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human pluripotent stem cell-derived intestinal tissue
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Highlights
e PSC-derived multi-cell-type intestinal organoid populated
with macrophages

e Recapitulate aspects of microanatomical localization and
transcriptomic changes

e Macrophages in the organoid downregulate glycolysis of
mesenchymal cells

e Macrophages in the organoid limit tissue growth without
affecting the architecture
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In brief

Song et al. grew pluripotent stem cell-
derived miniature intestinal tissue
populated with macrophages.
Macrophages within the tissue
recapitulate aspects of microanatomical
localization and transcriptomic changes
observable in developing intestinal
macrophages. They downregulate
glycolysis of mesenchymal cells within
the tissue. They also limit its growth
without affecting the architecture.
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SUMMARY

Macrophages populate the embryo early in gestation, but their role in development is not well defined. In
particular, specification and function of macrophages in intestinal development remain little explored. To
study this event in the human developmental context, we derived and combined human intestinal organoid
and macrophages from pluripotent stem cells. Macrophages migrate into the organoid, proliferate, and
occupy the emerging microanatomical niches of epithelial crypts and ganglia. They also acquire a transcrip-
tomic profile similar to that of fetal intestinal macrophages and display 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 the regulation of metabolism and growth of the developing

intestine.

INTRODUCTION

The intestine harbors a range of macrophage subtypes in distinct
spatial niches. Within the villi, they phagocytose contents of the
lumen through the epithelium.'™ At the base of the epithelium,
crypt-associated macrophages regulate epithelial stemness and
differentiation.“® External innervation and the enteric nervous
system (ENS) collaborate with adjacent macrophages to regulate
immune response and peristalsis.”® Intriguingly, the intestine is
populated with macrophages early in the embryonic develop-
ment, found as early as embryonic day 9.5 (E9.5) in mouse foregut,
before the above niches are developed.'® Unlike our knowledge of
intestinal macrophages in adult organisms, it is unknown whether
they influence prenatal intestinal development.

In general, developmental roles of macrophages are less un-
derstood than their functions in cellular immunity and niche-spe-
cific homeostasis. Accumulating evidence in mice and ex vivo
studies, however, suggests that they are indispensable for
proper development of certain tissues. At an embryonic stage,

uuuuu

they have been shown to regulate the growth of kidney, develop-
ment of pancreatic islet, and formation of coronary plexus and
lymphatic vessels in developing heart."'~'* During postnatal
development, they are required for proper mammary epithelial
remodeling and brain development.'>"'® Furthermore, macro-
phages regulate the metabolism of peripheral cells. They have
been shown to regulate insulin-dependent glucose metabolism
of adipocytes, and this mechanism seems to be abused by can-
cer cells to promote tumor growth.'92" A growing list of findings
deepen our understanding of macrophages’ homeostatic func-
tions throughout the body; however, much less is known about
their role in development.

Our current understanding of macrophages stems from many
model systems, each with strengths and weaknesses. Zebrafish
is an excellent vertebrate model that provides high in vivo optical
accessibility during the developmental stage; however, its gross
anatomical structures differ much from those of human. Mice
have closer anatomical and physiological resemblance to hu-
mans and have pioneered macrophage biology as a transgenic
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model; however, the efficacies of techniques such as cell abla-
tion are variable between different organs, likely due to heteroge-
neity of resident macrophages.?” Human cell culture such as
immortalized cell lines and 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, as an extension to the two-
dimensional cell culture, advancements in directed differentia-
tion of pluripotent stem cells (PSCs) enable 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 ac-
cess to material is difficult or implausible.

Methods to derive embryonic-like intestinal organoid and
macrophage from human PSCs have been described previ-
ously.?*?® Here, we first assembled the intestinal organoid
with macrophages, recapitulating their migration in early devel-
opment. During our characterization of this model, we identified
the major source of colony-stimulating factor 1 (CSF1), a growth
factor crucial for macrophage differentiation and survival, to be
mesenchymal cells in both the fetal intestine and the organoid.
Macrophages in the organoid then localized to known intestinal
microanatomical niches in xenograft-matured organoids. They
also acquired a transcriptional profile similar to that of fetal intes-
tinal macrophages. Functionally, they phagocytosed lumenal
antigens and migrated to wounds upon injury. Finally, we utilized
this model to study the function of macrophages in intestinal
development. Our experiments show that macrophages regulate
glucose metabolism in the developing intestinal organoid and
further its growth.

RESULTS

Derivation of human intestinal organoids with
macrophages

Embryonic macrophages begin to migrate and populate the or-
ganism early in development.'®?” We postulated that macro-
phages would migrate and populate the intestinal organoid most
efficiently beyond a specific developmental time point; thus, we
inquired as to when intestinal macrophages are first observable.
In mice, AIF1* macrophages were first observed in the mid-hind-
gut at E10.5, which approximately corresponds to 30 days post
conception (day 30) in human development or Carnegie stage 13
(CS13)*® (Figures S1A and 1A). In humans, we identified macro-
phages in a single-cell RNA-sequencing (scRNA-seq) dataset of
day-47 fetal proximal intestine, the earliest dataset reported to
date®® (Figures 2B-2D and S1D). 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.

Human intestinal organoids (HIOs) and macrophages were
derived from human induced PSCs (hiPSCs) based on previously
described methods with minor modifications.”**>*° We used
macrophage derivation, which recapitulates early embryonic
macrophage ontogeny.?® Day-21 to day-28 HIOs were used,
which roughly corresponds to day 30 based on our previous esti-
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mation taking the inner cell mass formation (~7 days since
conception) into account. HIOs were co-cultured with the mac-
rophages in a three-dimensional Matrigel droplet for 7 days, dur-
ing which time macrophages in the periphery migrated into HIOs
(Figures 1C-1F and S1F). HIOs with macrophages (HIO/Mac)
were then transferred into a new Matrigel droplet and cultured
in the absence of peripheral macrophages for 7 days (Figure 1B).
As expected, CD14*/AIF1* macrophages were present in HIO/
Mac but not in HIO (Figures 1D and 1F). Furthermore, macro-
phages proliferated within the HIO just like embryonic tissue resi-
dent macrophages (Figures S1B and S1C). Similar to E15.5
mice, macrophages in the HIO either associated tightly with
the epithelium or were found within the surrounding mesen-
chyme (Figure S1E). In this study, macrophages and HIOs from
three and two hiPSC lines, respectively, were used. We note
that the incorporation of macrophages into organoid was suc-
cessful in all samples, and the number of macrophages incorpo-
rated was comparable in most cell lines we tested. However, we
also observed that the number of incorporated macrophages
was significantly higher with one certain cell line; thus, cell-
line-to-cell-line or batch-to-batch variation is to be expected
(Figures1G and 2F).

Cellular composition of the intestinal organoid
resembles fetal intestine

We first examined the cellular composition of the organoid. In the
intestine, neurons of the ENS localize closely with macrophages
and together regulate peristalsis and immune response.” To in-
crease the complexity of HIO/Mac for following characteriza-
tions and experiments, we also derived HIO/Mac with ENS
(HIO/ENS/Mac) by incorporating hiPSC-derived vagal neural
crest cells, precursors to ENS®° (Figure 2A). We then performed
scRNA-seq on HIO/ENS/Mac to compare to the day-47 fetal in-
testine dataset. Presumptive cell identities were assigned to un-
supervised clusters based on known gene markers (Figures 2B
and 2C). 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.
As expected, the organoid lacked lymphocytes and erythro-
blasts (Figures 1B and 1C). A more detailed look at the cellular
proportions indicated that although the organoid was more
abundant in mesenchymal cells, the ratio of epithelial-to-mesen-
chyme and glial/progenitor-to-enteric neuron were comparable
to those in fetal intestine, whereas the proportion of the neural
cells and macrophages were lower in comparison with fetal in-
testine (Figure 1D). Cell-type identity was more directly
compared between the fetal intestine and the organoid by merg-
ing the dataset and performing unsupervised clustering. Lym-
phocytes and erythroblasts were only present in the fetal intes-
tine 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 demon-
strated in grafted organoids and vascular endothelial growth fac-
tor-treated HIOs, respectively.®'*2 Together, the results indicate
that our organoid model consists of expected cell types and pro-
portions found in an early embryonic intestine.



Cell Reports

A Intestinal B

¢ CellP’ress

OPEN ACCESS

ActivinA, FGF4, Mid-hind aut . HIO/Mac
d0 E10.5  macrophage CHIR, NOG, EGF id-hind gu ¥ @
Mouse o o el —— hiPSC .
430 447 A®A‘ dO------------------ d2128—d2835—d3542"
Human L o o 2 . Q — :A: 2d MOSF
® Observed BMP4, SCF, co-culture re-embed
cs13 R VEGF, IL*3, MCSF Macrophage
O Estimation

HIO
HIO d42

Phase Contrast

HIO & Mac co-culture
HIO/Mac d42

G ~E 12 .
10
- . v
s 8
[}
= 6
8 A\4 K 2
+ 4 L2 24
s v
a 2 9¢°
(8}
@ HO c1 c1 c1 c2 c2 c2
o
E Mac C2 c3 ca c2 c3 ca

Figure 1. Derivation of human intestinal organoid with macrophages

(A) Timeline of macrophage habitation of mid-hindgut in mouse and human. d, days post conception; E, embryonic day; CS, Carnegie stage. See also Figure S1.
(B) Overview of the derivation of human intestinal organoid with macrophages (HIO/Mac). hiPSC, human induced pluripotent stem cells; CHIR, CHIR99021.
(C and E) Phase-contrast image of day-28 HIO alone (C) or HIO in co-culture with hiPSC-derived macrophages (Mac) (E). Arrowhead points to HIO. Scale bars,

0.5 mm.

(D and F) Immunofluorescence of HIO and HIO/Mac for markers of epithelium (CDH1), macrophage (AIF1, CD14), and nucleus (DAPI). Scale bars, 75 um.

(G) Efficiency of macrophage incorporation into HIO with different iPSC lines (C1-C4, see STAR Methods). Number of Cd14-positive macrophages counted in
non-epithelial region of the organoid (CDH1-negative and DAPI-positive) cryosections. HIO or macrophages derived in HIO/Mac are, for example, C1/C2 = HIO
derived from C1 and macrophages derived from C2. Each data point represents an organoid. Data are mean and SD; p = 0.4274, one-way ANOVA.

Macrophage recruitment and retention by the organoid

CSF1 (macrophage colony-stimulating factor [MCSF]) is a
crucial regulator of macrophage differentiation, survival, and
proliferation, which is present in circulation and produced locally
in tissues.®*** It is unclear which specific cell types produce
CSF1 in the developing intestine. Since macrophages occupied
the area deep within the organoid and proliferated, we sus-
pected 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 day-127 fetal intestine.
CSF1 was also expressed in lymphocytes (T and natural killer)
and endothelial cells in the fetal intestine, although these cells
represented a much smaller proportion of CSF1-expressing cells
(Figure S2A). We have previously supplemented the medium

with 100 ng/mL of MCSF; however, the above results suggested
that the macrophages may not constantly require external
MCSF. Indeed, we found that 20 ng/mL MCSF during the first
2 days of the co-culture was sufficient to derive HIO/Mac and
that the addition of MCSF was not required for further culture
(Figure 1B). In conclusion, we identify mesenchymal cells as
the major producer of CSF1 in the developing intestine, which
is recapitulated in the organoid, and find that this local produc-
tion is sufficient to maintain the macrophage population in the
organoid.

Next, we sought to further understand signaling pathways be-
tween macrophages and the organoid, since pathological levels
of inflammatory signaling could be recruiting the macrophages
to the organoid. To this end, we first looked at a curated list of
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Figure 2. Cellular composition of human intestinal organoid with macrophages and enteric neurons

(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 (scRNA-seq) of day-47 human fetal proximal intestine and day-37
HIO/ENS/Mac (C1/C2/C5).

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

(D) Relative ratio of cell types in comparison of each dataset from (B).

(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 macrophages counted in
non-epithelial region of the organoid (CDH1-negative and DAPI-positive) cryosections. Each data point represents an organoid. Result of two experiments. iPSC
lines: HIO = C1, ENS precursor = C1 or C2, macrophage = C3 or C2. See also Figure S2G. n = 6 each. Data are mean and SD; p = 0.2996 (not significant [NS]),

Student’s t test. Scale bar, 45 um.
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ligands upregulated during inflammation that promotes macro-
phage recruitment. These genes showed little to no mutual
expression in the HIO cells and macrophages. On the other
hand, CX3CR71-CX3CL1 and CSF1-CSF1R, which are known
effectors of macrophage recruitment and/or survival during
development, showed high mutual expression (Figure S3A).%5%7
Receptor expression levels in macrophages, which were co-
cultured with the HIO, were validated with quantitative PCR
(QPCR) against cells known to express receptor levels
(Figures S2B and S2C). In conclusion, we show that the chemo-
tactic signal gene expression between the organoid and the
macrophage is not reminiscent of pathological inflammation
but includes signaling involved in macrophage recruitment in
development.

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 intestine.” On
the other hand, during development, we observed little CSF71
expression in enteric neurons of the organoid and day-47 to
day-127 fetal intestine (Figure S2A). To test directly whether
enteric neurons affect macrophage establishment in the devel-
oping intestinal organoid, we derived HIO combined with macro-
phages either with or without vagal neural crest cells. Presence of
enteric neurons within the HIO did not affect the number of mac-
rophages in the HIO (Figure 2F). This observation supports a pre-
vious report that the lack of enteric neurons in neonatal Ret ™/~
mice and children with Hirschsprung’s disease does not affect
the establishment of intestinal macrophages.'® In conclusion,
our results support the notion that enteric neurons do not affect
macrophage colonization in early developing intestine.

Macrophages migrate to the wound site upon injury

We wanted to test whether macrophages in the organoid dis-
played behaviors of in vivo macrophages. One of the character-
istic behaviors of macrophages is their recruitment to tissue
injury, also observable during embryonic development.®*° To
test whether organoid macrophages can migrate to the injury
site, we derived macrophages from eGFP-tagged hiPSCs
(hiPSC®®™P) and tracked their movements within the organoid
after a puncture injury. Macrophages migrated toward the injury
site during the 12 h 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 move-
ment, supported this observation (Figures S2D-S2F). In conclu-
sion, we show that macrophages in the early-stage in vitro orga-
noid display recruitment behavior upon injury, as observed in
developing mice.

Macrophages localize to intestinal microanatomical
niches in xenograft-matured organoids

Macrophages localize to specific microanatomical niches within
the intestine, such as villi, crypts, and enteric ganglia.*>"~%%° To
test whether macrophages in HIOs localize to these niches, we
grafted HIO/ENS/Macs to immunodeficient non-obese dia-
betic/PrkdcSCP/li2rg™" (NSG) mice for 8-12 weeks to facilitate
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further development, forming more complex tissue structures®'
(Figure 3A). Furthermore, macrophages were derived from an
hiPSC®SF* line to trace their origin. The grafted organoids main-
tained CDX2" intestinal epithelial identity and developed crypts,
villi, smooth muscle, enteric ganglia, and glia.*’ More so, the
eGFP* macrophages were observed in microanatomical niches
of grafted organoids (Figures 3B-3D, S3A, and S3B).

In more detail, at the epithelium macrophages were positioned
flat against the MKI67*CDH1* epithelial crypt cells and congre-
gated within the vill, comparable to the distribution and
morphology seen in day-119 human fetal intestinal macrophages
and in mouse® (Figure 3C). Intestinal monocytes/macrophages
near the epithelium phagocytose lumenal content, such as bacte-
ria."™ To test whether macrophages in the organoid display such
transepithelial phagocytic activity, we injected Escherichia coli
particles conjugated to pH-sensitive fluorescent dye into the
lumen of grafted HIO/Mac®® ", Confocal microscopy images
showed that eGFP* macrophages near the epithelium internalized
the particles, indicating transepithelial phagocytic activity (Fig-
ure S3D). In adult mice, intestinal macrophages were shown to
regulate epithelial repair and intestinal stem cell niche.*° In partic-
ular, macrophage ablation was shown to decrease the number of
MKI67* (KI67, a cell-cycle marker) crypt cells.” To test whether
macrophages affect the crypt during development, we grafted
HIO/ENS and HIO/ENS/Mac for comparison. Intriguingly, the
number of cells in the cell cycle in the epithelium was lower without
the macrophages. However, the epithelium was not longer in the
organoids with macrophages (Figure S3E). We also note here that
GFP~/AIF1* macrophages were found in both HIO/ENS and HIO/
ENS/Mac, indicating that macrophages from the NSG mice popu-
lated the grafted organoids (Figure S4C). Previous reports indicate
that macrophages of NSG mice display a delay in maturation and
defects in immune function but are unclear as to whether their ho-
meostatic capacities are affected.*”*° Regarding our grafted ex-
periments, hiPSC-derived human macrophages seem to exert an
effect post grafting that NSG mouse macrophages do not. In
conclusion, grafted organoids recapitulate macrophage localiza-
tion in the intestinal mucosa and their transepithelial phagocy-
tosis. Furthermore, hiPSC-derived macrophages increase the
number of MKIB7* crypt cells in the developing organoid, similar
to the previous reports in adult mice, but without affecting epithe-
lial length.

At the enteric ganglia, organoid macrophages localized adja-
cent to the ELAVL4* TUBB3* neurons, resembling neuron-asso-
ciated intestinal macrophages in day-119 human fetal intestine
and adult mice®® (Figure 3D). The neurons in the ganglia also ex-
pressed enteric neuronal marker PHOX2B and associated with
S100B* glial cells (Figure S3B). Cell-ablation studies in adult
mice indicate that macrophages regulate intestinal peristalsis.®°
Grafted organoids undergo spontaneous peristalsis-like con-
tractions. To test whether macrophages affect organoid peri-
stalsis, we recorded the isometric force generated by whole
grafted organoids with or without macrophages. However, we
did not observe differences in contractility between the two con-
ditions (Figure S3F). 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 embryonic development.
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Figure 3. Macrophages localize to intestinal microanatomical niches in xenograft-matured intestinal organoid
(A) Strategy to track macrophages by deriving it from eGFP-tagged hiPSC (hiPSC®®") and further differentiation and growth of the organoids by engrafting to the

immunodeficient (NSG) mice.

(B) Representative immunofluorescence confocal microscopy images of day-112 grafted HIO/ENS/Mac (C1/C2/C4) and day-119 human fetal proximal intestine
for intestinal epithelium specific identity (CDX2, CDH1) and macrophages (eGFP or AIF1).
(C) Localization of macrophages (eGFP or AIF1) within the villi (CDH1) and to crypts (MKI67, CDH1). Localization of macrophages with enteric ganglia (TUBB3,

ELAVLA).
Nuclei (DAPI). Scale bars, 50 um.

Organoid macrophages acquire a transcriptomic profile
like that of fetal intestinal macrophages
Macrophages/monocytes migrate into each organ and further
differentiate to fulfill the locale-specific function.®>>” Similarly,
previous in vitro experiments using murine iPSC-derived em-
bryonic-like macrophages were shown to take on a microglia-
like transcriptomic profile when co-cultured with neurons.*®
To find out whether organoid macrophages differentiate in
response to their tissue environment, we examined the single-
cell transcriptomic changes of macrophages in early-stage
(in vitro day 37) organoid to later-stage organoid (grafted day
121). The organoid macrophages were also compared to hu-
man fetal intestinal macrophages and fetal distal lung macro-
phages, where the two served as the in vivo counterpart of sim-
ilarity and dissimilarity.”®*° In detail, macrophages were subset
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®®™ datasets. Macrophage clusters

6 Cell Reports 43, 113616, January 23, 2024

from the unsupervised clustering of each dataset were further
selected for CSF1R- and CD174-expressing cells (Figure 4A;
see STAR Methods).

Unsupervised clustering of the datasets showed that earlier-
stage (day 80) fetal macrophages were still similar to each other,
although early-stage (day 47) organoid macrophages were less
similar to the fetal macrophages. Later-stage (day 127) fetal
macrophages diverged away from each other, and later-stage
(day 121) organoid macrophages diverged closer to the later-
stage intestinal macrophages (Figure 4B). Additionally, principal
component analysis showed that later-stage organoid macro-
phages diverged away from earlier-stage macrophages in
similar dimension as later-stage fetal intestinal macrophages
(Figure 4B). To quantify this observation at large, we calculated
the correlation of coefficient between the different macro-
phages. The correlation was higher between intestinal and orga-
noid macrophages compared to lung and organoid macro-
phages (Figure 4C).
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To see which specific changes each macrophage undergoes,
we analyzed differentially expressed genes between the later
and earlier time points of each macrophage. Each fetal macro-
phage showed distinct gene upregulation. Intestinal macro-
phages increased antigen-presentation-related gene expression
(HSPs, HLAs, TMEM176A, TMEM176B), whereas distal lung
macrophages upregulated genes that were previously known
to regulate lung morphogenesis (SCGB3A2, ADH1B, RARRES?2)
and extracellular matrix protein enriched in the lung (FBLN7)°°~°°
(Figure 4E).

Differentially regulated profiles were then compared to that of
organoid macrophages. A heatmap of the top ten differentially
expressed genes from intestinal and distal lung macrophages
demonstrated that organoid macrophages shared upregulated
genes with intestinal but not with distal lung macrophages (Fig-
ure 4F). Specifically, 33 out of 77 upregulated genes were shared
between intestinal and organoid macrophages, with significant
enrichment of “Antigen processing and presentation” in intesti-
nal and organoid macrophages (Figures 4G, 4H, and S4A).
Genes only upregulated in intestinal macrophages included
additional HLA genes (Figures S4A and S4B). Gene set enrich-
ment analysis (GSEA) also showed enrichment in antigen-pre-
sentation terminologies (Figure S4C). Comparisons of additional
fetal intestinal datasets with varying developmental intervals
showed similar signature where antigen-presentation genes
are upregulated (Figure S4D). Downregulation profiles between
intestinal and distal lung macrophages were less discernible
(Figures 4F and 4G). In conclusion, we find that macrophages
in the organoid undergo tissue specification similar to that of
the fetal intestine at a transcriptional level.

Macrophages regulate intestinal organoid growth

Intriguingly, HIO/ENS engrafted for 10 weeks in the NSG mice
were smaller when iPSC-derived macrophages were incorpo-
rated (Figures 5A-5C). Organoids used for the co-culture with
macrophages were randomized during their derivation and their
size shortly after the macrophage co-culture was still compara-
ble (Figure 5G). Histology did not show differences in tissue
morphology between the two conditions in 10-week grafted or-
ganoids. We argued that if the macrophages induced a chronic
pro-inflammatory effect, they can cause abnormal fibrosis due
to prolonged inflammatory state and in turn stunt growth; howev-
er, we did not observe any signs of abnormal fibrosis or tissue ar-
chitecture on histology (Figures 5A and 5B). Additional organoids
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with macrophages that were grafted for 8 weeks and 12 weeks
were also smaller compared to organoids without macrophages
(Figures 5C and 5E). Exponential fit of the organoid size as func-
tion of time indicated that the rate of growth was reduced when
incorporated with macrophages (Figure 5D).

Macrophages are professional phagocytes; thus, we next
tested whether the reduction in size of grafted organoids by
the macrophages is due to the removal of apoptotic cells. Levels
of immunofluorescence signal for apoptotic cells, however, were
comparable between the grafted organoids with or without mac-
rophages (Figure 5F). Thus, the size difference is not due to the
removal or accumulation of apoptotic cells.

In the report that described the HIO/ENS derivation, bulk RNA-
seq showed that organoids combined with ENS had higher
epidermal growth factor expression, although size difference
was not noted.*® Additionally, macrophages in the brain (micro-
glia) were shown to phagocytose neuronal processes and were
required for proper brain development and morphology.'”'®
Thus, intestinal macrophages may suppress overt expansion
of enteric neurons and in turn inhibit tissue overgrowth. We hy-
pothesized that the reduced growth of organoids by macro-
phages is dependent on the presence of ENS. Comparison be-
tween grafted HIO and HIO/ENS showed that ENS did have a
positive growth effect; however, reduced organoid growth by
macrophages was independent of ENS (Figures 5G and 5H).
We conclude that ENS and macrophages regulate organoid
growth in a positive and negative manner, respectively, and
that neither of the effects is necessarily dependent on one
another.

Macrophages attenuate mesenchymal cell glycolysis in
developing intestinal organoids

To further investigate the roles of macrophages in early intestinal
development, we performed scRNA-seq on organoids with or
without macrophages (two HIO/ENS pairs and one HIO pair)
and looked at the transcriptomic differences between each cell
type (Figure 6A). Differentially expressed genes common in all
three sample pairs were found in the mesenchyme and the
epithelium (Figure 6B). The most discernible gene ontology
annotation among these results was the downregulation of key
glycolytic enzymes (ENO1, LDHA, PFKP, PGK1, and TPI1) in
mesenchyme, suggesting a decrease in their glycolysis when
macrophages are present (Figures 6C and 6E). GSEA also
showed similar results (Figures S5B and S5C). Macrophages

Figure 4. Intestinal organoid macrophages acquire transcriptomic profile like that of fetal intestinal macrophages
(A) Overview of post hoc selection process for macrophages from organoid and fetal tissue sScRNA-seq datasets. In vitro HIO/ENS/Mac (C1/C2/C5). Grafted HIO/

ENS/Mac (C1/C1/CA4).

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

(C) Representative scatterplots of average gene expression between fetal and organoid macrophages. Pearson’s correlation of coefficient (r) of the average gene
expression comparisons. Data are mean and SD. p = 0.0082. Student’s t test was 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),
log, fold change >1, adjusted p value <0.001, Wilcoxon rank-sum test. Mac, macrophage, Int, intestine; DL, distal lung.

(E) Heatmap of top ten upregulated and downregulated genes of the late vs. early fetal proximal intestine, and distal lung 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 and downregulated genes from (D).

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

(H) Gene ontology annotation of intestinal and organoid macrophages generated with all the upregulated genes for each dataset.
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Figure 5. Macrophages reduce the growth of intestinal organoid without affecting tissue architecture

(A and B) Representative bright-field 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 indicate
lumen. Scale bars, 2 mm (BF), 0.4 mm (HES), and 50 um (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 (C1/C2), n = 4; HIO/ENS/Mac (C1/C2/C5), n = 4; p = 0.0633. Week 10: HIO/ENS (C1/C2), n = 3; HIO/ENS/Mac (C1/C2/C5), n = 7; p = 0.0034. Week 12: HIO/
ENS (C1/C2), n = 4; HIO/ENS/Mac (C1/C2/C3), n = 6; p = 0.0010. Welch’s t test.

(legend continued on next page)
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were previously shown to regulate glucose uptake and meta-
bolic response to cold in adipocytes.?®?! They were also shown
to upregulate glycolysis in cancer cells and promote tumor
growth.'® Mapping protein-protein association of the downregu-
lated mesenchymal genes revealed a network of the aforemen-
tioned glycolytic genes as expected, but also their associations
with MIF (Figure 6D). MIF was previously shown to promote
glucose uptake and glycolysis of muscle and cancer cells, and
was shown to be expressed in intestinal epithelium.**=°% MIF
was also downregulated in the organoid epithelium (Figure 6E).
In conclusion, organoid 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 mesen-
chymal cells as indicated by the scRNA-seq result. Mesen-
chymal cells were dissected and isolated into single-cell suspen-
sion from either HIO or HIO/Mac. Macrophages were removed
from the cell suspension with anti-CD14 antibody-mediated
magnetic separation (Figure S5A; see STAR Methods). The
extracellular acidification rate (ECAR) of the mesenchymal cells
was measured to gauge their glycolytic activity (Figure 6F).
Non-glycolytic acidification in the glucose-depleted state
showed comparable ECAR between the two conditions. Intro-
duction of glucose induced an increase in ECAR in both condi-
tions as expected; however, mesenchymal cells from HIO/Mac
showed a smaller increase, indicating a lower level of glycolysis.
Subsequent inhibition of mitochondrial respiration with oligomy-
cin, necessitating the cells to use glycolysis-driven ATP genera-
tion, showed that the glycolytic capacity was also lower in
mesenchymal cells from HIO/Mac. Lastly, inhibition of glucose
uptake by 2-deoxy-D-glucose decreased the ECAR again to a
comparable level (Figure 6G). Thus, the metabolic-flux assay
supports our transcriptomic result that macrophages reduce
the glycolysis of mesenchymal cells.

Oncostatin M reduces key glycolytic gene expression in
mesenchymal cells

We next looked at which signaling pathway may be involved in
the glycolytic regulation by macrophages. Upon inquiring the
ligand-receptor repository, we found an oncostatin M (OSM)-
leukemia inhibitory factor receptor (LIFR) pathway between
macrophages and mesenchyme in the organoid. OSM and two
of its receptors, LIFR and OSMR, were also expressed (Fig-
ure 7A).°° OSMR was also expressed in organoid mesenchymal
cells. Additionally, a small population of fetal intestinal macro-
phages also expressed OSM and the two receptors in the
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respective cell types (Figure S6). Previous reports show that dys-
regulation of the OSM pathway causes disruption of glucose ho-
meostasis.®*°® Thus, we hypothesized that OSMs produced by
organoid macrophages are involved in the downregulation of
glycolysis in the mesenchymal cells. Mesenchymal cells were
isolated from HIO and treated with OSM (Figure 7B). In response
to the OSM treatment, mesenchymal cells showed downregula-
tion of three out of five glycolytic genes (ENO1, PFKP, and PGK1)
identified in the scRNA-seq experiment (Figures 7C and 6A-6E).
In conclusion, the results suggest that OSM from macrophages
is a part of the signaling involved in negatively regulating glyco-
lytic gene expression in mesenchymal cells in the developing or-
ganoid (Figure 7D).

DISCUSSION

Here, we studied the effect of macrophages on human intestinal
development by engineering and utilizing a PSC-derived intesti-
nal tissue model with macrophages. We describe an efficient
and reproducible means of deriving HIO with macrophages
(HIO/Mac) in which the macrophages localized to known micro-
anatomical intestinal niches and acquired a transcriptional pro-
file similar to that of fetal intestinal macrophages. Our approach
improves the complexity of HIOs and improves on a previously
published approach by providing tissue architecture with physi-
ologically relevant macrophage distribution, higher reproduc-
ibility, and developmental relevance.®® Functionally, macro-
phages in our HIO/Mac model phagocytosed lumenal antigens
and migrated to wounds upon injury. Most importantly, we
demonstrate that macrophages regulate the metabolism and or-
gan growth of the developing intestinal organoid.

We identified mesenchymal cells to be the major producer of
CSF1 in the early developing intestine and organoid. A previous
study in E17.5 mice has identified endothelial and interstitial cells
of Cajal (ICCs) to have significant Csf1 expression.'® Our single-
cell analyses on human fetal intestine (days 47, 85, and 127) and
organoid (day 37) also observed expression of CSF1 in both
endothelial and ICCs; however, the relative expression level, per-
centage of expressing cells, and percentage of expressing cells
within the intestine was not comparable to those of mesen-
chymal cells. Thus, we conclude that mesenchymal cells are
quantitatively the major source of CSF1 during early human in-
testinal development.

Macrophages are required for proper regeneration in the
adult.*®%° Scarless wound healing in the fetus can be an
intriguing avenue for the study of mammalian wound healing.

(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 mi-
croscopy 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 2 weeks after the combination procedure and the size of the same organoids after a 10-week engraftment. HIO (C1),
n = 4; HIO/Mac (C1/C3), 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; HIO vs. HIO/ENS, p =
0.0148; HIO vs. HIO/Mac, p = 0.0038; HIO vs. HIO/ENS/Mac, p = 0.9930; HIO/ENS vs. HIO/Mac, p < 0.0001; HIO/ENS vs. HIO/ENS/Mac, p = 0.0045; HIO/Mac vs.
HIO/ENS/Mac, p = 0.002; post hoc Tukey.

Each data point represents an organoid. Results from three experiments. Batch 1: week 8 and week 10 (C). Batch 2: week 12 (C, E). Batch 3: week 10 (G). Data in
all graphs are mean and SD.
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Figure 6. Macrophages attenuate mesenchymal cell glycolysis in developing intestinal organoids

(A) Representative UMAP plots from scRNA-seq datasets of in vitro organoids without or with macrophages (Mac). Merged dataset of HIO/ENSs and HIO/ENS/Macs.
(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 among the three were found in mesenchyme and epithelium. HYHM (HIO [C1] vs. HIO/Mac [C1/
C4]); HEVHEM (HIO/ENS [C1/C1] vs. HIO/ENS/Mac [C1/C1/CA4]). Each sample is a pool of 4-5 dissociated organoids. Threshold of discovery: adjusted p value

<0.001, log, fold change >0.09, Wilcoxon rank-sum test.

(C) Gene ontology analysis of 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) Volcano 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, log, fold change >0.09 and < —0.09, Wilcoxon rank-sum test.

(F) Schematic of mesenchymal cell isolation from in vitro organoids (HIO [C1] and HIO/Mac [C1/C5]) for the glycolytic stress test.

(G) Extracellular 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 calcu-
lation. Result of one experiment. Data are mean and SD. Glycolytic stress test: p < 0.0001, two-way ANOVA; p = 0.0311, p = 0.0289, post hoc with Sidek-Bonferroni.
Each data point represents a technical replicate well. Glycolysis: p = 0.0360; glycolytic capacity: p = 0.0199; non-glycolytic acidification: p = 0.8452; Student’s t test.

Further adaptation of the method described here should be use-
ful for exploring the mechanisms and limitations of wound heal-
ing and how macrophages react in fetal injury or infection.

A fetal cell atlas project previously noted that antigen-present-
ing macrophages were found mostly in the gastrointestinal tract.®

We found that intestinal macrophages acquire this antigen-pre-
senting profile over time, indicating that this functional character-
istic is induced by intestinal environment rather than derived from
the ontological origin of the embryonic macrophages. Further-
more, acquisition of the antigen-presenting profile of organoid
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Figure 7. Oncostatin M reduces glycolytic gene expression in mesenchymal cells

(A) Expression of oncostatin M (OSM) and leukemia inhibitory factor receptor (LIFR) in the in vitro organoid (HIO/ENS/Mac [C1/C2/C5]) scRNA-seq dataset.
(B) Schematic of mesenchymal cell isolation from in vitro organoids (C1 and C2) and treatment with either vehicle (0.1% BSA in PBS) or OSM (500 ng/mL).
(C) Glycolytic gene expressions in OSM-treated mesenchymal cells by gPCR. Normalized to HPRT1 expression. Result of two independent experiments. Data
are mean and SD. ENO1: p = 0.0325, p = 0.0282; LDHA: p = 0.0392, p = 0.4785; PFKP: p <0.0001, p < 0.0001; PGK1: p = 0.0008, p = 0.0199; TPI1: p=0.3304, p =

0.1980.

(D) Schematic summary of macrophage’s effect on the organoid’s glycolysis. Mac, macrophage; Mes, mesenchyme.

macrophages suggests that HIO/Mac replicate this intestinal envi-
ronment 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 pro-
file in organoid macrophages, also observed in fetal intestine,
occurred in the absence of microbiota. This suggests that intesti-
nal tissue itself can induce the antigen-presentation profile of
macrophages in the prenatal stage.

Our scRNA-seq analysis showed downregulation of glycolytic
gene expression in the mesenchymal cells from organoids with
macrophages. A subsequent ECAR experiment showed
reduced glycolysis in these mesenchymal cells. We also found
that OSM, expressed by macrophages, downregulated three
of the five glycolytic genes from the scRNA-seq analysis. Our re-
sults suggest that macrophages can regulate the glucose meta-
bolism of mesenchymal cells during intestinal development, in
part involving OSM as the regulatory signal. Previous reports
doindicate that they are required for proper regulation of glucose
metabolism in adult mouse adipocytes, where catecholamines
mediated the lipolytic activity of the brown adipocytes.??’
OSM is also implicated in glucose homeostasis in adult mice,
although the mechanism has not reached consensus.®®%° We
suspect that metabolic regulatory functions of macrophages
are already present at an early developmental stage. Metabolic
dysregulations, such as hyperglycemia, negatively affect embry-
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onic development.®”~"° Thus, it is conceivable that mechanisms
exist in early development to provide finer control over the em-
bryo’s local metabolism. Further investigation is required,
including which environmental cues (e.g., glucose level) and
which other regulatory signals (e.g., OSM, MIF) are present.
Unexpectedly, we find that later-stage grafted organoids with
macrophages are smaller in size, suggesting that macrophages
have an inhibitory role in the growth of a developing intestine.
Neither fibrosis nor buildup of apoptotic cells seem to be the
cause of the size difference. Our scRNA-seq and follow-up exper-
iments show a decrease of glycolysis in mesenchymal cells of
early-stage in vitro organoids with macrophages. We also find
that OSM by macrophages are involved in the glycolytic downre-
gulation of mesenchymal cells. LIFR, an OSM receptor, was pre-
viously shown to activate the Hippo pathway that negatively reg-
ulates organ growth.”' We did not find evidence to suggest that
glycolytic metabolism causes an organ growth effect or vice
versa; however, they may share the Hippo-related pathway as a
common upstream regulator. Further investigation is required.
The number of MKI67 (a marker of the cell cycle)-positive cells
in the epithelial crypt region was increased in the organoids com-
bined with macrophages, seemingly contrary to the result of
decreased overall size of the organoids. Furthermore, our quan-
tification of the epithelial length showed no significant difference
between two conditions, indicating that a higher proportion of
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epithelial crypt was engaged in a cell-cycle state without contrib-
uting significantly to the overall epithelial growth. MKI67 is a
graded-non-binary marker of proliferation, and intestinal stem
cells seem to engage in a prolonged G; cell-cycle state.””"®
Thus, it is conceivable that more crypt cells are engaged in the
cell cycle but that the number of cells committing to a prolifera-
tion remains unchanged. Furthermore, previous studies show
that macrophage ablation in adult mice results in a decreased
proportion of MKI67-positive crypt cells. In these ablations, how-
ever, they show a small decrease in the small intestine but also a
significant increase in the villi/crypt length of the large intestine.
These reports indicate that changes in MKI67-positive crypt cells
do not necessarily correlate with epithelial length in this biolog-
ical context.>’* On a related note, potential differences between
prenatal and postnatal intestinal stem cell niche behavior should
also be considered in future investigations.’®

Modularity of the HIO/Mac, as demonstrated here by vagal neu-
ral crest cell or macrophage exclusion experiments, is particularly
useful when cellular composition is an experimental variable.
Similar cell-exclusion experiments should be useful to examine
specific effects of embryonic macrophages in tissue development,
such as their role on vascular and lymphatic development.® '

In conclusion, we engineered early intestinal tissue with mac-
rophages from human PSCs in order to model the effect the
macrophages on intestinal development. Our results provide
an 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 further facil-
itate the study of macrophage specifications and functions in
development.

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
whether functional differences are present among embryonic
macrophages dependent on the ontogeny of tissue macro-
phages, such as yolk sac vs. fetal liver vs. aorta-gonad meso-
nephros. Depletion and repopulation experiments in mouse
lung suggest that functionality between the ontogenies is com-
parable.76 However, if otherwise in the intestine, alternative
macrophage derivation methods other than described here
would have to be utilized to recapitulate the ontological differ-
ences. Additionally, there are mechanisms between macro-
phages and organoids that we could not identify here, namely,
how macrophages regulate organoid size and whether glycolytic
regulation by macrophages is associated with organoid growth.
Sex-dependent effects were not explored in this study.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CDHA1 R&D systems AF648

AlF1 FujiFiimWako 019-19741
CD14 Biolegend 325602
GFP_rabbit Invitrogen G10362
GFP_goat Abcam ab6673
CDX2 Abcam ab157524
MKI67 Thermofisher 14-5698-82
Cleaved Caspase 3 (CC3) New England Biolabs 9664S
ELAVL4 Thermofisher A21271
TUBB3 Abcam ab18207
PHOX2B R&D sysytems AF4940
S100B Biolegend 676603
SMTN Abcam ab204603
SOX17 R&D sysytems AF1924
FOXA2 Abcam ab108396
NES Biolegend 656801
ViM Biolegend 677802
CD34 BioLegend 343506
CD45 BioLegend 368512
CD14 BD Horizon 565283
CD206 BiolLegend 321108
CD163 BD Horizon 563888
CD16 BioLegend 302046
CD11b BioLegend 301348
HLADR BD Pharmingen 555812
Alexa Fluor 555 anti-rabbit Thermofisher A31572
Alexa Fluor 488 anti-rabbit Thermofisher A21206
Alexa Fluor 647 anti-mouse Thermofisher A31571
Alexa Fluor 488 anti-goat Thermofisher A11078
Dylight 550 anti-rat Thermofisher SA5-10027
Biological samples

Day119 fetal proximal intestine This paper N/A
Chemicals, peptides, and recombinant proteins

ActivinA Thermofisher 338ac010
FGF4 Thermofisher 235F4025CF
CHIR99021 Selleckchem S1263 2mg
EGF Peprotech AF-100-15
Noggin Thermofisher 6057NG025CF
Insulin Sigma Aldrich 12643-25MG
basic-FGF (FGF2) Peprotech 100-18B
Retinoic acid Sigma Aldrich R2625
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REAGENT or RESOURCE SOURCE IDENTIFIER

SCF Miltenyi 130-094-303

VEGF Peprotech 100-20

BMP4 Thermofisher PHC9534

IL3 Thermofisher PHCO0031

MCSF Thermofisher PHC9501

Critical commercial assays

Chromium Next GEM Single Cell 3’ 10X Genomics PN-1000268

Kit v3.1, 16 rxns

Glycolytic stress test kit Agilent technologies 103020-100

CD14 Microbeads Miltenyi Biotec 130-050-201

FastStart Universal SYBR Green Master Roche 4913914001

pHrodo Red E. coli BioParticles Thermofisher P35361

Deposited data

Single-cell RNAseq datasets SRA PRJNA890190
Experimental models: Cell lines

SEC61BGFP Allen Institute for Cell Science AICS-0010

SJi3252C2 This paper N/A

SJ3013C2 This paper N/A

EU03.C2 This paper N/A

EU148.C5 This paper N/A

Experimental models: Organisms/strains

NOD.Cg-Prkdcs°® li2rg"™"™/SzJ (NSG) Jackson Laboratories 005557

mus musculus

Oligonucleotides

See Data Table S1 This paper N/A

Software and algorithms

R studio R studio https://www.rstudio.com/
Seurat Hao et al., 202177 https://satijalab.org/seurat/articles/install
CellphoneDB Efremova et al., 2020°° https://github.com/ventolab/CellphoneDB
Imaged (Fiji) Schindelin et al., 2012"® https://ImagedJ.net/software/fiji/

Graphpad Prism 7

AcgKnowledge 4.2 (isometric force)
CellProfiler

Dotmatics

BIOPAC
Stirling et al., 20217°

https://www.graphpad.com/scientific-
software/prism/

Contact manufacturer
https://cellprofiler.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gregor
Andelfinger (gregor.andelfinger.med@ssss.gouv.qc.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Single-cell RNA-seq data have been deposited at SRA and are publicly available as of the date of publication. Accession num-

ber NCBI: PRUNA890190.

® This paper does not report original code. Refer to STAR Methods details for single-cell RNA-seq analyses pipeline.
® Any additional information in this paper, including the microscopy data, required to reanalyze the data reported here is available

from the lead contact upon request.
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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 (CER#2287). The hiPSCs and their derivations were routinely tested for mycoplasma (LT07-118, Lonza) and
tested negative. Informed consent was obtained from all donors from whom the hiPSCs were derived. Five hiPSC lines were used in
this study. SJi3252C2 and SJ3013C2 were derived from human fibroblasts of 40-year-old European males. EU03.C2 and EU148.C5
were derived from human peripheral blood mononuclear cell (PBMC) of 30-year-old European males. AICS-0010 (hiPSC®® here)
was acquired from Allen Institute for Cell Science and derived from human fibroblast of 30-year-old Asian male.

Human fetal (day 119) tissue of a European male was obtained after written informed consent and was approved by the ethical
committee of CHU Sainte-Justine, Montreal QC, Canada (CER#2126).

Mice

The animal procedures were approved by the animal committee of CHU Sainte-Justine, Montreal QC, Canada (CIBPAR#2021-3202,
2022-3784). Maintenance and care were carried out in accordance with local guidelines. For grafting experiments, 6- to 8-week-old
male immunodeficient non-obese diabetic/Prkdc P /li2rg™" (NSG) mice were used. For histological analysis, C57BL/6J mice at the
corresponding developmental stage were used and the sex were not determined.

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 hiPSC®®F line (SEC61BGFP/AICS-0010) was
acquired from Allen Institute for Cell Science.?' The abbreviations used for the above iPSC lines in this report are as follows: C1
(8Ji3252C2), C2 (SJ3013C2), C3 (EU03.C2), C4 (AICS-0010), and C5 (EU148.C5). The hiPSCs were cultured in hypoxic condition
(5%CO0,, 5%0,, 37°C incubator) until passage 15-20, otherwise all cells and derivatives were cultured in normoxic condition (5%
CO,, 37°C incubator). They were cultured with mTeSR1 (85850, StemCell Technologies) with 1X penicillin-streptomycin (450-201-
EL, 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 NutriFreezD10 (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.?**%#2 Briefly, 85% confluent hiPSCs in a 6 well plate were passaged with EDTA and seeded 1/14-1/16 of a cell sus-
pension 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 non essential amino acid (11140050, Gibco) with 100 ng/ml Activin A (338AC010, R&D systems). On the sec-
ond day, the cells were fed EDM-base supplemented with 100 ng/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 (Figure 7A). The fourth day, the confluent monolayer of cells were fed with mid-hindgut dif-
ferentiation media (MHDM): EDM-base, 2% FBS, 500 ng/ml FGF4 (235F4025CF, R&D systems), 3uM CHIR99021 (S1263, Selleck-
chem). The cells were fed MHDM daily for a total of 4 days. At the end of mid-hindgut differentiation, the free-floating spheroids were
collected and suspended in Matrigel (354234, Corning) supplemented with 1X B27 supplement (17504044, Gibco) and 100 ng/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 100 ng/ml EGF and 100 ng/ml Noggin (6057NG025CF, R&D systems) for four days changing the medium every
48 h. They were then fed IBM supplemented with 100 ng/ml EGF (IBMe) every 48 h. 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 (Figure 7A).

Vagal neural crest derivation
Vagal neural crest cells (VNCC) were derived from the hiPSC-line SJ3013C2 as previously described with minor modifications.
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

30,83
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5 days. On the first day of differentiation, the colonies were lifted with 500U/ml collagenase IV (17104019, Gibco) in mTeSR1 for up to
Thour in the incubator or until the colonies detached completely with gentle taps to the plate. The colonies were washed 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, 5ug/ml insulin (12643, Sigma), 20 ng/ml basic-FGF (100-18B,
PeproTech), 20 ng/ml EGF, and 1X pen-strep with 5uM of Rock inhibitor Y27632 (51049, 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/ml fibronectin in PBS without calcium or magnesium at 37°C
overnight. Afterward, the NIM was changed daily until neural crest cells migrated and spread out onto the plate (6-10days). Neuro-
spheres were mechanically removed and the migrated neural crest cells were lifted as single cells with a 5 min incubation at 37°C with
1XTrypLE (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 (Figures 7B and 7C).

Macrophage derivation

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), 20 ng/ml of SCF (130-093-991, Miltenyi Biotec) and 10uM Y-27632 (72304, Stem Cell Technologies)
and cultured in a 37°C, 5%CO, incubator. 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 con-
sisting of X-VIVO15 (BE04-418F, Lonza) supplemented with 100 ng/mL of MCSF (216-GMP-500, R&D), 25 ng/mL of IL-3 (PHC0031,
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 (CD34m9 " '°% CD14Ms" CD45"9") through flow
cytometry (Figure 7D). The precursors were harvested every two weeks for experimentation. Harvested precursors were cultured
in RPMI media (SH3009601, Hyclone) supplemented with 100 ng/ml of MCSF, 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 markers (CD14"9", CD206M9" CD163"9", CD16"9" CD11b"9", HLADR"®9) (Figures 7E and 7F). Addi-
tionally, dendritic cell marker FLT3 expression in the macrophages were low to none (Figures S2A and S2B).

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 100 ng/ml EGF. In a 5mL tube, 50K VNCC and/or 100K mac-
rophages were added to maximum x15 HIOs. Optimal number of VNCC and macrophages may vary depending on the cell line. The
mix was briefly titurated using a 1000ul pipette-tip, kept at —20°C, where 1mm of the end of the tip was cut. The mix was then centri-
fuged 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 20 ng/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.

Human dendritic cell
Human dendritic cells used as positive control for FLT3 gPCR were derived from purified cord blood CD34* progenitors as previously
described.®

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 min each. Cells were then
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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 1hour at room tem-
perature 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 a 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 or-
ganoids (cut in half), E12.5, and E15.5 mouse embryos (heads removed) were fixed for 12-16 h at 4°C. The samples were washed with
PBS on ice for 1Thour three times with rocking and incubated in 30% sucrose in PBS at 4°C until it sank. It was then incubated with
optimal cutting 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 min two times and incubated in 0.5% Triton X-100 in PBS for 20 min. They were then incubated in the blocking buffer (10% Donkey
serum and 0.3% Triton X-100 in PBS) for 30 min and incubated with primary antibody overnight at 4°C in a humid chamber. The next
day, the slides were washed three times for 5 min each in PBS and incubated with the secondary antibody buffer for Thour at room
temperature. The slides were washed four times for 5 min each in PBS. The sections were counterstained with DAPI (D-21490, In-
vitrogen) for 10 min 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, Invitro-
gen) 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 manu-
facturer instruction. The primer sequences were designed using NCBI Primer-BLAST. Refer to Table S1 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 cap-
sules of immunodeficient mice as previously described, but without the collagen encapsulation of the organoid prior to grafting.®' 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-
200yl of fluid was removed from the lumen of the organoid and an equal volume of 4 mg/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 pro-
cedure for grafting the organoids. The organoids were collected 24 h later, sectioned in half with a surgical scalpel, and fixed in 4%
PFA for 3 h. 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 hiPSC®C"P-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 needle attached to a 1mL syringe was
used to puncture the organoid at the center. The plunger was drawn slowly as pulling back 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% CO, at 37°C (INU GSI2, Tokaihit). From the maximal projection image, cells were tracked with ImagedJ 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 chemo-
tactic precision index (CPI) were calculated as previously described.®®

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
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was then hooked at the opposite end with silk strings and transferred to organ bath chambers with 37°C Krebs buffer fed with 95% O,
and 5%CO0,. The samples were then connected to the isometric force transducer and equilibrated at 1g of tension for an hour before
the acquisition (Biopac MP150; Acgknowledge, 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 av-
erages of measure from trough to peak and peak to trough, respectively. Frequency of contraction is the number of peaks.

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 titurated every 10 min to facilitate the dissociation. Cells were then passed through a 70um filter and
10-fold diluted in cold 1%FBS in PBS. The cells were then centrifuged 500G 5 min 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* mac-
rophages 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-9720.7%“° 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.””®” 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 visuali-
zation. Gene ontology analyses were performed with Metascape and protein association analyses with STRING.?®° Gene set
enrichment analysis was performed with GSEA software.°

Glycolytic stress test

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 suspen-
sion, 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 5 min 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
(854277, Corning) as per manufacturer instructions. The plate was then centrifuged 300G for 1min. The mesenchymal cells were incu-
bated at 5%CO,, 37°C incubator for 1 h 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-CO, incubator for 1 h 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).

OSM treatment

Mesenchyme of HIOs were dissected and dissociated into single cells with the same method as described in ‘Single cell RNA
sequencing and analysis’. Up to 80K cells were seeded on to Matrigel coated 6 well plate. See ‘Pluripotent stem cell culture’ for Ma-
trigel coating. The cells were fed 2mL of fresh IBMe every 2 days until 50% confluency. The cell culture media was changed then
changed to IBMe containing 500 ng/ml OSM or vehicle (0.1%BSA in PBS). The media was refreshed with the corresponding condi-
tion after 24 h. After 48 h total in experimental conditions, the cells were lysed directly from the plates using the lysis buffer of the RNA
extraction kit (74104, 79254, Qiagen; Z6111, Promega) and proceeded to ‘Quantitative PCR’ procedure as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of biologically independent samples (e.g., organoids) or animals is indicated 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 log2fold change >1, adjusted p value <0.001 where Wilcoxon rank-sum test was used.
For comparison of organoid size between two conditions, 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 organo-
ids, the area of cleaved caspase 3 divided by the area of nuclei (DAPI) in confocal microscopy images of immunofluorescence using
imageJ and CellProfiler’®’®. Welch’s t test was used for statistical testing. For combined size comparison of all 10 week grafted or-
ganoids, one way ANOVA was used and posthoc Tukey. For quantification of epithelial length, epithelial length was measured from
the tip of the epithelium (in lumen) to the closest tip of the crypt. Epithelial length was divided by the thickness of the tissue to calculate
the ratio. The measurement was repeated three locales per sample to attain the mean. Student’s t-test was performed for statistics.
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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 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 figure legends.
Statistical analyses were performed using GraphPad Prism v.7.04 and R statistical software.
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