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Abstract (en)

Macrophages populate the embryo early in gestation but their role in the developmental
process remains largely unknown. In particular, specification and function of
macrophages in intestinal development remain little explored. Pluripotent stem cell
(PSC)-derived intestinal tissue, known as human intestinal organoid (HIO), mimics a
developing human intestine and can be a useful model to study intestinal macrophages
in development. To study this event in human developmental context, we derived and
combined HIO and macrophages from PSCs. Macrophages migrated into the organoid,
proliferated, and occupied the emerging micro-anatomical niches of epithelial crypts and
ganglia. They also acquired a transcriptomic profile similar to fetal intestinal macrophages
and displayed tissue macrophage behaviors, such as recruitment to tissue injury. Using
this model, we show that macrophages reduce glycolysis in mesenchymal cells and limit
tissue growth without affecting tissue architecture, in contrast to the pro-growth effect of
enteric neurons. In short, we engineered an intestinal tissue model populated with
macrophages, and we suggest that resident macrophages contribute to regulation of

metabolism and growth of the developing intestine.

HIO can also be a powerful tool to understand human disorder. Chronic Atrial and
Intestinal Dysrhythmia (CAID) is a rare genetic disorder that results in a progressive
dysfunction of cardiac and intestinal contraction. There is no effective treatment for the
intestinal dysfunction, or chronic intestinal pseudo-obstruction (CIPO). CAID syndrome is
caused by a mutation in the gene SGO7 which regulates the unloading of cohesin
complex from the chromatids and centrosome during cell division. Mutation in another

cohesin complex protein RAD21 also causes CIPO and disrupts neuronal gene



expression. Both RAD21 and SGO1 are expressed in enteric neuronal ganglia; thus, we
suspect CIPO in CAID to be neuropathological in origin. To model the disease, we utilized
patient-derived induced pluripotent stem cells (iPSC) to derive human intestinal organoids
(HIO) and vagal neural crest cell (VNCC) and combined to engineer HIO with enteric
nervous system (HIO/ENS), as previously described. Isometric force measurement of
patient organoids showed erratic contractile patterns. Furthermore, a genotype hybrid of
HIO/ENS derived from patient or control iPSCs indicate a neuropathological origin of the
erratic contractile pattern. Patient VNCC also showed dysregulation of PLXNA3
expression, a gene involved in neuronal development. In conclusion, our patient-derived
organoid and cellular model indicate neuropathological origin of intestinal dysfunction

seen in CAID syndrome.



Resume (fr)

Les macrophages peuplent I'embryon au début de la gestation, mais leur role dans le
processus de développement reste largement inconnu. En particulier, la spécification et
la fonction des macrophages dans le développement intestinal restent peu explorées. Le
tissu intestinal dérivé de cellules souches pluripotentes (PSC), connu sous le nom
d'organoide intestinal humain (HIO), imite un intestin humain en développement et peut
étre un modele utile pour étudier les macrophages intestinaux en développement. Pour
étudier cet événement dans le contexte du développement humain, nous avons dérivé et
combiné les HIO et les macrophages des PSC. Les macrophages ont migré dans
l'organoide, proliféré et occupé les niches micro-anatomiques émergentes des cryptes
épithéliales et des ganglions. lls ont également acquis un profil transcriptomique similaire
aux macrophages intestinaux foetaux et ont affiché des comportements de macrophages
tissulaires, tels que le recrutement de Iésions tissulaires. En utilisant ce modéle, nous
montrons que les macrophages réduisent la glycolyse dans les cellules
mésenchymateuses et limitent la croissance tissulaire sans affecter I'architecture
tissulaire, contrairement a l'effet pro-croissance des neurones entériques. En bref, nous
avons congu un modéle de tissu intestinal peuplé de macrophages, et nous suggérons
que les macrophages résidents contribuent a la régulation du métabolisme et a la

croissance de l'intestin en développement.

HIO peut également étre un outil puissant pour comprendre le désordre humain. La
dysrythmie auriculaire et intestinale chronique (CAID) est une maladie génétique rare qui
se traduit par un dysfonctionnement progressif de la contraction cardiaque et intestinale.

Il n'existe pas de traitement efficace pour le dysfonctionnement intestinal ou la pseudo-



obstruction intestinale chronique (CIPO). Le syndrome CAID est causé par une mutation
du géne SGOT qui régule la décharge du complexe cohésine des chromatides et du
centrosome lors de la division cellulaire. La mutation dans une autre protéine complexe
de cohésine RAD21 provoque également le CIPO et perturbe I'expression des génes
neuronaux. RAD21 et SGO1 sont tous deux exprimés dans les ganglions neuronaux
entériques; ainsi, nous suspectons CIPO dans CAID d'étre d'origine neuropathologique.
Pour modéliser la maladie, nous avons utilisé des cellules souches pluripotentes induites
dérivées de patients (iPSC) pour dériver des organoides intestinaux humains (HIO) et
des cellules de créte neurale vagale (VNCC) et combinés pour concevoir HIO avec le
systéme nerveux entérique (HIO/ENS), comme précédemment décrit. La mesure de la
force isométrique des organoides des patients a montré des schémas contractiles
erratiques. De plus, un hybride de génotype de HIO / ENS dérivé de iPSC de patients ou
de contrdle indique une origine neuropathologique du schéma contractile erratique. Les
VNCC des patients ont également montré une dérégulation de I'expression de PLXNAS,
un géne impliqué dans le développement neuronal. En conclusion, notre modele
organoide et cellulaire dérivé des patients indiquent l'origine neuropathologique du

dysfonctionnement intestinal observé dans le syndrome CAID.
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intestinal macrophages on regulating glycolytic metabolism and organ growth.
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gene in both cell types. Together, the results suggest that SGO7 mutation in patients

cause developmental predisposition to aberration in neural lineage.
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Introduction

Chapter 1

Rationale

Macrophages occupy the embryo early on but their role in the developmental process
remains largely unknown. In particular, specification and function of macrophages in
intestinal development remain unexplored. Understanding how macrophages initially
specify into intestinal macrophages and how they behave during the development may
give insight into the nature of their dualistic roles in intestinal disease progression and

recovery.

Objectives
1) Recapitulate the migration of macrophages into intestine with pluripotent stem cell-

derived macrophages and human intestinal organoid (HIO).

2) Characterize the macrophage populated human intestinal organoid (HIO/Mac).

3) Compare organoids with or without macrophages to see if there are macrophage-

specific effects.

Chapter 2
Rationale
Chronic Atrial and Intestinal Dysrhythmia (CAID) is a rare genetic disorder that results in
a progressive dysfunction of cardiac and intestinal contraction®. Cardiac arrhythmia can
be managed with a pacemaker; however, no effective treatment or medical procedure

can manage the debilitating intestinal dysfunction or chronic intestinal pseudo-obstruction

16



(CIPO). Thus, the end goal is to understand the pathomechanism in order to develop a
treatment. Furthermore, it is an opportunity to study CIPO and intestinal pseudo
obstruction in general, taking advantage of the fact that a singular genetic mutation is
causing the illness. Mouse models with the patient's homozygous SGO1 mutation or
knockout were embryonic lethal and conditional knock out in adult did not display CAID
phenotypes. Patient iPSC-derived human intestinal organoids (HIO) and cells, thus,
presents as an alternative to a traditional model to understand CAID syndrome in a human
biological context. Previous studies showed genetic insults on a protein-coding gene in
the same protein complex as SGO1 also cause CIPO and dysregulation in neurogenesis.
Thus, we tested if CAID syndrome is neuropathic in origin.
Objectives

1) Derive patient iIPSC-derived human intestinal organoid with enteric nervous

system and assess their motility.

2) If the patient organoids display intestinal motility phenotype, generate genetic

hybrids of HIO and ENS from patient vs. control iPSC lines.

3) Assess patient iPSC-derived neural crest cells against controls.

17



Literature review

Relevance: Chapter 1

Intestine

Gastro-intestinal (Gl) tract is a muscular tube that moves the ingested food through its
tract with the primary objective to absorb the contents for bodily use and expel the waste.
Along the tract, it sequentially digests the contents to absorbable units with the physical
force of the contraction and digestive enzymes derived from the pancreas. The lumen of
the Gl tract is, thus, contiguous with the outside world and is constantly in contact with

foreign material and microorganisms against which it must defend itself.

Intestinal epithelial barrier is the first line of defense. Tightly inter-bound epithelial cells
provide a cellular barrier against invasion by microorganisms. Intestinal epithelial cells
additionally produce mucous, water trapped in a mash of hydrophilic protein, which
contains anti-microbial proteins and is controlled in pH, optimized for defense. Behind this
epithelial barrier are specialized immune cells such as macrophages, T cells, B cells,
mast cells, which provides a second line of defense. Specialized epithelial cells called
Microfold cells pass on lumenal content to specialized immune cells called antigen-
presenting cells (APC) to sample the current immunological state of the intestine. Antigen-
presenting cells, such as macrophages and dendritic cells also extend their cellular
projections to phagocytose the contents of the lumen directly. The APCs then interact with
other immune cells to mount an additional defense mechanism as required. Due to
constant exposure to the microbiome within the tract, intestinal immune cells must stay
vigilant and at the same time do not mount an unnecessary degree of immune response,

which can damage the organ?3. Though almost unperceivable to us, Gl tract is constantly
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undergoing a motion to mix, digest, and move the contents caudally. This motion is also
thought to keep the more permanent microorganisms in the gut in the caudal segments

of the tract®.

The contractile motion of the intestine is referred to as peristalsis and the force is
generated by densely packed contiguous array of smooth muscle cells. There are two
major configurations of smooth muscle within the intestine: circular and longitudinal. As
the name suggests, the two array of muscle tissues squeeze and push, respectively, the
content of the lumen caudally. The muscle contraction is initiated by specialized network
of cells called interstitial cells of cajal. The initiation of contraction is further regulated by
the intestine’s intrinsic neuronal network, called the enteric nervous system, with

additional feedback from the central nervous system by extrinsic neurons*°.

Intestine is developmentally constructed from all three-germ layers, each playing an
indispensable role in the organ’s function. Shortly after gastrulation, endoderm begins to
fold on to itself and forms the gut tube forming the intestinal epithelium. Mesoderm-
derived mesenchymal cells surround the tube and differentiates into smooth muscle
layers, subepithelial myofibroblasts, and fibroblasts. Ectoderm-derived neural crest cells
then migrate from the neural tube into the developing intestine. Macrophages, first formed
in the yolk sac, also migrate into the intestine as the first immune cell and homeostatic
regulator. Each cell type relies on chemical and physical cues from the others to form the
vilified intestinal structure in adult®’. The development of the corrugated epithelial
structure referred to as the Vvilli, for example, is dependent on the differentiation of

mesoderm into smooth muscle. The smooth muscle physically restricts the circumference
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of the epithelium layer, which folds to form the villi under the force generated from its own

proliferation®.

Macrophages

Macrophages are innate immune cells with high phagocytic capacity and amoeba-like
behaviors. They are ubiquitous throughout the body and show variations in morphology
and behavior depending on the spatial niche they reside in. In recent years, much
advancement in our understanding of macrophages has been made in their ontology and

non-immunological functions.

Initially thought to derive exclusively from the bone marrow, macrophages are now known
to first arise at early embryonic development from the yolk sac and spread throughout the
embryo. Embryonic macrophages first arise from hemogenic endothelium in the yolk sac
blood vessel. Erythromyeloid progenitors (EMP) gives rise to primitive nucleated
erythroblasts and myeloid cells: macrophages, and megakaryocytes. These yolk sac
macrophages spread throughout the embryo. These EMPs seed the fetal liver, where
macrophage and erythroblast production makes a transition from yolk sac to the fetal
liver®. Subsequently, definitive hematopoietic stem cells (HSC) form at the aorta-gonad-
mesonephros and seed the fetal liver giving rise to all other hematopoietic lineages
including monocytes/macrophages. In the later stage of development and after birth,
HSCs seeded in the bone marrow takes over the hematopoietic production from the fetal
liver. In summary, macrophages are one of the first three blood cells to form in the
embryonic development, and the major production site transitions from yolk sac to fetal
liver to bone marrow'. Macrophages seeded throughout the embryo establish local

proliferation and become self-maintaining. Additional production at the bone marrow
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supplies local demand when required and systemic demands throughout the organism’s

life 011,

As the early embryonic production alludes to, macrophages are an evolutionarily ancient
cell type, which can also be found in invertebrate like starfish. Older vertebrates such as
fruit flies do not have traditional adaptive immune cell as mammals (T cells and B cells)
and relies on phagocytes (or macrophages) for cellular immunity. Thus, perhaps
unsurprising in retrospect, function of these ubiquitously distributed phagocytes is not

limited to innate immunity.

Macrophages play diverse roles that are either assistive or crucial to tissue homeostasis,
varying greatly from tissue to tissue. Cardiac macrophages support normal
electrophysiological conduction at the atrioventricular (AV) node of the heart. They are
electrochemically linked with the node via gap junction protein connexin 43 (GJA1) and
maintains the resting membrane to be more positive. Macrophage-specific conditional
deletion of connexin 43 results in delayed AV node conduction'?13, Osteoclasts are fused-
multinucleated macrophages, which remodel bone extracellular matrix along with
osteoblasts. Macrophages also maintain epithelial stem cell homeostasis in multiple
organs, regulate neuronal function, and regulate insulin resistance and thermogenesis in
white and brown adipose tissue. Phagocytic capacity is also re-purposed in various
occasions, such as removal of nuclei from erythroblast in the bone marrow to iron
recycling in the spleen and liver. The range of tissue-specific function of macrophages is

vast14-18,

Homeostatic regulatory function of macrophages is also crucial in wound healing.

Following a tissue injury, macrophages adopt a pro-inflammatory state (M1) in order to
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recruit additional immune cells via inflammatory cytokines and mount a more active
phagocytic response for defense and debris clearing. As the infection and/or tissue
damage clears, macrophages adopt an alternative fate to promote regeneration (M2) and
produce growth factors to promote angiogenesis and cell proliferation, promote
extracellular matrix formation, and suppress further inflammation™. Similarly,
macrophages are also indispensable for regeneration in species such axolotl, which has
higher regenerative capacity than humans. Macrophages display M1 and M2 fate
simultaneously during limb regeneration after amputation, and fails regenerate when
these macrophages are ablated?°. Recruitment of macrophages in embryonic and fetal

wound healing was also previously noted?'-22.

Macrophages can be recruited by a diverse array of chemokine signals to the site of
inflammation. The most prominent cytokine involved in inflammation is CCL2 (MCP1).
Monocytes in circulation express the receptor CCR2, and are recruited in a CCL2-
dependent manner?3. CCL7 is also an alternate ligand to the receptor CCR2%*. CCR1,
CCR4, CCR5 also bind to CCL3 and CCLS5 and are involved in recruiting the
macrophages, and have been shown to recruit macrophages to the site of renal and
neuro-inflammation?®26. CX3CR1-CX3CL1 is involved in recruiting macrophages to the
inflammatory site such as atherosclerosis, but also shown to be involved in macrophage
recruitment to the embryo proper during the development. CX3CR1 knock out mice
embryos have significantly reduced number of tissue-resident macrophages, but not
deficient. This indicates that macrophage recruitment during the development is
multifactorial is not entirely dependent on CX3CR1-CX3CL1 signaling?’—2°. CSF1R-CSF1

is also involved in macrophage recruitment during the development and induces
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chemotactic response from macrophages in vitro. CSF1 is also a crucial to macrophage
survival, proliferation, and differentiation factor3®-32, However, what signaling or how
infiltrating macrophages localize to each sub-anatomical niche (e.g. neuron vs. vascular)
is little addressed. It is also worth noting here that categorizing cytokines often involved
with inflammation as “inflammatory” may be an oversimplification. For example, though
CCL2 is upregulated in injury and infection it is expressed in virtually all tissues at a base

level and is crucial for monocyte recruitment in the steady-state in adult intestine?3-33.

Gross effect of macrophages on organ development is also striking®!. Ablation of
macrophages in Csf1r knockout mice show defects in musculoskeletal development,
likely due to lack of osteoclasts. The overall body weight is also lower. Organs such as
kidney show reduced medullary area but relative increase in the cortex, suggesting
developmental defect when combined with previous observation on macrophage’s effect
on kidney development34. Serum glucose is also lower, and liver accumulates lipid
droplets when macrophages are ablated. Peyer’s patches in the intestines are reduced;
however, no other gross anatomical defects or epithelial differentiation anomaly seem to
be observable in this knock out model. Re-introduction of macrophages seems to rescue

the musculoskeletal and hepatic defects.

Intestinal Macrophages

Understanding of intestinal macrophages has also expanded significantly in recent years.
Adult intestinal macrophages are constantly replenished by bone-marrow-derived
monocytes from circulation?3. This fast turnover, however, seems to apply mostly for
macrophages in the mucosa performing immune functions. Many other subtypes of

macrophages undergo local proliferation, not unlike macrophages in other organs. More
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surprisingly, a small percentage of these locally self-maintaining population was shown to
be embryonic in origin3®. This embryonic population establishes as early as E9.5 (E, days

after post-coitus) in mice foregut3®.

Intestine harbors a range of macrophage subtypes in distinct spatial niches. Within the
villi, they phagocytose contents of the lumen through the epithelium either directly through
inter-epithelial cellular projections or indirectly via Microfold cells which relay pre-
processed antigen to the other side of the epithelial barrier3’-3°. Additionally, mucosa-villi
residing macrophages have reduced pro-inflammatory response to inflammatory stimuli
but maintain their phagocytic capacity, making intestinal macrophages a prime subtype
to study for their involvement in inflammatory diseases?. A long-standing perception was
that intestinal macrophages are entirely derived from circulating monocytes and only
short-lived. This observation remains supported for a large majority of intestinal
macrophages; however, recent findings suggest that certain subtypes in specific spatial
niches are self-maintaining and furthermore a small portion derives from embryonic
macrophages?®. In further detail regarding these self-maintaining populations, crypt-
associated macrophages regulate epithelial stemness, differentiation, and regeneration.
Macrophages seems to produce Wnt4 and Rspo1 to exert this effect. Furthermore,
reduced proportion of proliferating crypt cells, Paneth cells, and Microfold cells has been
observed in macrophage ablation experiments in adult mice*%-42. External innervation and
enteric nervous system collaborate with adjacent macrophages to regulate immune
response and peristalsis. Enteric neurons provide CSF1, a crucial macrophage survival
and differentiation cue, and macrophages in turn produce BMP2 for enteric neurons which

modulates peristalsis. Furthermore, sympathetic innervation signal the status of distal
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infection to intestinal macrophages via beta-2-adrenergic receptor signaling3®4344, In
regulating peristalsis, macrophages also detect thermal, mechanical, and chemical
changes in the environment via TRPV4 surface protein and directly regulates smooth
muscle motility via prostaglandin E24°. Intestinal macrophages also associate closely with
the blood vessels and their ablation disrupts intestinal vasculature3®. Though many
functional subtypes of intestinal macrophages have been defined in adult organisms, why
macrophages populate the organ so early on in the embryonic development remains

unaddressed.

Lesser-known functions of macrophages

Developmental roles of macrophages are generally less understood than their functions
in cellular immunity and niche-specific homeostasis. Evidence in mice and ex-vivo studies
thus far suggest that they are indispensable for proper development of certain tissues.
Specifically, comparison of macrophage ablation at adulthood versus the transgenic mice
that constitutively lacks macrophages showed less severe phenotypes in ablation at
adulthood in certain organs, suggesting that their presence during prenatal development
has more impact on the organs than their presence in adulthood*®. At an embryonic stage,
they have been shown to regulate the growth of kidney and ureteric bud branching, the
development of pancreatic islet, and formation of coronary plexus and lymphatic vessel
in developing heart3447-50, During post-natal development, they seem to be required for
proper mammary epithelial remodelling, vascular remodelling in the eye, and brain
development®'-55, In the central nervous system development, macrophages actively
phagocytose neuronal synapses to prune neuronal network, where ablation of

macrophages resulted in morphological disfigurement of the brain, electrophysiological
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dysregulation of the neurons, and behavioral studies show impairment of olfactory
capacity®*®®. Enteric nervous system has as many neurons as the spinal cord.
Unsurprisingly, a recent report shows that a similar process regulate post-natal
development of the enteric nervous system. Depletion of macrophages in postnatal mice
disrupts synaptic pruning of enteric neurons and results in abnormal intestinal transit. Tgf-
beta produced by the enteric neuron seems to regulate the differentiation of macrophages
to the neuron-associated phenotype which regulates the peristalsis®®-%”. Macrophages’
role in embryonic and perinatal stage has been shown to be essential in the proper
development of the organism; however, data on their involvement in early development

is disproportionately lacking, in part due to lack of tools to study such early events.

Macrophages also regulate the metabolism of peripheral cells. They have been shown to
regulate insulin-dependent glucose metabolism of adipocytes. Pparg is required to attain
macrophages that regulate glucose homeostasis and macrophage-specific knock out of
Pparg result in glucose intolerance, insulin resistance, and diet-induced obesity. This
metabolic regulatory role is in contrast with infiltrating macrophages that are pro-
inflammatory in state, since ablation of these macrophages reduced insulin sensitivity in
mice. These two results also emphasizes the magnitude of macrophage specification has
on its regulatory function'®°. Furthermore, macrophages regulate thermogenesis in
brown adipose tissue. Cold environment triggered Il4-dependent macrophage
specification which increased energy expenditure of the mice. The I[l4 dependent

macrophages seems to be triggering thermogenesis by producing catecholamines'”.

Oncostatin M (OSM) is a multifunctional growth factor that binds to the receptors OSMR

and LIFR. OSM is highly expressed in macrophages and T cells®®. Osmr knock out in
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mice causes adipose tissue inflammation and insulin resistance. Treatment of the mice
with Osm increased insulin sensitivity indicating its role in suppression of the development
of insulin resistance®. Further studies show that lack of Osm-signaling worsens high-fat
diet induced metabolic disorder in mice®'62, A more recent study demonstrates elevated
OSM expression in patients with obesity and hyperglycemia®. The role of macrophages
and T cells has been suggested but no direct association with metabolic regulation of
adipocytes has been demonstrated. Not unlike the Pparg-mediated macrophages and
thermogenic regulation of macrophages, macrophage-OSM may play a role in regulating
glucose metabolism. Finally, it raises a question if macrophage’s regulation of

metabolism is also present in other tissues or developmental stages.

This metabolic regulatory mechanism by macrophages seems to be abused by cancer
cells to promote tumor growth. Tumor-associate macrophages stimulate Pgk1 pathway in
glycolysis of cancer cells via secretion of 116. PGK1 activation also correlates with
prognosis of human cancer, such as glioblastoma®. Macrophages are enriched in
majority of solid tumor. Considering tumor itself does not generate de novo mechanisms,
but rather abuse existing macrophage capacity, understanding macrophage functionality

may have direct relevance to clinical translation.

Models used to study macrophages

Ever since llya Mechnikov first defined the mobile-phagocytic cells in the transparent
starfish larvae, many models were used to build the current understanding of
macrophages, each with strengths and weaknesses. Zebrafish is an excellent vertebrate
model that can produce a high number of offspring. Furthermore, its external development

along with nearly transparent embryo provides high in vivo optical accessibility. Its gross
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anatomical structures, however, differ much from that of human. Mouse has a short life
cycle and is anatomically and genetically closer to human. Transgenic mouse models
such as tamoxifen inducible CSF1R or CX3CR1-fluorescent protein lineage tracing and
Fas-induced or diphteria toxin receptor-mediated cell ablation models have facilitated
pivotal discoveries in recent years®-67. Gene-specific models such as above, however,
show variable efficacy in ablation towards specific macrophage subtypes and between
different organs, largely due to macrophage heterogeneity®®. Human cell culture such as
immortalized cell lines THP-1 and U937 along with blood monocyte-macrophage culture
has also been a useful tool to study fundamental cell biology; however, they are limited
in their capacity to model cell state in native tissue environments®. Now, advancements
in pluripotent stem cell culture and its directed differentiation, enables us to generate cell
types and tissue-like multicellular constructs to model human biology in vitro. Versatility
in manipulation and complexity of the tissue-like constructs, also known as organoids,
should be particularly useful to model early human development where access to human

samples is difficult or implausible.

Intestinal organoids

A miniature version of a human intestine that is smaller than a pea can be grown in a dish.
There are two major categories of intestinal organoids: epithelial organoid or multi-cell
type organoid, though the terminology used in the field often does not make the
distinction. Epithelial organoid, also referred to as ‘epithelioid’, consists only of epithelial
cells. Intestinal stem cell (ISC), maintained by growth factors in the media, proliferate and
create three-dimensional villi-crypt-like structures. They can be derived from ISCs

isolated from intestinal biopsies or from differentiation of PSC7%71, Multi-cell type intestinal

28



organoid, also referred to as human intestinal organoid (HIO), is generated from PSC or
iPSC by recapitulating the embryonic development. HIO contains both the endodermal
lineage that gives rise to the epithelial cells and mesodermal lineage that gives rise to
mesenchymal progenitors. Compared to epithelioid, HIO can model more complex
intestinal environment due to the mesenchymal progenitors and different cell types that
derives from it, which interacts with the epithelium. Additionally, grafting HIO onto
immunodeficient mouse matures the organoid further and recapitulates histological
complexity comparable to that of late fetal stage and undergoes spontaneous peristaltic-
like contractions’?>"4. HIO in itself, however, does not contain all the progenitor lineages
to develop into a complete intestine, if one were to define an organ as an isolated unit.
Two major lineages that are missing are: neural crest cells that becomes the enteric
nervous system and immune cells. Vagal neural crest co-culture with HIO has been
shown to give rise to enteric ganglia and glial network within the organoid”®. With immune
cells, a recent report attempted to incorporate macrophages with ‘gut organoid’, which
does not utilize directed differentiation approach. The resulting tissue lacked convincing
histological architecture of an intestine, and impact of macrophages on organoid and vice
versa were little explored. Furthermore, the context of intestinal development and

implication of macrophages were not explored?®.

The method to generate PSC-derived macrophage, which resembles yolk-sac derived
embryonic macrophages was described previously’”8, Thus, in Chapterl, | first aimed
to use established directed differentiation method to derive HIO and the PSC-derived
macrophages in order to recapitulate the early migration of macrophages into the

embryonic intestine.
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Relevance: Chapter 2

CAID syndrome

Our lab has previously identified a rare genetic mutation in SGO1 (K23E) that results in
a progressive dysfunction of cardiac and intestinal contraction called chronic atrial and
intestinal dysrhythmia (CAID). The disease was first identified in 16 patients French
Canadians and 1 Swede with common genetic heritage with founders originating from
Europe. The patients have sick sinus syndrome, a cardiac arrhythmia originating from the
sinus node, and chronic intestinal pseudo-obstruction (CIPO), a blockage of the intestinal
transit without mechanical obstruction. Patient fibroblasts showed accelerated cell
cycling, increased senescence, and heightened sensitivity to TGF-beta activation and
increased response. SGOL1 is involved in correct chromosome segregation during mitosis
and meiosis. Chromosomal pair showed a defective centromeric cohesion, but without
signs of aneuploidy. Sgol was expressed in the developing heart of zebrafish. Morpholino
knockdown of Sgo1 in the developing zebrafish resulted in bradycardia®.

Though the arrhythmia of the heart can be addressed with a cardiac pacemaker, there is
no effective treatment for CIPO. Clinically, CIPO is generally considered to be caused by
two pathological origins: myopathic and neuropathic. Patient biopsies showed thinning
and fibrosis of the smooth muscle layer. Furthermore, enteric ganglia were mislocalized.
Manometry, a measurement of the propulsive force throughout the tract, showed
inconclusive diagnosis on the pathological origin. Median age of diagnosis is 15 years
old, but the onset of symptoms seems to be much earlier with the earliest diagnosis at 4
years of age. CIPO in itself can also be caused by mutations in other genes (RAD21,

SOX10, TYMP, POLG, FLNA, L1CAM and ACTG2) where mechanisms may vary but

30



affected cell types are either smooth muscle or enteric neural cells’®#°, For instance,
SOX10 is involved in neural crest, which gives to the enteric nervous system,

development and causes neuropathic CIPO8!,

SGO1

The patients are homozygous for a recessive point mutation in SGO1, resulting in a
Lysine-to-Glutamic acid change at the highly conserved amino acid 23 (A>G, K23E).
SGOL1 is part of the cohesion complex, which plays a major role in correct cell division.
SGO1 regulates the unloading of the cohesin complex from the chromatids during cell
division'8283 Cohesin complex is a triangular loop-like structure made up of four core
units regulated by several proteins. The core unit is comprised of the two arms (SMC1A,
SMC3), the third arm (RAD21), and attachments to the third arm (STAG1/2). During
mitosis and meiosis, cohesin complexes are distributed between the sister chromatids,
holding them together with its loop. ESPL1 (Separase) acts to cleave the complex to
separate the chromatids. SGO1 prevents this cleavage until the metaphase is complete
by recruiting the phosphatase protein PP2A to the cohesin complex. Similarly, this
mechanism is also applied at the centrosome to ensure centriole pair separation occurs
at the correct moment®*. In this context, it is intriguing to note that SGO1-K23E mutation
does not seem to confer increased susceptibility to cancer or noticeable effect on adult
stem cell population such as intestinal stem cell (epithelium) in CAID patients'#5. Beyond
cell division, the cohesion complex modulates three-dimensional genomic structure at
topologically associated domain (TAD). They maintain the chromatin loop structures at
TADs by wrapping the genomic DNA strand at the base of the loop via its interaction with

the protein CTCF®. Sgol in yeast, indeed, is involved in the organization of chromatin
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structure during cell division in association with the cohesion complex. Unsurprisingly,
knockout of RAD21 shows chromatin loop dysregulation and gene expression changes
in certain cell types, such as cortical neurons®’. It is intriguing to note that RAD21 mutation
causes CIPO in humans and is expressed in enteric neuronal cells®-°. Our previous
study also found SGO1 expression in enteric neuronal cells and retinal neurons in

mouse??.

Enteric nervous system
The enteric nervous system (ENS) is established by migrating neural crest from the
vagal region of the neural tube®°29, The neural crest cell derivation relies on WNT

signaling from the neural tube and the rest of the ectodermal structures®.

These vagal neural crest cells (VNCC) migrate into the proximal intestine and spread
through out the tract early in the embryonic development. They subsequently proliferate
and differentiate into enteric neurons and glial cells. Multiple neurons of different types
are organized in a bundle called ganglion and connected to each other to a form a vast
neuronal network, which contains as many neurons as the spinal cord®-5’. One of the
genes that seems to be involved in ENS development is PLXNA3. PIxna3 was previous
identified in a transcriptomic analysis of developing zebrafish with GFP tagged Phox2b
cells, a marker of enteric neural lineage, against non-neural cells®>. PLXNA3 also plays
a role in neuronal guidance. During the development, gonadotropin-releasing hormone
(GnRH) neurons migrate into the brain. This migration is guided by SEMA3A-NRP
signaling pathway and PLXNA is a co-receptor for the receptor, NRP. Previous reports
demonstrate that simultaneous loss of PIxna1 and PIxna3 results in olfactory and GnRH

hypothalamic defects in mice. PIxna1 and Plxna3 were expressed in the migrating
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neurons and olfactory ensheathing cells, glial cells that envelop olfactory axons®.
Additionally, missense variants of SEMA3F and PLXNA3 cause defects in olfactory and

hypogonadotropic hypogonadism in humans?’.

Ganglia are located, at large, in between the two smooth muscle layers (myenteric) or
the space below the epithelial domain (submucosa). ENS is involved in development of
epithelial-barrier, detect mechanical and chemical changes, and contractile motion or
peristalsis of the intestine, thus, integral to the organ’s homeostasis and function*592.93,
In detail, enteric glial cells produce s-nitroglutathione which reinforces epithelial barrier
function by increasing cell-to-cell junction protein expression. Ablation of the enteric glia
disrupted this barrier capacity and s-nitroglutathione treatment of patient biopsy
samples showed an improvement of the barrier®®. Intrinsic primary afferent neuron
(IPAN), situated beneath the epithelium, also detects mechanical and chemical stimuli
and relays this signal to the myenteric layer. Physical stimulation of the epithelium by a
blow of nitrogen gas or cholera toxin activated the IPANs, which projects to the
myenteric layer. Furthermore, physical stretching of the muscle preparation showed

activation of afferent neurons within the muscular layer®:1%,

The nature of the motility of the intestine is comparable to that of the heart. The
electrical impulse that triggers the contraction is generated within the organ and
regulated top-down by extrinsic neuronal input (e.g. sympathetic input). The initial
electrical impulse is generated by interstitial cells of cajal (ICC), comparable to sinoatrial
node in the heart, which forms a network directly on the smooth muscle'®"12. ENS and
ICC interact with each other and the smooth muscle directly to coordinate the contractile

motion that propagates caudally. At large, peristalsis is regulated by three types of

33



myenteric neurons: excitatory and inhibitory motor neurons, interneurons, and IPANs.
Motor neurons stimulate or inhibit smooth muscle contraction directly. Interneurons
construct the neuronal circuitry. IPANs relay information from the lumen, such as
mechanical stretch from food-intake, to the other myenteric neurons. In the absence of
food intake, intestine undergoes an automatic motion referred to as migrating motor
complex (MMC). In a clinical setting, MMC is observed by manometry in order to assess
the status of the peristaltic capacity. MMC'’s is categorized into repetition of contractile

patterns: quiescent to low activity (Phase I-Il) and higher activity (phase IlI-IV).

Human intestinal organoid with enteric nervous system

Previous report described human intestinal organoid model incorporated with enteric
nervous system (HIO/ENS)”>. HIO derivation begins by committing the pluripotent stem
cells (PSC) to definitive endoderm and mesodermal cells by activation of nodal signaling
pathway. The definitive endoderm and mesodermal cells are then committed to mid-hind
gut identity by activation of FGF signaling and WNT activation. The resulting CDX2-
positive mid-hindgut structures are then further cultured with a cocktail of growth factors
promoting cell growth and epithelial expansion. As described, HIO derivation does not
contain cell fate commitment to ectodermal lineage which gives rise to the neural tube
and the migrating neural crest cells. The previous report adopted the neural crest
differentiation from another established method, which commits PSC to ectodermal and
neural tube formation'®3, The neural tube structure is then exposed to retinoic acid to
modulate the anterior-posterior axis fate to be patterned into the vagal region. The vagal
neural tube structure is then allowed to attach to a substrate and vagal neural crest-like

cells are allowed to migrate and spread.
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Since vagal neural crest cells (VNCC) actively migrate into and through the intestinal tract,
the rationale was to co-culture the HIO and the VNCCs. Workman and colleagues
demonstrate that the resulting HIO/ENS contained neuronal and glial cells, which
differentiated from the incorporated VNCCs. Grafted HIO/ENS showed enteric ganglionic
network, though immature, with glial cells distributed within the submucosa and in
between the two muscle layers. These enteric ganglia were also enveloped with interstitial
cells of cajal (ICC). Strikingly, the grafted organoids show spontaneous contraction
reminiscent of the migrating motor complex, though the frequency of the contraction were
higher than that of an adult. Recording of the motility of the grafted HIO/ENS with neuro-
inhibitory compounds (tetrodotoxin) and stimulatory compound (dimethyl-phenyl-
piperazinium) showed neuron-coupled motility.

PHOX2B mutation in humans causes Hirschpring’s disease where lack of enteric neurons
results in a severe intestinal contractile dysfunction. Workman and colleagues showed
that the HIO/ENS derived with PHOX2B mutant VNCCs also lacked enteric neuronal cells
in the grafted organoids. These results indicated that the model can be useful to study
the pathomechanism of CIPO in CAID syndrome.

In conclusion, mutation and knock out experiments in another cohesion complex protein
RAD21 suggest a neuropathic origin of CIPO. In order to test if SGO1 mutation in CAID
patients cause neuropathological CIPO, we utilized patient-derived induced pluripotent
stem cells (iPSC) to model the disease. Human intestinal organoids (HIO) and vagal
neural crest cells were derived with patient and control iPSC to create a HIO with
functional enteric nervous system (HIO/ENS), as previously described, to understand the

pathomechanism of CAID syndrome’®.
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Chapter 1: Developmental role of macrophages modelled in human pluripotent
stem cell derived intestinal tissue

Research findings (Chapter 1)

Derivation of human intestinal organoids with macrophages (HIO/Mac)

Embryonic macrophages begin to migrate and populate the organism early in the
development36.1%4 We postulated macrophages would migrate and populate the intestinal
organoid most efficiently beyond a specific developmental time point; thus, inquired when
intestinal macrophages are first observable. In mice, macrophages (AIF1*) were first
observed in the mid-hindgut at E10.5, which approximately corresponds to 30 days post
conception (day 30) in human development or Carnegie stage 13 (CS13)'%(FigureS1A,
Figure1A). In humans, we identified macrophages in a single-cell RNA-sequencing
(scRNAseq) dataset of day 47 fetal proximal intestine, the earliest dataset reported to
date'% (Figure2B-D, FigureS1D). The results thus indicate that macrophages populate
both the mouse and human intestine at an early embryonic stage. Based on these results,
we estimated that the first macrophage occupation of the human intestine would start

approximately at day 30.

HIOs and macrophages were derived from human induced pluripotent stem cells (hiPSC)
based on previously described methods with minor modifications’?75>77. We used
macrophage derivation which recapitulates early embryonic macrophage ontogeny’®.
Day 21-28 HIOs were used, which roughly corresponds to day 30 based on our previous
estimation taking the inner cell mass formation (~7days since conception) into account.
HIOs were co-cultured with the macrophages in a three-dimensional Matrigel droplet for

7 days, during which macrophages in the periphery migrated into HIOs (Figure1C-F,
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FigureS1F). HIOs with macrophages (HIO/Mac) were then transferred into a new Matrigel
droplet and cultured in the absence of peripheral macrophages for 7 days (Figure1B). As
expected, CD14*/AIF1* macrophages were present in HIO/Mac but not in HIO (Figure1D,
F). Furthermore, macrophages proliferated within the HIO alike embryonic tissue resident
macrophages (FigureS1B,C). Similar to E15.5 mice, macrophages in the HIO either
associated tightly with the epithelium or were found within the surrounding mesenchyme

(FigureS1E).

Cellular composition of the intestinal organoid resembles fetal intestine

We first examined the cellular composition of the organoid. In the intestine, neurons of
the enteric nervous system (ENS) localize closely with macrophages and together
regulate peristalsis and immune response3®4344 To increase the complexity of HIO/Mac
for following characterizations and experiments, we also derived HIO/Mac with ENS
(HIO/ENS/Mac) by incorporating hiPSC-derived vagal neural crest cells, precursors to
ENS”® (Figure2A). We then performed scRNAseq on HIO/ENS/Mac to compare to the
day 47 fetal intestine dataset. Presumptive cell identities were assigned to unsupervised
clusters based on known gene markers (Figure2B-C). Like the fetal intestine, the organoid
consisted of mesenchyme, epithelium, enteric neurons, glial-like progenitors, and
macrophages. Unlike the fetal intestine, the organoid did not yet develop any distinct
smooth muscle cells or endothelial cells. Expectedly, the organoid lacked lymphocytes,
and erythroblasts (Figure1B,C). A more detailed look at the cellular proportions indicated,
though the organoid was more abundant in mesenchymal cells, the ratio of epithelial-to-
mesenchyme and glial/progenitor-to-enteric neuron were comparable to the fetal

intestine, whereas the proportion of the neural cells and macrophages were lower than
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the fetal intestine (Figure1D). Cell type identity were more directly compared between the
fetal intestine and the organoid by merging the dataset and performing unsupervised
clustering. Lymphocytes and erythroblasts were only present in the fetal intestine as
expected, whereas smooth muscle-like cells and endothelial-like cells were identified in
the organoid. This likely indicates the potential for mesenchymal cells to differentiate into
smooth muscle cells and endothelium as previously demonstrated in grafted organoids
and VEGF-treated HIOs, respectively’197. Together, the results indicate that our organoid

model consists of expected cell types found in an early embryonic intestine.
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Figurel. Derivation of human intestinal organoid with macrophages (HIO/Mac).
(A) Timeline of macrophage habitation of mid-hindgut in mouse and human. d, days

post conception; E, embryonic day; CS, Carnegie stage. See FigureS1.
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(B) Overview of the derivation of HIO with macrophages (HIO/Mac). hiPSC, human
induced pluripotent stem cell; CHIR, CHIR99021.

(C and E) Phase contrast image of day 28 HIO alone (c) or HIO in co-culture with
hiPSC-derived macrophages (Mac). Arrowhead, HIO. Scale bars = 0.5mm (C and E).
(D and F) Immunofluorescence of HIO and HIO/Mac for markers of epithelium (CDH1),

macrophage (AIF1, CD14), and nucleus (DAPI). Scale bars = 75um (D and F).

Macrophage recruitment and retention by the organoid

CSF1 (MCSF) is a crucial regulator of macrophage differentiation, survival, and
proliferation, which is present in circulation and produced locally in tissues'98199 |t is
unclear which specific cell types produce CSF1 in the developing intestine. Since
macrophages occupied deep within the organoid and proliferated, we suspected that HIO
produced CSF1. Single cell datasets revealed that mesenchymal cells were the major
cell type expressing CSF1 in both the organoid and day 47 to 127 fetal intestines. CSF1
was also expressed in lymphocytes (T and NK) and endothelial cells in the fetal intestines
though these cells represented a much smaller proportion of CSF1 expressing cells
(FigureS2A). We have previously supplemented the media with 100ng/ml of MCSF;
however, above results suggested that the macrophages may not constantly require
external MCSF. To the point, we found that 20ng/ml MCSF during the first two days of the
co-culture was sufficient to derive HIO/Mac and the addition of MCSF was not required
for further culture (Figure1B). In conclusion, we identify mesenchymal cells as the major

producer of CSF1 in the developing intestine, which is recapitulated in the organoid, and
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find that this local production is sufficient to maintain the macrophage population in the

organoid.

Next, we inquired if the recruitment and retention of the macrophages to the organoid
could be due to abnormal level of inflammatory signaling. To this end, we looked at a
curated list of ligands upregulated during inflammation that promotes macrophage
recruitment. The ligand genes on the HIO cells (mesenchyme, epithelium, glial-progenitor,
and enteric neuron) showed little to no mutual expression with corresponding receptor
expression on macrophages. On the other hand, CX3CR71-CX3CL1 and CSF1-CSF1R,
which are known effectors of macrophage recruitment and/or survival during the
development, showed high mutual expression (FigureS2B)?7:3%-32, Receptor expression
levels were then validated with quantitative PCR (qPCR) on macrophages that were yet
co-cultured with the HIO (FigureS2C). In conclusion, our data infer that the HIO does not

rely on abnormal levels of inflammatory chemoattractant to recruit the macrophages.

Enteric neurons do not affect resident macrophage establishment

A previous report suggests that enteric neurons are the main source of CSF1 in the
muscularis of adult mouse intestines*¢. On the other hand, during the development, we
observed little CSF1 expression in enteric neurons of the organoid and day 47 to 127 fetal
intestines (FigureS2A). To test directly if enteric neurons affect macrophage
establishment in the developing intestinal organoid, we derived HIO combined with
macrophages either with or without the vagal neural crest cells. Presence of enteric
neurons within the HIO did not affect the number of macrophages in the HIO (Figure2F).
This observation supports a previous report that the lack of enteric neurons in neonatal

Ret’- mice and children with Hirschsprung’s disease does not affect the establishment of

40



intestinal macrophages®®. In conclusion, our results support that enteric neurons do not

affect the macrophage colonization in early developing intestine.
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(A) Schematic of the derivation of HIO with enteric nervous system (ENS) and
macrophages (HIO/ENS/Mac).

(B) Uniform Manifold Approximation and Projection (UMAP) plot of single-cell RNA
sequencing (scRNAseq) of day 47 human fetal proximal intestine and day 37
HIO/ENS/Mac.

(C) Violin plot of a representative gene used to identify the cell type of each cluster in
UMAP.

(D) Percent cell type composition and relative proportion of cell types in each dataset.
(E) UMAP plot of merged dataset of day 47 human fetal proximal intestine and day 37
HIO/ENS/Mac.

(F) Immunofluorescence of day 42 HIO co-cultured only with macrophage or with
macrophage and vagal neural crest cells (ENS precursor). Epithelium (CDH1), Neuron
(TUBB3), macrophage (CD14), nuclei (DAPI) and the quantification of macrophage
numbers within the HIOs. CD14-positive cells within the DAPI-positive and CDH1-
negative region. Each data point represents an organoid. Scale bar = 45um. n = 6 each.

Mean & s.d. p = 0.2996. student’s t-test.

Macrophages migrate to the wound site upon injury

We wanted to test if macrophages in the organoid displayed behaviors of in vivo
macrophages. One of characteristic behaviors of macrophages is their recruitment to
tissue injury, also observable during embryonic development?'?2. To test if organoid
macrophages can migrate to the injury site, we derived macrophages from eGFP-tagged
hiPSC (hiPSC®®FP) and tracked their movements within the organoid after a puncture
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injury. Macrophages migrated towards the injury site during the 12 hours following the
injury, whereas the movements of macrophages in the uninjured organoids were not
concerted. Assessment of their relative distance to the injury and the chemotactic
precision index, which quantifies directional movement, supported this observation
(FigureS2D-F). In conclusion, we show that macrophages in the early-stage in vitro

organoid display recruitment behavior upon injury, as observed in developing mice.

Macrophages localize to intestinal micro-anatomical niches in xenograft-matured

organoids

Macrophages localize to specific micro-anatomical niches within the intestine, such as
villi, crypts, and enteric ganglia3®4041.4344110 Tq test if macrophages in HIOs localize to
these niches, we grafted HIO/ENS/Macs to immunodeficient non-obese
diabetic/PrkdcSCP/lI2rgni! (NSG) mice for 8-12 weeks to facilitate further development,
forming more complex tissue structures’* (Figure3A). Furthermore, macrophages were
derived from hiPSC®®FP line to trace their origin. The grafted organoids maintained CDX2*
intestinal epithelial identity and developed crypts, villi, smooth muscle, enteric ganglia,
and glia™". More so, the eGFP* macrophages were observed in micro-anatomical niches

of grafted organoids (Figure3B-D, FigureS3A).

In more detail, at the epithelium, macrophages positioned flat against the MKI67*CDH1*
epithelial crypt cells and congregated within the villi, comparable to the distribution and
morphology seen in day 119 human fetal intestinal macrophages and in mouse3®
(Figure3C). Intestinal monocytes/macrophages near the epithelium phagocytose lumenal

content, such as bacteria®’-3°. To test if macrophages in the organoid display such
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transepithelial phagocytic activity, we injected Escherichia coli (E.coli) particles
conjugated to pH-sensitive fluorescent dye into the lumen of grafted HIO/MaceCFP.
Confocal microscopy images showed that eGFP* macrophages near the epithelium
internalized the particles, indicating transepithelial phagocytic activity (FigureS3D). In
adult mice, intestinal macrophages were shown to regulate epithelial repair and intestinal
stem cell niche*®2, In particular, macrophage ablation were shown to decrease the
number of MKI67* (KI67), a common proliferation marker, crypt cells*!. To test if
macrophages affect the crypt during development, we grafted HIO/ENS and
HIO/ENS/Mac for comparison. Intriguingly, the number of proliferative cells in the
epithelium were lower without the macrophages (FigureS3E). We note here that GFP-
/AIF1* macrophages were found in both HIO/ENS and HIO/ENS/Mac, indicating that
macrophages from the NSG mice populated the grafted organoids (FigureS3C). Previous
reports indicate that macrophages of NSG mice display a delay in maturation and defects
in immune function, but is unclear if their homeostatic capacities are affected!'?-116,
Regarding our grafted experiments, hiPSC-derived human macrophages seem to exert
an effect post-grafting that NSG mouse macrophages does not. In conclusion, grafted
organoids recapitulate macrophages localization in the intestinal mucosa and their
transepithelial phagocytosis. Furthermore, hiPSC-derived macrophages increase the
number of MKI67* crypt cells in the developing organoid, similar to the previous reports

in adult mice.

At the enteric ganglia, organoid macrophages localized adjacent to the ELAVL4* TUBB3*
neurons, resembling neuron-associated intestinal macrophages in day 119 human fetal

intestine and adult mice3>44(Figure3D). Cell ablation studies in adult mice indicate that
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macrophages regulate intestinal peristalsis®>44. Grafted organoids undergo spontaneous
peristalsis-like contractions. To test if macrophages affect organoid peristalsis, we
recorded the isometric force generated by whole grafted organoids with or without
macrophages. However, we did not observe differences in motility between the two
conditions (FigureS3F). In conclusion, macrophages in the organoid associated with
enteric ganglia as observed in the fetal and adult mouse intestine, but this physical

association may not affect peristalsis during the development.
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Figure3. Macrophages localize to intestinal micro-anatomical niches in xenograft-

matured intestinal organoid.
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(A) Strategy to track macrophages by deriving it from enhanced green fluorescent
protein (eGFP) tagged hiPSC (hiPSCeGFP) and further differentiation and growth of the
organoids by xenografting to the immunodeficient (NSG) mice.

(B and C) Representative immunofluorescence confocal microscopy images of day 112
grafted HIO/ENS/Mac and day 119 human fetal proximal intestine for intestinal
epithelium specific identity (CDX2, CDH1) and macrophages (eGFP or AlF1).

(C) Localization of macrophages (eGFP or AIF1) within the villi (CDH1) and to crypts
(MKI67, CDH1).

(D) Localization of macrophages with enteric ganglia (TUBB3, ELAVLA4).

Nuclei (DAPI). Scale bars = 50um.

Organoid macrophages acquire transcriptomic profile alike fetal intestinal

macrophages

Macrophages/monocytes migrate into each organ and further differentiate to fulfill the
locale-specific function?327-35. Similar to this in vivo observation, murine iPSC-derived
embryonic-like macrophages were shown to take on a microglia-like transcriptomic profile
when co-cultured with neurons'”. We examined with scRNAseq if organoid macrophages
differentiate in response to their tissue environment by comparing their transcriptional
changes to that of human fetal intestinal macrophages and fetal distal lung macrophages
as a reference'®®"18, Macrophage were isolated from day 80 and day 127 of the fetal
proximal intestine and distal lung datasets, and for day 37 in vitro organoid and day 121

grafted HIO/ENS/Mac®CFP datasets. In detail, these macrophage clusters from the
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unsupervised clustering of each dataset were further selected for CSFT1R and CD14

expressing cells (Figure4A, see Methods).

Unsupervised clustering of the datasets showed that earlier stage (day 80) fetal intestinal
and lung macrophages were still similar to each other, though early stage (day 47)
organoid macrophages were less alike. Furthermore, later stage day 127 fetal
macrophages diverged away from each other, and day 121 organoid macrophages
grouped closer to the later stage intestinal macrophages (Figure4B). Principal component
analysis also showed that later stage organoid macrophages have diverged away from
earlier stage macrophages to a similar dimension as the later stage fetal intestinal
macrophages (Figure4C). To quantify this observation at large, we calculated the
correlation of coefficient between the different macrophages. The correlation was higher
between intestinal and organoid macrophages compared to lung and organoid

macrophages (Figure4D).

To see what specific changes each macrophages undergo, we analyzed differentially
expressed genes between the later and earlier time points of each macrophage. Each
fetal macrophages showed distinct gene upregulation. Intestinal macrophages increased
antigen presentation-related gene expressions (HSPs, HLAs, TMEM176A, TMEM176B),
whereas distal lung macrophages upregulated genes that were previously known to
regulate lung morphogenesis (SCGB3A2, ADH1B, RARRES?Z2) and extracellular matrix

protein enriched in the lung (FBLN1)"%-124 (Figure4E).

Differentially regulated profiles were then compared to that of organoid macrophages.

Heatmap of top ten differentially expressed genes from intestinal and distal lung
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macrophages demonstrated that organoid macrophages shared upregulated genes with
intestinal but not with distal lung macrophages (Figure4F). Specifically, 33 out of 77
upregulated genes were shared between intestinal and organoid macrophages, with
significant enrichment of ‘Antigen processing and presentation’ in intestinal and organoid
macrophages (Figured4G-l, FigureS4A). Genes only upregulated in intestinal
macrophages included additional HLA genes (FigureS4A,B). Comparisons of additional
fetal intestinal datasets with varying developmental intervals showed similar signature
where antigen-presentation genes are upregulated (FigureS4C). Downregulation profiles
between intestinal and distal lung macrophages were less discernable (Figure4F,G). In
conclusion, we find that macrophages in the organoid undergo similar tissue-specification

as that of the fetal intestine at a transcriptional level.
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Figure4. Intestinal organoid macrophages acquire transcriptomic profile alike
fetal intestinal macrophages.

(A) Overview of post hoc selection process for macrophages from organoid and fetal
tissue scRNAseq datasets.

(B) UMAP plot of early and late stage fetal and organoid macrophages on the left and
principal component analyses of the same on the right.

(C) Representative scatter plots of average gene expression between fetal and
organoid macrophages. Pearson’s correlation of coefficient (r) of the average gene
expression comparisons. P-value = 0.0082. Student’s t-test performed on z-scores,
calculated from r values using Fisher’s transformation.

(D) Volcano plots of differentially expressed genes in the macrophages between late
and early developmental time points. Threshold of discovery (dotted line), log2fold
change > 1, adjusted p-value < 0.001, Wilcoxon rank sum test. Macrophage, Mac;
Intestine, Int; Distal lung, DL.

(E) Heatmap of top ten upregulated and downregulated genes of the late vs. early fetal
proximal intestine (b), and distal lung (c) in the order of fold change. Number of cells in
‘Mac: HIO’ were downsampled for visualization. Exp, scaled expression level.

(F) Venn diagram of the number of upregulated (f) and downregulated genes (g) from
(b-d).

(G) Dot plot of the 33 commonly upregulated genes between intestinal and organoid
macrophages (f). Avg. Exp., average expression; % Exp, percentage of cells expressing

the gene.
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(H) Gene ontology annotation of intestinal (i) and organoid macrophages (j) generated

with all the upregulated genes for each dataset.

Macrophages regulate intestinal organoid growth

Intriguingly, HIO/ENS engrafted for 10 weeks in the NSG mice were smaller when iPSC-
derived macrophages were incorporated (Figure5A-C). Organoids used for the co-culture
with macrophages were randomized during their derivation and their size shortly after the
macrophage co-culture was still comparable (Figure5G). Histology did not show
differences in tissue morphology between the two conditions in 10-week grafted
organoids. We argued that if the macrophages induced a chronic pro-inflammatory effect,
they can in turn cause abnormal fibrosis due to prolonged inflammatory state, and in turn
stunt growth; however, we did not observe any signs of abnormal fibrosis or tissue
architecture in histology (Figure5A,B). Additional organoids with macrophages that were
grafted for 8 weeks and 12 weeks were also smaller compared to organoids without
macrophages (Figure5C,E). Exponential fit of the organoid size as function of time
indicated that the rate of growth was reduced when incorporated with macrophages

(FiguredD).

Macrophages are professional phagocytes; thus, we next tested if the reduction in size of
grafted organoids by the macrophages is due to the removal of apoptotic cells. Level of
immunofluorescence signal for apoptotic cells, however, were comparable between the
grafted organoids with or without macrophages (Figure5F). Thus, the size difference is

not due to the removal or accumulation of apoptotic cells.
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In the report that described the HIO/ENS derivation, bulk-RNA sequencing showed that
organoids combined with ENS had higher EGF expression, though size difference was
not noted’. Additionally, macrophages in the brain (microglia) were shown to
phagocytose neuronal processes and required for proper brain development and
morphology®4+°°. Thus, intestinal macrophages may suppress overt expansion of enteric
neurons and in turn inhibit tissue overgrowth. We hypothesized that the reduced growth
of organoids by macrophages is dependent on the presence of ENS. Comparison
between grafted HIO and HIO/ENS showed that ENS did have positive growth effect;
however, reduced organoid growth by macrophages was independent of ENS
(Figure5G,H). We conclude that ENS and macrophages regulate organoid growth in a
positive and negative manner, respectively, and that neither of the effects are necessarily

dependent on each other.
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(A and B) Representative bright field (BF) images of week 10 grafted organoids still
attached to the mouse kidney at the site of the engraftment, White arrowheads point to
the organoid. Hematoxylin-eosin-saffron (HES) stained sections of the grafted
organoids. Trichrome Masson (TMS) stained sections. Asterisks, lumen. Scale bar =
2mm (BF), 0.4mm (HES), 50pm (HES and TMS insets).

(C) Size measured by the area of the grafted organoids from bright field images,
isolated at 8 weeks, 10 weeks, and 12 weeks after the engraftment. Week 8: HIO/ENS,
n =4, HIO/ENS/Mac, n =4, p = 0.0633; Week 10: HIO/ENS, n = 3, HIO/ENS/Mac, n =
7, p =0.0034; Week 12: HIO/ENS, n = 4, HIO/ENS/Mac, n = 6, p = 0.0010. Welch’s t-
test.

(D) Exponential regression of the size of the grafted organoids over time from (C). p <
0.0001, two-way ANOVA

(E) Weight of 12-week grafted organoids from (C). p = 0.0005, Welch’s t-test.

(F) Level of apoptosis in grafted organoids. Quantified by calculating the area of cleaved
caspase 3 (CC3) divided by the area of nuclei (DAPI) in confocal microscopy images of
immunofluorescence. HIO/ENS, n = 4, HIO/ENS/Mac, n = 6. p = 0.995, Welch'’s t-test.
(G) Relative size of HIO and HIO/Mac in vitro two weeks after the combination
procedure and the size of the same organoids from after a 10-week engraftment. HIO, n
=4, HIO/Mac, n = 4. p = 0.8625, p = 0.0075. Welch’s t-test.

(H) Sizes of all 10-week grafted organoids combined with or without ENS precursors
and/or macrophages. p < 0.0001, one way ANOVA; HIOvs.HIO/ENS, p = 0.0148,

HIOvs.HIO/Mac, p = 0.0038, HIOvs.HIO/ENS/Mac, p = 0.9930, HIO/ENSvs.HIO/Mac, p
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< 0.0001, HIO/ENSvs.HIO/ENS/Mac, p = 0.0045, HIO/Macvs. HIO/ENS/Mac, p = 0.002,
posthoc: Tuckey.

Each data point represents an organoid. Results from three independent experiments.
Batch one: Week 8 and Week 10 (C). Batch two: week 12 (C,E). Batch three: week 10

(G). All graphs are mean & s.d

Macrophages attenuate mesenchymal cell glycolysis in developing intestinal
organoids

To further investigate the roles of macrophages in early intestinal development, we
performed scRNAseq on organoids with or without macrophages (two HIO/ENS pairs and
one HIO pair) and looked at the transcriptomic differences between each cell type
(Figure6A). Differentially expressed genes common in all three sample pairs were found
in the mesenchyme and the epithelium (Figure6B). The most discernable gene ontology
annotation among these results was the downregulation of glycolytic enzymes (ENO1,
LDHA, PFKP, PGK1, and TPI1) in mesenchyme, suggesting a decrease in their glycolysis
when macrophages are present (Figure6C,E). Macrophages were previously shown to
regulate glucose uptake and metabolic response to cold in adipocytes'®'”. They were
also shown to upregulate glycolysis in cancer cells and promote tumor growth®4. Mapping
protein-protein association of the downregulated mesenchymal genes revealed a network
of the aforementioned glycolytic genes as expected, but also their associations with MIF
(Figure6D). MIF was previously shown to promote glucose uptake and glycolysis of
muscle and cancer cells, and shown to be expressed in intestinal epithelium'25-127, MIF

was also downregulated in the organoid epithelium (Figure6E). In conclusion, organoid
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macrophages reduced the expression of glycolytic genes of the organoid mesenchymal

cells.

We used the metabolic-flux assay (Seahorse XF) to test whether macrophages
downregulate glycolysis in HIO’s mesenchymal cells as indicated by the scRNAseq result.
Mesenchymal cells were dissected and isolated into single cell suspension from either
HIO or HIO/Mac. Macrophages were removed from the cell suspension with anti-CD14-
antibody mediated magnetic separation (FigureS5, see Methods). Extracellular
acidification rate (ECAR) of the mesenchymal cells was measured to gauge their
glycolytic activity (Figure6F). Non-glycolytic acidification in the glucose-depleted state
showed comparable ECAR between the two conditions. Introduction of glucose induced
an increase in ECAR in both conditions as expected; however, mesenchymal cells from
HIO/Mac showed a smaller increase indicating a lower level of glycolysis. Subsequent
inhibition of mitochondrial respiration with oligomycin, necessitating the cells to use
glycolysis-driven ATP generation, showed that the glycolytic capacity was also lower in
mesenchymal cells from HIO/Mac. Lastly, inhibition of glucose-uptake by 2-Deoxy-D-
glucose (2-DG) decreased the ECAR again to a comparable level for both conditions,
indicating the differences were due to the metabolism of glucose (Figure6G). Thus,
metabolic flux assay supports our transcriptomic result that macrophages reduce the

glycolysis of mesenchymal cells.
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Figure6. Macrophages attenuate mesenchymal cell glycolysis in developing

intestinal organoids.

(A) Representative UMARP plots from scRNAseq datasets of in vitro organoids without or

with macrophages (Mac). Merged dataset of HHO/ENS’s and HIO/ENS/Mac'’s.

(B) Venn diagram of the number of differentially expressed genes in organoids With

macrophages against organoids Without macrophages between the three separate

comparisons. Differentially expressed genes in common between the three were found

in mesenchyme and epithelium. HvHM: HIO vs. HIO/Mac; HE1(2)vHEM1(2):
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HIO/ENS1(2) vs. HIO/ENS/Mac1(2). Each sample is a pool of 4-5 dissociated
organoids. Threshold of discovery: adjusted p-value < 0.001, Log2fold change > 0.09,

Wilcoxon rank sum test.

(C) Gene ontology analysis on the 21 genes downregulated in organoid mesenchymal

cells by organoid macrophages from (B).

(D) Protein-Protein association map of the 21 genes from (B) using STRING. Only the

genes with at least one association are displayed.

(E) Voolcano plots annotated with genes involved in glycolytic process found with gene
ontology (C) and protein-protein association map (D). Dotted lines: adjusted p-value <

0.001, Log2fold change > 0.09 & < -0.09, Wilcoxon rank sum test.

(F) Schematic of mesenchymal cell isolation from in vitro organoids for the glycolytic

stress test.

(G) Extra-cellular acidification rate (ECAR) measurement in the glycolytic stress test.
Oligomycin (ATP synthase inhibitor). 2-DG, 2-Deoxy-D-glucose (competitive inhibitor of
glucose). Quantification of glycolysis, glycolytic capacity, and non-glycolytic acidification
from the glycolytic stress test. See STAR methods for calculation. Result of one
experiment. Mean & s.d (i-k). p < 0.0001, Two-way ANOVA; p = 0.0311, p = 0.0289, post-
hoc: Sidek-Bonferroni (i). Each data point represents a technical replicate well. p = 0.0360

(), p=0.0199 (k), p = 0.8452 (l), student’s t-test.
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Oncostatin M (OSM) reduces glycolytic gene expression in mesenchymal cells

Activation of HIPPO pathway inhibits YAP protein from promoting its target gene
expression. One of the cellular processes that HIPPO pathway regulates is
glycolysis'?8129, Furthermore, LIFR signaling activation has been shown to activate
HIPPO pathway, inhibiting YAP target genes, such as glycolytic genes'°. Organoid
macrophages expressed OSM, a LIFR ligand, and mesenchymal cells expressed LIFR
(Figure7A). We hypothesized that OSM produced by organoid macrophages down
regulate glycolysis in mesenchymal cells. Mesenchymal cells were isolated from HIO and
treated with OSM (Figure7B). Glycolytic gene expression of ENO1, PGK1, and TPI1
decreased in mesenchymal cells in response to OSM treatment, measured by qPCR. The
results so far indicate OSM from macrophages can negatively regulate glycolysis in

mesenchymal cells in the developing organoid.
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Figure7. Oncostatin M (OSM) reduces glycolytic gene expression in mesenchymal cells

(A) Expression of OSM and LIFR in the in vitro organoid.

(B) Schematic of mesenchymal cells isolation from in vitro organoids and treatment with
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either vehicle (0.1% BSA in PBS) or OSM (600ng/mi).

Glycolytic gene expressions in OSM treated mesenchymal cells by qPCR. Normalized to
HPRT1 expression. ENO1: p=0.0138, p=0.0182; PGK1: p=0.0326, p=0.0602; LDHA:

p=0.1135, p=0.3160; TPI1: p=0.2882, p=0.0753.
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Methodology (Chapter 1)

Experimental model and subject details
Cell lines and tissues

The use of human pluripotent stem cells was approved by the ethical committee at the
participating institution CHU-Sainte Justine, Montreal QC, Canada. The hiPSCs and their

derivations were routinely tested for mycoplasma (LT07-118, Lonza) and tested negative.

Human fetal (17-21 weeks) tissue was obtained after written informed consent and was

approved by the ethical committee of CHU Sainte-Justine, Montreal QC, Canada.
Mice

The animal procedures were approved by the animal committee of CHU Sainte-Justine,

Montreal QC, Canada.
Pluripotent stem cell culture

Human induced pluripotent stem cells (hiPSC) were generated at CR-CHUSJ Stem Cell
core or in-house. The hiPSC lines SJi3252C2 and SJ3013C2 were derived from human
fibroblasts using Cytotune 1.0™ (Invitrogen) and were previously characterized'".
EU03.C2, and EU148.C5 were derived from human PBMC with Cytotune™ 2.0 (A16517,
Invitrogen). The hiPSCeC¢"" line (SEC61BGFP/AICS-0010) was acquired from Allen
Institute for Cell Science’?. The hiPSCs were cultured in hypoxic condition (5%CO2,
5%02, 37°C incubator) until passage 15-20, otherwise all cells and derivatives were
cultured in normoxic condition (5%CO2, 37°C incubator). They were cultured with

mTeSR1 (85850, StemCell Technologies) with 1X penicillin-streptomycin (450-201-EL,
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MultiCell) and hESC-qualifed Matrigel (354277, Corning). Matrigel was coated onto Nunc
Delta surface plates (14-832-11, Thermo Scientific) as per manufacturer
recommendation. The cells were passaged as small clusters using 0.5mM
ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline (PBS). The cells
were cryopreserved with NutriFreez™D10 (05-713-1E, Biological Industries) as per

manufacturer recommendation.
Method details
Human intestinal organoid derivation

Human intestinal organoids (HIO) were derived with the hiPSC-lines SJi3252C2 or
SJ3013C2 as previously described with minor modifications”37%.133, Briefly, 85% confluent
hiPSCs in a 6 well plate was passaged with EDTA and seeded 1/14-1/16 of a cell
suspension per single well of 24 well plate. The cells were fed mTeSR1 daily for two days
or until the confluency reached 80%. On the first day, the media was changed with
endoderm differentiation media base (EDM-base): RPMI1640 (11875-093, Gibco), 1X
pen-strep (15015067, Wisent), 1X nonessential amino acid (11140050, Gibco) with
100ng/ml Activin A (338AC010, R&D systems). On the second day, the cells were fed
EDM-base supplemented with 100ng/ml Activin A and 0.2% FBS (HyClone™, Fisher
Scientific). On the third day, the cells were fed the same as the second but with 2% FBS.
At the end of the third day, the monolayer expressed definitive endoderm markers SOX17
and FOXA2 (FigureS6a). The fourth day, the confluent monolayer of cells was fed with
mid-hindgut differentiation media (MHDM): EDM-base, 2% FBS, 500ng/ml FGF4
(235F4025CF, R&D systems), 3uM CHIR99021 (S1263, Selleckchem). The cells were

fed MHDM daily for a total of 4 days. At the end of mid-hindgut differentiation, the free-
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floating spheroids were collected and suspended in Matrigel (354234, Corning)
supplemented with 1X B27™ supplement (17504044, Gibco) and 100ng/ml EGF
(236EG200, R&D systems; AF-100-15, PeproTech). The Matrigel suspension were plated
as a droplet with 15-20 spheroids per droplet on a plate (14-832-11 or 130184, Thermo
Scientific) and polymerized at 37°C for 10 min. Note that some tissue culture plate types
are not suitable for Matrigel droplet formation. The spheroids were fed intestinal basal
media (IBM): Advanced DMEM-F12 (12634-010, Gibco), 1X B27 (17504044, Gibco), 1X
Glutamax (35050061, Gibco), 1X pen-strep, 15mM HEPES (15630080, Gibco)
supplemented with 100ng/ml EGF and 100ng/ml Noggin (6057NG025CF, R&D systems)
for four days changing the medium every 48 hours. They were then fed IBM
supplemented with 100ng/ml EGF (IBMe) every 48 hours. Two weeks after the spheroid
collection, the organoids were passaged by manually separating from each other with
sterile syringe needle and re-embedding in the Matrigel droplet as before. From this point
onward, the organoids were fed IBMe and passaged every two weeks until the
experiment. The organoids were positive for intestine-specific epithelial marker CDX2

(FigureS6a).
Vagal neural crest derivation

Vagal neural crest cells (VNCC) were derived from the hiPSC-line SJ3013C2 as
previously described with minor modifications”>193, Briefly, in a 6 well plate, small colonies
of hiPSC were seeded at low density (1/80 of a confluent well of 6 well plate) and grown
for 5 days. On the first day of differentiation, the colonies were lifted with 500U/mi
collagenase IV (17104019, Gibco) in mTeSR1 for up to 1hour in the incubator or until the

colonies detached completely with gentle taps to the plate. The colonies were washed
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with 2ml of DMEM/F12 (319-075-CL, Wisent) three times. They were then suspended in
neural induction media (NIM): 1:1 ratio of DMEM-F12 and Neurobasal media (21103049,
Gibco), 0.5X B27, 0.5X N2, Sug/ml insulin (12643, Sigma), 20ng/ml basic-FGF (100-18B,
PeproTech), 20ng/ml EGF, and 1X pen-strep with 5SuM of Rock inhibitor Y27632 (S1049,
Selleckchem) and transferred to non-tissue culture treated plate (08-772-51, Fisher
scientific). The NIM was changed daily with decreasing Y27632 (Y27) concentration (Day
2: 2.5uM Y27, Day 3 and beyond: no Y27), for additional 5 to 6 days until the
neurospheres had clear round borders. The neurospheres were then fed NIM with 2uM
all-trans-retinoic acid (R2625, Sigma Aldrich) daily for two days. The neurospheres were
transferred on to the fibronectin (PHE0023, Gibco) coated plate in NIM (w/o retinoic acid)
and left undisturbed for 48hours. Fibronectin coated plates were prepared by incubating
plastic tissue culture plates with 15ug/mlfibronectin in PBS without calcium or magnesium
at 37°C overnight. Afterwards, the NIM was changed daily until neural crest cells migrated
and spread out onto the plate (6-10days). Neurospheres were mechanically removed,
and the migrated neural crest cells were lifted as single cells with a 5 minute incubation
at 37°C with 1X TrypLE (A1217701, Gibco). Cells were washed by diluting with 9ml of
room temperature DMEM/F12 and centrifuging at 300G for 4min. The supernatant was
removed, and cells were resuspended in DMEM/F12 for co-culture with HIO or
resuspended in NIM and plated back onto fibronectin coated plate and maintained until
the experiment. The cells were positive for known vagal fate neural crest cell markers and

gene expression (FigureS6B,C).

Macrophage derivation
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Macrophages were derived from EU03.C2 or EU148.C5 or AICS-0010 as previously
described with modifications’”. Briefly, embryoid bodies (EB) were formed as follows. The
hiPSC were cultured to 85-90% confluency in a 6 well plate with mTeSR1 and Geltrex
matrix (A1413301, Gibco) and divided into smaller segments by scratching the bottom of
the well into around 100 squares with a 100ul tip. The segments were detached
mechanically with a scraper and the cells clumps were transferred into 6 well ultra-low
attachment plate (3471, Corning) with EB media: mTeSR1 supplemented with 50 ng/ml
BMP4 (120-05ET, PeproTech), 50 ng/ml of VEGF (100-20A, PeproTech), 20ng/ml of SCF
(130-093-991, Miltenyi Biotec) and 10uM Y-27632 (72304, Stem Cell Technologies) and
cultured in a 37°C, 5%CO:zincubator. Every two days, half of the EB media was replaced
with fresh EB media without Y-27632 for a total of 7 days. The EBs were then transferred
to a 6 well tissue plate (10-15 EBs/well) in Factory EB (f-EB) media consisting of X-
VIVO15 (BE04-418F, Lonza) supplemented with 100 ng/ml of M-CSF (216-GMP-500,
R&D), 25 ng/ml of IL-3 (PHCO0031, Gibco), 1X Glutamax, 1X pen-strep and 0.055 mM b-
mercaptoethanol (31350-010, Invitrogen). The f-EB media were replaced weekly.
Macrophage precursors started to emerge in the supernatant after approximately 15-20
days, reaching the maturity after 30 to 45 days in f-EBs cultures, assessed by the cell
surface markers expression (CD34"ed o low - CD14high, CD45Mdh) through flow cytometry
(FigureS6D). The precursors were harvested every two weeks for experimentation.
Harvested precursors were cultured in RPMI media (SH3009601, Hyclone)
supplemented with 100ng/ml of M-CSF, 2mM L-glutamine, 10% FBS (080150, Wisent)
and 1X pen-strep for 7 days, replacing the media every two days. Differentiated

macrophages were assessed with flow cytometry for the expression of macrophage
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markers (CD14M9" CD206M9" CD163Msh, CD16M9" CD11bM9", HLADR"®9) (FigureS6E).
Additionally, dendritic cell marker FLT3 expression in the macrophages were low to none

(FigureS2B).
HIO combination with VNCC and macrophage

Prior to the procedure, two-to-three-week HIOs (since spheroid collection), differentiated
macrophages, and vagal neural crest cells were derived as required. Matrigel was
supplemented with 1X B27 and 100ng/ml EGF. In a 5ml tube, 50K VNCC and/or 100K
macrophages were added to maximum x15 HIOs. Optimal number of VNCC and
macrophages may vary depending on the cell line. The mix was briefly pipetted up and
down using a cold 1000ul pipette-tip where 1mm of the end of the tip was cut. The mix
was then centrifuged at 300G for 3min. The HIOs and the cells were then gently
resuspended and centrifuged again. Supernatant was removed as much as possible and
50ul of cold Matrigel was added. The tube was kept on a cold tube from this point on.
Using a cut-pipette tip that is cold, HIO and cells were gently resuspended, and the total
volume was gently pipetted as a droplet on a pre-warmed 6well plate. Up to four droplets
were plated per well. The plate was gently transferred to the incubator and allowed to
polymerize for 10min. The well was then filled with 2ml of IBMe supplemented with
20ng/ml MCSF (Thermofisher, PHC9501; PeproTech, 300-25). After 48hr, the medium
was replaced with fresh IBMe. The medium was refreshed every 48hr. One week after
the co-culture, the organoids were removed from the Matrigel with gentle tituration and
dissection with sterile syringe needles. They were then re-embedded in new Matrigel
droplets. HIOs were maintained with IBMe on the same feeding interval as before for

another week before experimentation unless specified otherwise.
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Human dendritic cell

Human dendritic cells used as positive control for FLT3 gPCR were derived from purified

cord blood CD34+ progenitors as previously described'34.

Immunocytochemistry

Cells were grown on plastic coverslips (174969, Thermo Fisher). At room temperature,
cells were washed once with PBS and fixed in 4% paraformaldehyde (PFA) for 10min.
PFA was removed and washed three times with cold PBS 5 minutes each. Cells were
then incubated in blocking buffer (0.5% Triton X-100 and 10% donkey serum in PBS) for
1hr. Blocking buffer was removed, and cells were incubated with primary antibody in
blocking buffer at 4°C overnight. The next day, primary antibody buffer was removed, and
cells were washed in cold PBS four times 4minutes each then incubated in secondary
antibody in blocking buffer for 1Thour at room temperature in the dark. The secondary
antibody buffer was removed, and cells were washed in PBS four times 4minutes each.
Cells were then stained with DAPI (D-21490, Invitrogen) and washed once with distilled
water. The coverslip was mounted on 1.5 coverslips with aqueous mounting medium

(S3023, Dako) as per manufacturer recommendation before imaging.

Immunofluorescence and histology

In vitro organoids, E9.5, and E10.5 mouse embryos were fixed with 4% PFA for 3hours
at 4°C. Fetal proximal intestine, grafted organoids (cut in half), E12.5, and E15.5 mouse
embryos (heads removed) were fixed for 12-16 hours at 4°C. The samples were washed
with PBS on ice for 1hour three times with rocking and incubated in 30% sucrose in PBS

at 4°C until it sank to the bottom of the tube. It was then incubated with optimal cutting
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temperature (OCT, FSC22, Surgipath) compound at 4°C for 30 min, frozen-embedded in
fresh OCT, and stored at -80°C. The samples were cut 5-10um thickness and mounted
on a charged glass slide (12-550-15, Fisherbrand). The sections were dried at room
temperature for minimum 30minutes before the staining procedure. The sections were
washed with PBS for 5 minutes two times and incubated in 0.5% Triton X-100 in PBS for
20 minutes. They were then incubated in the blocking buffer (10% Donkey serum and
0.3% Triton-X100 in PBS) for 30 minutes and incubated with primary antibody overnight
at 4°C in a humid chamber. The next day, the slides were washed three times for 5
minutes each in PBS and incubated with the secondary antibody buffer for 1Thour at room
temperature. The slides were washed four times for 5 minutes each in PBS. The sections
were counterstained with DAPI (D-21490, Invitrogen) for 10 minutes and washed once
with distilled water. The slides were mounted with aqueous mounting medium (S3023,
DAKO) with 1.5 glass coverslip and cured overnight at room temperature. The samples
were then imaged with widefield (DMI8, Leica) or confocal (TCS SP8, Leica) microscope.
Colorimetric staining (H&E+S and TMS) were performed by CHU-Sainte Justine

pathology laboratory.

Quantitative PCR

RNA was isolated with a DNase treatment (74104, 79254, Qiagen; Z6111, Promega) and
cDNA was synthesized (18090050, Invitrogen) with oligo-dT (18418012, Invitrogen).
SyberGreen (34226600, Roche) was used to quantify gene expression with Roche
LightCycler 96 or LightCycler 480. A total of 15ng of cDNA and 0.3uM of each primer pair
was used for a 15ul reaction as per manufacturer instruction. The primer sequences were

designed using NCBI Primer-BLAST. Relative expression refers to 2 to the power of
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difference in Ct values of target and reference gene, used for normalization. Refer to

table1 for the list of primer sequences.

Grafting of organoids to immunodeficient mice

Two to three weeks after the macrophage co-culture, organoids with single epithelial
structure were grafted under the kidney capsules of immunodeficient mice as previously
described, but without the collagen encapsulation of the organoid prior to grafting”4. The

organoids were collected at corresponding time points.

E.Coli particles injection into the grafted organoid lumen

Kidneys with the grafted HIO/Macs were surgically exposed again 10 weeks after the
engraftment. With an insulin syringe, up to 50-200ul of fluid was removed from the lumen
of the organoid and an equal volume of 4mg/ml of pH-sensitive E.Coli Bioparticle
(P35361, Thermofisher) reconstituted in PBS was injected into the lumen. The grafted
kidney was placed back in the mice with the same procedure for grafting the organoids.
The organoids were collected 24 hours later, sectioned in half with a surgical scalpel, and
fixed in 4%PFA for 3 hours. The tissue was processed and examined with the method as

described in ‘Immunofluorescence’ but stained only with DAPI.

Live imaging of injured HIO/Mac

HIO/Mac combined with hiPSCeCFP-derived macrophages were cultured in suspension in
ultra low attachment plate (3471, Corning) with phenol-free IBMe for two days prior to
injury. Advanced DMEM-F12 was replaced with high-glucose phenol-free DMEMF12

(D1145, SigmaAldrich) to make phenol-free IBMe. To injure the organoid, 20G blunt tip

70



needle attached to a 1ml syringe was used to puncture the organoid at the center. The
plunger of the syringe was drawn slowly after insertion into the organoid in order to
remove the punctured material. The injured organoid was then placed in a glass-bottom
dish (0030 740.017, Eppendorf) with phenol-free IBMe and imaged at a 10min interval for
12-18hours with up to a 100um z-depth (TCS SP8 confocal or DMI8 widefield, Leica).
The stage-top incubator was set at 5% CO2 at 37°C (iNU GSI2, Tokaihit). From the
maximal projection image, cells were tracked with Imaged plugin: Manual Tracking. The
region of the injury was determined in situ from the images and the center of that region
was used for downstream analysis. For controls, an arbitrary point at the center of the
image was set, blinded from tracking of the cells. Directness and chemotactic precision

index (CPI) were calculated as previously described 3.

Isometric Force Measurement

At week 12 of engraftment, HIO/ENS and HIO/ENS/Mac were isolated from the mice into
Krebs buffer (NaCl 117mM, KCI 4.7mM, MgCl hexahydrate 1.2mM, NaH2PO4 1.2mM,
NaHCO3 25mM, CaCl2 dihydrate 2.5mM, Glucose 11mM). Each whole organoid was
then hooked at the opposite end with silk strings and transferred to organ bath chambers
with 37°C Krebs buffer fed with 95% O2 and 5%CO2. The samples were then connected
to the isometric force transducer and equilibrated at 1g of tension for an hour before the
acquisition (Biopac MP150; Acqgknowledge, Biopac). Spontaneous contractions were
measured for 20-40min. The last 20min segment of regular contractions were taken for
analyses. Maximal force is the highest peak. Contraction and relaxation time are
averages of measure from trough to peak and peak to trough, respectively. Frequency of

contraction is the number of peaks.
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Single cell RNA sequencing and analysis

For the preparation of single cell suspension, all samples were cut into <1mm pieces
using a scalpel and dissociated using 1000U/ml collagenase IV (17104019,
Thermofisher) in 2X TrypLE (A1217701, Thermofisher) with 10mM Glucose for 100-
120minutes at 37°C. The suspension was gently pipetted up and down every 10 minutes
to facilitate the dissociation. Cells were then passed through a 70um filter and ten-fold
diluted in cold 1%FBS in PBS. The cells were then centrifuged 500G 5min at 4°C. The
pellet was resuspended in 1%FBS in PBS and viable cell numbers were quantified with
trypan blue and hemocytometer. For grafted day 121 HIO/ENS/Mac, GFP* macrophages
were enriched using fluorescence-activated cell sorting (FACS). The cDNA and the
libraries were then generated using Chromium Next GEM v3.1 according to the
manufacturer guideline (1000268, 10X Genomics; manual: CG000315 RevB) and
sequenced at Génome Québec with Novaseq 6000 S4 (20027466, lllumina). Human fetal
scRNAseq FASTQs were acquired from ArrayExpress: E-MTAB-8221, E-MTAB-
972006118 For the comparison of human fetal and organoid datasets, both were
processed with SoupX to negate the effect of ambient RNA, largely arising from the red
blood cells'®. Otherwise, FASTQs were processed with CellRanger and downstream
analyses performed with R using Seurat and visualized with ggplot2'37.138, When the sex
of the samples could not be matched in differential gene expression, chromosome X and
Y genes were omitted from further analyses and visualization. Gene ontology analyses

were performed with Metascape and protein association analyses with STRING'39.140,

Glycolytic Stress Test
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Mesenchyme of HIOs co-cultured with or without macrophages for 7days were dissected
and dissociated into single cells with the same method as described in ‘Single cell RNA
sequencing and analysis’. In order to remove the macrophages from the cell suspension,
all samples were processed with magnetic cell sorting with CD14 Microbead (130-050-
200, Miltenyi biotec), LS column (130-042-401), and MidiMACS Seperator (130-042-302)
according to the manufacturer recommendation. Sorted cell suspension were centrifuged
400G for 5min at 4°C. Cells were resuspended in 4°C IBM, counted using
hemocytometer, and 50K cells per well in 180ul volume were distributed to the Seahorse
96well microplate (101085-004, Agilent) pre-coated with hESC-qualifed Matrigel (354277,
Corning) as per manufacturer instructions. The plate was then centrifuged 300G for 1min.
The mesenchymal cells were incubated at 5%CO2, 37°C incubator for 1 hour for cell
attachment. Subsequently, the culture media was replaced with 37°C assay media
(DMEM 5030 media, 2mM glutamine) and equilibrated at 37°C non-COz2 incubator for 1
hour prior to extracellular acidification rate (ECAR) measurements with the Seahorse
XFe96 Flux Analyzer. Following reagents were prepared according to the manufacturer
instruction to perform the glycolytic stress test: 10mM Glucose, 5uM Oligomycin (04876,

Sigma-Aldrich), 100mM 2-Deoxy-D-glucose (2-DG, sc-202010A, Santa Cruz).

Quantification and statistical analysis
The number of biologically independent samples (e.g. organoids) or animals is indicated

[{Pe})

by “n”, whereas each organoid single cell RNAseq dataset in this study is a pool of 4-5
dissociated organoids. “N.S.” means not significant. All relevant figures are in mean and
error bars are in standard deviation (“s.d.”). In single cell transcriptomic comparison

between fetal and organoid samples, the threshold of discovery (dotted line) were
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log2fold change > 1, adjusted p-value < 0.001 where Wilcoxon rank sum test was used.
For comparison of organoid size between two condtions, two-dimensional area of the
image of organoid was quantified with Imagej and the weight of the organoid was
measured by scale. Welch'’s t-test was used for statistical testing. For exponential
regression of the size of the grafted organoids over time from two way ANOVA was
used. For quantification of level of apoptosis in grafted organoids, the area of cleaved
caspase 3 divided by the area of nuclei (DAPI) in confocal microscopy images of
immunofluorescence. Welch'’s t-test was used for statistical testing. For combined size
comparison of all 10-week grafted organoids, one way ANOVA was used and posthoc
Tuckey. For single cell transcriptomic comparison between in vitro organoids with or
without macrophages, threshold of discovery was set to adjusted p-value < 0.001,
Log2fold change > 0.09 & < -0.09 where Wilcoxon rank sum test was used. For
statistical analysis of ECAR time course Two-way ANOVA was used with post-hoc
Sidek-Bonferroni. For glycolysis and glycolytic capacity in the glycolytic stress test,
following formula was used: Glycolysis (maximum rate measurement before oligomycin
measurement — last rate measurement before glucose injection), glycolytic capacity
(maximum rate measurement after oligomycin measurement - last rate measurement
before glucose injection), and non-glycolytic acidification (last rate measurement prior to
glucose injection). Student’s t-test was used for statistics and each data point represent
a technical replicate well. Specific statistical details for each experiment can be found in

the Figurelegends.

Statistical analyses were performed using GraphPad Prism v.7.04 and R statistical

software.
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Chapter 2: Modelling Chronic Atrial and Intestinal Dysrhythmia in patient iPSC-

derived human intestinal organoid and cells.

Research findings (Chapter 2)

Patient enteric neurons have disorganized morphology and lack surrounding
interstitial cells of cajal

We have previously reported mislocalization of enteric ganglia in the disrupted patient
intestinal biopsies’. Further immunohistological assessment showed disrupted enteric
neuron morphology within the ganglia and lack of interstitial cells of cajal (ICC) that
normally surrounds the ganglia. Staining for ELAVL4, a neuronal marker, were more
fragmented and diffuse in patient neurons indicating a disruption at a cellular level. Enteric
ganglia between the two smooth muscle layers (myenteric) are surrounded by ICCs;
however, these ICCs were either missing or sparse in patients (Figure1). In conclusion,

CAID patients display abnormal enteric neuronal morphology and loss of ICC.

Control 1 Control 2 Patient 1 Patient 2

KIT ELAVL4 DAPI
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Figure1. Patient enteric neurons have disorganized morphology and lack

surrounding interstitial cells of cajal (ICC).

Immunofluorescence staining of patient and control intestinal biopsies. ICC (KIT),
ELAVL4 (neuron), DAPI (nucleus). The images show enteric ganglia at the myenteric
plexus of each sample. Yellow arrow heads point to ICCs surrounding the enteric ganglia.

Two biological replicates per control and patient biopsies. Scale bar = 75 um.

Patient iPSC-derived organoids show erratic contractile pattern

Derivation of human intestinal organoid with enteric nervous system were previously
described’>193, Both HIO and vagal neural crest cells were derived from patient iPSCs
and co-cultured to derive HIO/ENS (Figure2A). HIO/ENS were then grafted to immuno-
deficient mice for further maturation where organoids displayed spontaneous contractile
activity. Isometric force measurement of the organoids showed migrating motor complex-
like contractile pattern with repetition of active contractile phase (phase IlI-IV) and
quiescent phase (phase I-ll). Comparison of IFM recording showed more erratic
contractile pattern in the patient organoids compared to the control, seemingly having
more activity during quiescent phases (Figure2B). Standard deviation of contractions in
phase I-ll, or quiescent phase, were indeed higher in patient organoids (Figure3C). In

conclusion, we observed more active quiescent phases in patient organoids without rest.
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Figure2. Patient iPSC-derived organoids show erratic contractile pattern

A) Schematic of human intestinal organoid with enteric nervous system (HIO/ENS)

derivation and engraftment in immunodeficient mice for maturation.

B) Representative isometric force measurement (IFM) tracings of 10-week grafted
HIO/ENS. WT = control iPSC line, MUT = patient iPSC line. WT1 = SJ3252c2,
MUT1 = SJ2551c2. See Methods. Each row represents an IFM tracing of a single

organoid. WT1/WT1 n=4, MUT1/MUT1 n=10.
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Organoids with patient iPSC-derived VNCCs have more erratic contractile pattern
In order to test if the enteric nervous system were causing the erratic contractile patterns
observed in patient organoids, we derived HIO and VNCC each from either control iPSC
lines or patient iPSC lines to generate genotypically hybrid HIO/ENS. IFM of the hybrid
organoids showed erratic contractile patterns in organoids where ENS (VNCC) were
derived from patient iPSC lines. Intriguingly, organoids where HIO were from patient iPSC
and ENS were from control iPSC showed normal contractile pattern comparable to all-
control-line derived HIO/ENS (Figure3A-C). Upon histological assessment of the
organoid tissue, however, many samples were missing neuronal cells. Lack of neuronal
cells were not associated with the patient vs. control status of iPSC lines used (FigureS1).
In conclusion, organoids with enteric neural progenitors derived from patient iPSC
showed more erratic contractile pattern; however, if this phenotype is originating from

enteric neuron remains unclear.
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Figure3. Organoids with patient iPSC-derived VNCCs have more erratic contractile

pattern

A) Representative isometric force measurement (IFM) tracings of 10-week grafted

HIO/ENS with mixed genotypic origin. WT = control iPSC line, MUT = patient iPSC

line. WT1 =S8J3252c2, WT2 = WTC3, MUT2 = SJ2550c2, MUT3 = SJ2391c2. See
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Methods. Each row represents an IFM tracing of a single organoid. WT1/WT1:

n=6, WT1/MUT2: n=4, MUT3/WT2: n=5, MUT3/MUT3: n=3.
B) Schematic indicating phase I-1l and phase IlI-IV.

C) Quantification of standard deviation of force recorded during phase I-II of all
samples. Results from two independent experiments. Note that phase I-Il from

MUT1/MUT1 (Figure1B) could not be distinguished thus not included here.

Patient iPSC-derived VNCCs are normal in size, proliferation, and migration

The patient vagal neural crest cells were contributing to the abnormal motility. Thus, we
characterized characteristics of patient iPSC-derived VNCCs. SGO1 plays a role in cell
division and cell cycle arrest can lead to increased cell size. Cell size or MKIG7*
proliferating cells, however, did not significantly differ from the control (Figure4A,B).
Previous report shows RAD21, another protein in a cohesin complex, depletion in
zebrafish causes lack of cardiac neural crest incorporation in the heart and mislocalization
of melanocytes, which are neural crest derived. In order to test if migration capacity itself
is affected in patient VNCCs, we performed scratch migration assay. Migratory/
proliferative capacity of patient VNCC, however, were not different from the control
(Figure4C). In conclusion, we did not observe changes in cell size, proliferation, or

migratory capacity in patient iPSC-derived VNCCs.

80



Cell size Cell size

15000 15000-

10000 10000-

pixels
Pixels

5000 5000

s¥dz=st

PN P I SRR X
& E S S & &

T

&

i
]

Percent MKI67+ cells
N w » (3.
o o o o
r T

-t
o
1

o

=
\{

Percent Area

Mut

Percent Area
o
o
o

Hours

Figure4. Patient iPSC-derived VNCCs are normal in size, proliferation, and

migration.

A) Cell size quantification of VNCCs by staining the membrane staining agent Cell

Mask O.
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B) Quantification of percent proliferating VNCCs by ratio of MKI67-positive cells to the

number of total cells (DAPI).
C) Scratch migration-proliferation assay of VNCCs.

WT1 = SJ3252c2, WT2 = WTC3, WT3 = SJ3013c2, MUT1 = SJ2551c2, MUT2 =

SJ2550c2, MUT3 = SJ2391¢c2. Scale bar = 60um.

Patient iPSC-derived VNCCs overexpress PLXNA3

Cohesin protein RAD21 knock out results in dysregulation of neuronal maturation gene
expression®’. In order to probe the effect of SGO7 mutation in VNCCs in this context, we
performed bulk RNA sequencing on patient and control VNCCs and iPSCs. In patient
iPSCs, IKBKG was downregulated and FZD2 upregulated. IKBKG mutations causes
diseases of ectodermal lineage, such as incontinentia pigmenti and hypohidrotic
ectodermal dysplasia''-143. FZD2 is a member of WINT receptor proteins. WNT pathway
is required for neural crest formation from ectoderm®. Mutations are associated with
omodysplasia and Robinow syndrome'4145 QOther differentially expressed genes
included increased readthrough RNAs (ABCF2-H2BK1, and DNAJC25-GNG10) and
decreased pseudo gene (PCDHA14) expression in patient iPSCs. In VNCCs, PLXNA3
was upregulated (Figure5A,B). PLXNA3 has been shown to be involved in ENS
development in zebrafish and it's mutation causes Kallmann syndrome-like phenotype in
mice. Kallmann syndrome is caused by underdevelopment of hypothalamic neurons®:97.

In conclusion, patient iPSC had differential expression of ectoderm and neural crest-
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related genes (IKBKG, FZD2) and the differentiated VNCCs showed increase in gene

expression involved in ENS development (PLXNA3).
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Figureb. Patient iPSC-derived VNCCs overexpress PLXNAS3.

Differential gene expression analysis of bulk RNA sequencing datasets of iPSCs and

iPSC-derived VNCCs from control and patients.

A) Volcano plot of significantly expressed genes in control iPSC and VNCC compared to

patient iPSC and VNCC. Log2Fold change threshold = 1, p-value threshold = 0.00001,

adjusted p-value threshold = 0.01. control
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B) Heat map of top genes differentially expressed. Scaled expression level.

Three biological replicate per condition, WT = control, MUT = patient. Cell lines: WT1 =
SJ3252c2, WT2 = WTC3, WT3 = SJ3013c2, MUT1 = SJ2551c2, MUTZ2 = SJ2550c2,

MUT3 = SJ2391c2.
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Methodology (Chapter 2)
Methodology described here are unique to Chapter 2. Other methodologies overlap with

Chapter 1 and can be found in ‘Methodology (Chapter 1)’.

Isometric force measurement

Acgknowledge (Biopac) software was used to transform the force tracing. Troughs were
taken as Phase I-ll and Peaks were taken as Phase IlI-IV. Standard deviation of the

trough was then calculated using the Acgknowledge software.

Cell size, proliferation, and migration.

Cell Mask O and MKI67 staining was performed as per manufacturer recommendation
and as described in ‘Chapter 1 Methodology: immunocytochemistry’. Quantification was
performed using Fiji (ImageJ). For cell migration, wound induction was performed using
an automated tool (Agilent BioTek Autoscratch) as per manufacturer recommendation.
Time-lapse images were taken using Lionheart FX microscope (Agilent BioTek) in culture

media (NIM).

Bulk RNA sequencing

RNA was isolated with a DNase treatment (74104, 79254, Qiagen; Z6111, Promega) and
cDNA was synthesized (18090050, Invitrogen) with oligo-dT (18418012, Invitrogen). The
library preparation and sequencing were performed at Génome Québec with Novaseq
6000. The transcripts were quantified directly from the fastqs using Salmon

v.1.4.0. Indexing was done using release 108 of GRCh37 (hg19) from Ensembl.
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Org.Hs.eg.db in R was then used to generate a transcript-to-gene file. Tximport was used
to load the quantification files and get both counts and abundance (TPM) values for each
gene across each of the samples. Finally, differential gene expression analysis was

performed using DEseq2. Wald test for calculating the p-values.
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Comprehensive discussion
Relevance: Chapter 1

Here, we studied the effect of macrophages on human intestinal development by
engineering and utilizing a pluripotent stem cell-derived intestinal tissue model with
macrophages. We describe an efficient and reproducible means of deriving human
intestinal organoid with macrophages (HIO/Mac) in which the macrophages localized to
known micro-anatomical intestinal niches and acquired a similar transcriptional profile to
fetal intestinal macrophages. Our approach improves complexity of HIOs and improves
on a previously published approach by providing tissue architecture with physiologically
relevant macrophage distribution, higher reproducibility, and developmental relevance’®.
Organoid macrophages acquired fetal intestinal macrophage-like transcriptional profile
and displayed expected behaviors such as phagocytosis of lumenal antigen and migration
to wounds upon injury. Finally, we demonstrate that macrophages regulate the

metabolism and organ growth of the developing intestinal organoid.

Derivation of human intestinal organoids with macrophages (HIO/Mac)

Single cell RNA sequencing has become more prevalent and efforts to sequence human
fetal samples increased the access to such highly informative datasets. However,
samples captured at time points earlier than day 47 was not available, likely due to lower
number of termination of pregnancies at on early time points. The gap in the dataset on
early human developmental samples would have to be mediated by murine samples and
organoid models as we have done here; however, ongoing effort in minimizing this gap
would be immensely helpful in better understanding human development and

developmental illnesses.
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Though initial macrophage dispersion throughout the embryo from yolk-sac and fetal liver
occurs via circulatory system, efficient migration of macrophages throughout the organoid
tissue indicates that the vasculature is just an initial step in the migration. Embryonic
macrophages are, unsurprisingly, likely capable of navigating throughout the embryonic
tissue after the vascular delivery to establish and apply self-avoidance for proper
distribution4¢. Further investigation on this matter may be fruitful in understanding
fundamental nature of how intercellular organization works considering macrophages are

tissue resident but are constantly replenished in many organs.

Cellular composition of the intestinal organoid resembles fetal intestine

Though the method to incorporate macrophages into HIO described here was highly
reproducible, we did find the ratio of macrophages within the HIO was smaller than that
of fetal intestine, albeit intestine being 10 days older. We suspect that optimization to
increase the number of macrophages incorporated will be useful but only to a certain
degree since organoid macrophages are capable of proliferating locally. On this matter,
what induces macrophage proliferation within the tissue in steady-state vs.
inflammation?4” Why is local production of intestinal macrophage in adult not the norm
when local proliferation in the brain is the status quo? If it is the intestinal tissue
environment that does not allow local production, then why is intestinal epithelial stem

cell maintained locally? Further investigation is warranted.

Modularity of the HIO/Mac, as demonstrated by vagal neural crest cell or macrophage
exclusion experiments here, is particularly useful when cellular composition is an

experimental variable. Similar cell exclusion experiment should be useful to examine
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specific effects of embryonic macrophages in tissue development, such as their role on

vascular and lymphatic development#4:49.50,

Macrophage recruitment and retention by the organoid

We identified mesenchymal cells to be the major producer of CSF1 in the early developing
intestine and the organoid. Previous study in E17.5 mice have identified endothelial and
interstitial cells of Cajal (ICC) to have significant Csfl expression®®. Our single cell
analyses on human fetal intestine (day 47, 85, 127) and organoid (day 37) also observed
expression of CSF1 in both endothelial and ICC. However, the relative expression level,
percentage of the cells expressing, and percentage within the intestine expressing was
not comparable to mesenchymal cells. Thus, we conclude that mesenchymal cells are

guantitatively the major source of CSF1 during early human intestinal development.

Enteric neurons do not affect resident macrophage establishment

As shown previously in mouse and in our study, macrophages do not require enteric
neurons to establish in the intestine. However, it is clear that enteric neuron-macrophage
relation is functional and crucial for enteric neurons in adult. A recent report demonstrated
that intestinal macrophages are required for enteric nervous system development in post-
natal mice, similar to the microglia’s (brain macrophage) post-natal effect on central
nervous system development>*5>57_ Why do we see more pronounced phenotype in post-
natal development in both organs? It would be interesting to explore if nervous system

development triggered at birth specifically requires interaction with macrophages.
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Macrophages migrate to the wound site upon injury

Macrophages are required for proper regeneration in adult?>-2'. Scar-less wound healing
in the fetus can be an intriguing avenue to study mammalian wound healing. Further
adaptation of the method described here should be useful to explore the mechanisms
and limitations of wound healing and how macrophages react to fetal injury or infection.
For example, utilizing a confocal scanning microscope to induce a spatially-specific laser

injury would enable us to observe macrophage behavior in a more controlled manner.

Macrophages localize to intestinal micro-anatomical niches in xenograft-matured
organoids

Organoid macrophages established themselves at the crypt as intestinal macrophages
would. Furthermore, we observed increased number of MKI67* in the crypt region of the
epithelium in organoids with macrophages, similar to what was observed in the
macrophage ablation study in adult mice*!. At glance, this is at odds with the decreased
size in organoids with iPSC-derived macrophages, since MKI67 is a marker of cell
proliferation. We propose two potential explanations. Firstly, non-epithelial growth
inhibition outweighs epithelial proliferation in affecting the overall size of the organoid.
Previous report on the mechanism of vilification during the embryonic development show
physical-spatial restriction by smooth muscle buckles the expanding epithelium and thus,
at least partially, contributes to the epithelial folding or villi formation®. Thus, it is
reasonable that epithelium expansion in the organoid is restricted within the
mesenchymal and smooth muscle confine and does not or contributes little to the overall
size of the organoid. Secondly, MKI67 is not necessarily marking the proliferation of cells

but stemness of the epithelial cells. Previous reports indicate that MKI67 is required for
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stemness of cancer cells but not proliferation*4®. Furthermore, MKI67 is expressed in a
gradient throughout G1-M phase, rather than being a binary marker of cell cycle'®. Thus,
considering that duration of G1 phase varies in different cell types, it is worth considering
if MKI67 is a direct indication of proliferation itself or an indication of stem cell state in the
crypt. Previous studies in adult mice also show that macrophage ablation result in a
decreased proportion of MKI67-positive crypt cells. In these ablations, however, they
show a small decrease in the small intestine but also significant increase in the villi/crypt
length of large intestine. These reports indicate that changes in MKI67-positive crypt cells
does not necessarily correlate with epithelial length in this biological context*146, Further

investigation is required.

Organoid macrophage also localized with enteric ganglia. We also did not observe any
contractile difference in grafted HIO/ENS with or without macrophages. Enteric neuronal
pruning by macrophages which happens extensively after birth may indicate that the
delayed functional association between ENS and macrophage is not recapitulated in this
stage of the model, since grafted organoids still represents a fetal intestinal tissue®’.
Presence of NSG mouse macrophages in the organoids should also be taken into

consideration in future studies.

Organoid macrophages acquire transcriptomic profile alike fetal intestinal
macrophages

Fetal cell atlas project previously noted that antigen-presenting macrophages were found
mostly in the gastro-intestinal tract'>°. We found that intestinal macrophages acquire this
antigen-presenting profile over time, indicating that this functional characteristic is

induced by intestinal environment rather than deriving from the ontological origin of the
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embryonic macrophages. Furthermore, acquisition of antigen-presenting profile of
organoid macrophage suggests HIO/Mac replicates this intestinal environment in this
regard. It is intriguing to note that the organoids were kept in aseptic conditions during
both in vitro culture and engraftment. Thus, the induction of the antigen-presentation
profile in organoid macrophages, also observed in fetal intestine, occurred in the absence
of microbiota. This suggests that intestinal tissue itself can induce antigen-presentation

profile of macrophages in the prenatal stage.

Macrophages regulate intestinal organoid growth

Unexpectedly, we find that HIO/Mac are smaller than HIO, suggesting that macrophages
have an anti-growth effect in the developing organ. Macrophages did not cause fibrosis
nor was there accumulation of apoptotic cells that can cause the size difference. Our
scRNAseq and metabolic analysis suggest that this is associated with the decrease in
glycolysis and glycolytic capacity of the mesenchymal cells, limiting the overall organ
growth. However, taken together with the increased number of proliferating cells in the
epithelial crypt region in the HIO/Mac, our results suggest that macrophages’ regulatory
effect during the development should be approached in a niche-specific manner. We also
observed pro-growth effect of ENS on HIOs, which were independent from anti-growth
effect by macrophages. Pro-growth effect of ENS may be, at least in part, due to increased
epithelial growth as recently observed in gastric organoids''. In short, we found
evidences that suggest embryonic macrophages function as a negative regulator of
glycolysis and growth during human intestinal development unlike pro-growth effect of

tumor-associated macrophages in most cases'>?.
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Macrophages attenuate mesenchymal cell glycolysis in developing intestinal
organoids

Macrophages positively regulated adipocyte thermogenesis and negatively regulate
glucose uptake in response to insulin.'®'” On the other hand, they were also shown to
upregulate glycolysis in cancer cells and promote tumor growth®*. Previous accounts of
macrophage regulating peripheral cell’s metabolism is not yet abundant, but they indicate
that such regulation is highly context or niche-dependent and can be both stimulatory and
inhibitory in nature. In intestinal organoids, macrophages seem to have an inhibitory
regulation on glycolysis of mesenchymal cells. Function of this mechanism remains to be
understood but we speculate that macrophages are mediating a negative impact of
sustained hyperglycemia in mesenchymal cells, which negatively affect proliferative
capacity and differentiation’3. The organoid culture condition, like most cell culture, are
in hyperglycemic range, thus triggering downregulation of glycolysis by macrophages. At
large, this homeostatic mechanism may exist to regulate the metabolism of available

glucose, which is crucial during embryonic development'4-1%,

Oncostatin M (OSM) reduces glycolytic gene expression in mesenchymal cells

LIFR signaling, receptor of OSM, has been shown to activate HIPPO pathway, inhibiting
YAP target genes, such as glycolytic genes'. We found that the OSM, which is
expressed by macrophages, reduced glycolytic gene expression in mesenchymal cells.
Not all genes we found in scRNAseq of HIO with or without macrophages; however, seem
to be consistently downregulated, such as LDHA. Thus, we suspect there are other
ligands or mechanisms that induces the full effect of glycolytic downregulation in

mesenchymal cells that we observed in the scRNAseq experiment.
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Furthermore, HIPPO pathway regulate ectopic organ growth, where over-activation of
YAP results in overgrowth of an organ'?®. Considering the smaller organoid size in HIO
with macrophages, organoid macrophages’ effect on glycolysis and organ growth may
both be a result of regulation of HIPPO pathway. Further investigation on the effect of

signaling pathways, such as OSM, on HIPPO activation is warranted.

Limitations of the study

We utilized derivation of macrophages that is MYB-independent and thus yolk sac-like in
ontogeny’®. From mice, we can deduce that yolk sac macrophages are the first to occupy
the embryonic intestine, likely followed by fetal liver. It is still to be determined if functional
differences are present among embryonic macrophages dependent on the ontogeny as
tissue macrophages, such as yolk sac vs, fetal liver vs. aorta-gonad mesonephros.
Depletion and repopulation experiment in mice lung suggests that functionality between
the ontogenies is comparable!®’. However, if otherwise in the intestine, alternate
macrophage derivation method would have to be utilized than what is described here to

recapitulate the ontological differences.

Relevance: Chapter 2

Patient enteric neurons have disorganized morphology and lack surrounding
interstitial cells of cajal (ICC)

Enteric neuronal morphology was fragmented, and the myenteric ICCs were lacking in
the patient intestinal biopsies. Intestinal occlusion (obstruction) model in mice have
demonstrated that myenteric ICCs are lost around the occlusion site and restored upon
the removal of artificial occlusion'2. This indicates that lack of ICC is likely a secondary
effect of the pseudo-obstruction. On the other hand, enteric neurons undergo hypertrophy
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upon partial obstruction of the intestinal passageway in a similar model'®®. This indicates
pseudo-obstruction itself is unlikely to cause small size or disrupted morphology seen
here and in the previous report'. However, these histological findings alone are insufficient

to assign neuropathological origin to the CAID’s CIPO.

Patient iPSC-derived organoids show erratic contractile pattern

Patient iPSC-derived HIO/ENS lacked quiescent phase in comparison to organoids
derived from control iPSC lines. At a clinical level, manometry of myopathic origin usually
manifests as low amplitude contractions whereas neuropathic origin presents as
disorganized and uncoordinated patterns. CAID patient manometry show both myopathic
and neuropathic pattern where it failed to respond to promotility agents. Such manometry,
however, was taken when the signs and symptoms have manifested themselves
noticeably. Thus, the erratic contractile pattern we observe in the patient organoids may
represent the phenotype at beginning of the disease before secondary effects of the initial

insult have taken place.

Organoids with patient iPSC-derived VNCCs have more erratic contractile pattern

We showed that the erratic contractile pattern observed in the all-patient-line (MUT/MUT)
organoids are caused by patient VNCCs. However, enteric neuronal cells were not found
in some of the organoids to our surprise, and this lack of enteric neurons did not correlate
with erratic contractile pattern. We currently do not have reasonable explanation for how
the phenotype is reproducibly present in the presence or absence of expected cell type,
enteric neurons. Nonetheless, the erratic contractile profile we have observed in two
independent derivations seems to be linked with vagal neural crest cells. Intriguingly,

mutation in Rad21, a cohesin complex protein, also causes CIPO and is expressed in
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enteric neuronal cells®. Cohesin proteins are also directly associated with neural crest
behavior and associated anatomical structures. Rad21 morpholino knock down and
RadZ21 knock out zebrafish showed a failure of cardiac neural crest cells to populate the
heart and results in functional and morphological defects'®. Neural crest cell-specific
knock out of Nipbl also results in craniofacial defect, a structure made up of neural crest
cells'®. Together, the results indicate that cohesin complex proteins can have a direct

association of neural crest behavior.

Patient iPSC-derived VNCCs are normal in size, proliferation, and migration

VNCCs showed comparable cell size, number of proliferating cells, and migration
capacity between the controls and patients. Thus, we conclude that the SGO17 mutation
in the patients does not necessarily affect the above parameters to give rise to the
disease. Previous report shows RAD21 knock out results in dysregulation of central
nervous system neuronal maturation and homeostatic gene expression in post-mitotic
neurons. Knock out also affected the maturation of the post-mitotic neurons®’. Our original
aim was to differentiate the vagal neural crest into enteric-like neurons; however, our
differentiation attempts did not result in convincing enteric neurons'®'.1%2, Thus, we next

proceeded to analyze the gene expression pattern of the vagal neural crest cells.

Patient iPSC-derived VNCCs overexpress PLXNA3

Intriguingly, all the differentially expressed genes we found in both iPSCs and VNCCs
were associated with neural lineages. In detail, IKBKG, which causes diseases in
ectodermal lineages when mutated, and FZD2, a WNT receptor required for neural crest
formation®*143, Dysregulation of ectodermal-related genes in iPSCs suggest that the

SGO1 mutation can influence cell fate commitment. Furthermore, patient VNCCs also
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expressed higher levels of PLXNA3, gene involved in neuronal guidance and enteric
nervous system development®>-7. The mechanism behind how SGO7 affects a
seemingly unrelated category of genes may be associated with cohesin complex’s
involvement in chromatin remodeling with CTCF. Additionally, knock down of CTCF
results in repressive histone marks'®3. We have previously reported a higher global
methylation in CAID’s patient fibroblasts®. RAD21 knockout causes gene expression
changes and morphological changes associated with neuronal processes in CNS
neurons. Furthermore, the knock out induces modification in chromatin loop length, which
modifies expression of genes, in a neuron associated gene (BDNF)®. Notably,
readthrough RNAs (ABCF2-H2BK1, and DNAJC25-GNG10) were detected at a higher
level in patient iPSCs. Readthrough RNAs are combination of exons of two or more genes
in a single transcript. Previous report suggests chromatin open state associates with
occurrence of readthrough transcript'®4. Thus, increased occurrence in these annotated
readthrough transcript may be an indication of alterations in chromatin structure in patient
genome. SGOT mutation in CAID patients, thus may dysregulate cohesin’s function in
chromatin remodelling, resulting in aberration of neural-specific gene expression. Further
investigation into the effect of SGO7 mutation in chromatin remodelling of neural crest

lineage and functional effect in differentiated enteric neurons are warranted.

Limitations of the study

Some HIO/ENS lacked enteric neurons. The lack of neurons did not correlate whether
the VNCCs were derived with control or patient iPSCs. Though the HIO/ENS lacked
enteric neurons, the erratic contractile profile was still observable in organoids derived

with patient-derived VNCCs in two independent derivations. Lack of the neurons were
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mostly observed in MUT3-iPSC line organoids combined with other VNCCs; thus, there
may be biological cause behind this phenomenon. Nonetheless, derivations with

additional iPSC lines will be required for clarification.

For bulk-RNA sequencing experiment, though the identification of the differentially
expressed genes were statistically significant, there were noticeable variations in some
genes between different patients. Sequencing of additional patient iPSC lines and VNCCs

is warranted for future studies.

Overview

Organoid models are a powerful tool to mimic organismal development and add human
biological context and validations found in other model organisms. Organoid models are
however, not a complete replica of human organ or organ systems yet. Two main points
remain to be improved in the human intestinal organoids and organoids in general. Firstly,
as demonstrated in the findings, lack several cell types such as vascular cells, and
lymphocytes. The interpretation of the results taken from the model must take into account
the cell types present in the model. Additionally, in order to completely model a human
being, one must take organ-to-organ interaction into account. This concept has arisen in
multiple occasions and are currently referred to as ‘human-on-a-chip’'®>. However,
attempts so far are a micro-fluidic link between two-dimensional cultures. This similar
approach can be applied with more complex models such as organoids. Furthermore, for
such ‘human-on-a-chip’ to be more widely available, major organ-type complex organoids
would have to be commercially available for individual labs and organizations to
conFigurethem as needed, as we currently do with cell lines. In summary, improvement

in individual organoid derivation and method to distribute the organoids will enable such
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technologies to fully reap its benefits. Secondly, organoids the literatures describe are still
at a fetal stage, including the grafted human intestinal organoids. The development of the
organoids may simply require more time in culture for complete development; however,
the issue of proper vascularization of the organoid tissue has not been properly
addressed. The aim to integrate vascularization and tissue maturation will also be crucial
in use of the organoids as a replacement for organ transplantation in the future. Organs
such as intestine and heart requires fully formed tissue architecture for proper function
(e.g. tubular form) compared to pancreas or liver. Furthermore, such vascularized tissue
will have to be reliably distributable to conFigureinto a human-on-a-chip organ-system
model. Many discoveries and engineering efforts remain to achieve this full potential;
however, the end result can drastically improve our capacity for drug discovery and
screening. In closing, | demonstrated in this thesis the uses of pluripotent stem cell-
derived tissue and cellular models for studying development and disease, and found

versatility and complexity of the models to be promising.

Final conclusion and summary

Relevance Chapter 1

The objectives were met as follows:

1) Macrophage migration into intestine were recapitulated to engineer human

intestinal organoids with resident macrophages (HIO/Mac).
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2) These HIO/Mac were characterized with histology, single-cell transcriptomic, and
functionally, which showed similarity between the HIO/Mac to the in vivo

counterpart.

3) Organoids with or without macrophages were then compared with histology,
single-cell transcriptomic, and functional assays which showed surprising effects

of macrophages on metabolism and organ growth.

In conclusion, we engineered early intestinal tissue with macrophages from human
pluripotent stem cells in order to model the effect the macrophages on intestinal
development. Our results provide a novel insight into potential macrophage function in
embryonic development where they regulate metabolism and tissue growth. In addition,
due to the relative simplicity of the derivation method and reproducibility, we expect the
model to facilitate the study of macrophage specifications and functions in development

further.

Relevance: Chapter 2

The objectives were met as follows:

1) Patient iIPSC-derived human intestinal organoid with enteric nervous system
(HIO/ENS) were derived and their motility was assessed with isometric force

measurement.

2) The patient organoids displayed intestinal motility phenotype, showing lack of

guiescent phase in their contractions. Thus, genetic hybrids of HIO and ENS from
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patient vs. control iPSC lines were derived. Similar erratic motility profile was

observed when ENS (VNCC) were derived from patient iPSC lines.

3) Patient iPSC-derived neural crest cells were assessed against controls. RNA

sequencing showed differential expression in neurodevelopmental genes.

We used patient iPSC-derived human intestinal organoids (HIO) and vagal neural crest cell
(VNCC) and combined to engineer HIO with enteric nervous system (HIO/ENS) in order to study
the pathomechanism of a heritable chronic intestinal pseudo-obstruction (CIPO). Isometric force
measurement of the patient organoids showed erratic contractile pattern. Subsequent experiment
with hybrid HIO/ENS, mixed derivation from patient or control iPSCs, indicated that VNCCs to be
the driver of the erratic contractile pattern. Though we did not observe morphological or migratory
disruption in patient VNCCs, RNA sequencing showed upregulation of PLXNA3 expression, a
gene involved in neuronal development. Additionally, patient iPSC also showed dysregulation in
ectodermal-related genes IKBKG and FZD2. In conclusion, our patient-derived organoid and

cellular model indicate neuropathological origin of intestinal dysfunction seen in CAID syndrome.
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Appendices

Supplementary figures (Chapter 1)
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FigureS1. Macrophages in early embryonic mouse intestine, fetal intestine, and

human intestinal organoid (HIO), related to Figure1 & 2 & 4.

(A) Representative immunofluorescence images of mouse embryonic intestine for
macrophages (AlF1), epithelium (CDH1), and nuclei (DAPI) at four time points of
development. Arrowhead, mid-hindgut. Arrow, Foregut. E9.5, n=4, E10.5, n=6, E12.5,

n=6, E15.5, n=6. Scale bar = 75um.

(B) Representative immunofluorescence image of day 42 HIO/Mac for epithelium
(CDH1), proliferation (MKI167), macrophages (CD14), and nuclei (DAPI). Scale bar =

30um
(C) Cell cycle status of macrophages in day 37 HIO/Mac from scRNAseq.

(D) Violin plot of gene markers used to identify the unsupervised cluster as macrophage

in scRNAseq.

(E) Representative immunofluorescence images for macrophages (AlF1), epithelium
(CDH1), and nuclei (DAPI) in E15.5 mouse intestine and day 42 HIO/Mac. Arrowhead,
macrophages localized at adjacent to epithelium and within mesenchyme. Scale bar =

50um

(F) Bright field and GFP fluorescence images of human intestinal organoid (HIO) and
macrophage co-culture over the course of 12 days. Macrophages were derived from

hiPSCeCFP. Scale bar = 150um.
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FigureS2. Migration and retention of macrophages in the organoid, related to

Figure1 & 2.

(A) Dot plots and violin plots of CSF1 expression in presumptively annotated
unsupervised clusters of the day 37 organoid, day 47, day 85, day 127 fetal intestine
datasets. Dot plots: Percent Expressed, percentage of cells within the cluster

expressing the gene. Violin plot: Each dot represents a cell.

(B) Dot plot of ligand and receptor involved in macrophage recruitment in scRNAseq of

HIO/ENS/Mac.

(C) gPCR of receptor genes for hiPSC-derived macrophages (Mac) prior to co-culture
with HIO. Peripheral blood mononuclear cell (PBMC) and dendritic cell (DC) used as a
reference previously shown to express the genes. Normalized to GAPDH expression.

Mac, n = 3, PBMC, n = 3, DC, n = 2, biological replicates.
(D) Schematic of the in vitro organoid puncture injury.

(E) Demarcation of the injury as indicated by the bright field image and the

corresponding hiPSCe¢FP-derived macrophages (Mace®FP) tracing.

(F) Representative GFP fluorescence images from the 12 hour time lapses of control
and injured in vitro HIO/Mac®®FP. Colored lines and dots: tracing of the macrophage
location over time. Dotted circle: region of the injury. Arrowhead: stationary points in the
organoid to track the drifting of the entire sample. To the right: Quantification of relative
distance of the macrophages, at 12 hours vs. 0 hour, from the center of the injury
(Injured) or an arbitrary point within the image determined blinded (control). A measure
of straightness of cell trajectories quantified as directness. Degree of directed migration
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towards a region of interest quantified as chemotactic precision index (CPIl). See
Methods for calculation. Control, n = 2 organoids, n = 18 cells, Injury, n = 2 organoids, n
= 12 cells, each data point represents a cell. Mean & s.d. (d-f). p = 0.0037, Welch’s t-
test (d). p = 0.2486 (e), p = 0.0116 (f), Wilcoxon rank sum test (Mann-Whitney). Scale

bar=100um.
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FigureS3. Characterization of grafted organoids, related to Figure3.

(A) Representative immunofluorescence image of 10 week grafted HIO/ENS/MaceCFP
probed for macrophages (eGFP), smooth muscle (SMTN). Nuclei (DAPI). Scale

bar=100um.

(B) Representative immunofluorescence image of enteric neurons (PHOX2B, TUBB3)
and glial cells (S100B) in 10 week grafted HHO/ENS/Mac. Nuclei (DAPI). Scale

bar=100um.

(C) Representative immunofluorescence images of grafted organoids combined without
(HIO/ENS) or with hiPSC®®FP derived macrophages (HIO/ENS/Mac®®FP). Probed for

iPSC-derived macrophages (eGFP) and macrophages (AlF1). Scale bar=50um.

(D) Tissue sections of grafted HIO/Mace® P injected with pHrodo-E.Coli particle
conjugates or PBS (vehicle) into the lumen. Tissue sections counterstained with DAPI.
Internalized E.Coli signals were only found in flat epithelial areas. n=3; PBS control, n=2

pHrodo-E.Coli particle. Scale bar=25um.

(E) Immunofluorescence images of the crypt for proliferating (MKI67) epithelial cells
(CDH1) and the quantification of MKI67-positive epithelial cells. HIO/ENS, n = 4,

HIO/ENS/Mac, n = 6. p=0.0264. Welch'’s t-test. Mean & s.d. Scale bar=25um.

(F) Isometric force measurements of grafted organoids with or without combined
macrophages. Each row represents an individual grafted organoid sample.
Quantification of maximal force recorded, ratio of time required for relaxation to
contraction, and frequency of contraction. See Methods. HIO/ENS/Mac, n = 6,
HIO/ENS, n=3. p=0.7303, p = 3252, p = 0.2904, Welch’s t-test. Mean & s.d.
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FigureS4. scRNAseq analyses of fetal intestine and organoid macrophages,

related to Figure4.

(A) Heatmap of all 77 upregulated genes in fetal intestinal macrophages between day

127 and day 80.

(B) Gene ontology annotations of differentially expressed genes from for commonly
upregulated genes between fetal intestinal and organoid macrophages and upregulated

only in fetal intestinal macrophages.

(C) Volcano plots of differentially expressed genes in fetal intestinal macrophages
between day 127 vs. day 47, day 101 vs. day 59, day 132 vs. day 85. Threshold of
discovery (dotted line), log2fold change > 1, adjusted p-value < 0.001, Wilcoxon rank

sum test.
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FigureS5. Efficiency of macrophage removal using magnetic microbead, related

to FigureMethods & Figure6.

Efficiency of macrophage removal with microbead and ECAR baseline for the glycolytic
stress. Left, gating for cytometry of 1:1 cell mix of hiPSC*t and hiPSC®¢FP-derived
macrophage. Right, percent GFP-positive cells with only hiPSCWT or only hiPSCeGFP-
derived macrophage. Bottom, percent GFP-positive macrophages of the cell mix either

without or with anti-CD14 microbead mediated macrophage removal.
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FigureS6. Characterization of hiPSC-derived human intestinal organoid, vagal

neural crest, and macrophage, related to Methods.

(A) Immunocytochemistry of markers for definitive endoderm (SOX17, FOXA2) and
nucleus (DAPI) of endoderm monolayer during HIO derivation. Immunofluorescence of

intestinal epithelial markers (CDH1, CDX2) in day 28 HIO. Scale bar=50um.

(B) Immunocytochemistry for neural crest cell marker (NES, VIM) on the vagal neural

crest cells. Scale bar=50um.

(C) gPCR for genetic markers of neural crest (AP2, SNAI2, SOX10) and vagal fate
(HOXB3, HOXB5, HOXB7) on the vagal neural crest cells. Normalized to GAPDH

expression. hiPSC, n =2, VNCC, n = 2. Biological replicates. Mean & s.d.

(D) Flow cytometry histograms showing staining (shaded blues) compared to the
compensated unstained control (shaded red) for cell surface markers CD34, CD45 and
CD14 on pre-macrophages released from adherent factory embryoid bodies (f-EB)

harvested at day 22 and 39 since the beginning of the differentiation and the gating.

(E) Flow cytometry histograms showing cell surface markers CD14, CD206, CD163,
CD16, CD11b and HLADR on macrophages differentiated from pre-macrophages and

the gating.

(F) Bright field image of the differentiated macrophages. Scale bar=25um.
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Table S1. Oligonucleotides, related to Figure2, 7, and S6.

Species | Target gene | Direction Primer sequence

Human | CCR2 Forward GGCATAGGGCAGTGAGAGTC
Human | CCR2 Reverse TGTGAAAAAGGCTTCTGAACTTCT
Human CCR1 Forward TCCCTTGGAACCAGAGAGAAG
Human | CCR1 Reverse ACCAAGGAGTACAGAGGGGG
Human CCR4 Forward AAAGCAAGCTGCTTCTGGTTG
Human CCR4 Reverse CTCCCCAAATGCCTTGATGC
Human | CCR5 Forward ATCCAGTGAGAAAAGCCCGT
Human CCRS5 Reverse TTCCACCCGGGGAGAGTTT
Human CCR6 Forward AAGAGAGGGCCCACGTGTAT
Human CCR6 Reverse ATTGATTCCCCGCTCATTGTG
Human | CX3CR1 Forward TGGCCAAACACTGAGACCAA
Human CX3CR1 Reverse TGAAGGCCTCTAGTCGCTGT
Human CSF1R Forward GTGGCTGTGAAGATGCTGAA
Human CSF1R Reverse CCTTCCTTCGCAGAAAGTTG
Human | FLT3 Forward CTCCAGGCGGCATCGC
Human | FLT3 Reverse AAAACAACGAGCAGCGGCA
Human | AP2 Forward ATGCTTTGGAAATTGACGGA
Human | AP2 Reverse ATTGACCTACAGTGCCCAGC
Human | SOX10 Forward AGCTCAGCAAGACGCTGG
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Human | SOX10 Reverse CTTTCTTGTGCTGCATACGG
Human | SNAI2 Forward TGACCTGTCTGCAAATGCTC
Human | SNA/I2 Reverse CAGACCCTGGTTGCTTCAA
Human | HOXB3 Forward CGTCATGAATGGGATCTGC
Human | HOXB3 Reverse ATATTCACATCGAGCCCCAG
Human | HOXBS Forward GGAAGCTTCACATCAGCCAT
Human | HOXBS Reverse GGAACTCCTTTTCCAGCTCC
Human | HOXB7 Forward AACTTCCGGATCTACCCCTG
Human | HOXB7 Reverse CTTTCTCCAGCTCCAGGGTC
Human GAPDH Forward GAAGGTGAAGGTCGGAGT
Human GAPDH Reverse GAAGATGGTGATGGGATTTC
Human | ENO1 Forward TCTCTTCACCTCAAAAGGTCTCT
Human | ENOT1 Reverse TGTGGGTTCTAAGGCTTACCC
Human TPI1 Forward GGACTCGGAGTAATCGCCTG
Human TPI1 Reverse GTACTTCCTGGGCCTGTTGG
Human | LDHA Forward CTGGCAAAGTGGATATCTTGAC
Human | LDHA Reverse ACTCCATACAGGCACACTGG
Human | PGK1 Forward TTGACCGAATCACCGACCTC
Human | PGK1 Reverse AGCAGCCTTAATCCTCTGGTT
Human | HPRT1 Forward CCTGGCGTCGTGATTAGTGA
Human | HPRT1 Reverse CGAGCAAGACGTTCAGTCCT
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Supplementary figures (Chapter 2)
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Supplementary Figurel. Some organoids lack enteric neurons and erratic

contractile pattern does not correlate. Related to Figure2 and 3.

Representative isometric force measurement (IFM) tracings of 10-week grafted HIO/ENS
with mixed genotypic origin and corresponding immunofluorescence image for enteric
neuronal markers (PHOX2B-Green, TUBB3-Red, ELAVL4-Gray). Ratio indicates number
of samples with enteric neurons over the total number of samples. WT = control iPSC
line, MUT = patientiPSC line. WT1 = SJ3252¢2, WT2 =WTC3, MUT2 = SJ2550c2, MUT3
= SJ2391c2. See Methods. Each row represents an IFM tracing of a single organoid.

WT1/WT1: n=6, WT1/MUT2: n=4, MUT3/WT2: n=5, MUT3/MUT3: n=3.
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