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SUMMARY

Most organs have tissue-resident immune cells. Human organoids lack these immune cells, which
limits their utility in modeling many normal and disease processes. Here, we describe that
pluripotent stem cell-derived human colonic organoids (HCOs) co-develop a diverse population of
immune cells, including hemogenic endothelium (HE)-like cells and erythromyeloid progenitors
that undergo stereotypical steps in differentiation, resulting in the generation of functional
macrophages. HCO macrophages acquired a transcriptional signature resembling human fetal
small and large intestine tissue-resident macrophages. HCO macrophages modulate cytokine
secretion in response to pro- and anti-inflammatory signals and were able to phagocytose and
mount a robust response to pathogenic bacteria. When transplanted into mice, HCO macrophages
were maintained within the colonic organoid tissue, established a close association with the
colonic epithelium, and were not displaced by the host bone-marrow-derived macrophages.
These studies suggest that HE in HCOs gives rise to multipotent hematopoietic progenitors and
functional tissue-resident macrophages.

Graphical abstract
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Munera, Kechele, and colleagues report the generation of pluripotent stem cell (PSC)-

derived human colonic organoids (HCOs) with co-developing macrophages resembling resident
macrophages in the human fetal colon. BMP signaling induces hemogenic-endothelium-like cells
that give rise to erythromyeloid progenitors that differentiate into functional macrophages that
persist after the transplantation of HCOs.

INTRODUCTION

Diverse populations of immune cells, both myeloid and lymphoid, populate the adult
gastrointestinal (GI) tract. Most intestinal diseases, particularly inflammatory bowel diseases
(IBDs), involve the immune system. Historically, it was thought that most immune cells

of the gut, including resident macrophages, arise from bone-marrow-derived hematopoietic
stem cells (HSCs).1 However, animal studies support the conclusion that many organs
contain a population of tissue-resident macrophages that arise independently of HSCs during
embryonic development.2-> Seminal work using lineage tracing in mice demonstrated that
tissue-resident macrophages of many organs are derived from fetal pre-macrophages.®

The murine small intestine and colon contain stable, self-maintaining populations of
macrophages derived from both embryonic progenitors and adult HSCs.”~10 The embryonic
development of tissue-resident macrophages within the human fetal colon has not been
described.
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During murine embryonic development, hematopoietic cells are generated in three
waves.1112 |n the first wave, primitive hematopoietic cells arise during gastrulation

within the yolk sac; co-express endothelial, erythroid (ErP), and macrophage markers;

and are short lived, except for microgia.1® The second, pro-definitive wave gives rise to
hematopoietic progenitor cells (HPCs) originating from hemogenic endothelium (HE) in
several extraembryonic and intraembryonic sites, including the yolk sac, placenta, umbilical
cord, and para-aortic splanchnopleure.14-17 Adjacent to the developing colon, the aorta-
gonad-mesonephros (AGM) region of the embryo proper is one of the predominant sites for
the formation of HPCs, which arise from the endothelial-to-hematopoietic transition (EHT)
of RUNX1+ ventral HE cells.1® Although initially these HPCs were thought to have only
erythromyeloid differentiation potential, studies have now suggested that they are capable
of lymphoid differentiation.16.19.20 |t js thought that HPCs from the yolk sac and possibly
the AGM can beget self-renewing resident macrophages in tissues such as those in the lungs
and liver.2 Through human fetal single-cell RNA sequencing (scRNA-seq) analysis, it is now
hypothesized that a subset of HPCs acts as nascent or pre-HSCs, which can migrate into

the fetal liver and mature into HSCs prior to populating the bone marrow.16:17 These third,
definitive wave HSCs populate the bone marrow and become long-lived HSCs.21-24

Despite separate progress in the derivation of immune cell types?>-32 and organoids33-41
from human pluripotent stem cells (hPSCs), the development of human GI organoids
containing co-developing tissue-resident immune cells has remained elusive. Here, we
report the differentiation of hPSCs into human colonic organoids (HCOs) containing
HE-like cells and an array of hematopoietic cell types. Transcriptional comparison with
developing hematopoietic cells from human embryos suggests that HCOs contain an HPC-
like population giving rise to a robust population of myeloid cell types that primarily
differentiate through granulocyte-monocyte progenitors (GMPs) and myeloblast and
monocyte intermediates toward the macrophage lineage. These HCO-derived macrophages
acquire a fetal, posterior-Gl-enriched transcriptional signature comparable to human fetal
colon tissue-resident macrophages. HCO macrophages are functional and can mount a
robust response to inflammatory cues such as pathogenic £. coli. Finally, these hPSC-
derived macrophages co-develop with HCOs over several months /n vivo and are not
displaced by bone-marrow-derived macrophages from the host; rather, both sources
contribute to the colonic organoid. These data describe an approach to generate human
organoid tissues with co-developing resident immune cells that could be used to model
inflammatory diseases and the developmental roles of tissue-resident immune populations.

HCO mesenchyme contains HE-like cells

We previously developed methods to generate human intestinal organoids3” (HIOs) and
HCOs38 through the directed differentiation of hPSCs. The transient activation (HCO)

or inhibition (HIO) of BMP signaling was sufficient to stably pattern mid/hindgut (HG)
cultures into the resulting organoids3® (Figure S1A). HCOs contained colonic epithelium
and surrounding mesenchymal derivatives, including fibroblasts, myofibroblasts, and smooth
muscle cells. However, we found that combining BMP activation with the subsequent
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growth of nascent HCO spheroids at high density resulted in the emergence of an immune-
related transcriptional signature by day 21 (Figures S1B and S1C). Since the main source
of hematopoietic cells during development is HE, we investigated whether HCOs contained
HE-like cells. Given that BMP signaling is required for the development of this posterior
and ventral region of the embryo,36:42-44 we postulated that BMP manipulation generated a
ventral caudal, AGM-like mesoderm. In fact, BMP-treated spheroids expressed a posterior
HOX code (Figure S1D). Similar to what has been described in HIOs,*> HCOs had co-
developing cells that expressed endothelial markers as early as day 10 (Figures S1E and
S1G). Importantly, HCOs had a reduced expression of venous markers and were enriched
for arterial markers, compared with HIOs. Additionally, HCOs had an increased expression
of GATA2, which is normally observed in the AGM#® (Figures SLE-S1H). This expression
pattern in HCOs is consistent with ventral arterial endothelium, supporting enhanced HE-
like potential.

RUNX1 marks HPCs emerging from HE.2747-49 |n E10.5 mouse embryos, endothelial

cells in the AGM region contained clusters of emerging RUNX1+ HPCs (Figure 1A).

Both day 21 HIO and HCO cultures contained CD34+ endothelial tubes, but only HCOs
co-expressed RUNX1 (Figures 1B and 1C). Shortly after the emergence of RUNX1+ HPCs,
hematopoietic lineages differentiate and circulate throughout the embryo. Similarly, in HCO
cultures, light microscopy revealed highly refractory cells that push through endothelial-like
tubes and emerge to accumulate in the cell culture medium (Figure 1D; Video S1). These
refractory cells were observed in 94.7% + 4.6% of wells containing HCOs and none of

the HIO wells (Figure 1E). Consistent with the presence of RUNX1+ cells, SP11/PU.1+
hematopoietic cells were prevalent in HCO cultures and absent in HIOs (Figures 1F and
1G). Bulk RNA-seq further supported the enhanced expression of hematopoietic markers,
including RUNX1, PTPRC/CD45, SPI1, SPN/CD43, MYB, and GFI/1, in day 21 HCO
cultures, but not in HIO cultures (Figures 1H and S1B). Finally, CD34+ cells were isolated
from day 21 HCOs and shown to undergo an EHT-like process (Figures 11 and 1J).
Collectively, these data indicate that HCO cultures contain HE-like and associated RUNX1+
cells (Figure 1K).

HE-like and hematopoietic progenitors in HCO cultures resembled first trimester human
fetal hematopoiesis

To characterize the hematopoietic potential in HCO cultures, we performed transcriptional,
morphological, and functional analyses (Figures 2A and S1A). Giemsa staining of cytospun
cells harvested from the media of day 21-28 HCOs identified predominately immune
progenitors and monocyte- and macrophage-like cells, with rare neutrophil-, eosinophil-,
and basophil-like cells (Figures 2B and 2C). This along with bulk RNA-seq (Figure

1H) suggests that HCO cultures could support myeloid differentiation. Erythrocytes and
lymphocytes were not detected in cytospins. To check for erythromyeloid progenitors
(EMPs) in HCOs, we performed Methocult assays and found that HCO cultures, but not
HIO cultures, contained progenitors that formed ErP, myeloid, and mixed myeloid (MM)
colonies (Figures 2D and 2E). HCOs generated from human embryonic stem cells and
multiple induced pluripotent stem cell (iPSC) lines gave rise to erythromyeloid derivatives,
demonstrating the method’s robustness (Figure 2E). Erythrocytes from Methocult expressed

Cell Stem Cell. Author manuscript; available in PMC 2024 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Munera et al.

Page 6

hemoglobin genes, including pan (HBAI), embryonic (HBEI), fetal (HBG1 and HBG2),
and adult (HBB) genes, but the transcripts were predominantly #BG1/2and not HBE1
or HBB subunits (Figure 2F). This hemoglobin distribution is consistent with 214 wave
definitive EMP but not with primitive or 3™ wave HSC hematopoiesis (Figure 2G).

Recent publications have mapped hematopoiesis during human fetal development. To
identify the ontogeny of hematopoietic cells in HCOs, we performed scRNA-seq on

HCO cultures from day 22, when these cells are abundantly detected (Figure S2A), and
compared them with these human fetal atlases. We identified PDGFRA myofibroblasts,

rare CDH5-expressing endothelial cells, and abundant hematopoietic cells in these cultures
(Figures S2B and S2C). Mesenchyme and hematopoietic populations expressed a medial
and posterior HOX code. Endothelial cells expressed markers consistent with mixed arterial/
venous identity, Notch responsiveness, and were negative for NT5E/CD73, a signature that
is consistent with HE (Figures S2G and S2H).59 CD34+RUNX1+hematopoietic progenitors
received signals that promote EHT, including NOTCH, WNT, KIT, transforming growth
factor b (TGF-b), and hedgehog ligands (Figures S2D-S2F). CD34+RUNX1+expressing
cells downregulated endothelial genes and upregulated hematopoietic genes (Figures S2H
and S21). HCO immune cells did not appear to originate from primitive hematopoiesis,
since primitive immune cells express KDR+ G YPA/CD235a mesoderm and bypass MYB+
myeloid intermediates.31%19 Moreover, primitive hematopoietic cells co-express fetal
hemoglobin H#BEI1 and HBA1, endothelial CDH5, and macrophage markers CSFIR and
CD163 (Figure 2G).1517.19.26 HCO immune cells did not display any of these features, and
most hematopoietic cells at day 22 did not yet express macrophage markers (Figures S2H
and S2I). These data indicate that immune cells in HCO cultures do not resemble those
arising from primitive hematopoiesis.

To closely examine hematopoietic populations, we re-clustered PTPRC/CD45-expressing
cells and identified 5 clusters (Figure 2H). These immune cells seemingly differentiate

from CD34+-expressing progenitors to MYB+ MPO+expressing GMPs to LYZ+ S100A9+
expressing myeloblast-like cells to /TGAMI CD11b+ FCGR3A/CD16+ FCGR2A/CD32+
CSF1R+monocyte-like cells (Figure 21). The CD34+-expressing progenitor cluster also
expressed SPINKZ, MLLT3, MECOM, and ANGPT1, and rare cells also expressed HOXA9
and HLF (Figure 21), which is reminiscent of a human fetal nascent HSC signature.16:17
Furthermore, CD34+RUNXI1+SPINK2+ progenitors from numerous extraembryonic and
intraembryonic hemogenic sources have now been shown to have lympho-myeloid
differentiation potential prior to the emergence of HSCs.1516:19 HCO cultures contained

a similar population of cells that express markers of lymphocyte precursors and lack the
expression of SPN/CD43 (Figure 2K). Together, the early hematopoietic progenitors and
lineages observed in HCOs faithfully resembled those observed during early hematopoiesis
in human embryos.

HCO hematopoietic progenitors reflected those found in human yolk sac and AGM

The human fetal sScRNA-seq atlases compared hematopoiesis in different sites and Carnegie
stages (CSs). We found that the hematopoietic progenitors in day 22 HCO cultures
transcriptionally resembled the yolk sac multipotent progenitors (YSMPs), the nascent
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pre-HSC HPC, or the multipotent progenitors (MPPs) from those atlases.12:16:51 Using

the Calvanese et al. CS14 tissues as a training dataset,® we utilized random forest (RF)

and support vector machine (SVM) learning algorithms and ensemble to deduce the
relationship between hemogenic sites and all the day 22 HCO immune cells. Although

there was no clear consensus between the algorithms, together they indicated that day 22
HCO immune cells most closely approximated CS14 AGM, vitelline vessels, and liver
(Figure 2L). We also integrated these datasets together to examine the ontogeny of the
CD34+RUNXI1+SPINK2+ progenitor population (Figures S3A-S3D). The progenitors and
cell proportions per cluster in day 22 HCOs were the most similar to the AGM and were
distinct from liver and head progenitors (Figures S3D and S3E). Markers further support
similarity to the reported nascent HSC SP/NK?Z signature rather than the liver/head SPINK2
signature, which represents lympho-myeloid progenitors (Figures S3G-S3I). Based on this
more limited progenitor training dataset and Pearson correlations, the day 22 progenitors
were the most similar to yolk sac and AGM progenitors (Figures S3J and S3K). Together,
the transcriptional identity of the day 22 HCO immune progenitors and populations appears
to accurately reflect a 15t trimester fetal developmental state and an ontogeny-like AGM and
yolk sac.

CDX2 is required for the generation of hematopoietic cells in HCOs

Ex vivo cultures of mouse AGM and HG revealed that signals from the HG/embryonic
colon promote the development of HPCs from HE.>2 To determine whether HG patterning
is necessary for the development of HE-like cells within HCO cultures, we generated
organoids from control and caudal-type homeobox protein 2 (CDX2)-deficient iPSCs
(CDX2 knockout [KO]), since endodermal CdxZ2is required for development of the mouse
HG.53 No hematopoietic cells were observed in CDX2-KO-derived HCOs compared with
wild-type (WT) control (Figures S4A and S4B). Consistent with previous reports, CDX2-
KO-derived HCOs lost the expression of intestinal markers and ectopically expressed
gastric markers (Figures S4C-S4F).53-55 CDX2 also patterns mesenchyme and activates
the medial/posterior HOX code, including in the HE.56:57 CDX2-KO-derived HCOs had
significantly reduced levels of the posterior HOX factors and lacked the expression of
hematopoietic markers compared with control HCOs (Figure S4F). No endothelial-like tubes
or hematopoietic cells were observed in day 22 CDX2-KO-derived HCOs (Figure S4G).
Furthermore, Methocult assays of floating mesenchymal cells from control and CDX2-KO-
derived HCOs revealed a loss of erythromyeloid potential in the latter (Figure S4H).
Collectively, these data indicate that CDX2 is required for the generation of endothelium
and EMPs in HCO cultures, consistent with a previous murine study.>8

The differentiation trajectory of macrophages in HCOs mirrored the trajectory of
macrophages in human embryos

Lineage-tracing studies in mice demonstrate that pre-macrophages and fetal monocytes

can colonize organs early in development and give rise to tissue-resident macrophages

that persist until birth®® and throughout life.513 Although it is not possible to perform
lineage-tracing experiments in humans, single-cell analysis of developing myeloid cells
during human embryogenesis have mapped out the developmental trajectory of the myeloid
lineages. To determine whether HCO-associated hematopoietic cells differentiate into
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macrophages resembling their counterparts in human embryos, we performed scRNA-seq
analysis of three different time points of HCO-macrophage development, namely day 22,
day 28, and day 37 (Figure S1A). The three time points clustered in a continuum, with

a clear progression from progenitor to macrophage (Figures 3A-3F). This progression

was evident in automated cluster annotation based on a published fetal macrophage

atlas® where the day 22 time point contained primarily YSMPs, GMPs, and myeloblasts,
whereas monocyte and macrophage populations were largely present at day 28 and day

37, respectively (Figures 2H, 21, 3B, 3C, and 3E). The progression was also supported by
pseudotime analysis, which revealed a relatively linear differentiation trajectory (Figure 3D).
The multipotent YSMP population was lost from day 22 to day 28 as cells committed

to myeloid lineage, but some CD163+ cells at day 37 were cycling and clustered

with myeloblasts/GMPs, suggesting potential for self-renewal (Figures 3C, 3E, and 3F).
Consistent with a predominately myeloid and macrophage differentiation bias, CellChat
cell-cell communication inference supported the notion that CSF1 was endogenously
expressed by mesenchymal cells and acted on early hematopoietic cells (Figure S2D). The
day 37 HCO-derived macrophages expressed a similar set of markers to those expressed

by hPSC-derived monocytes/macrophages generated using the STEMdiff Hematopoietic Kit
with subsequent macrophage colony stimulating factor (M-CSF) and GM-CSF treatment
(Figure 3E).

Recent scRNA-seq analysis of 1% trimester human fetal hematopoiesis revealed that most
cells were macrophages and their precursors (Figures 3G-3J).19-12 No distinct lymphocyte
populations were represented at these fetal stages, except for CD7-high lymphoid-myeloid
progenitors. Comparing HCO cells with this atlas and two additional fetal hematopoietic
atlases,®1:°7 we found that the HCO hematopoietic cells differentiated predominately to the
monocyte/macrophage lineage (Figures 3K and 3L). Fetal macrophages clustered differently
based on mitotic status and enriched markers, with mitotic macrophages more prevalent in
the yolk sac and expressing higher levels of CX3CR1, CCRZ, MRCI, and LYVEI (Figures
3H-3J). By contrast, the G1/G0 macrophages were more prevalent in all fetal tissues and
the day 28 and day 37 HCO cultures, and they expressed higher levels of CD163, FOLRZ,
and ADAMDECI. In addition, the mitotic macrophages clustered closer to the CD7-low
population and further from the GMP/myeloblast/monocyte intermediates, indicating that
they could have a distinct differentiation trajectory. Consistent with this, relatively few cells
from the CS14 fetal yolk sac and vitelline vessels clustered with GMP and myeloblast
intermediates in this integrated analysis (Figures 3G-3I). By contrast, a larger proportion of
cells from the CS14 AGM, umbilical cord, and liver clustered with GMP and myeloblast
intermediates, which are predominately composed of cells from day 22 HCOs. Collectively,
the differentiation of hematopoietic progenitors into macrophages in HCOs transcriptionally
resembles human fetal hematopoiesis and similarly displays a myeloid differentiation bias.

HCO macrophages adopted an expression signature resembling that of human fetal
intestinal and colonic tissue-resident macrophages

Tissue-resident macrophages have molecular and functional features that distinguish them
from bone marrow-derived macrophages. For example, CD163 is expressed in tissue-
resident macrophage populations, including Hofbauer cells in the placenta, Kupffer cells
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in the liver, and alveolar and colonic macrophages.6%-62 We identified that HCOs contained
CD163+ macrophages, using human colon biopsies as a positive control (Figure 4A). By
contrast, HIOs did not have CD163+ cells, consistent with the absence of HE (Figures

4A and 4B). Macrophages were observed in HCOs generated from multiple iPSC lines,
demonstrating the robustness of this protocol (Table S1). Furthermore, the expressions of
CD16, CD14, and CD11b in HCO immune cells were confirmed by cytometry by time

of flight (CyTOF) analysis. In CyTOF analysis, CD45+ hematopoietic cells made up 1.5%—
2.5% of the viable cells in day 35-day 42 HCO cultures (Figure S5A). Of the CD45+

cells, 5%, 11%, 41%, and 16% were labeled with high CD11b, CD16+, CD14+, and
CD16+CD14+, respectively (Figures SSB—-S5E). RNA-seq confirmed the expression of all
the above markers and 7/MD4, LYVE1, FOLR2Z, HLA-DRA, ITGAX, and ADAMDEC1
(Figures 3E, 4A, and 5C). Moreover, day 37 HCO macrophages expressed markers
associated with both murine self-maintaining lamina propria macrophages’ and broad tissue-
resident macrophages!? (Figures 5D and 5E). Specifically, HCO macrophages expressed
markers associated with long-lived macrophages that are associated with enteric neurons
and blood vessels. In addition, HCO macrophages expressed markers associated with
TIMD4+LYVE1+FOLR2+ (TLF+) and MHC-II macrophage subtypes. Markers associated
with gut-associated lymphoid tissue, Paneth cells, and more transient CCR2 macrophages
were less enriched.

Next, we performed flow cytometry analysis of HCO macrophages and found that
approximately 2% of viable cells in HCOs were positive for monocyte/macrophage marker
CD64/FCGR1A (Figures 5F, 5G, and S5F). We then gated the flow data based on the
co-expression of two published markers known to distinguish tissue-resident macrophage
subpopulations in multiple tissues.19 We found that 5%, 89%, and 65% of the CD64+

cells expressed CD192/CCR2, CD14, and TIMDA4, respectively (Figures 4H, 41, and S5G).
The scRNA-seq data confirmed that markers of distinct TLF+, MHC-II, and CCR2-like
macrophage subtypes were expressed in day 37 HCO and fetal colon macrophages (Figures
4J and 4K). These results support the conclusion that HCOs contain TLF+ and MHC-II
long-lived tissue-resident macrophages that resemble human fetal colon macrophages.

To determine whether macrophages in HCO cultures acquire a transcriptional signature
resembling human fetal colon macrophages and whether they are distinct, we compared
them with macrophages from other fetal organs.1® This comparison revealed them to be
transcriptionally distinct (Figures 3K and 5A). We then compared HCO hematopoietic cells
with those from more closely related endoderm organs (Figures 5B-5D), including the fetal
colon, small intestine, stomach, esophagus, lung, and liver isolated from human fetuses
between 7 and 21 weeks post-conception.>” The day 37 HCO hematopoietic cells were
primarily composed of monocyte/macrophage lineages, and Pearson correlation revealed
that they most closely resembled those of the fetal Gl tract (Figures 5C-5E). We then
focused on myeloid lineages using the reference Yu et al.>” fetal monocyte/macrophage
atlas. Although immature day 22 myeloid cells mapped to small intestine, lung, and
stomach, HCO macrophages at later stages (day 28 and day 37) began to resemble fetal
intestinal and colonic macrophages (Figure 5F). We identified an organ-enriched gene
signature in fetal tissue-resident macrophages (Figures 5A and 5G) and used ensemble
clustering to deduce the relationship between HCO macrophages and those in other
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human fetal organs. We confirmed that day 37 HCO macrophages acquired an expression
signature resembling macrophages in the small intestine and colon (Figures 5H and 5I).
Monocytes/macrophages derived directly from hPSCs did not acquire this GI macrophage
transcriptional signature (Figures 5A and 5F-51). Clustering analysis revealed that the day
37 HCO immune cells overlapped with the fetal monocyte/macrophage atlas (Figure 5J).
The relative proportion of HCO cells in each cluster mirrored the fetal colon, particularly
ATOX1 and FUCA clusters, which are predominately in mid/HG macrophages (Figures 5K
and 5L). Relatively no HCO macrophages mapped to lung-specific cluster 8, but some did
cluster with liver-specific macrophages. These data provide evidence that macrophages that
co-develop within HCO cultures /in vitro acquire a tissue-resident transcriptional signature
resembling their /n vivo counterparts.

HCO macrophages responded to anti- and pro-inflammatory signals

Gene ontology (GO) analysis of bulk RNA-seq and scRNA-seq revealed that by day 37,

a subset of HCO macrophages expressed inflammatory cytokines, including interleukin
(/L)-8, CCL3 and CCL4 (Figures 6A and S1C). According to the sScRNA-seq data, the
mMRNAs for these pro-inflammatory cytokines and other inflammatory mediators were
produced almost exclusively by the myeloid cells within the culture and not by epithelial

or mesenchymal cells (Figure 6A). The expression of several pro-inflammatory cytokines
and chemokines was higher in the macrophages from HCOs than in the macrophages

in fetal colon, suggesting that the macrophages within HCOs exhibit a basal level of
inflammation /n vitro (Figure 6B). Luminex multiplexed ELISAs confirmed that HCOs
secreted significantly higher levels of the pro-inflammatory cytokines IL-6, IL-8, CCL3, and
CCLA4 than HIOs (Figure 6C). The secretion of these pro-inflammatory cytokines could be
inhibited by the addition of the inflammation-suppressing cytokine IL-10 (Figure 6D),83-65
indicating that mechanisms of in vivo IL-10-mediated immune tolerance86-69 are conserved
in HCO cultures.

To confirm that macrophages were the source of inflammation in HCO cultures, we used a
modified HCO culture protocol that restricts immune cell co-development’? (referred to as
HCO [mod]) (Figures S6A and S6B). Principal-component analysis (PCA) and GO analysis
of differentially expressed genes revealed that HCO (mod) lacked the immune cell and
inflammatory signature observed in standard HCOs (Figures S6C and S6D). Importantly,
HCOs lacking immune cells had a normal colonic phenotype suggesting that macrophages
are not required for HCO development. We also depleted macrophages starting at a later
stage of HCO development (day 35) using an anti-M-CSF anti-body (Figures S6F and S6G).
Macrophage depletion did not affect organoid integrity as evidenced by the maintenance

of epithelial structure. However, macrophage-depleted HCOs had reduced expression of
cytokines compared with vehicle control HCOs (Figure S6H). Collectively, these results
indicate that the macrophages were the source of pro-inflammatory cytokines and that the
depletion of immune cells did not grossly alter HCO patterning and development.

We next determined if HCO macrophages behave like fetal tissue-resident macrophages,
which mount an inflammatory response to lipopolysaccharide (LPS) stimulation.”!
HCO macrophages express the components of the receptor complex that mediates the
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inflammatory response to LPS including 7LR4, CD14, and LY96 (Figure 6A).7273
Treatment of HCOs with LPS significantly increased IL-6, IL-8, CCL3, CCL4, and TNF-a
secretion (Figures 6E and S6H). This cytokine response to LPS was mostly attenuated with
macrophage depletion using an anti-M-CSF antibody (Figure S6H). In addition, treatment of
HCOs with LPS rapidly triggered macrophage motility and chemotaxis toward foci within
the organoid (Figure 6F; Video S2). To determine whether LPS stimulation could induce
epithelial cell death in HCOs, we treated HCOs and HIOs with a high concentration of

LPS (500 ng/mL) which resulted in severe necrosis of organoids at 1 h post LPS addition,
based on live imaging using SYTOX dead cell stain (Figure 6G; Video S3). In contrast,
HIOs were largely resistant to LPS-triggered cell death. Collectively, these data indicate that
HCO-associated macrophages can mount a rapid and robust inflammatory response to LPS
resulting in epithelial necrosis.

HCO macrophages phagocytose bacteria and respond to commensal and pathogenic
bacteria in the lumen

Macrophages phagocytose bacteria,’# a process that is mediated in part by scavenger
receptors, Fcg receptors, and complement receptors.’”® Analysis of scRNA-seq data revealed
that subsets of these receptors are expressed on HCO macrophages (Figure 6A). To
examine the phagocytic function of HCO macrophages, we treated HCOs with £. coli
particles labeled with a pH-sensitive fluorophore. Live imaging revealed that HCO
macrophages continuously extend filopodia and survey the microenvironment (Video S4).
HCO macrophages phagocytosed bacterial particles within acidic phagolysosomes, as
evident by the increase in pH-sensitive fluorescence (Figures 6H and 61). Furthermore,
microinjection of live commensal or pathogenic enterohemorrhagic £. co/i (EHEC) resulted
in macrophage migration toward the epithelium or in some cases into the lumen of HCOs
with significantly less luminal migration in commensal versus pathogenic £. coli (Figures
6J and 6K). Pathogenic bacteria such as EHEC and salmonella can disrupt epithelial barrier
integrity, allowing the transmigration of macrophages.”® Collectively, our data indicate that
macrophages from HCOs are functional resident-like macrophages capable of responding to
bacterial particles and live bacteria.

HCO macrophages establish residency and are not displaced by bone-marrow-derived
macrophages

Since HCO macrophages acquired a transcriptional signature reminiscent of colon tissue-
resident macrophages (Figures 5B-5L), we investigated whether they continued to maintain
residency during long-term HCO development. To extend the development of HIOs and
HCOs, we transplanted them for an additional 4 months36:77.78 (Figure 7A). Transplanted
(TXP) HIOs and HCOs resemble the human fetal small intestine and colon both
histologically and transcriptionally3® (Figures 7A and S7TA-S71). We next determined
whether the human tissue-resident macrophages (hCD163+) were maintained within the
organoid tissue or were replaced by host-derived murine macrophages (F4/80) (Figure
7B). HIOs TXPs did not contain any human CD163+ macrophages but had abundant
mouse F4/80+ macrophages in the lamina propria and throughout the villi (Figures 7C-
7E). By contrast, HCO TXPs had abundant CD163+ macrophages that were much more
prevalent than host-derived F4/80 macrophages (Figures 7C, 7D, and S7A). The CD163+
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macrophages were predominantly located in the lamina propria but could also be detected
in the submucosa and muscularis layers of the graft (Figures 7C—7E and S7A). In the
muscularis layers, the CD163+ cells were interspersed with F4/80+ cells, suggesting that
both tissue-resident and circulating macrophages could colonize these tissue layers. SCRNA-
seq of 15-week HCO TXPs confirmed that colonic epithelium contained the same cell

types as seen histologically. The number of macrophages detected by sScRNA-seq was lower
than expected based on histology (Figures STA-S7G), likely due to technical reasons.
Examination of blood and bone marrow from HCO TXP mice revealed that they do not
contain human CD45+ cells, supporting the notion that immune cells from the HCO graft
did not colonize the bone marrow (Figure 7F). These data indicate that HCOs can generate
self-maintaining macrophages that are not derived from HSCs.

DISCUSSION

Lineage-tracing experiments in mice show that except for microglia, all hematopoietic cells
that persist in the embryo are derived from HE present at various sites of the embryo
including yolk sac and AGM. Here, we show that BMP signaling required to promote HCO
patterning also promotes the formation of HE-like cells in HCOs as previously shown in
studies of the HE transcription factor GATA2.3546.79 Comparison of sScRNA-seq datasets
suggested that HCO hematopoietic cells are transcriptionally similar to those derived in 2nd
wave hematopoiesis in the fetal yolk sac and AGM. In mice, lineage tracing and embryo
microdissection would allow for the identification of the tissue sources of hematopoietic
cells, but similar approaches are difficult in human organoid cultures. Therefore, further
delineation of hematopoietic cell ontogeny in organoids will require the development of
lineage-tracing tools.

Our data suggest that the HCO environment provides the cues necessary for the
development of multipotent EMPs, with transcriptional evidence supporting the presence
of multipotent HPCs and lymphoid progenitors. The presence of these progenitors was
transient, as endogenous factors within the cultures, including CSF1, promoted robust
myeloid differentiation from HPC-like cells to GMP to myeloblast to finally monocytes
and macrophages that persist in passaged HCOs. This is distinct from a previous study

of co-developing macrophages/microglia in cerebral organoids, which originated directly
from brachyury+ mesodermal cells reminiscent of primitive hematopoiesis.8% Furthermore,
the co-development of macrophages within the HCO /n vitro microenvironment promoted
them to acquire transcriptional signatures reflecting human fetal intestinal/colonic tissue-
resident macrophages.1957 Moreover, HCO macrophages were not displaced by the host
bone-marrow-derived macrophages following transplantation. These organoid data suggest
the possibility that, like in mice, human tissue-resident macrophages of the intestinal tract
could have a fetal origin and/or the tissue is able to confer regional specificity to the
macrophages.

Macrophages function in the development of the brain,8 bone,82 and mammary gland.83
However, few studies have examined their role in Gl tract development. Our results indicate
that HCOs could pattern and grow normally in HCO cultures where macrophages were
absent or depleted. Csflr null mice, which have decreased numbers of tissue-resident
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macrophages,34 were reported to have shorter colonic crypts and increased goblet cell
numbers at the expense of enteroendocrine cells at postnatal day 14.85 However, it is unclear
whether this effect is due to altered /n utero development or response to colonization by
commensal bacteria since fetal mice were not examined. Similar studies could be conducted
on TXP HCOs derived from CSF1R-deficient or CSF1-deficient hPSCs. Additionally, HCO-
culture-derived monocytes/macrophages could be introduced into other GI organoid systems
(which currently lack them) to examine the effect of macrophages on organoid development
as well as the effect of regional identity on the acquisition of a tissue-specific resident
macrophage signature.

The derivation of HCOs with resident macrophages provides a new tool for examining

the interaction between innate immune cells and the colonic epithelium. In addition,

HCOs could be used to determine the niche factors that allow the maintenance of
tissue-resident macrophages. HCOs should allow the modeling of inflammatory diseases
such as necrotizing enterocolitis; very early onset IBDs8®; bacterial pathogens such as
Clostridium difficile; and viral pathogens such as HIV, which readily infects fetal intestinal
macrophages.8’ In addition, the incorporation of other immune cell types could be used to
study other innate immune mechanisms such as neutrophil-driven inflammatory hypoxia.88
Lastly, this study provides a framework for the generation of other human organoid systems
containing resident immune cells.

Limitations of the study

Although HCOs give rise to EMPs, the presence of multipotent HPCs with lymphoid
potential is based on transcriptional comparisons and not functionally validated.
Furthermore, we do not know whether HCO cultures contain yolk sac and, therefore, cannot
rule out yolk sac as a source of these progenitors. The progenitors in cultures quickly lose
multipotency and differentiate toward the myeloid lineage. This occurs without exogenous
perturbations; therefore, it is difficult to maintain the MPP pool. Temporal growth factor
manipulations would likely be required to generate and maintain stable hematopoietic

and lymphocyte progenitor populations. Overcoming these difficulties will be critical for
the accurate modeling of complex diseases such as IBDs, which involve both innate and
adaptive immune cells.

Our scRNA-seq studies provide significant insights into the development of multiple cell
types in HCO cultures. However, scRNA-seq is highly dependent on tissue dissociation, and
HCOs with dense mesenchyme, especially TXPs, are technically difficult to dissociate. We
and others have shown that most single-cell isolation approaches for Gl tissues result in the
loss of mesenchyme®’ and other submucosal cells, including enteric neuroglia cells.8° Cell
types and relative proportions of cells, particularly colonic epithelium and mesenchyme, are
underrepresented in our /n vitro datasets, missing aspects of cellular complexity and cell-cell
interactions occurring within HCO cultures.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*For additional information and requests for resources, reagents, or codes,
please contact Jorge Munera (munera@musc.edu).

Materials availability—All human induced pluripotent stem cells lines, including wild-
type and CDX2 CRISPR/Cas9 null, generated in the study are available upon request with
appropriate MTA. New lines are listed in the key resources table.

Data and code availability

. Bulk RNA-seq and scRNA-seq datasets generated in this study are publicly
available in NCBI’s Gene Expression Omnibus (GEO): GSE240363. All
accession numbers used in this study are listed in the key resources table.

. All scRNA-seq analysis was performed in R using previously generated codes,
which are referenced in the key resource table. This paper does not report
original code.

. Additional information, original images, digital scans of cytospins, or scripts

needed for further analysis are available upon request.

EXPERIMENTAL MODELS

Human PSC Line Generation and Maintenance—All human ESC (H1, WiCell,
RRID: CVCL_9771) and control iPSC lines, including 72.3 (RRID: CVCL_A1BW), 115.3
(RRID: CVCL_C1U9), 209.2, and 263.10 were obtained from the Cincinnati Children’s
Hospital Medical Center (CCHMC) Pluripotent Stem Cell Facility. Human iPSC lines
were generated from either foreskin fibroblasts using episomal plasmids (72.3, 115.3)

or peripheral blood mononuclear cells using lentiviral transduction (209.2, 263.10) as
previously described.3>%0 All lines were derived from male donors with the exception of
209.2, which was female. HPSCs were maintained in mTeSR1 (StemCell Technologies) on
hESC-qualified Matrigel (Corning) coated Nunclon Delta Surface 6-well plates (Thermo
Scientific). Spontaneous differentiation was manually removed and cells were passaged
every 3—4 days using Dispase. Cells were routinely confirmed to be karyotypic normal and
mycoplasma negative.

Animals—Immune-deficient NOD-SCID IL-2Rygnull (NSG) mice, 8-16 weeks old, were
used in transplantation experiments (obtained from the Comprehensive Mouse and Cancer
Core Facility, Cincinnati, Ohio). Wild type mice were used for studies on fetal mice. All
mice were housed in the animal facility at CCHMC. Both sexes were utilized for studies.
All experiments were performed with the approval of the Institutional Animal Care and Use
Committee of CCHMC.

METHOD DETAILS

Directed Differentiation of human PSCs into HIO, HCOs, and Macrophages—
Generation of HIOs and HCOs has been previously published.3¢:37 Briefly, human ES
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and iPSCs were plated as single cells in mTeSR1 media plus ROCK inhibitor Y27632

(10 uM; Stemgent) on hESC-qualified Matrigel (Corning)-coated 24-well plate at 150,000
cells per well. Beginning the next day, cells were treated with Activin A (100 ng/ml;

Cell Guidance Systems) for three days in RPMI 1640 (Invitrogen) containing increasing
concentrations of 0%, 0.2%, and 2.0% define fetal bovine serum (dFBS; Invitrogen). For
endoderm induction of iPSC72.3, BMP4 (15 ng/ml) was added to the first day of Activin A
treatment. Following definitive endoderm induction, cells were treated for 4 days with FGF4
(500 ng/ml; R&D Systems) and CHIR99021 (3 uM; Stemgent) in RPMI 1640 with 2.0%
dFBS to generate 3-dimensional mid-hindgut spheroids. Alternatively, HIO or HCO (mod)
were generated by the force aggregation of mid/hindgut monolayer clumps as previously
described.”® These mid/hindgut spheroids or aggregates were embedded in basement-
membrane Matrigel (BD Biosciences) and subsequently grown in Advanced DMEM/F12
(Invitrogen) supplemented with N2 (Invitrogen), B27 (Invitrogen), L-glutamine, 10 uM
HEPES, penicillin/streptomycin, and EGF (100 ng/ml; R&D Systems). Organoids were
densely plated (>50 per bubble) in Matrigel for first two weeks to promote endothelial tube
and hematopoietic cell generation. For proximal HIO and HCO specification, Noggin (100
ng/ml; R&D Systems) or BMP2 (100 ng/ml; R&D Systems) was added for the first three
days of three-dimensional growth, respectively. Organoids were transferred to new Matrigel
following 2-3 weeks.

For generation of monocyte/macrophages from hPSCs, hematopoietic progenitors were
generated using STEMdiff ™ Hematopoietic Kit (StemCell Technologies) according to
manufacturer’s instructions. Briefly, H1s were dissociated into single cells in mTeSR1

with ROCK inhibitor and plated into anti-adherence treated AggreWell 400 (StemCell
Technologies) 24-well plates. After 48 hrs, embryoid bodies were moved to Matrigel coated
12 well plate and incubated in mTeSR overnight. Cells were cultured in basal medium
supplemented with Medium A for 3 days followed by Medium B for 9 days. HPCs were
collected, moved to 6 wells plate, and maintained in DMEM/F12 supplemented with 10%
dFBS, 1% penicillin/streptomycin, 10 ng/mL GM-CSF (R&D Systems), and 25 ng/mL
M-CSF (R&D Systems) for 14 days to differentiate into monocyte/macrophages.

Transplantation of human intestinal and colonic organoids—NSG mice were
kept on antibiotic chow (275 p.p.m. Sulfamethoxazole and 1,365 p.p.m. Trimethoprim;

Test Diet). Food and water was provided ad /ibitum before and after surgeries. A single
HIO or HCO, matured /n vitro for 35 days, was removed from Matrigel, washed with

cold phosphate-buffered saline (DPBS; Gibco), and transplanted under the kidney capsule
as previously reported.”8 Briefly, the mice were anesthetized with 2% inhaled isoflurane
(Butler Schein), and the left side of the mouse was then prepped in sterile fashion with
isopropyl alcohol and povidine-iodine. A small left-posterior subcostal incision was made to
expose the kidney. A subcapsular pocket was created and the organoid was then placed into
the pocket. The kidney was then returned to the peritoneal cavity and the mice were given
an IP flush of Zosyn (100 mg/kg; Pfizer Inc.). The skin was closed in a double layer and the
mice were given a subcutaneous injection with Buprenex (0.05 mg/kg; Midwest Veterinary
Supply). At 8-15 weeks following engraftment, the mice were then humanely euthanized or
subjected to further experimentation.
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Generation of CDX2 knockout iPSC line—CRISPR/Cas9 was used to knockout

the endogenous CDX2 gene by introducing biallelic indel mutations. Guide RNAs

(gRNA) were designed according to the on- and off- target scores from web too (http://
CRISPOR.org). Pairs of complementary oligos containing gRNA target sequence (g508:
GTCGCTACATCACCATCCGG) with overhangs were cloned into modified pX458 vector
that carries an optimized sgRNA scaffold and a high-fidelity eSpCas9(1.1)-2A-GFP.97:98
High editing activity was validated in HEK293T cells by the T7E1 assay. To generate CDX2
knockout iPSCs, 1.8E6 cells were reverse transfected in 2 ml of mTeSR1 with 4 pg of g508
plasmid using TransIT-LT1 (Mirus). Starting two hours post-transfection, cells were fed
daily with MEF-conditioned media containing 10 pg/ml bFGF. At 72 hr post-transfection,
single GFP+ cells were isolated using FACS and plated at cloning density in 6-well plates
coated with 0.1% gelatin and 1.87ES5 irradiated CF1-MEF feeders per well. Plates were

fed daily with MEF-conditioned media with 10 ng/ml bFGF. Single clones were manually
excised, transferred to hESC-qualified Matrigel-coated 24-well plates containing mTeSR1
for expansion and subjected to genotyping to confirm biallelic frameshift mutation. Parental
iPSC 115.3 was used as CDX2 wildtype control.

Tissue processing, immunofluorescence, and microscopy—Tissues were fixed
for 1-24 hr in 4% paraformaldehyde (PFA) on ice depending on the size of the fixed tissue.
Organoids and transplant engraftments were frozen in OCT. OCT sections were blocked
using donkey serum (5% serum in 13 PBS plus 0.5% Triton-X) for 30 min and incubated
with primary antibody overnight at 4 °C. Slides were then washed 3X with 1X PBS plus
0.5% Triton-X and incubated in secondary antibody with DAPI in blocking buffer for 2 hr at
room temperature (23°C). Please see key resources table for list of antibodies and respective
dilutions. Slides were then washed 2X with 1X PBS plus 0.5% Triton-X followed by a

final wash in 1X PBS. Slides were then mounted using Fluoromount-G® (SouthernBiotech).
Images were captured on a Nikon Al confocal microscope (CCHMC) or a Zeiss LSM 880
NLO confocal microscope (MUSC) and analyzed using NIS Elements (Nikon) or Imaris
Imaging Software (Bitplane). For whole-mount staining, tissues were processed similarly as
above and then dehydrated with methanol and cleared in Murray’s solution (benzyl alcohol:
benzyl benzoate; 1:2). Imaging was performed with a Nikon A1 confocal microscope or a
Zeiss LSM 880 NLO confocal microscope.

RNA isolation and RT-gPCR—RNA was extracted using NucleoSpin® RNA
extraction kit (Macharey-Nagel) according to manufacturer’s protocols. For cDNA reverse
transcription, the Superscript VILO (Invitrogen) was used to synthesize cDNA. RT-gPCR
primers were designed using the gPrimerDepot web-based tool (primerdepot.nci.nih.gov).
Primer sequences are listed in Table S2. RT-qPCR was performed using Quantitect SYBR®
Green PCR kit (Qiagen) and a QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems). Relative expression was determined by AACt and data were normalized to
control samples. PP/A was used as housekeeping gene.

Bulk RNA-seq sequence assembly abundance estimation—RNA library
construction and RNA sequencing was performed by the CCHMC DNA Sequencing Core,
using an lllumina HiSeq2500 platform or by BGI using the DNBseq platform. The quality
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of the Illumina sequencing runs was evaluated by analyzing FASTQ data for each sample
using FastQC version 0.10.1(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) to
identify features of the data that may indicate quality problems (e.g. low quality scores,
over-represented sequences, inappropriate GC content, etc.). No major issues were identified
by the QC analysis. We used the software package Tuxedo Suite for alignment, differential
expression analysis, and post-analysis diagnostics. Briefly, we aligned reads to the reference
transcriptome (UCSC hg19 for H1 HIO and HCO or hg38 for HIO mod and HCO mod)
using TopHat version 2.0.13 and Bowtie version 2.2.5.91.92 \We used default parameter
settings for alignment, with the exception of: “—b2-very-sensitive” to maximize the accuracy
of the read alignment, as well as “—no-coverage-search” and “—no-novel-juncs” limiting the
read mapping to known transcripts. Cufflinks version 2.2.192 was used for RNA abundance
estimation. UCSC hg19.fa was used as the reference genome sequence and UCSC hg19.gtf
was used for transcriptome annotation. We applied the following parameters in Cufflinks:
“—multi-read-correct” to adjust expression calculations for reads that map in more than

one locus, and “—compatible-hits-norm” and “~upper-quartile —norm” for normalization of
expression values. Normalized TPM tables were generated using the CuffNorm function.
RNA sequence assembly and transcriptional analysis was conducted using the 64-bit Debian
Linux stable version 7.10 (“Wheezy”) platform. Similar QC analysis was performed with
data from the DNBseq platform and downstream analysis was performed using Partek®
Flow® software. Heatmaps are represented as log, transformed TPM+1. HIOs and HCOs are
from three-four independent differentiations.

Tissue Dissociation for Single Cell RNA-seg—Dissociation of 22- and 37-day old
in vitroHCOs and 15 wk HCO TXPs were performed using slightly modified published
protocols.>”:99 Briefly, in vitro HCOs from 2-3 wells were pooled and pretreated with ice
cold PBS and Cell Recovery Solution (Corning) to remove Matrigel. HCO TXPs were
opened removed of mucus and outer muscle layer and a piece was removed for dissociation.
Organoids were finely minced using a scalpel in ice cold HBSS with Mg?* and Ca?™.
Original supernatants were spun down at 1,300 rpm and added to minced tissue. All

tubes and tips were coated with 1% BSA. Minced in vitro HCOs were enzymatically
dissociated using enzymes from the Neural Tissue Dissociation Kit (Miltenyi Biotec)
prepared and added using manufacturer’s protocol or TryPLE for HCO TXP and incubated
at 37°C or 4°C, respectively. Organoids were incubated for approximately 60 min with
periodic shaking and fluxing through P1000 and P200 pipette tip. For 28-day old HCO
immune cell collection, cells suspended in the media overlaying Matrigel were collected
without enzymatic digestion. All dissociated cells were filtered through BSA coated 70 um
and 40 pm cell strainers to remove undissociated tissues. A single cell suspension with
>80% viability was confirmed using a hemocytometer. Two individual replicates from d22
HCO were collected from different wells of the same differentiation and kept separate
through dissociation process. The d22, d28, d37, and 15 wk TXP HCO datasets were all
from distinct differentiations. Monocytes/macrophage separately derived from iPSCs were
removed from 6 well plate using short Trypsin-EDTA (ThermoFisher) treatment and then
exposed to same mechanical, temperature, and enzymatic perturbations as dissociating 7
vitro HCOs.
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Single Cell RNA-seq, Alignment and Analysis—Single cell RNA-Seq library
preparation for /n vitro HCOs was performed by the CCHMC Gene Expression Core

using the Chromium 3’v2 for d28 HCO and 3’v3 GEM Kit for other conditions (10x
Genomics). Approximately 8,700 or 12,800 cells were loaded to achieve 5,000 or 8,000
captured cells per d28 HCO or all other samples to be sequenced, respectively. Sequencing
was performed by the CCHMC DNA Sequencing core using the HiSeq 2500 or NovaSeq
6000 (Illumina) sequencing platform with an S2 or S4 flow cell to obtain approximately
320 million reads per sample. Raw scRNA-seq data was converted to FASTQ files and then
aligned to the human genome [hg19 d28 HCO, d37 HCO, HCO TXP or hg38 for d22 HCO,
d14 macrophages] using CellRanger v3.0.2 (10x Genomics). All human fetal reference
datasets were either kindly provided by the Spence or Camp laboratories®’ or available on
GitHub and/or Gene Expression Omnibus repository (GSE162950, GSE133345). Individual
analysis, including quality controls and clustering, of all datasets was first performed

using Seurat [v3.2.3]%% in R [v3.6.3] unless otherwise noted. Basic filtering parameters

for gene detection included greater than or equal to 3 cells and all cells with minimum 100
detected genes and maximum 7,500 genes. Percent.mito parameter was all cells less than
20. Data was normalized using SCTransform in Seurat. Cell cycle effect was regressed out
using previously established methods in Seurat. Normalized expression levels underwent
principal component analysis (PCA) followed by uniform manifold approximation and
projection (UMAP)100 with subsequent Louvain clustering. Cluster resolution was changed
to increase or decrease number of clusters identified. Datasets from two independent d22
HCO replicates were merged together using Seurat prior to normalization, PCA, UMAP,
and clustering. Marker genes were determined using ‘FindAllIMarkers’ function (Wilcoxon
rank-sum test). Clusters were annotated manually by differential marker expression in
individual Seurat clusters or using unbiased methods. For instance, ‘MapQuery’ was utilized
to transfer integration anchors and annotations from a reference dataset onto query datasets
using Seurat [v4.2.1]. Alternatively, we utilized an ‘Ensemble learning for harmonization
and annotation of single cells’ (‘ELeFHANt") package, which predicted cell-type annotations
based on reference metadata used as a training dataset (Thorner et al. (2021). BioRxiv). Cell
annotation of the query dataset was based on reference dataset metadata. Cell proportions
were determined by cell counts in each Seurat cluster normalized to total number of cells.
After data scaled and normalized in Seurat, feature plots and dot plots were generated

using ‘ggplot2’ in Seurat. Genes were manually selected, differentially expressed, or from
published datasets as noted. Signaling inference was performed using ‘CellChat’ in Seurat
[v4.1.1] to identify expressed ligands and receptors in individual Seurat clusters to predict
relevant cross cluster signaling.

After individual dataset analysis, we integrated all cells from different HCO time points
and/or human fetal datasets together using basic integration vignette in Seurat!0® using
2,000 integration features. For all integration analysis, normalized levels underwent

PCA followed by UMAP and Louvain clustering and annotated using similar methods

to individual samples. To analyze different cell populations, including mesenchyme,
hematopoietic cells, HPCs, and/or monocyte/macrophages from integrated datasets, we
identified the Seurat clusters expressing cell population-specific markers and subsetted and
re-clustered using 2,000 integration features, normalized and underwent PCA and UMAP
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and Louvain clustering. In the analysis of monocyte/macrophage cell data from d37 HCO
compared to fetal endodermal atlas, we first subsetted the monocyte/macrophages cells
identified from each individual sample. Then, similar to our integration for all cells, we
performed Seurat Integration for all monocyte/macrophage samples and used the human
fetal endodermal organ monocyte/macrophages as the reference dataset. Cell proportions
were compared between datasets. Following normalization and scaling, RNA expression
from different datasets was compared using dot plots, positive Pearson and Spearman
correlations using ‘corrplot’, or by similarity score predicted using deduce relationship
function of EleFHAnNt. More specifically, ‘EleFHAnNt’ uses expressional reference dataset
to train both ‘RandomForest’ and ‘Support vector machines’ (SVM) classifiers to assign a
similarity score to query dataset cells. Ensemble is a combination of both ‘RandomForest’
and ‘SVM’ classifiers. Psuedotime trajectory was performed using ‘Monocle3’. The origin
node was selected based on expression of CD34 and other early known HPC markers and no
distinct branch points were predicted.

Hemogenic Endothelium Assay—HCOs were dissociated into single cells and CD34+
cells were isolated by magnetic-activated cell sorting (MACS) using the human CD34
Microbead Kit (Miltenyi, 130046702). CD34+ cells were then plated 24-well plates coated
with Matrigel and EHT assay was performed using a modified version of a published
protocol.192 Briefly, CD34+ cells were cultured in StemPro-34 media (Gibco, 10639011)
supplemented with BMP4 (10ng/ml, day 0-2), bFGF (5ng/ml), VEGF (5ng/ml), SCF
(100ng/ml), EPO (2 U/ml), IL-6 (10ng/ml), IL-11 (5ng/ml), TPO (30ng/ml), FIt-3L (10ng/
mL), IGF-1 (25ng/ml), SHH (20ng/ml), Angiotensin Il (10ug/ml) and Losartan (100uM) for
5 days with media changes every 2-3 days. After 5 days, floating cells were analyzed for
CD34 and CD45 expression using flow cytometry.

Flow cytometry of HCOs—Organoids were washed in ice cold PBS to dissolve Matrigel.
Organoids were then mechanically minced with a scalpel and digested in TrypLE with

10 uM ROCK inhibitor at 37°C for 60-90 min with vigorous shaking every 10 min

until tissue was homogenized. An equal vol. of DMEM + 10% FBS media was added

to the homogenized mixture and filtered through a 100um membrane. The filter containing
un-dissociated tissues were further digested with 2mL Accutase at 37°C for 10 minutes and
contents washed with DMEM + 10% FBS media. The cell mixture was then centrifuged

at 500xg for 5 minutes and pellet was resuspended in staining buffer (2% FBS in PBS
supplemented with 10 uM DNAse and 10 uM ROCK inhibitors). After Fc block, cells
were incubated with fluorophore-conjugated antibodies in the dark for 30 minutes. A list

of antibodies is provided in the key resources table. Flow cytometry was performed on

up to 100,000 cells using a Beckman Coulter CytoFLEX LX machine and the data was
analyzed using FlowJo software. Side scatter (SSC) and forward scatter (FSC) were used to
gate for cells, FSC (height) and FSC (area) were used to gate for single cells. Live-or-Dye
kit (32009-T, Biotium) was used to negatively identify live cells as per the manufacturer’s
protocol.

CyTOF—For CyTOF analysis was performed as previously reported.103 Briefly, 16—
20 HCOs ranging from d35-d45 were pooled for one experiment and experiment was
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performed twice. Following dissociation into single cells, cells were processed according to
manufacturer’s instructions (Fluidigm). This included being pretreated with Cisplatin, fixed,
permeabilized, barcoded, and stained with hematopoietic-specific cell surface antibodies
conjugated with elemental isotopes according to manufacturer’s instructions. A list of
antibodies is provided in the key resources table. Cells were fixed, intercalated, and

shipped to the University of Rochester’s Cytometry Research Core Facility where they were
subjected to CyTOF/mass cytometry on a Helios (Fluidigm).

Cytospins—<Cells were cytospun at 500 rpm for 5 min and stained with Differential Quik
modified Giemsa (Electron Microscopy Sciences) according to manufacturer’s protocol.
Briefly, Cytospun slides were dipped 20 seconds in fixative solution (solution A), followed
by multiple dips for 30 sec in solution C-Red and 5 dips in solution B-Blue. Slides

were rinsed several times in distilled water (until water is clear) and air dried for 1 hr.
Finally, slides were dipped in xylene 4 times and mounted with Cytoseal 60 (ThermoFisher
Scientific) and cover-slipped. Entire slides were imaged digitally using ScanScope and
images available upon request.

Methocult™ assays—Methocult™ assays were run according to the manufacturer’s
protocol. Briefly 10,000 to 40,000 cells were resuspended in Methocult™ medium and
plated in a 6 well dish. The dish was then incubated for 2—3 weeks to allow the formation of
colonies. Colonies were then counted, scored based on morphology, and collected for RNA
analysis.

LPS or IL-10 stimulation and Luminex Array—HCOs were grown for 35 days and
then treated overnight with 100 ng/ml of Ultrapure lipopolysaccharide from £. coli K12
(Invitrogen) or treated for 7 days with 50 ng/ml of rhIL-10 (R&D Biosystems). Water was
used as a vehicle control for addition of LPS or rhIL-10. For Luminex arrays, supernatants
from HIO and HCO cultures were collected and sent to the CCHMC Research Flow
Cytometry core which processed and analyzed the samples according to the manufacturer’s
protocol.

Depletion of macrophages with MCSF antibody—For MCSF antibody-mediated
macrophage depletions, 35 day old HCOs were treated with 500 ng/ml of MCSF
neutralizing antibody for 7 days and then subjected to LPS stimulation and Luminex arrays
as detailed above.

Live imaging of E. coli particle phagocytosis—For live imaging 35-45 day old
HCOs were replated in an Ibidi 2 well chamber. Minimal Matrigel was used to prevent
antibodies from “sticking” to Matrigel. Organoids were then incubated in basic gut

media with EGF and containing CD14 Monoclonal Antibody (TuK4), FITC (MHCD1401
Thermofisher) and placed back in incubator for ~6 hours to allow binding of antibodies
to the surface of macrophages. The media was then replaced with fresh media basic gut
media with EGF #+ pHrodo™ Green E. coli BioParticles™ (Thermofisher). Ibidi 2 well
chambers were then placed in a live imaging chamber set to 37°C and 5% CO,. Several
fields per well were then imaged at 2 min intervals for 3 hr using a Nikon A1R confocal.
For quantification of E. coli particle phagocytosis, organoids were cultured overnight and
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phagocytosis was quantified by quantifying the relative pixels of CD14 to the relative pixels
of green fluorescence from the pHrodo™ Green E. coli BioParticles™ using Imaris Imaging
Software (Bitplane).

Microinjection of bacteria—Drummond glass capillaries (Fisher, cat. 21-171-4) were
pulled with a micropipette puller (Sutter Instrument Company). The sealed tips of the
capillaries were then cut open using Cuterz glass scissors, and capillaries were then loaded
onto Nanoject 11 auto-nanoliter injector (Fisher, cat. 13-681-455). Microinjections were
performed with images being taken before and after injection using a stereo-microscope
(Leica). To ensure proper injection, 2.5 mg/ml FITC was co-injected to visualize the HCO
lumen. The HCOs were then incubated in a tissue culture incubator at 37°C with 5% CO,
for 5 hr. For bacterial infections, approximately 103 £. coli cells were microinjected into the
HCO lumen with PBS injection serving as a negative vehicle control. The HCOs infected
with £. coliwere then incubated in basic gut media containing antibiotics at 37°C in a
humidified chamber with 5% CO» overnight.

QUANTIFICATION AND STATISTICAL ANALYSIS

For animal experiments such as those in Figures 1 and S1, “n” represents the number

of animals which were analyzed. For experiments involving patterned spheroids and /in
vitro grown organoids, “n” represents the number of biological replicates (2—-3 wells

were collected for each replicate). For experiments involving transplanted organoids, “n”
represents the number of individual animals that were transplanted with a single organoid.
Quantification of data are represented as mean + SD unless otherwise specified. Significance
was determined by either unpaired t tests with 2-tailed distribution and two-sample

equal variance when comparing 2 conditions or one-way ANOVA with Tukey’s multiple
comparison test when comparisons >2 conditions. Significance represented as p<0.05*,
<0.01**, p<0.001*** as denoted in Figure legends. Statistics were performed and graphs
were generated in GraphPad Prism. All figures were generated using Adobe Photoshop or
Illustrator and model schematics were animated using BioRender.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. BMP induces HE-like cells in hPSC-derived HCOs

. HE begets erythromyeloid progenitors that can differentiate into macrophages

. Macrophages respond to pro-inflammatory signals and secrete cytokines

. Macrophages in HCOs transcriptionally resemble those found in human fetal
colon
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Figure 1. HE-like cells co-developed in HCO cultures
(A) Wholemount RUNX1 (red), ENDOMUCIN (green), and CDX2 (white) staining of an

E10.5 mouse embryo. On the right, optical slices from wholemount showed nuclear RUNX1
staining in the dorsal aorta (DA) and around the hindgut (HG) and liver (Lv) endoderm (n =
3).

(B and C) (B) Wholemount RUNX1 (red), CD34 (green), and CDH1 (white) staining and
(C) quantification of a day 22 HIO and HCOs showing nuclear RUNX1 staining within
CD34+ endothelial tubes in HCOs (n = 3-5).

(D) Stereoscopic time-lapse snapshots from day 21 HCO mesenchyme showing an
endothelial tube (EC) and hematopoietic cells (HCs) within EC’s lumen (see Video S1).

(E) Stereoscopic quantification of the percentage of wells of a 24-well plate containing HIOs
or HCOs containing HCs (n = 3 differentiations).

(F and G) (F) Immunofluorescent staining and (G) quantification of day 21 HIOs and

HCOs for CD34 (green), SPI1 (red), and CDH1 (white) and counterstained with DAPI. A
minimum of 5 organoids from each of 2 separate differentiations was analyzed.
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(H) Relative expression in transcripts per million (TPM) of endothelial and hematopoietic
genes from bulk RNA-seq data of day 21 HIOs and HCOs (n = 3 biological replicates, i.e., 3
separate differentiations).

(1) Representative flow cytometric analysis of cell suspension stained with CD45 and CD34
following 5 days of culture of isolated day 21 HCO CD34+ cells.

(J) Quantification of hemogenic assay across 4 separate differentiations.

(K) Schematic showing differences in HIO and HCO protocols. Significance determined by
unpaired t test with *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3-5). Scale bars: (A and B)
100 pm in wholemount; (A) 80 um and (B and F) 50 um in the optical slices; (D) 20 pm.
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Figure 2. HCO cultures contained pre-HSC EMPs
(A) Schematic of assays performed on day 21 and 22 HCOs.

(B and C) (B) Micrographs of low and higher power magnification of cytospun cells
from day 21 HCO cultures. Representative images and (C) quantification of monocytes
(Mono), macrophages (Mac), neutrophils (Neu), basophils (Bas), and eosinophils (Eos),
unspecified progenitors, erythrocytes (Ery), or lymphoid cells. Pictures and quantification
are representative of 4 separate differentiations.

(D) Micrographs of colonies formed after day 21 and 22 HCO cell suspensions were
cultured in Methocult medium. Representative images of Ery, Mac, granulocyte (G), and
mixed myeloid (MM) colonies.

(E) Quantification of colony formation in Methocult from HIO and HCOs derived from
H1 hESC and control iPSC lines. Results are from 3 biological replicates (colony forming
assays from 3 separate differentiations).

Cell Stem Cell. Author manuscript; available in PMC 2024 March 05.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Munera et al.

Page 33

(F) Relative hemoglobin expression (based on RT-qPCR) of embryonic/primitive HBEL,
fetal HBG1/2, and adult HBB subunits from day 22 HCO suspended cells cultured in
Methocult.

(G) Schematic of differentiation and associated markers of primitive and pre-HSC definitive
waves of fetal hematopoiesis. Yolk sac multipotent progenitors (YSMPs), hematopoietic
progenitor cells (HPCs), granulocyte-monocyte progenitor (GMP), vitelline vessels (Vit),
and umbilical (Umb).

(H) Uniform manifold approximation and projection (UMAP) clustering of all
hematopoietic cells from the day 22 HCO cultures.

(I-K) Relative expression and abundance of select (1) differential expressed genes (DEGS),
(J) published nascent HSC signature, 18 and (K) lymphoid lineage markers in each Seurat
cluster from day 22 HCO hematopoietic cells. Bolded genes are marker genes from (G).

(L) Deduced relationship between RNA expression of day 22 HCO hematopoietic cells

and a published CS14 human fetal hematopoietic reference dataset.1® Similarity score
determined by both random forest (RF) and support vector machine (SVM) or a combination
of both (ensemble).
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Figure 3. The differentiation trajectory of macrophages in HCOs resembled that of human

embryos

(A and B) UMARP clustering of all hematopoietic cells integrated from the HCO cultures
colored by (A) time point or (B) cell type based on random forest predictions using

annotations from published fetal macrophage atlas.1®

(C) Relative proportions of predicted cell types in each HCO sample. Numbers above bars

represent the total number of hematopoietic cells in each condition.

(D) Pseudotime trajectory of day 22, day 28, and day 37 HCO hematopoietic cells.

(E and F) Dot or feature plots of relative expression and abundance of differentiation
progression from HPCs and lymphoid cells (CD34, CD7, and CD3D) to GMP/myeloblast
(RUNXI, MPO, and LYZ) to monocyte/macrophage (FCGR3A, CD14, and CD163).
Monocytes/macrophages (hPSC-mono/macro) were derived independent of HCOs.

(G and H) UMAP clustering of all hematopoietic cells integrated from all three /n vitro
HCO time points and published fetal hematopoietic datasets'®16 colored by (G) anatomical
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sample (left: AGM, yolk sac, pooled vitelline vessels, umbilical cord, placenta or liver, heart,
and lung; right; Bian et al. atlas, day 22, day 28, or day 37 HCOs) or (H) Seurat cluster
annotated with cell types. Cell-type annotations from Bian et al. reference atlas include
YSMP, hematopoietic stem/progenitor cells (HSPCs), erythroid (ErP), and megakaryocyte
(MKP) progenitors; mast cells; lympho-myeloid CD7-high (CD7hiP) and -low (CD7loP)
progenitors; GMP; myeloblasts; monocytes; and macrophage populations. Markers enriched
in specific macrophage cluster are listed.

(1) Relative proportions of predicted cell types in each HCO sample and the macrophagel®
and CS14/4.5 week hematopoietic cell atlases. 1

(J) Feature plots of select hematopoietic genes showing the distribution of in pan-

immune (PTPRC and SPI1), HPCs (CD34, SPINKZ, and C1QTNF4), ErPIMKP (GATAZ
and HBEI), CD7hiP/lymphoid (CD7and CD3D), GMP (MYB and MPO), myeloblast
(CEACAMS, LYZ, and S100A12), monocyte (CSFIR, FCGR3A, CD14, and HLA-DRA),
and macrophage (CX3CR1, MRCI1, LYVEIL, CD163 FOLRZ2 and ADAMDECI).

(K and L) Ensemble similarity score of HCOs hematopoietic cells compared with
annotations from (K) fetal hematopoietic®! or (L) hematopoietic cells from fetal colon
reference atlases.>’
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Figure 4. HCO macrophages adopted a tissue-resident signature
(A) Wholemount immunofluorescence of day 35 HIOs and HCOs or human colon biopsy

stained for macrophage marker CD163 (red), epithelial CDH1 (green), and counterstained
with DAPI (n = 2-11). Inset high magnification of human colonic biopsy macrophages.
(B) Quantification of CD163+ macrophage in day 35 HIO and HCO wholemounts (h =

6-11).

(C-E) (C) Relative expression in TPM of myeloid genes from bulk RNA-seq of day 35 HIOs
and HCOs (n = 3 biological replicates). Relative expression of published

(D) self-maintaining lamina propria macrophages’or (E) tissue-resident macrophages!® from
day 22, day 28, and day 37 HCO immune cells from scRNA-seq.

(F and G) (F) Representative flow cytometric analysis and (G) quantification of gated viable

cells expressing monocyte/macrophage marker FCGR1A/CD64 in day 35 HCOs (n = 3).

U937 + PMA cells were used a positive control.
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(H and 1) (H) Flow cytometric analysis and (1) quantification of the percentage of gated
viable CD64+ cells that co-express the macrophage markers CCR2/CD192, CD14, or
TIMD4 from day 35 HCOs (n = 3).

(J and K) (J) Heatmap expression of tissue resident macrophage markers expressed in
HCOs identified from atlas highlighted in (E) and (K) published fetal colon macrophages®’.
Significance *p < 0.05, **p < 0.01, ***p < 0.001 determined by t test. Scale bars:
wholemount 100 pm and biopsy section 50 pm.
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Figure 5. Monocytes and macrophages in HCOs acquired an intestinal/colonic-like
transcriptional signature

(A) Relative expression and abundance of tissue-enriched macrophage markers from the
yolk sac, liver, lung, skin, head, or intestine/colonic in day 22, day 28, and day 37 HCO
hematopoietic cells or hPSC monocyte/macrophage (mono/macro). Enriched macrophage
markers are identified by Bian et al. macrophage atlas or the Yu et al. endodermal atlas for
the intestine/colon.

(B) Schematic of comparing HCOs to published hematopoietic cells from human fetal
endodermal tissue atlas.>’

(C and D) UMAP clustering of all hematopoietic cells integrated from all time points of /n
vitro HCO cultures and human fetal tissues. UMAPs colored by (C) annotated cell types or
(D) organ.

(E) Pearson correlation of all RNA from all hematopoietic cells in HCOs and fetal
endodermal organs.
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(F) Relative proportions of HCO hematopoietic cells or hPSC mono/macro that mapped
onto reference fetal mono/macro annotated cells from each organ.>’ Mono/macro and organ
annotations from reference atlas.

(G) Heatmap of the top 20 differentially expressed genes of individual organs from all
mono/macro annotated cells from human fetal endodermal atlas across all time points. Same
genes in day 22, day 28, and day 37 HCO hematopoietic cells as well as hPSC mono/macro.
(H and 1) Deduced relationship among RNA expression of day 22, day 28, and day 37

HCO hematopoietic cells; hPSC mono/macro; and a publish human fetal endodermal organ
mono/macro reference dataset. Similarity score based on annotated (H) organ or (1) tissue as
reference training dataset.>” Ensemble similarity scoring based on both random forest and
SVM predictions.

(J and K) UMAP clustering of macro/mono cells integrated from the day 37 HCO and the
human fetal endodermal organs scRNA-seq datasets. The human fetal endodermal organ
datasets were used as a reference. UMAP clustering colored by (J) organ or (K) Seurat
cluster with select differential expressed markers for each cluster.

(L) Relative proportions of cells in each Seurat cluster for day 37 HCO and each fetal
endodermal organ.
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Figure 6. HCO macrophages responded to pro- and anti-inflammatory stimuli
(A) Relative expression of cell-type markers, as well as cytokine and phagocytic receptors in

day 37 HCOs.

(B) Relative expression of cell surface markers, cytokines, and chemokines in day 37 HCO
and human fetal colon macrophages.

(C-E) Luminex array data for IL-6, IL-8, CCL3, and CCL4 from paired day 35 HIO and
HCO samples (from same differentiation). HCOs were (C) untreated or treated with either
(D) H20 vehicle (\eh) or IL-10 for 7 days or (E) Veh or LPS for 24 h. Each point represents
Luminex values from an individual differentiation (n = 3-4).

(F) Micrographs of a live imaging time course of HCOs treated with Veh/H20 or LPS of 24
h time course (see Videos S2 and S3).

(G) Quantification of HIO and HCO viability following 24 h of Veh or LPS treatment.
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(H) Immunofluorescent staining of day 35 HCO with and without pHRODO E. coli particles
(green) and CD14 macrophages (red) (see Video S4).

(1) Quantitation of phagocytosed particles into CD14+ cells in cultures treated (yellow) with
E. coliparticles or vehicle treated (red) (n = 3 wells of organoids per group).

(J) Immunofluorescent images of day 35 HCOs 24 h after the injection of PBS, commensal
E. coli, or pathogenic EHEC stained for CDH1 (green), HAM56/MIF macrophages (red),
and £. coli (white) counterstained with DAPI.

(K) Spatial quantitation of HAM56 macrophage distribution within the HCOs cultures (n =
3 organoids per group). Significance *p < 0.05, **p < 0.01, ***p < 0.001 determined by t
tests. Scale bars: 50 um (F, H, and J).
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Figure 7. HCO macrophages persisted long-term within in vivo grafts and were not displaced by
bone-marrow-derived murine macrophages
(A) Schematic of transplantation (TXP) of organoids into mouse kidney capsule and H&E

images of HIO and HCO grafts following 15 weeks /n vivo.

(B and C) Immunofluorescence of (B) mouse and human colon biopsy, and (C) 12

week HIO TXP and HCO TXP stained for human CD163 (red) and mouse-specific
macrophage marker F4/80 (green) counterstained with DAPI (n = 5 transplanted organoids
per condition).

(D and E) Quantification of (D) proportions of F4/80+ versus CD163+ macrophages and (E)
localization of these macrophages in 12 week HIO TXP and HCO TXPs.

(F) Quantification of mouse and human CD45+ cells as a percentage of viable cells in the
circulating blood and bone marrow of mice containing HCO TXP for 10-12 weeks. Graph
represents mean + SD. Significance ***p < 0.001 determined by unpaired t test. Scale bars:
(A) 100 pm and (B and C) 50 um.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 421 anti-human CD192 (CCR2) BioLegend 357209, RRID:AB_2562293
APC/Fire 750 anti-human CD64 BioLegend 367111, RRID:AB_2566714
CD14 (TuK4) FITC Thermo Fisher Scientific MHCD1401, RRID:AB_10373108
PE/Cyanine7 anti-human CD14 BioLegend 367111, RRID:AB_2566713
Rabbit anti-CD31 Sigma-Aldrich EP78, RRID:AB_2893013

Rat anti-CD31

Mouse anti-CD34 (QBENd/10)
CD34 PE-CY7

CD45 APC-CY7

FITC anti-human CD45 antibody
Anti-mouse CD45 Antibody PE-Cyanine5
PE anti-human TIMD4

Rabbit anti-CD163

Goat anti-E-Cadherin (CDH1)
Mouse anti-E-Cadherin (CDH1)
Rabbit anti-CDX2 (EPR2764Y)
Mouse anti-CDX2 (cdx-88)

Mouse anti-human Cadherin17
Rabbit anti-Claudin18

Goat anti-SOX2

Goat anti-ENDOMUCIN

Rat anti-F4/80 (Cl:A3-1)

Goat anti-GATA2

Mouse anti-HAM56

Rabbit Anti-RUNX1 (EPR3099)
Rabbit anti-PU.1 (SPI1)

Human M-CSF Antibody

Donkey anti-Goat Alexa Fluor 488
Donkey anti-Goat Alexa Fluor 568
Donkey anti-Mouse Alexa Fluor 488
Donkey anti-Mouse Alexa Fluor 546
Donkey anti-Mouse Alexa Fluor 647
Donkey anti-Rabbit Alexa Fluor 488
Donkey anti-Rabbit Alexa Fluor 546
Donkey anti-Rabbit Alexa Fluor 647
Donkey anti-Rat Alexa Fluor 488
Anti-Human CD45-141Pr
Anti-Human CD11b/Mac-1-144Nd

BD Biosciences
Sigma-Aldrich

BD Biosciences

BD Biosciences
BioLegend

eBioscience

BioLegend
Sigma-Aldrich

R&D Systems

BD Transduction Lab
Sigma-Aldrich
BioGenex

R&D Systems
Sigma-Aldrich

R&D Systems

R&D Systems

R&D Systems

R&D Systems
Sigma-Aldrich

Abcam

Sigma-Aldrich

R&D Systems

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Fluidigm

Fluidigm

550274, RRID:AB_393571
134M-14, RRID:AB_1159220
560710, RRID:AB_1727470
557833, RRID:AB_396891
368507, RRID:AB_2566367
15-0451-81, RRID:AB_468751
354003, RRID:AB_11124345
HPA046404, RRID:AB_2679655
AF648, RRID:AB_355504
610182, RRID:AB_397581
235R-15, RRID:AB_1516799
MU392A-UC, RRID:AB_2650531
MAB1032, RRID:AB_2077388
HPA018446, RRID:AB_2669866
AF2018, RRID:AB_355110
AF4666, RRID:AB_2100035
MCA497RT, RRID:AB_1102558
AF2046, RRID:AB_355123
279M-14, RRID:AB_1158374
ab92336, RRID:AB_2049267
328R-14, RRID:AB_1516986
MAB216, RRID:AB_2085064
A11055, RRID:AB_2534102
A11057, RRID:AB_2534104
A21202, RRID:AB_141607
A10036, RRID:AB_2534012
A31571, RRID:AB_162542
A21206, RRID:AB_2535792
A10040, RRID:AB_2534016
A31573, RRID:AB_2536183
A21208, RRID:AB_2535794
3141009B

3144001B, RRID: AB_2714152
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-Human CD14-175Lu Fluidigm 3175015B, RRID:AB_2811083
Anti-Human CD16-165Ho Fluidigm 3165001B, RRID: AB_2802109

Bacterial and virus strains

E. coli Commensal

E. coli Enterohemorrhagic

Weiss Lab University of Cincinnati

Weiss Lab University of Cincinnati

SGUC183
0157:H7, PT29S

Biological samples

Human Colon Biopsies Yacyshyn Lab University of Cincinnati  M02 and M03
Chemicals, peptides, and recombinant proteins

Activin A Cell Guidance Systems GFH6
Accutase Thermo Fisher Scientific A11105-01
Advanced DMEM:F12 Thermo Fisher Scientfic 12634-010
B27 supplement w/o Vitamin A (50x) [1x] Thermo Fisher Scientific 12587-010
Bovine serum albumin (BSA) [1%] VWR 10842-772
Cell Recovery Solution Corning 354253
FITC-Dextran Sigma-Aldrich FD4

pHrodo Green E. coli BioParticles Life Technologies P35366
7-Aminoactinomycin D (7-AAD) Invitrogen A1310
SYTOX Blue Thermo Fisher Scientific S34857
DAPI Sigma-Aldrich D9542
CHIR99021 [3 uM] ReproCell 04-0004-10
Defined fetal bovine serum (dFBS) Hyclone SH30070.02
Dispase Thermo Fisher Scientific 17105-041
DMEM:F12 Thermo Fisher Scientific 11320033
Fetal bovine serum Sigma Aldrich 12306C
Gelatin [0.1%)] Stem Cell Technologies 7903
HEPES Buffer Thermo Fisher Scientific 15630080
hESC-qualified Matrigel BD Biosciences 354277
L-glutamine (100x) [1x] Thermo Fisher Scientific 25030-081
Lipopolysaccharide (LPS) from £. co/i K12 Ultrapure  Invitrogen tIrl-pekips
Matrigel Matrix Basement Membrane BD Biosciences 354234
mTeSR1 media Stem Cell Technologies 5850

N2 Supplement (100x) [1x] Thermo Fisher Scientific 17502-048
Non-essential Amino Acids (100x) [1x] Thermo Fisher Scientific 11140050
Normal donkey serum Jackson ImmunoResearch Laboratories  017-000-121
Pen/Strep (100x) Thermo Fisher Scientific 15140-122
recombinant human bFGF2 R&D Systems 233-FB-500
recombinant human BMP2 R&D Systems 355-BM-050
recombinant human BMP4 R&D Systems 314-BP-050
recombinant human GM-CSF R&D Systems 215-GM-050
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REAGENT or RESOURCE SOURCE IDENTIFIER
recombinant human M-CSF R&D Systems 216-MC-025
recombinant human EGF R&D Systems 236-EGF-01M
recombinant human FGF4 R&D Systems 235-F4
recombinant human IL-10 R&D Systems 217-1L-005
recombinant human NOGGIN R&D Systems 6057-NG
TransIT-LT1 Transfection Reagent Mirus Bio MIR2300
TrypLE Select Enzyme Thermo Fisher Scientific 12563029
Trypsin-EDTA (0.25%) Thermo Fisher Scientific 25200056
Y-27632 dihydrochloride Tocris 1254
Critical commercial assays

Quantitect SYBR Green Qiagen 204145
NucleoSpin RNA Macherey-Nagel 740955
SuperScript VILO cDNA Synthesis Kit Thermo Fisher Scientific 11754250
Methocult H4434 Classic Methylcellulose Medium StemCell Technologies 04444
Human

Luminex Array ELISA IL-6, IL-8, CCL3, CCL4, R&D Systems FCSTM18
TNFa

Differential Quik modified Giemsa Electron Microscopy Sciences 26096
Neural Tissue Dissociation Kit Miltenyi Biotec 130-092-628
STEMUdiff Hematopoietic Kit StemCell Technologies 05310

Deposited data

Raw and analyzed bulk RNA-seq data - /n vitro HIOs
and HCOs d10.

Raw and analyzed bulk RNA-seq data - /n vitro HIOs
and HCOs d21 and d35.

Raw and analyzed bulk RNA-seq data - /n vitroHIO
(mod), HCO (mod) and HCOs d35.

Raw and analyzed scRNA-seq data - /n7 vitro HCO
d22 and d37

Raw and analyzed scRNA-seq data - /n vitro HCO
hematopoietic suspended cells only d28

Raw and analyzed scRNA-seq data - /n7 vivo HCO
transplant 15 wks post-transplant

Raw and analyzed scRNA-seq data - /7 vitroiPSC-
derived Monocyte/Macrophages d14

Reference scRNA-seq data - human fetal hemogenic
and hematopoietic atlas

Reference scRNA-seq data - human fetal
hematopoietic atlas

Reference scRNA-seq data - human fetal
hematopoietic and macrophage atlas

Reference scRNA-seq data - human fetal endodermal
organ atlas

Mdnera et al.36
This Paper

This Paper

This Paper

This Paper

This Paper

This Paper
Calvanese et al.16
Popescu et al.5!
Bian et al.1®

Yu et al.>’

ArrayExpress: E-MTAB-5658

GEO: GSE240363

GEO: GSE240363

GEO: GSE240363

GEO: GSE240363

GEO: GSE240363

GEO: GSE240363

GEO: GSE162950

ArrayExpress: E-MTAB-7407

GEO: GSE133345

ArrayExpress: E-MTAB-10187, E-
MTAB-10268, E-MTAB-8221, E-
MTAB-9228, E-MTAB-9489

Experimental models: Cell lines
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Human: H1 ES cells

CCHMC Pluripotent Stem cell core /
WiCell Research Institute

NIH hESC-10-0043

Human: iPSC72.3 iPS cells CCHMC Pluripotent Stem cell core/ N/A
McCracken et al.3®

Human: iPSC115.3 iPS cells CCHMC Pluripotent Stem cell core / N/A
This Paper

Human: iPSC209.2 iPS cells CCHMC Pluripotent Stem cell core / N/A
This Paper

Human: iPSC263.10 iPS cells CCHMC Pluripotent Stem cell core / N/A
Holokai et al.%

Human: HEK-293T CCHMC Pluripotent Stem cell core / CRL-3216
ATCC

Mouse: Irradiated CF1-MEF Feeders CCHMC Pluripotent Stem cell core N/A

Experimental models: Organisms/strains

Mouse: NSG (NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ) CCHMC Comprehensive Mouse and N/A
Cancer Core Facility

Mouse: Wildtype CD1 Mice Charles River 022

Oligonucleotides

CDX2 gRNA Target Sequence: http://CRISPOR.org/ N/A

GTCGCTACATCACCATCCGG Integrated DNA Technologies (IDT) /
This Paper

RT-PCR Primer Sequences See Table S2 N/A

Recombinant DNA

Plasmid: High Fidelity modified pX458-
eSPCas9(1.1)-2A-GFP

CCHMC Genome Editing Core

Addgene Plasmid #48138

Software and algorithms

Bowtie
Cufflinks
Debian Linux 64-bit “Wheezy”
FastQC
Partek® Flow®
IMARIS

NIS Elements
R

R Studio
Seurat
TopHat
CellRanger
FACSDiva
Monocle 3
CellChat
ELeFHANt

Langmead et al.%!
Trapnell et al.%2
N/A

N/A

N/A

Bitplane

Nikon

N/A

N/A

Butler et al.®
N/A

10x Genomics
BD Biosciences
Caoetal.®

Jin et al.%

Thorner et al.%

v2.2.5
v2.2.1
v7.10
v0.10.1
N/A
N/A
N/A

v3.6.3,v4.1.1, and v4.2.1
v1.2.5033 and v1.4.1717

v3.2.1
v2.0.13
v3.0.2
N/A
v1.2.7
v1.1.3
vli.l.4
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REAGENT or RESOURCE SOURCE IDENTIFIER
Prism 9 Graphpad v9.5.1
Other
Ultra-Low Attachment Plates Corning 3471
AggreWell 400 24 well Plates StemCell Technologies 34415
Ibidi 2 well chambers Ibidi 80286
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