while in untreated libraries
xenografts they were still significant (Fig.4.5C). In addition, the treated Crohn’s libraries
xenografts also showed MUC2, a marker of goblet cells specific of normal CLST1, staining by
immunofluorescence. Incorporating the data from in vivo drug validation in the xenograft mouse
model, it was evident that not only CLST2 and CLST3 variant epithelia can be specifically
targeted, but the inflammation and fibrosis phenotype related to those variants can also be
prevented. This leaves the normal CLST1 epithelia to regenerate and maintain intestinal

homeostasis.

4.4 Discussion

Despite undisputable positive impact of current treatment strategies, the patients with
stable clinical remission are as low as 10% (Baumgart and Sandborn, 2012). This suggests the
possibility of biological therapies being directed towards only maintaining the condition and
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Fig. 4.5. Validation of two best candidate drugs in a xenograft mouse model

A. Histology of xenografts of control SPN-19 and Crohn's SPN-23 libraries stained by H&E
before and after the treatment with Tanespimycin and Gedatolisib in vivo intraperitoneally.
Arrows indicate the region of necrosis after the treatment with two candidate small molecules.
Scale bars, 100 um. B. Histogram showing relative expression of a—SMA (a myofibroblast
marker), CD45 (a leukocyte marker), CEACAMS (a CLST1 specific marker), and VSIG1 (a
CLST2 and CLST3 specific marker) from xenografts of untreated and treated libraries of four
independent Crohn’s patients by gqPCR. C. Histology of xenografts of control SPN-19 and
Crohn's SPN-23 libraries stained by H&E and by immunofluorescence with antibodies to
o—SMA (green), ECAD (red), CEACAMS5 (red), FN1 (green), VSIG1 (green), MUC2 (red),
MUCS5AC (red) before and after the treatment with Tanespimycin and Gedatolisib in vivo
intraperitoneally. Scale bars, 100 um.
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illuminates the continuation of a therapeutic gap in the treatment of Crohn’s disease. The
present work illustrates the discovery of small molecules that could be more central to the
disease. The clonogenic mucosal stem cell variants tied to pathological features of the disease
were selectively targeted in the xenograft model diminishing those features in parallel and

leaving normal mucosal stem cells to compensate for the loss of those variants.

The intestinal epithelial stem cell cloning technology used here was essential to isolate
and characterize single cell-derived clones representing three groups of stem cells within a
Crohn’s patient stem cell library. Without the expansion of these clones as separate lines away
from their libraries, it would be challenging to resolve the heterogeneity and to render two
variants pathogenic. Most importantly, it would be impossible to assess those target variant
stem cells against control normal stem cells for differential sensitivity with drugs or drug
combinations. Moreover, the rapid and unlimited proliferative capacity of these single cell-
derived clones allowed us to employ them in high throughput to screen for more than 4000
small molecules treatment over four chemical libraries. The four chemical libraries with a diverse
collection of around 2000 unique small molecules focused on a large spectrum of targets
revealed candidate drugs that selectively targeted particular pathways critical to the survival of
pathogenic variants. Lastly, single cell-derived clones revealed markers consistently expressed
specific to each cluster which was essential to validate selective targeting of variant stem cells

by the candidate drugs in Crohn’s stem cell libraries and coculture.

The genetic labeling of individual clones representative of CLST1, CLST2, and CLST3
by retrovirus carrying fluorescent proteins allowed constitutive expression of the reporter in the
stem cells. The detection of the fluorescent signal made it extremely easy to quantify the
phenotypic effect of the small molecules, inhibition, or promotion, without the use of other
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complex secondary assays (Blucher and McWeeney, 2014). Genetic labeling offered several
advantages in this context. For one, it made the entire process more efficient bypassing
secondary assays and made quantification more accurate avoiding noise that was likely to
present as a result of those assays. Both of these are central to high throughput screening in
expediting the hit discovery process while minimizing the false discovery rate (Fox et al., 2006).
Most notably, we could trace activities of variant and normal stem cells during drug treatment in
vitro. This feature was extremely valuable in showing that CLST1 clones took the opportunity of
dominating the culture upon selective targeting of CLST2 and CLST3 clones in a co-culture
experiment in vitro. While in vivo, the only endpoint of the experiment was visualized which also

revealed the domination of xenograft nodules by CLST1 epithelia.

The screening of clones in four chemical libraries revealed 72 hit compounds common to
all the CLST2 and CLST3 clones from multiple patients. The target enriched pathway or
enriched target protein of those small molecules showed only a handful of pathways or proteins.
This suggests a common survival mechanism in pathogenic stem cell variants and the
possibility of generalizing the therapeutics. Also, none of the common hits belonged to the class
of anti-inflammatory or immune modulators suggesting the inability of current therapeutics to
target variant clones which might be central to the disease. Detailed dosage response with
selected best nine compounds validated the result from HTS performed at a single
concentration of 1 micromolar (uM). The maximum differential window between CLST1 clones
and the two variant clones was at best, 100-fold with TTNPB, 50-fold with Gedatolisib, and only
5 to 10-fold with other small molecules. Even though they successfully eliminated both variant
stem cells in vitro in coculture and a Crohn’s library, the narrow therapeutic window is likely to
cause potential cytotoxicity problems in normal cells and organs nearby. Further, subjecting the
clones to ultra-high-throughput screens for a larger array of compounds will possibly identify
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candidates with a larger therapeutic window in the future (Sundberg, 2000).

Meanwhile, we aimed to resolve the issue by establishing "synthetic lethal" screens
(McCormick, 2015; Thompson et al., 2017; Aguirre and Hahn, 2018) against variant stem cells
using Selleck chemical library in a background of sub-lethal concentration of Tanespimycin that
selectively targeted those stem cells. Interestingly, the synthetic lethal screen identified several
small molecules that, in the background of Tanespimycin, augmented only CLST1 stem cells
while still inhibiting variant stem cells effectively. Comparing their behavior in previous
screenings without the background of a sub-lethal dose of Tanespimycin showed that these
compounds promoted all three variants. This suggested that CLST2 and CLST3 clones
sensitized by their specific inhibitor, which might have triggered apoptosis in them, were unable
to recover or to respond to promoters. In contrast, the CLST1 clone which shows a 5-fold lesser
effect of Tanespimycin compared to the other two variants still responded to promoters exactly
like before. This phenomenon allowed us to make use of such promoters to widen the
therapeutic window which was the primary objective of finding synergistic compounds. Among
them, LY2811376 in a synergistic manner with both Tanespimycin and Gedatolisib was the
most effective in promoting the normal stem cells while having no protective effects in variant
stem cells. Most importantly, dosage-response curves for these variant stem cells with those
combinations, in the background of a fixed concentration of the LY2811376, showed a

remarkable differential of nearly 100-fold.

The variant stem cells linked to neutrophilic inflammation and fibrosis were selectively
targeted in vivo rescuing those features in parallel and leaving normal mucosal stem cells to
regenerate. Four independent Crohn’s libraries xenografts from mice treated with Tanespimycin

and Gedatolisib as single agents showed extensive cell death while that of control libraries
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showed no such signs. This notion was supported by both gene expression quantification and
immunofluorescence staining of antibodies to markers of specific clusters in treated xenografts.
In addition, treated Crohn'’s libraries epithelia were marked by the presence of goblet cells,
shown by MUC2 staining in immunofluorescence, suggesting remaining CLST1 epithelia were

resuming functions typical of epithelial barrier (Cornick et al., 2015).

While this model offers several advantages such as testing efficacy against multiple
patients, quantification of variant clusters and disease-related pathology before and after
treatment, and ease of operation, it also comes with some limitations. One of the limitations
posed by the current in vivo model is the inability to organize long-term studies because of the
relatively short life (two weeks) of intestinal epithelial cells in subcutaneous regions of the
mouse. For example, we showed myofibroblast accumulation, which is an early stage of fibrosis
(D'Haens et al., 2019), as an assessment of fibrosis and showed the disappearance of
myofibroblasts from Crohn'’s libraries after the treatment with candidate drugs. Hence, the study
of the fully developed diseased state, including late fibrosis stages with excess collagen
deposition, as well as the assessment of drugs on later stages of the disease remain
unexplored. Perhaps, immunodeficient mice compensated with human-specific factors required
for epithelial cell activity would allow long-term maintenance of this lineage in subcutaneous
regions (Zhu et al., 2019). Another limitation of this mouse model is the challenge to accurately
quantify regeneration by remaining CLST1 epithelia after the treatment. We showed a
resumption of normal barrier functions by CLST1 epithelia that survived the treatment but could
not find a way to show if the loss of CLST2 and CLST3 epithelia were fully compensated by
remaining CLST1 epithelia. Such valuation is critical in terms of clinical perspective in not letting
the intestine completely deprived of epithelial cells which can bring severe consequences

(Odenwald and Turner, 2017). Possibly, a more subtle approach would be using a lower dosage
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of inhibitors in combination therapy with promoters such as LY2811376 so that the synergy
gives a competitive advantage to normal mucosal stem cells. To answer those questions, more
studies with various dosage with promoter are required in this xenograft model or in any other

relevant models which link variant epithelia to the pathology of Crohn’s disease.

Dextran Sodium Sulfate (DSS) and TNBS- induced rodent colitis are two well-
established chemical injury models in the study of inflammatory bowel disease (IBD), including
both Crohn’s and ulcerative colitis (UC). The two major phenotypes of IBD, chronic inflammation
and fibrosis, have been recapitulated in these models following injury with these chemicals that
damage the distal gastrointestinal tract (Okayashu et al., 1990; Morris et al., 1989). In
accompanying research by our lab, the rats treated with two or more cycles of DSS or with
TNSB displayed extensive epithelial damage and displayed multiple mucosal regions that
reacted positively to variant markers, LCN2 and VSIG1, in both colon and terminal ileum. These
regions were also devoid of goblet cells (by MUC2) and showed a generalized expansion of
o—SMA-expressing myofibroblasts and inflammation around them (data not shown). Normal-
looking mucosal regions surrounded those VSIG1+/LCN2+ mucosal regions, an observation
which is in accordance with the co-existence of variants in Crohn’s patients.
Immunofluorescence staining to K167, a proliferation marker, showed that such abnormal
regions were in an active state of cell division suggesting they are expanding in the mucosa.
Toxicity of in vitro cultured epithelial cells has been shown with both chemicals before (Ni et al.,
1996; Yamada et al., 1992). Perhaps, while causing damage to epithelia they allow variant stem
cells existing in lower proportion to expand. These might be more resistant to these chemicals
or located deep in the mucosa protected from the treatment. Nevertheless, we see their
emergence, and these models might provide us a mechanism of expansion of these variants.
But more comprehensive research will be required to confirm the mechanism and to link these
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models to the variant cells that were found in Crohn’s patients’ biopsies. Cloning these epithelial
variants from rodents and confirming their pro-inflammatory and pro-fibrotic nature is necessary
to conclude that these variants drive inflammation and fibrosis in the long run. Such models
present an excellent opportunity to connect current human-related observations to an animal

model as well as give a chance to test candidate drugs in a regenerating intestine.
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