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Arterial endothelial cells (AECs) are the founder cells for intraembryonic
haematopoiesis. Here, we report a method for the efficient generation of
human haemogenic DLL4+ AECs from pluripotent stem cells (PSC). Time-
series single-cell RNA-sequencing reveals the dynamic evolution of haemato-
poiesis and lymphopoiesis, generating cell types with counterparts present in
early human embryos, including stages marked by the pre-haematopoietic
stem cell genes MECOM/EVII, MLLT3 and SPINK2. DLL4+ AECs robustly support
lymphoid differentiation, without the requirement for exogenous NOTCH
ligands. Using this system, we find IL7 acts as a morphogenic factor deter-
mining the fate choice between the T and innate lymphoid lineages and also
plays a role in regulating the relative expression level of RAG1. Moreover, we
document a developmental pathway by which human RAGI+ lymphoid pre-
cursors give rise to the natural killer cell lineage. Our study describes an effi-
cient method for producing lymphoid progenitors, providing insights into
their endothelial and haematopoietic ontogeny, and establishing a platform to
investigate the development of the human blood system.

The study of human haematopoietic development underpins our
understanding of congenital immune disorders and provides guide-
lines for the in vitro production of immune cells for applications in
discovery research and cell therapies. Mouse studies have contributed
significantly to our understanding of embryonic haematopoiesis'™,
including its location, endothelial origin, and the factors affecting cell

fate determination of immune cell lineages. Nevertheless, there is
increasing evidence pointing to divergent mechanisms in the regula-
tion of haematopoiesis between humans and mice'®", indicating cau-
tion needs to be excised when extrapolating results between the two
species. Therefore, an accessible human system that recapitulates the
key events of embryonic haematopoiesis will be an important tool for
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understanding blood and immune cell development from a human
perspective. Such a system would also facilitate the de novo genera-
tion of immune cells with potential clinical applications.

Differentiation of human PSCs has enabled the generation of hae-
matopoietic cells in vitro'>”. However, PSC-derived haematopoietic
cells often resemble those derived from extra-embryonic haematopoi-
esis in the yolk sac, a transient wave of haematopoiesis in the early
embryo which predominantly contributes to erythroid and myeloid
lineages”™. By contrast, intra-embryonic definitive haematopoiesis,
arising from the dorsal aorta within the aorta-gonad-mesonephros
(AGM), gives rise to multi-lineage development encompassing ery-
throid, myeloid, and lymphoid cells**%, Despite many attempts™,
differentiation of PSCs to AGM:-like haematopoiesis has been challen-
ging, primarily because embryonic data corresponding to this devel-
opmental stage has been limited. In this context, recent spatial and
single-cell transcriptomic analyses of human embryos have been highly
illuminating'?°. This data argues that AGM haematopoiesis is built upon
haemogenic endothelial cells with a distinct arterial gene profile and
provides a touchstone for deriving AGM-like haematopoiesis from PSCs
in vitro.

Studying lymphoid commitment in vitro is an additional chal-
lenge, an event that is highly dependent on NOTCH ligands. In vitro
lymphopoiesis, from either primary human haematopoietic progeni-
tors or PSCs, requires an exogenous supply of NOTCH ligands pro-
vided by immobilized recombinant proteins® %, or ectopic expression
by mouse stromal cells, such as OP9 or MS5*%. Additionally, the
relative opacity of many in vitro PSC differentiation platforms not only
impacts the reproducibility of these methods, but also affects the
exact type of cells that are generated. In turn, this lack of clarity also
raises concerns about manufacturing lymphoid cells from PSCs for
clinical applications, which may result in variable treatment outcomes.
Nevertheless, there are many protocols that generate lymphoid
cells from PSCs in vitro®. A number of these methods focus on natural
killer (NK) cells, generating cells that display effective cell-killing
activity and show promise for biomedical applications®**. In the case
of PSC-derived NK cells, it is likely such cells arise from a population
that resembles yolk-sac-derived erythroid-myeloid progenitors®?,
Indeed, Dege et al.” identified at least two distinct developmental
pathways for NK generation from PSCs that were independent of
haematopoietic stem cell (HSC) development, giving rise to either
CD56dim or CD56bright NK cells.

Analysis of differentiating human CD34+ progenitors indicates
that CD13+ myeloid intermediates, when provided with appropriate
environmental cues, including co-culture with stomal cells or in the
presence of stromal cells and/or hydrocortisone robustly generate
cells resembling CD56dim NK subsets®. This conclusion is also sup-
ported by studies from Chen and colleagues®, who showed that
human peripheral blood-derived myeloid progenitors could also
generate NK cells. These examples provide a counterpoint to well-
established pathways for the generation of innate lymphoid cells,
including NK cells, reviewed elsewhere’®*. Taken together, further
work is required to understand the many potential developmental
pathways with which innate lymphoid cells (ILCs), including NK cells,
are generated during embryogenesis.

Our previous work showed that PSC-derived haematopoietic
organoids containing DLL4+ endothelial cells could prime haemato-
poietic progenitors to the lymphoid lineage'®*. However, the fre-
quency of DLL4+ endothelial cells and the restricted organoid
structure limited the extent of lymphoid differentiation. In this study,
we developed a monolayer differentiation method that robustly gen-
erated NOTCH ligand-expressing arterial and haemogenic endothelial
cells, whose gene profile resembled that of arterial haemogenic
endothelial cells found in the AGM. Our results show that our PSC-
based AGM-like haematopoiesis recapitulated a series of events asso-
ciated with early human haematopoiesis and lymphopoiesis, enabling

the efficient generation of NK cell progenitors that arise from a defined
lymphoid developmental pathway.

Results

Efficient generation of arterial endothelial cells (AECs) and
haematopoiesis in vitro

Combining attributes of protocols designed to generate intra-
embryonic mesoderm and haemogenic endothelium™'*¢¥, we
developed a method that robustly generated DLL4-expressing AECs
(Fig. 1a). Patterning differentiating PSCs over the first two days resulted
in the rapid transit of cells through stages indicative of MIXLI+ primi-
tive streak (day 1)*® and CD13+ early mesoderm (day 2). Treatment of
this mesoderm population with BMP4 whilst simultaneously inhibiting
Activin signalling (A8301) resulted in the generation of cells highly
enriched for expression of the mesodermal-endothelial markers CD13
and KDR(day 3) (Supplementary Fig. 1a-c). On day 6, the CD34+
population (80 +2%, mean +SEM, n =31 experiments) in differentia-
tion cultures uniformly co-expressed the AEC markers VE-cadherin,
CXCR4 and DLL4 (Fig. 1b-d). Importantly, this method for generating
AECs was reproducible across nine different human iPSC lines or ESC
lines (Fig. 1d and Supplementary Fig. 1d), with one PSC giving rise to
approximately six CD34+ DLL4+ cells (Supplementary Fig. 1e). On day
6, the confluent endothelial cell monolayer was passaged to enable
further expansion or in preparation for cryopreservation, the latter
option providing a significant logistical advantage of this method
(Supplementary Fig. 1f). Between day 6 and day 12, cells proliferated
further to re-establish a confluent monolayer and began to produce
haematopoietic cells.

By day 12, CD34+ CD43+ haematopoietic progenitor cells repre-
sented a substantial fraction of the culture, as assessed by flow cyto-
metry (Fig. 1e). Over the ensuing 3 days, CD45+ blood cells begin to
upregulate expression of the lymphoid lineage marker CD7, in
response to the introduction of IL7 into the culture medium (Fig. 1e).
On day 15, using RAGI:GFP reporter lines*, we detected a small fraction
of RAGI+ cells within the CD34+ CD7+ haematopoietic cell population
(Fig. 1e, f). The frequency of this RAGI+ population increased over the
next four days, an increase that was accompanied by the down-
regulation of CD34 (Fig. 1e, f). Fluorescence images also showed an
accumulation of RAGI:GFP+ cells from day 15 to day 19, suggestive of
ongoing lymphoid differentiation (Fig. 1g). At day 23, the majority of
CD7+ cells were negative for RAGI but positive for CD161 (KLRB1), a cell
surface marker frequently associated with innate lymphoid cells
(Fig. 1h, i). Indeed, approximately half of the CD161+ cells also
expressed the NK cell marker CD56. Additional experiments with two
independent iPSC lines, PB1 and PB5, showed each input iPSC yielded
35+3., and 59 +17 CD161+ CD7+ cells for cultures in which IL15 was
added at day 15, and 7.3 +2.3 and 12 + 1.8 CD161+ CD7+ cells for cul-
tures when IL15 was added at day 19 (average + S.E.M for three tech-
nical replicates—see source data file). Collectively, these results show
that our DLL4-expressing arterial haematopoietic culture (AHC),
designated AHC, efficiently generates lymphoid cells with character-
istics of the ILC lineage. This process occurs without the requirement
for exogenously added NOTCH ligands, which is a mandatory char-
acteristic of previously described lymphoid differentiation methods.

PSC-derived AHC models human embryonic haematopoiesis
To explore the differentiation trajectories of cells subjected to this
protocol, we performed time-series single-cell RNA-sequencing
(scRNA-seq) analysis of AHCs at day 6, day 12, day 15, day 19, and
day 25 (haematopoietic cells only on day 25), encompassing the period
from the generation of haemogenic endothelium to lymphoid com-
mitment (Supplementary Fig. 2a). The results from this experiment
were cross-mapped to a recently reported dataset derived from early
human embryonic haematopoietic tissues, including the AGM and the
foetal liver (Fig. 2a and Supplementary Fig. 2a)".
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Fig. 1| Differentiation of PSCs to DLL4+ AECs and lymphoid

haematopoietic cells. a Sequential stages of PSC differentiation towards DLL4+
AECs, haemogenic endothelium, haematopoietic progenitors, lymphoid commit-
ment, and ILCs at the approximate corresponding days. Created with BioRender.com
released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0
International license (https://creativecommons.org/licences/by-nc-nd/4.0/deed.en).
b Bright-field (BF) image of day 6 monolayer cell culture. Scale bar, 100 pm. ¢ Flow
cytometry analysis of day 6 cultures showing co-expression of the AEC markers DLL4,
CXCR4, and CDH5 on CD34+ cells. Red dots indicate CD34+ DLL4+ cells. d Bar graph
summarizing flow cytometry analysis of CD34 and DLL4 expression in day 6 samples
representing independent experiments using nine distinct parental PSC lines (and two
subclones of RM3.5 iPSCs and H9 ESCs). Data is shown as the mean + SD for >3
independent experiments, otherwise, only the mean is shown. e Flow cytometry
analysis tracing progressive differentiation from CD43+ CD34+ HSPCs (day 12), to

CD34+ CD7+ lymphoid progenitors (day 15), to CD34- CD7+ and CD7+ RAGI+ lym-
phoid cells (day 19). Green dots indicate RAGI:GFP+ cells. f Quantification of RAGI:GFP
+ cells showing the frequency of RAGI+ cells increases from day 15 to day 19. Statistics
were calculated by a two-sided t-test; data shown as mean + SEM; n =5 for RM3.5 day
15, n=5 for RM3.5 day 19, n=4 for H9 day 15, n=6 for H9 day 19. P (H9) = 0.0105, p
(RM3.5) = 0.0152. The n values designate independent experiments. g Bright field and
fluorescence images showing RAG1:GFP cells at day 15 and day 19. Scale bar, 100 um.
h Flow cytometry of CD45+ cells at differentiation day 23 showing expression of CD7,
CD161 and RAGI, and the NK cell marker CD56. i Frequency of the CD7+ CD161+ innate
lymphoid cells and CD161+ CD56+ NK-like cells in independent experiments using
three distinct PSC lines (mean + S.E.M). For the values in the left (L) and right (R)
panels, these are n=>5 (L) and 6 (R) for H9, n=7 (L) and 7 (R) for RM3.5, n=5 (L) and 5
(R) for PBOOS, (for Fig. 1d, f, and i, n=number of independent experiments). Source
data are provided as a Source Data file. Frequencies of each cell fraction is indicated.
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Fig. 2 | scRNA-seq reveals AEC and haematopoietic differentiation resembles
human AGM and foetal liver haematopoiesis. a UMAP projection showing a
comparison between cells isolated from the AGM and foetal liver (left) ' and cells
generated by PSC differentiation in vitro (right). Stromal cell strom, endothelial cell
Endo, haematopoietic stem/progenitor-like cell HSPC, lymphoid progenitor
expressing RAG genes RAG+ lymph, innate lymphoid cells ILC, monocyte mono,
erythroid cells Eryth, granulocyte Granu, megakaryocyte Mega, eosinophils Eosino,
epithelial cells Epi. b Dot plots showing differentially expressed genes of haemo-
genic and haematopoietic cells from PSC (right) and from foetal tissues (left).

¢ UMAP showing the expression of AEC associated genes (CD34, SOX17, CDHS, GJA4,

CXCR4, and GJAS), and NOTCH ligand genes (DLL4, DLK1, JAG1, and JAG2) on PSC-
derived cells in vitro. d Transcriptomics-based ACTINN predication showing

in vitro PSC-derived endothelial cells within the endothelial cell cluster projected to
the AECs collected from the AGM of CS14/15 embryos (AE-AGM CS14/15). e UMAPs
showing the expression of key genes related to endothelial-to-haematopoietic
transition and haemogenic endothelial cells in the fraction of day 12 and day 15
CD34+ CDH5+ RUNX1+ cells. f UMAPs (upper panel) and flow cytometric validation
(lower panel) show the persistent expression of DLL4 on CD34+ endothelial cells on
day 12, day 15 and day 19. Source data are provided as a Source Data file.

This comparative analysis indicated that our in vitro PSC dif-
ferentiation method generated a diverse spectrum of cell lineages
that mirror those arising during early human intraembryonic hae-
matopoiesis in vivo (Fig. 2a, b). Consistent with this, cells within our
cultures expressed members of the HOXA cluster, including HOXA9
(Supplementary Fig. 2b), which has been previously associated with
intraembryonic mesoderm and AGM haematopoiesis'®'. The spec-
trum of cells found within our monolayer cultures includes
fibroblast-like stromal cells (COL3AI and COL1AI), AECs (CDHS and
PECAMI), haematopoietic stem/progenitor cell-like cells (HSPCs)
(CD34, SPINK2, and MLLT3), erythroid cells (HBZ, HBA1, and HBA2), a
variety of myeloid haematopoietic lineages, and lymphoid lineages
marked by RAG genes or ILC-associated genes (Fig. 2a, b and Sup-
plementary Fig. 2h).

The potential of progenitors suggested by single-cell RNAseq
analysis was investigated by supplementing day 12 cultures with
growth factors capable of supporting the development of other
lineages or by transferring day 12 cells into conditions enabling T and B

lymphoid development. These experiments showed that supple-
menting cultures with EPO or MCSF led to the generation of CD235a+
erythroid and CD14+ myeloid cells, respectively (Supplementary
Fig. 2c). Transfer of day 12 haematopoietic cells to MS5* or OP9-DLL4*°
stromal co-culture systems enabled the development of CD3+ TCR+
T cells (TCR+, 33+9.8%, four experiments), RAG1+ CD19+ CD10+ B
lymphoid lineage cells (Supplementary Fig. 2d). Further experiments
in which day 23 haematopoietic cells were embedded in DLL4-MS5
artificial thymic organoids (ATOs)*** showed the development of
naive single positive CD8 (and to a lesser extent, CD4) T cells which
expressed CCR7 and CD45RA (Supplementary Fig. 2e). Stimula-
tion of these single positive populations with anti-CD3 and anti-
CD28 antibodies resulted in levels of proliferation similar to that
reported previously for T cells derived from other differentiation
protocols® Last, disaggregation of day 6 cultures and re-seeding
of cells in Matrigel revealed the capacity of cells to form tubes,
suggestive of a bone fide endothelial identity (Supplementary
Fig. 2f). Collectively, these experiments indicated our cultures
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could generate a broad spectrum of lineages, including some of
those identified by RNAseq analysis.

On day 25, cultures contained predominantly lymphoid cells, an
outcome we attribute to the provision of IL7 and IL15 as the key hae-
matopoietic cytokines over the prior 6 days. Importantly, our analysis
showed that PSC-derived endothelial cells expressed a cohort of AEC-
associated genes, including SOX17, GJA4, CXCR4 and GJAS (Fig. 2c).
Based on transcriptomic features, ACTINN*, an artificial intelligence-
based computation program, predicated that these endothelial cells
resemble the AECs found in the AGM of Carnegie stage (CS) 14/15
human embryos (Fig. 2d). Consistent with this prediction, we detected
activation of specific arterial-haemogenic genes, such as MECOM (EVI1),
KCNK17, and SPINK2 (Fig. 2e). Additionally, these AECs expressed a
group of NOTCH-ligand genes, including DLL4, DLKI, JAGI, and JAG2
(Fig. 2c). Flow cytometry and immunofluorescence validated protein
expression of these genes (Fig. 2f and Supplementary Fig. 2g, i). We
found CD34+ cells persistently expressed DLL4 from day 6 to day 19,
creating conditions favourable for lymphopoiesis (Fig. 2f). Interest-
ingly, although JAG1 was expressed by both endothelial cells and
stromal cells, its endothelial expression gradually diminished from day
6 to day 19 (Supplementary Fig. 2i). In the human embryo dataset,
JAGI+ cells were more prevalent in the AGM-AEC population of early
embryos, while fewer JAGI+ AECs were found in the foetal liver (Sup-
plementary Fig. 2j, k), suggesting that JAGI expression, instead of
DLL4, may be an important indicator of arterial specification in the
AGM. Ligand-receptor pair analysis, using CellChat*’, suggested
endothelial cells within these cultures may represent a major source of
NOTCH ligands, signalling to NOTCHI+ haematopoietic progenitors
and lymphoid cells (Supplementary Fig. 2I). Collectively, these results
suggest our PSC-derived endothelial cells acquire a cellular identity
that closely resembles AECs present at a stage of human embryogen-
esis during which intra embryonic haemopoiesis is initiated.

Lymphoid commitment and lineage specification

The widespread endogenous expression of NOTCH-ligands by our
culture system provides an environment conducive to lymphoid
commitment. As such, we focused our analysis on the emergence of
lymphoid cell populations within the haematopoietic cell pool (Fig. 3a
and Supplementary Fig. 3a). UMAP clustering of scRNA-seq data
showed that although this pool included a small fraction of haemato-
poietic progenitor cells and myeloid cells, the vast majority of cells
belonged to the lymphoid lineages (Fig. 3a-c). Time series analysis
showed that myeloid compartments emerged on day 12, earlier than
the wave of lymphoid commitment on day 15 (Fig. 3b). This analysis
also captured three transient lymphoid progenitor populations;
lymph_prol on day 15, and lymph_pro2 and lymph_pro3 on day 19
(Fig. 3b). By day 25, ILC-like cells (KLRB1, NKG7, and GNLY) and T cell
progenitors (RAGI, CDS and TCF7) were the predominant cell types;
both populations included a sub-faction enriched with cell-cycle rela-
ted genes (CDK1, MKI67, and CENPF) (Fig. 3b, c). However, we did not
detect cells representing the B cell lineage (Supplementary Fig. 3b),
reminiscent of observations of human foetal liver haematopoiesis,
where the NK/ILC and T cell lineages emerge together as a separate
branch of lymphopoiesis from that giving rise to B cells*. The results
of pseudo-time analysis using Monocle were consistent with our real-
time analysis (Fig. 3b), suggesting our dataset could be used to address
other questions relating to the dynamics and kinetics of the lymphoid
differentiation process.

Cluster-specific gene expression distinguished the three lymphoid
progenitor populations (Fig. 3c and Supplementary Fig. 3c, d).
Lymph_prol upregulated NOTCHI and CD7 but downregulated CD34,
indicative of lymphoid commitment. Retained expression of the stem
cell gene, SPINK2, on lymph_prol also distinguished this population from
lymph_pro2 and lymph_pro3. Lymph_pro2 showed a high-level expres-
sion of the IL7 receptor gene (/L7R) and an upregulation of the NOTCH-

pathway genes, NOTCHI and HES4. However, lympho_pro3 showed
downregulation of IL7R but increased expression of KLRBI, which may
suggest a cell fate potentially directed towards an ILC-like phenotype.
Furthermore, analysis of a cohort of T cell differentiation genes indi-
cated the lymph_pro2 and lympho_pro3 clusters showed characteristics
consistent with differentiation trajectories towards T cell lineage and the
ILC lineage, respectively (Fig. 3d). The transcription factors BCLI1IB and
TCF7, key drivers of T cell commitment, were enriched in lymph_pro2
and T cell progenitors, consistent with the expression patterns of RAGI,
RAG2, and PTCRA. Additionally, the elevated expression of IL7R in
lymph_pro2 and T progenitor clusters, but not in lymph_pro3 and ILC
populations, suggests IL7 signalling might be important for ILC vs T cell
lineage specification.

To further characterise the ILC-like populations, we regressed
cell-cycle-related genes and clustered for cell type annotation. This
analysis showed the ILC-like cells could be subdivided into three
clusters: NK/ILCla, NK/ILC1b, ILC2-like cells (Fig. 3e). All ILC-like cells
expressed NKG7 and KLRBI1, while the NK/ILC1 groups expressed
typical genes encoding cytotoxic proteins, including perforin (PRFI),
granzyme B (GZMB), granulysin (GNLY), as well as the NK cell surface
marker gene NCAM1/CD56 (Fig. 3f and Supplementary Fig. 3e). How-
ever, the ILC2-like cells expressed PTGDR2 and IL7R, suggesting that
the IL7 signalling might be also important for further sub-lineage
specification within ILC compartment.

Collectively, these results suggest that our arterial haemogenic
culture system expressing intrinsic NOTCH-ligands efficiently pat-
terned lymphoid lineages, in which IL7R was shown to be a differential
marker for different lymphoid progenitors and their committed

progeny.

IL7 regulates T vs NK cell lineage commitment

Consistent with results summarised in the dot and violin plots in Fig. 3c,
d, UMAP projections showed that the pattern of IL7R expression con-
trasted with that of KLRBI (CD161), and that clusters enriched with RAGI
and CD4 also expressed a higher level of IL7R (Supplementary Fig. 4a).
Analysis of the entire AHC did not detect /L7 transcripts (Supplementary
Fig. 2b), facilitating dissection of the consequences of IL7 supplementa-
tion on differentiation outcomes. Therefore, we titrated the concentra-
tion of IL7 and examined how this influenced the appearance of different
lymphoid populations that expressed the IL7 receptor. For these
experiments, we also removed IL15 from the AHC because of its defined
function in supporting human NK cell differentiation**.

Using the RAGI:GFP PSC reporter line*, we examined 4 con-
centrations of IL7 (0 ng/ml, 0.1 ng/ml, 1 ng/ml, and 20 ng/ml) from day
12 to day 23, spanning a period between the emergence of haemato-
poietic progenitors and lymphoid lineage commitment. Flow cytometry
analysis showed that IL7 was not necessary for the generation of CD7+
cells or RAGI:GFP+ cells, suggesting this cytokine is dispensable for
haematopoietic progenitors to commit to the lymphoid lineage
(Fig. 4¢). Nevertheless, the addition of even low concentrations of IL7
(0.1 ng/ml) significantly increased the frequency of CD7+ cells. Con-
versely, increased IL7 concentrations reduced the frequency of IL7R+
cells; the highest IL7 concentration (IL7-hi, 20 ng/ml) completely
blocked the generation of CD7+ lymphoid cells with surface expression
of IL7R, whilst the lowest IL7 concentration (IL7-lo, 0.1 ng/ml) produced
cultures with the highest frequency of IL7R+ lymphoid cells. These latter
results are consistent with previous findings showing IL7 downregulates
the surface expression of its receptor*>*°.

The addition of IL7 increased the frequency of RAG1+ CD161- cells
and the RAGI- CDI161+ population, representing the T and the
innate lymphoid lineages, respectively (Fig. 4b). Importantly, IL7 was
required to upregulate RAGI:GFP expression, which reflects RAGI
mRNA levels®, confirming IL7 as an important driver of lymphoid
differentiation (Fig. 4b and Supplementary Fig. 4c). We also examined
CD4 and CD8a expression as markers of further commitment to the T
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Fig. 3 | Lymphoid cell development in the PSC-derived AHC. a UMAP projection
showing haematopoietic cell types in the PSC-based AHC. Cells representing
hematopoietic cell clusters in Fig. 2a. Haemogenic endothelial cells HE, haemato-
poietic stem/progenitor-like cells HSPC,; common myeloid progenitor-like cells
CMP, erythroid progenitors Eryth_Pro, myeloid progenitors Mye_Pro, three lym-
phoid progenitor populations (Lymp_Prol, Lymph_Pro2, and Lymph_Pro3), T cell
progenitor (T_Pro), T cell progenitor in cycling T_Pro_cyc, innate lymphoid cells ILC,
innate lymphoid cells in cycling ILC_cyc. Colours indicate cell types. b UMAPs show

6 PTGDR2

UMAP_1

the development of haematopoietic cell types in real-time (day 6, day 12, day 15, day
19, and day 25) and in pseudo-time. Colours indicate cell types. ¢ Dot plot showing
differentially expressed genes distinguish cell types generated in the PSC-based
AHC. d Violin plot showing the expression of a cohort of genes associated with T
cell fate commitment. e UMAP showing three sub-clusters within the ILCs: NK-ILC1-
like cells a (NK/ILC1a), NK-ILC1-like cells b (NK/ILC1b), and ILC2-like cells (ILC2-like).
f Heatmap depicting the relative expression levels of selected genes defining the
identity of the indicated cell types. Source data are provided as a Source Data file.

cell lineage. We found the IL7-lo conditions promoted the generation
of CD4+ CD8a+ double-positive cells that emerged from the immature
CD4+ single positive population (Fig. 4c). Moreover, these conditions
did not generate an atypical immature CD8a+ single positive popula-
tion which is often observed in in vitro T cell differentiation systems?,
but rarely seen in thymopoiesis in vivo. In this regard, IL7-lo conditions

generate a cell profile that more closely resembles early T cell differ-
entiation in the human thymus. Indeed, like in vivo thymopoiesis, we
found that CD4+ CD8a+ cells showed the highest level of RAGI
expression®’. Of the remaining fractions, CD4+ CD8a- cells showed the
next highest level of RAGI1 expression, while the CD4-CD8a+ and CD4-
CD8a- populations showed minimal levels of RAGI. Interestingly,
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analysis of our scRNA-seq data suggested that RAGI-hi cells were nature of the AHC system provides myriad opportunities to dissect key
enriched with T cell-associated genes, while RAGI-lo cells showed events in lymphoid lineage commitment and differentiation.
expression of NK cell-related genes (Supplementary Fig. 4d). Collec-

tively, these results support the conclusion that lymphoid differ- NK cells generated from RAG1+ and early lymphoid

entiation within our AHC system is highly sensitive to IL7 progenitor cells

concentrations and reaffirms that high levels of IL7 favour the devel- In the above experiments, we observed CD161+ RAGI+ cells in the IL7-
opment of innate lymphoid lineages*®. Importantly, the highly defined  hi condition, prompting us to investigate whether human RAGI+ cells
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Fig. 4 | IL7 is a determinant factor of fate choices between the T and the ILC
lineages. a Flow cytometry analysis of CD7 and IL7R (left) expression with quan-
tification of frequencies (right) showing IL7 increases the frequency of CD7+ cells
but higher concentrations of IL7 reduce the percentage of CD7+ IL7R+ cells. Left
graph p (0 vs 0.1) = 0.0162, (0 vs 1) = 0.0027, (0 vs 20) 0.0021; right graph: p (O vs
0.1) 0.0498, (0.1 vs 1) =0.0259, (1 vs 20) =0.0327, (0.1 vs 20) < 0.0001, (0 vs

20) = 0.0168. b Flow cytometry examination of CD7+ population for CD161 and
RAGI:GFP (left) expression with quantifications of frequencies (right) showing IL7
increased the percentage of CD161- RAGI+ cells committed to the T lineage and
CD161+ RAGI- cells committed to the ILC lineage. Left bar graph p (0 vs

0.1) =0.0078, (1vs 20) = 0.0350. ¢ Flow cytometry examination of the expression of
CD4 and CD8a (left) with quantifications of frequencies (right) showing 0.1 ng/ml
IL7 is optimal for generating CD4+ CD8a+ double-positive T cell precursors. Bar
graph showing different levels of RAG1:GFP expression across the four populations

marked CD4 and/or CD8a. p (0 vs 0.1) =0.0039, (0 vs 1) = 0.0167, (a-c, a bar graph
is shown in mean + SEM, statistics is calculated by a one-way ANOVA test, n=5
independent of experiments). d Fluorescent and BF images showing GFP+ cells on
the day of sorting and replating (day O, sort) and after four days in culture (day 4)
under the indicated conditions supplemented with IL7 (20 ng/ml), IL15 (20 ng/ml),
or IL7 +IL15 (both 20 ng/ml). e Flow cytometry plots show that IL15 (20 ng/ml) and
IL7+ IL15 (both 20 ng/ml) support cell growth and the generation of CD161+ CD56+
NK-like cells but IL7 (20 ng/ml) does not. f Quantification of output cell numbers
per 5000 input RAGI:GFP+ cells (as normalized to 1) showing IL7+ IL15 robustly
supported the generation of CD161+ CD56+ NK-like cells from RAG1+ lymphoid
progenitors. Bar graphs show the mean of data points derived from 2 independent
experiments (n=2) each comprising two technical replicates. Source data are
provided as a Source Data file.

could give rise to cells of the NK ILC lineage*’. On day 19 when AHCs
were enriched with RAGI-low cells (Supplementary Fig. 4¢), we sepa-
rated haematopoietic cells from the AHC and purified GFP+ cells using
FACS. The sorted GFP+ cells were cultured in a medium supplemented
with IL7, IL15, or both factors, at 20 ng/ml. Examining these cultures
after four days revealed that IL7 alone could not support continued cell
growth, while IL15 alone, and IL7 together with IL15 promoted an
increase in cell numbers (Fig. 4d and Supplementary Fig. 4f). Flow
cytometry analysis showed that these latter two conditions yielded a
high frequency of CD161 + CD56 + RAG1-NK:-like cells, with each GFP+
input cell giving rise to 1.2+0.2 (IL15) and 2.4+0.2 (IL7 +IL15)
CD161 + CDS56 + NK-like cells after four days (Fig. 4e). These results
indicate that human RAGI+ lymphoid progenitors can efficiently gen-
erate NK-like cells.

Given the expansion of lymphoid-derived NK cells in response to
IL7 and IL15, we next examined if these same conditions were able to
generate NK cells from haematopoietic progenitors that arise at earlier
stages of our AHC system, without a requirement for prior enrichment
of progenitors using FACS. Capitalising on the high frequency of CD7+
CD34+ lymphoid progenitors at day 15, we separated suspension cells
from the AHC on this day and cultured these cells in media supple-
mented with only IL7 and IL15. On day 20, flow cytometry analysis
showed the efficient generation of CD161+ CD56+ cells (Supplemen-
tary Fig. 4g) was also accompanied by a reduced number of RAGI+
cells. Notably, after only 5 days of IL15 treatment these cells possessed
a rudimentary cytotoxic function (Supplementary Fig. 4h) that was
comparable to cells isolated from peripheral blood (PBMCs). Extend-
ing the time in which cells were exposed to IL15 for a further 15-17 days
(from day 15) enabled further maturation of this population, evidenced
by the up-regulation of CD16 on CD161+ cells, a phenotype con-
ventionally associated with enhanced cytotoxicity (Supplementary
Fig. 4i). Consistent with this, cells from cultures subjected to 15 or
more days of IL15 treatment exhibited an ability to kill K562 ery-
throleukemia cells (-50% after 4 h at an Effector: Target ratio of 8:1 or
~40% for ratios of 4:1) that was comparable with that reported for both
donor-derived or iPSC derived NK populations reported in the
literature?***°*'(Supplementary Fig. 4j). Taken together, these data
strongly support the proposition that CD161+ CD56+ cells generated
via our AHC culture system represent early cells of the NK cell lineage.

Discussion

In this study, we report a human AHC system, representing a simple and
efficient method to study and model human embryonic haematopoiesis/
lymphopoiesis in vitro. The critical characteristic of this system is the
generation of a lawn of NOTCH-ligand-expressing AECs which effectively
directs lymphoid commitment from emerging haematopoietic pro-
genitors. This AHC system enabled the dissection of haematopoietic cell
fate determination and the identification of optimal conditions for
producing human lymphoid progenitors, providing new opportunities
for experimental research and medical applications.

This study provides the first time-series single-cell map of in vitro
human haematopoiesis, representing a key reference for studying
blood cell development. There are existing scRNA-seq datasets
describing in vitro PSC-based embryonic models for the development
of many organ systems, including the heart™, pancreas™, and brain**.
Here, the development of our highly reproducible AHC system (Fig. 1c,
d) has enabled the generation of a dataset that spans key stages of
haematopoietic ontogeny in vitro, providing an important reference
for the development of methods for blood cell production.

Detailed comparison with human embryonic and foetal tissues
indicated that our endothelial cells acquired an identity that has
similarities to haemogenic AECs found in the AGM region (Fig. 2a, b). In
addition to classical AEC markers, previous studies show that using
exogenous NOTCH ligands could specify definitive haemogenic
endothelial cells during early PSC differentiation in vitro”. As such, the
expression of different NOTCH ligands on our endothelial cells is also
indicative of definitive hemogenic endothelial cells (Fig. 2c, f and
Supplementary Fig. 2c, d). Thus, our PSC-derived haematopoietic dif-
ferentiation platform generated a spectrum of blood cell types that
have counterparts in the AGM and foetal liver®*, including those
belonging to the erythroid, myeloid, and Ilymphoid lineages
(Figs. 2 and 3). Although we and others have described RNAseq data sets
that examine specific stages of haematopoietic differentiation'"***, our
data captures a substantial temporal window spanning ontogeny stages
from endothelium to lymphoid commitment. Interestingly, we
observed a rare population of cells showing the progressive expression
of genes that span stages corresponding to the endothelial-to-
haematopoietic transition and the formation of pre-HSCs, including
SPINK2, RUNX1, MLLT3, HLF, and MECOM(EVII) (Fig. 2e)"°°. However,
the addition of IL7 at differentiation day 12 and the removal of SCF, the
latter often used to promote HSPC expansion®, most likely contributed
to the observed gradual decline in the frequency of HSPCs as the cul-
tures progressed. Nevertheless, the presence of cells at day 12 expres-
sing pre-HSC associated markers indicates that our AHC system may
be a tractable and relevant method for studying human embryonic
haematopoiesis in vitro and for helping define conditions that might
give rise to HSCs, a holy grail in the haematology and regenerative
medicine fields.

Using the AHC system, we explored lymphoid commitment and
cell fate specification between the T and the NK-ILC lineages. Without
using exogenous NOTCH ligands or animal cells, mandatory compo-
nents for previous lymphoid differentiation systems?**??, our cul-
tures gave rise to a primitive lymphoid progenitor marked by the
expression of the stem cell gene SPINK2 (Fig. 3c, d). The de novo
appearance of this progenitor is consistent with observations from
animal studies that point to the possibility of non-HSC-derived lym-
phoid competent precursors®®**° that contribute to early lympho-
poiesis and the formation of primary lymphoid organs during
embryogenesis. Furthermore, we found that IL7R expression levels
foreshadowed the differing potential of progenitors to form T cell
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lineages (IL7R high) or ILC lineages (IL7R low), and that levels of IL7R
signalling could be manipulated to affect cell fate choices (Fig. 4a-c).
Although IL7 is dispensable for early lymphoid commitment, including
RAGI activation and CD7 upregulation, this cytokine was required for
RAGI upregulation that further drives progenitors towards T cell
development (Fig. 4c and Supplementary Fig. 4c, d). IL7 is primarily
produced by stromal cells® and low levels (>50 pg/ml) can be mea-
sured in the serum in normal or diseased states®’. During human
embryonic thymic development, the highest level of IL7 RNA expres-
sion is observed in cTEC populations), whilst thymic stromal-derived
lymphopoietin (TSLP), which shares the IL7Ra®, is broadly expressed
at relatively low levels®*(Human Cell Atlas). The association of IL7
expression with TEC populations places this cytokine in a position to
influence key decisions in T lineage differentiation.

Our results show that the IL7R signalling network is regulated in a
dose-dependent manner, with minimal levels of IL7 maintaining a level
of IL7R expression required for ongoing T-cell differentiation. These
results provide an example of how this AHC system can be used to
dissect early lymphopoietic events and to identify optimal conditions
for the efficient generation of innate and adaptive lymphoid
immune cells.

We also documented an unconventional developmental path-
way in which RAGI+ lymphoid cells give rise to NK cells. The RAG
genes are responsible for gene rearrangement of antigen-specific
receptors during T and B cell differentiation but are not required for
the genesis of ILC lineage®. However, experiments in mice identified
an NK cell population that transiently expressed Ragl during
development®. Moreover, mice lacking RAG recombinase generate
lymphoid NK cells with compromised fitness*’, alluding to a yet
undiscovered role for RAGI in the genesis of the innate immune cell
repertoire. Importantly, clinical reports indicate that patients with
severe combined immunodeficiency caused by RAGI deficiency
show an abnormal distribution of NK cells®’. Thus, despite caveats
attached to making comparisons between the development of
mouse and human immune systems, these observations, coupled
with our own findings suggest grounds for further examination of
the role of RAGI in NK cell development. In the present work,
experiments using a RAGI:GFP PSC reporter line confirmed that,
under defined conditions, RAGI+ lymphoid progenitors effectively
gave rise to CD161+ CD56+ cells representing the NK cell lineage
(Fig. 4d, e). Furthermore, we found that RAGI expression levels
presaged gene expression profiles indicative of further commitment
to the adaptive lymphoid lineage (RAGI-high) or the innate lym-
phoid lineage (RAGI-low) (Supplementary Fig. 4d). Taking the above
into account, it is reasonable to speculate that RAGI expression may
be indicative of fate decisions between different branches of the ILC
lineages. Overall, our methodology provides insight into a key
juncture in the genesis of innate and adaptive immunity.

Methods

Human pluripotent stem cell lines and culture

Pluripotent stem cells (PSCs) used in the study are all human origin.
Work related to human pluripotent stem cell lines was conducted
in accordance with RCH Human Research Ethics Committee
approval 33001A. Human PSC lines, including ESCs and iPSCs, used in
this study are summarized as follows: ESC H1 (male)®, iPSC RM3.5
(male)RAGI:GFPS(;' ESC H9 (female)RAGI:GFP}(), H9$OXI7:thOMATO:RUXIC.GFPIS' ESC
HES3 (female)”X:¢F738 jpSC PB0-01 (male)/-04 (female)/—05 (female)/
-06 (male)/-10 (male)®’. For all differentiation experiments, we used
PSCs that were less than 50 passages since their last karyotype analysis.
Karyotyping was performed using the standard Infinium CoreExome-24
SNP array. Reagents for PSC culture and differentiation medium were
purchased from ThermoFisher unless otherwise specified. PSC was
grown in E8 medium™ as per the manufacturer's instructions or in the

presence of inactivated mouse embryonic fibroblasts in PSC media
consisting of DMEM-F12, 20% knock-out serum replacement, 1x non-
essential amino acids, 1x GlutaMAX, 0.11 mM (-mercaptoethanol and
FGF2 (10 ng/ml) as previously described”. Once cultures reached a
confluency of approximately 80-90%, PSCs were passaged by detach-
ing cells using dissociation buffer comprising phosphate buffer saline
without calcium and magnesium (phosphate-buffered saline, PBS™")
supplemented with 100 mM NaCl and 0.5 mM EDTA. The resultant small
clumps of cells were transferred to new flasks that had been previously
coated with the Geltrex™cell culture plate coating matrix (Thermo-
Fisher). Geltrex™cell was dissolved in cold PBS" at a dilution rate of
1:100. Cells were routinely passaged at a ratio of 1:3 to 1:5 relative to the
starting flask surface area. In the case of E8 cultures, the medium was
refreshed daily. For cultures containing inactivated mouse embryonic
fibroblasts, the medium was changed every 2-3 days.

Monolayer differentiation of AECs and lymphoid progenitor
cells from PSCs

Formulation of the basal medium is as previously described?, and
factors supplemented on the indicated days are listed below. On the
day of differentiation, referred to as day O, PSCs were dissociated using
EDTA dissociation buffer and resuspended in day O medium (basal cell
differentiation medium containing day O supplements). The cells were
then plated onto Geltrex-coated 6-well plates at a low density at about
5% of confluency, approximately 10,000 cells per cm?. After 26 h, the
cell culture was refreshed by the day 1 medium, which was followed by
an additional medium change on day 2 (after 24 h) using the day 2
medium. During day 3-6, cells were maintained in the day 3-6 medium
that was replenished on day 5.

On day 6 when the culture reached confluency (over 95% coverage
of the surface), the culture was dissociated using TrypLE (3 minu at
37 °C) and the cells re-plated at the ratio of 1:3 onto Geltrex-coated 6-
well plates as described above. From day 6-12, cells were cultured in
the day 6 medium, and the medium was completely changed every
2-3 days, 2 ml/well. From day 12, the cells were cultured in day 12
medium and the medium was changed every 2-3 days. From day 19,
the cells were cultured in day 19 medium and the medium was changed
every 2-3 days. Flow cytometry characterization for CD161 and CD56
was performed on days 23-25. The growth factors for each day of
differentiation were: Day O: Activin A, 30 ng/ml; CHIR90021, 4 pM;
fibroblast growth factor (FGF) 2, 20 ng/ml; PIK90, 100 nM; (Y-27263
10 pM is required for cell lines with poor viability after dissociation).
Day 1: A83-01, 1uM; CHIR90021, 3 pM; LDN-193189, 250 nM; FGF2,
20 ng/ml.

Day 2: A83-01, 1 uM; vascular endothelium growth factor (VEGF),
50 ng/ml; bone morphogenic protein (BMP4), 30 ng/ml; and FGF2,
20 ng/ml. Day 3: stem cell factor (SCF), 50 ng/ml; VEGF, 50 ng/ml;
BMP4, 10 ng/ml; and FGF2, 50 ng/ml. Day 6: SCF, 100 ng/ml; VEGF,
50 ng/ml; FGF2, 50 ng/ml; interleukin 3 (IL3), 10 ng/ml; and FLT3 ligand
(FLT3-L), 10 ng/ml. Day 12: FLT3-L, 10 ng/ml; VEGF, 50 ng/ml; FGF2,
20 ng/ml; and IL7 1ng/ml; Day 15: (variation only when specifically
indicated FLT3-L, 10 ng/ml; VEGF, 50 ng/ml; FGF2, 20 ng/ml; IL7 20 ng/ml;
and /L15 20 ng/ml). Day 19: FLT3-L, 10 ng/ml; VEGF, 50 ng/ml; FGF2,
20 ng/ml; IL7 20 ng/ml; and IL15 20 ng/ml.

Cytokines and small molecules

Cytokines and small molecules at each stage include (catalogue
number, supplier) were, Activin A (338-AC, R&D Systems), BMP4 (314-
BP, R&D Systems), FGF2 (100-18B, Peprotech), FLT3-L (300-19,
Peprotech), IL3 (200-03, Peprotech), IL7 (200-07, Peprotech), IL15
(200-15, Peprotech), VEGF (100-20, Peprotech), SCF (synthesized by
CSIRO), Y-27632 (72304, Stem Cell Technologies), CHIR99021 (4423,
Toris), PIK-90 (S1187, Selleckchem), A83-01 (2939, Tocris), and LDN-
193189 (TB6053, Tocris).
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IL7 titration experiments

On day 6 of differentiation, the endothelial cell culture derived from
the RM3.5¥¢**ipSC line was dissociated (as above) and replated onto
12-well Geltrex™ plates at the ratio of 1:3. Media for days 6-12 was as
the above. From day 12, IL7 concentration was titrated based on the
Day 12 and Day 19 (as above) factors without IL15: FLT3-L, 10 ng/ml;
VEGF, 50 ng/ml; FGF2, 20 ng/ml; IL7, 0/0.1/1/20 ng/ml. Media was
refreshed every two days from day 12-23, and flow cytometry analysis
for NK and T cell-associated markers was performed at day 23.

Generation of CD56+ cells from RAG1+ cells

RAGI1:GFP+ hematopoietic cells were sorted using an Influx FACS sor-
ter (BD) on day 19 of PSC differentiation. 5000 sorted RAGI+ cells were
plated per well of 96-well round bottom plates, which enabled cells to
be positioned in the centre of wells to visualise RAGI:GFP fluorescence.
Cells were cultured with IL7 20 ng/ml, IL15 20 ng/ml, or IL7 and IL15
both 20 ng/ml. The medium was carefully changed 2 days after
replating (as day 2) and flow cytometry characterization was per-
formed on day 4 after replating. Fluorescence images were taken using
a Zeiss Observer 71 fluorescent microscope and processed using Fiji
for Mac OS X.

Erythroid and myeloid differentiation from day 12 cultures

To generate cells representing the erythroid and myeloid lineages, day
12 cultures were supplemented with either 2 units/ml EPO or 50 ng/ml
MCSF (Peprotech), respectively. Fourteen days following the addition
of EPO, non-adherent cells were analysed for expression of CD235a
(Glycophorin A) and CD14 by flow cytometry and via bright field
microscopy. For cultures undergoing myeloid differentiation, non-
adherent cells were analysed between 1 week and 5 weeks following the
addition of MCSF using either flow cytometry (CD14) or by performing
cytospin analyses as described previously in ref. 72.

T Cell differentiation experiments

T cell differentiations were performed using multiple formats and
different stromal cell lines expressing NOTCH ligands. For OP9 DLL4
Monolayer differentiations, one day prior to initiation of T-cell cul-
tures, a tissue-culture treated 12-well plate was plated with 3-5 x10*
OP9 cells per well in a-MEM with 10% FCS, 1x GlutaMAX and 1x peni-
cillin/streptomycin. Half an hour prior to the start of culture, wells
were washed with PBS and media changed to RPMI 1640 with 4% B27,
30 uM L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate, 1x
GlutaMAX and 1x penicillin/streptomycin with added cytokines (hen-
ceforth RB27) as detailed in the table below. Initiation of culture was
performed by adding 10° days 12 CD45+ CD34+ blood progenitor cells
per well to give a total volume of 1 ml of RB27 per well. Media top-up
was performed after 3-4 days by adding another 1 ml of RB27. After
one week, cells were passaged onto a fresh layer of OP9 cells as
described before. Cell passage was performed by harvesting and
mechanically dissociating the whole cells within each well and passing
the cell mixture through a 40 pm membrane to exclude cell clumps.
The flowthrough fraction was collected by centrifugation and resus-
pended in 1 ml of fresh RB27. On weeks 1 and 2, DLL4hi cells were used,
and for subsequent weeks, OP9 cells expressing an approximately 10-
fold lower level of DLL4 were used (DLL4lo). One well was harvested
weekly for flow cytometry analysis.

For MS5 DLL4 Monolayer differentiations, one day prior to
initiation of T-cell culture, a tissue-culture treated 12-well plate was
seeded with 5 x10* MS5 cells expressing high levels of human DLL4 (a
gift from Dr. Kirsten Canté-Barrett and Prof. Frank Staal, the Leiden
University Medical Centre, Leiden, The Netherlands, henceforth
referred to as MS5-hDLL4) per well in a-MEM with 10% FCS, 1x Gluta-
MAX and 1x penicillin/streptomycin. Half an hour prior to the start of
culture, wells were gently washed with PBS and media changed to
RPMI 1640 with 4% B27, 30uM ti-ascorbic acid 2-phosphate

sesquimagnesium salt hydrate, 1x GlutaMAX and 1x penicillin/strep-
tomycin with added cytokines (henceforth RB27). Initiation of culture
was performed by adding 10° day 12 CD45+ CD34+ blood progenitor
cells per well to produce a total volume of 1 ml of RB27 per well. Media
top-up was performed in 3-4 days by adding another 1 ml of RB27.
After a week, an 80% media change was performed by aspirating and
replacing 80% of the media from each well with fresh RB27. One well
was harvested weekly for flow cytometry analysis. A summary of the
cytokines added is given in the table below. In this method, the fol-
lowing sequence of cytokine treatments was applied: Week 1 (5 ng/ml
IL-7, 10 ng/ml FLT3L, 10 ng/ml SCF, and 20 ng/ml bFGF), week 2
(2 ng/mlIL-7,10 ng/ml FLT3L, and 20 ng/ml bFGF), week 3 (1 ng/mlIL-7,
10 ng/ml FLT3L, and 20 ng/ml bFGF). Catalogue numbers and suppli-
ers for cytokines were as described above)

In addition to the monolayer differentiation format described
above, the same MSS5 cells expressing DLL4 described above were used
to generate ATOs’ Half an hour prior to the start of the experiment, a
40 pm Millicell 6-well transwell insert (EMD Millipore, Billerica, MA;
Cat. PICMORGS50) was placed on top of 1mL of T-cell media with
cytokines to create an air-liquid interface (cytokines summarised in
table below). Each ATO was formed by mixing 1.5 x 10° MS5-hDLL4 cells
and 10*-day 15 CD45+ CD34+ blood progenitor cells. The cell mixture
was concentrated by centrifugation and the cells were resuspended in
a 5 pl medium to create a slurry that was then plated at the air-liquid
interface. Each transwell insert was plated with a maximum of 5 ATOs.
Media change was performed every two days with fresh T-cell media
for the first two weeks, followed by RB27 for the remainder of the
differentiation. ATOs were harvested every week for FACS analysis. In
this method, the following sequence of cytokine treatments was
applied: Week 1 (5 ng/ml IL-7,10 ng/ml FLT3L, 10 ng/ml SCF, and 20 ng/
ml bFGF), week 2 (2 ng/ml IL-7, 10 ng/ml FLT3L, and 20 ng/ml bFGF),
week 3 (Ing/ml IL-7, 10 ng/ml FLT3L, and 20 ng/ml bFGF). Catalogue
numbers and suppliers for cytokines were as described above).

In a further iteration of T cell differentiation experiments relevant
to Supplementary Fig. 2c, we constructed ATO cultures as described
by Seet et al. ref. 24. The MS5-DLL4 expressing cells used for this
experiment were received as a gift from the Crooks laboratory at the
University of California, Los Angeles. Half an hour prior to the start of
the experiment, a 40 pm Millicell 6-well transwell insert (EMD Milli-
pore, Billerica, MA; Cat. PICMORG50) was placed on top of 1ml
of T-cell media with 5ng/ml SCF, 5ng/ml IL7, 5ng/ml FLT3L, and
20 ng/ml bFGF to create an air-liquid interface. Each ATO was formed
by mixing 1.5x10° MS5-hDLL4 cells and 10* days 23 CD45+ CD34+
CD7+ T-lineage progenitor cells. The cell mixture was spun down and
made into a Spl cell slurry that was then plated at the air-liquid
interface. Each transwell insert was plated with a maximum of five
ATOs. Media change was performed every two days with fresh T-cell
media for five weeks. ATOs were harvested every week for FACS ana-
lysis. At week 5 of culture, ATO-derived TCR+ cells were assessed for
the expression of CD45RA, CCR7, and L-selectin.

For proliferation assays, multiple D35 ATOs were pooled and
sorted to obtain TCRof + CD8 + SP T-cells. Sorted CD8 SP T-cells were
stained with CellTrace Violet (Invitrogen), following the manu-
facturer’s instructions. Stained T-cells were then plated onto a
U-bottom 96-well plate pre-coated overnight with 5ug/ml anti-CD3
(BD Pharmingen, clone OKT3) and 1 ug/ml anti-CD28 (BD Pharmingen,
clone NA/LE) in the presence of 100 IU/ml recombinant human IL-2
(Peprotech). All cells were maintained in T-cell media without FCS.
Cells were harvested after four days and seven days of culture. On day
four, a half-media change was performed.

B cell differentiation experiments

RM-RAGI:GFP iPSCs* were used to assess the B lineage differentiation
potential of blood cell progenitors generated at differentiation day 12.
Briefly, B cell differentiations using the non-adherent cell fraction from
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day 12 cultures were seeded onto a monolayer of MS5 stromal cells in
RB27 medium (as detailed above) supplemented with IL7, 1 ng/ml, SCF
5ng/ml, FGF2, 5ng/ml; IL3 5ng/ml, with medium changed every
3-4 days. Cultures were examined for the generation of B cell pro-
genitors using flow cytometry analysis for expression of CD19 in con-
junction with RAG1 (GFP).

Endothelial tube assays

To examine the tube-forming ability of cells generated during dif-
ferentiation, cryopreserved differentiation day 6 RM-tTom” endo-
thelial cells were thawed into T cell medium (supplemented with
day 6 growth factors) and seeded onto adherent tissue culture
plates to enable recovery. The following day, cells were detached
from the plates using TrypLE™ Select (ThermoFisher), counted,
and then 150,000 cells were resuspended in T cell media containing
VEGF 50 ng/ml, EGF 10ng/ml, FGF2 10 ng/ml, hydrocortisone
at 10ng/ml, as described previously’®. Resuspended cells were
then gently layered over a film of Matrigel (Merk) (300 pl/each
well of a 24-well plate) and incubated for 24 h. Cultures were
imaged using an LSM900 confocal microscope and analysed
using Image].

Flow cytometry and cell sorting

Anti-human conjugated antibodies used for flow cytometry are as fol-
lows. Antibody-fluorochrome (supplier, catalogue number, clone num-
ber, dilution used): CD3-APC (BioLegend, 300412, clone number UCHTI,
dilution 1:10), CD4-PE (BioLegend, 300508, RPA-T4, 1:30), CD4-BV510
(BioLegend, 357419, A161A1, 1:50), CD7-APC (BD Pharmingen, 561604,
MT-701, 1:50), CD8a-PE-Cy7 (BioLegend, 344712, SK1), CD8«-PE/Fire700
(BioLegend, 344765, SK1, 1:50), CD13-PE-Cy7 (BioLegend, 301712, WML15,
1:100), CD14-PE-Cy7 (BioLegend, 301814, M5E2, 1:100), CD16-APC-Cy7
(BD Pharmingen, 557758, 3G8, 1:20), CD16-PE-Cy7 (BioLegend, 302016,
3G8, 1:40), CD19-Bv421 (BD Pharmingen, 302234, HIB19, 1:20), CD34-
BV421 (BioLegend, 343610, 581, 1:50), CD34-PE-Cy7 (BioLegend, 343516,
581, 1:100), CD43-PE (BioLegend, 343204, 10G7, 1:50), CD45-BV421
(BioLegend, 304032, HI30, 1:30), CD45RA-BV421 (BioLegend, 304129,
H100, 1:50), CD56-PE (BD Pharmingen, 555516, B159, 1:50), CD94-BV605
(BD Bioscience, 743950, HP-3D9, 1:50), CD127/IL7R-PE (BioLegend,
351304, A019D5, 1:50), CD159a-BV605 (BD Bioscience, 747921, 131411,
1:50), CD159¢c-BV605 (BD Bioscience, 748166, 134591, 1:50), CD161-PE-
Viol770 (MACS, 130-113-594, 191B8, 1:50), CD235a-PE (BD Pharmingen,
555570, GA-R2 (HIR2), 1:2000), CD314-BV605 (BD Bioscience, 743130,
U21-1283, 1:50), CDH5/V-Cadherin-FITC (BD Pharmingen, 560411, 55-7H1,
1:20), CCR7-PE-Cy7 (BioLegend, 353225, G043H7, 1:50), CXCR4-PE (Bio-
Legend, 306506, 12G5, 1:50), DLL4-APC (BioLegend, 346508, MHD4-46,
1:40), JAGI-APC (BioLegend, 399105, W16199B, 1:30), KDR-AF647 (Bio-
Legend, 359910, 7D4-6, 1:50), L-Selectin-APC (Biolegend, 304809, DREG-
56, 1:50), NKpO8-PE (BioLegend, 346706, 5D12, 1:50), TCRa/b-APC (Bio-
Legend, 306728, IP26, 1:20).

Conjugated antibodies were diluted in FACS wash buffer (PBS
supplemented with 2-5% foetal bovine serum) and incubated with cells
for 20 min on ice. The cell suspension was washed twice with FACS wash
solution to remove unbound antibodies and resuspended in FACS wash
solution containing 1 pg/ml propidium iodide. Cell surface staining was
examined by Becton Dickenson (BD) LSRFortessa Cell Analyser. Flow
cytometry data was analyzed using the FlowLogic program (7.2.1, Data-
Nova). Alternatively, cell purification was performed using a BD FACSaria
FUSION or Influx cell sorter based on cell surface staining or the
expression of a fluorescent reporter. Cells were collected using a 5ml
FACS tube containing 0.5 ml cold foetal calf serum.

Immunofluorescence and antibodies

Differentiated cells were fixed with 4% paraformaldehyde solution for
5min at room temperature. Cells were blocked in a blocking buffer
(PBS +10% FCS + 0.1% Triton-X) for 1h at room temperature. Primary

antibodies were diluted in blocking buffer and incubated overnight at
4 °C. Cells were washed three times with PBS, then stained with sec-
ondary antibodies diluted in blocking buffer for 1h at room tem-
perature. Stained cells were imaged using a Zeiss confocal LSM 780
inverted microscope. Image analysis was performed using Image)
software. Antibodies: Mouse Anti-Human DLK1, Abcam, abl119930,
1:200, AB 10902607; Alexa Fluor 647 Mouse Anti-Human CD144, BD
Biosciences, 561567, 1:50, AB_10712766; Alexa Fluor 647 Mouse IgGlk
Isotype Control, BD Biosciences, 565571, 1:50, AB_2687590; Donkey
Anti-Mouse IgG (H+L) Highly-Cross Adsorbed Secondary Antibody,
Alexa Fluor 594, Thermo-Fisher, A21203, 1:1500, AB_141633

51Chromium release assay

K562 target cells were labelled with 100 pCi Chromium-51 (51Cr, Perki-
nElmer) for 1 h at 37 °C and subsequently co-cultured with PSC-derived
NK cells or NK cells freshly isolated from healthy donors’ peripheral
blood mononuclear cells (PBMC) by NK Cell Isolation Kit (Miltenyi
Biotec). NK cells were added in triplicate wells at effector: target ratios
from 4:1 to 1:1. Wells with target cells alone (spontaneous release) and
target cells with 10% Triton X 100 (maximum release) were included as
controls. After 4-h or 16-h co-culture, cells were spun down and
supernatants were collected. The amount of 51Cr released in the
supernatants was detected using a gamma counter (Wallac Wizard
1470). The %specific lysis was calculated by [(experimental release —
spontaneous release)/(maximum release — spontaneous release)] x 100.

K562 killing assay using flow cytometry

K562 cells were maintained in RPMI +10% FCS +1% Pen Strep (medium
changed weekly). For killing experiments, cells were passaged the day
before and then given fresh medium on the morning of the experi-
ment. Approximately 1 million K562 target cells suspended in 1 ml of
PBS were labelled with 1 uM carboxyfluorescein succinimidyl ester for
10 min at 37°, in the dark. Cells were pelleted and resuspended in 1 ml
of PBS +10% Foetal calf serum—and incubated for a further 30 mins at
37°. Cells were then concentrated by centrifugation, washed twice with
PBS 4 °C and then resuspended in day 19 medium (including growth
factors) at 1-3 million cells per ml. Flow cytometry K562 killing assays
were performed essentially as described by ref. 75. Labelled K562 cells
distributed into each well of a round-bottomed 96 well tray at between
25,000-150,000 cells per well-with each well in any given experiment
receiving the same number of K562 cells. Non-adherent (NK-effector)
cells from day 28-32 cultures that had been grown in medium sup-
plemented with IL15 from day 15 were added to each well to give
effector: target (K562) cell ratios as indicated. Following 4 h of incu-
bation at 37 °C, counting beads were added to each well in a medium
containing 1 pg/ml (check) DAPI. Flow cytometry was used to assess
the number of viable (DAPI negative, CSFE+ cells). The flow cytometer
was programmed to acquire a set volume uniformly for each separate
experimental set-up. Counting beads were used as an independent
measure of consistency. The number of viable K562 cells per given
volume/bead count was used to calculate the overall K562 viability for
each sample. Percentage viability was calculated as the fraction of
viable K562 cells in the test well relative to the number of viable K562
cells present in the corresponding control wells (or the average of
control wells) x100. Each assay for a given effector/target ratio was
performed at least in triplicate.

Single-cell RNA sequencing and bioinformatics

Single-cell suspension samples were prepared at 1,000,000 cells/ml
with at least 90% cell viability. The Victorian Clinical Genetics Service
performed the library preparation and sequencing following the 10x
Genomics Cell Preparation Guide (www.10xgenomics.com). Sequen-
cing was performed with the Illumina Novaseq-6000 system for a
target of 300 million reads per sample with 6000 cells and 50,000
read depth.

Nature Communications | (2024)15:7698


http://www.10xgenomics.com
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51974-7

Fastq files generated from the Illumina sequencing were mapped
against the human reference genome GRCh38-1.2.0 with CellRanger
software using the count function [2]. An additional CellRanger
aggregation with the aggr function was applied to group all samples
into one output ‘filtered_gene-bc_matrices’ folder. The R platform
along with its suite of single-cell bioinformatic packages with R version
4.2.1 was used for single-cell data analysis (www.R-project.org). Seurat
(v4.1.1) was used for single-cell data pre-processing and subsequent
downstream analysis and visualizations. Cells that were not within the
quality control boundaries (see GitHub) were excluded. The standard
Seurat pipeline includes log normalization at a scale factor of 10.000,
scale data to centre gene expression values and principal component
analysis to reduce dimensions. The FindCluster function was used to
identify clusters within each sample.

PSC-derived cells were integrated with foetal human embryonic
AGM and foetal liver data at developmental stages week 4.5-15") The
integration was performed with Seurat’s FindIntegrationAnchors and
IntegrateData function based on a list of genes identified by the
SelectIntegrationFeatures function. The human embryonic data, as a
reference along with canonical markers was used for the identification
of cell identities of each cluster. The FindAlIMarkers function was used
to produce a list of genes that were specific to each cluster which were
then used in visualization plots such as heatmaps, violin plots, dot
plots and feature plots. Differential gene per cluster was performed
with the FindMarkers function.

Downstream analysis including machine learning-based analysis
and neural networks to predict PSC cluster identities was completed
with ACTINN version 2* (see GitHub to access the test and reference
datasets used). Gene ontology was completed with Metascape’® and
inputting the gene list identified by the FindAllMarkers function.
CellChat version 1.4.0** was used for the ligand and receptor pair
analysis following the standard CellChat vignette. Pseudotime analysis
to track the hematopoiesis and lymphopoiesis within our cultures
utilized the SeuratWrappers package version 0.3.0, as well as following
the Monocle3 vignette” to select the root starting cells as the “HE
(hemogenic endothelial cell)” cluster.

Analysis of endothelial to hematopoietic transition in Fig. 2e uti-
lizes PSC-derived cells from days 12 and 15 based on expression of CD31
or CD34 and RUNX1 or CDHS. The analysis of blood cells from HSPC to
lymphoid cells utilizes a subset of PSC-derived cells based on the
“HSPC”, “ILC” and “RAG +Lymph” clusters identified in Fig. 2a. To
investigate the heterogeneity and different ILC clusters in Fig. 3e, cells
from “ILC” and “ILC_cyc” clusters were pooled from the Fig. 3a. Addi-
tionally cell cycling genes were regressed out to avoid influence by ILC
cells’ cycling state. Genes displayed in Supplementary Fig. 4 heatmap
were the specific genes of each cluster based on reclustered and
pooled cells identified as the “HSPC”, Lymph_prol, pro2 and pro3
clusters in Fig. 3a. Cells in Supplementary Fig. 4d were based on
pooling of RAGI+ cells from day 19 and 25 samples. The average
expression function was used to calculate the mean of RAGI average
expression across all clusters. Cells that were above the mean average
expression of 2.259 (4sf) were labelled as “RAG-high” and those lower
“RAG-low”. All subsets described above were re-clustered with the
standard Seurat pipeline.

Statistics

Statistical analysis was performed in Prism (GraphPad, Version 8.0.2)
by t-test, one-way ANOVA or two-way ANOVA tests as indicated in
figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA sequencing raw data is available in the public GEO data repository
with access code GSE217705. Seurat data objects and codes are available
at GitHub: https://github.com/jackyyishengli/Sun-and-Motazedian-et-
al-2023. Source data are provided in this paper.
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