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SUMMARY
A robustmethod of producingmature Tcells from iPSCs is needed to realize their therapeutic potential. NOTCH1 is known to be required

for the production of hematopoietic progenitor cells with T cell potential in vivo. Here we identify a critical window during mesodermal

differentiationwhenNotch activation robustly improves access to definitive hematopoietic progenitors with T/NK cell lineage potential.

Low-density progenitors on either OP9-hDLL4 feeder cells or hDLL4-coated plates favored Tcell maturation into TCRab+CD3+CD8+ cells

that express expected T cell markers, upregulate activation markers, and proliferate in response to T cell stimulus. Single-cell RNAseq

showsNotch activation yields a 6-fold increase inmulti-potent hematopoietic progenitors that follow a developmental trajectory toward

Tcells with clear similarity to post-natal human thymocytes.We conclude that earlymesodermalNotch activation during hematopoietic

differentiation is a missing stimulus with broad implications for producing hematopoietic progenitors with definitive characteristics.
INTRODUCTION

Induced pluripotent stem cells (iPSCs) are an ideal starting

source for differentiating T cells for therapeutic purposes.

They offer a tractable platform for precise and confirmed

introduction of germlinemodifications including chimeric

antigen receptors, safety features (e.g., inducible death

genes), and reducing immunogenicity. These modifica-

tions can be pre-validated, making them potentially safer

than alternative methods of T cell production. Potential

clinical applications include oncology, autoimmunity, or

even tolerance induction in transplantation depending

on the subset of T cells in question. For these reasons, a

robust method of T cell differentiation from iPSCs is of

great clinical interest.

Successful differentiation of iPSC-derived Tcells is depen-

dent on the robust generation of T-capable progenitors.

During embryogenesis, hematopoietic development be-

gins with primitive hematopoiesis, a transient wave of

limited erythro-myeloid progenitors and culminates with

definitive hematopoiesis and the production of the true he-

matopoietic stem cell (HSC). Primitive and definitive he-

matopoiesis are both spatially and temporally separated,

with primitive cells arising in the extra-embryonic meso-

derm (such as the yolk sac) and definitive cells arising

from the endothelium of the aorta and other major vessels

through an endothelial to hematopoietic transition. In

mice and zebrafish, Tcell potential arises after the primitive

wave but before the true HSC. These initial T-capable pro-

genitors develop from the aortic endothelium although
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some arise from a more mature yolk sac population (Boiers

et al., 2013; Tian et al., 2017; Yoshimoto et al., 2012). Thus

the developmental origin of HSCs and some of the earliest

T-capable progenitors is shared with arterial endothelium.

The development of arterial endothelium involves the

medial migration and arterial specification of the lateral

plate mesoderm, a process dependent on many signaling

pathways including Notch, WNT, SHH, and VEGF (Fish

and Wythe, 2015).

In particular, the Notch pathway is critical for arterial

specification and the formation of HSCs (Clements et al.,

2011; Hadland et al., 2004; Kumano et al., 2003). The

Notch pathway consists of four receptors (NOTCH1–4)

and delta/jagged ligands. Notch receptors are activated by

the mechanical force of ligand endocytosis, which exposes

the receptor to cleavage by gamma-secretase to release the

Notch intracellular domain, which drives Notch-depen-

dent gene expression in the nucleus (Gordon et al.,

2015). In vitro studies have demonstrated the importance

of the Notch pathway in hematopoiesis (Ditadi et al.,

2015; Leung et al., 2018). These studies used small mole-

cule inhibitors of the Notch pathway to show it was

required for differentiating progenitors with increased line-

age capacity. In another study, the Notch pathwaywas acti-

vated using a plate-bound dll4-Fc fusion protein at day 4 of

differentiation. This led to the formation of an ‘‘arterial’’

phenotype to the resulting hemogenic endothelial cells

(CD144+, CD73�) that went on to produce progenitors

with improved T potential (Uenishi et al., 2018). Montel-

Hagen and colleagues created a three-dimensional (3D)
The Authors.
ecommons.org/licenses/by-nc-nd/4.0/).

mailto:gmostosl@bu.edu
https://doi.org/10.1016/j.stemcr.2022.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2022.10.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Notch activation during mesoderm induction robustly specifies the emergence of iPSC-derived hematopoietic pro-
genitors with T cell competence
(A) Diagram showing the TetOn:NICD1 construct for AAVS1 targeting. The cHS4 insulators reduce silencing and the T2A:puro is used for
selection. The m2rtTA is included under the control of a separate CAG promoter.

(legend continued on next page)
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artificial thymic organoid by aggregating a putative human

embryonic mesodermal progenitor (CD326�CD56+) from

day 3 of differentiation with amouse bonemarrow stromal

cell line expressing humanDLL4 (MS5-DLL4). These differ-

entiating cells went on to produce CD8SP T cells (Montel-

Hagen et al., 2019). Thus inhibiting Notch reduces lineage

potential while stimulating it increases lineage potential of

the resulting hematopoietic progenitors.

However, none of these studies pursued the timing or in-

tensity of Notch activation needed to facilitate the emer-

gence of T-capable progenitors. In this study, we sought

to address these questions by developing iPSC lines with

an inducible promoter driving the expression of the intra-

cellular domain of the NOTCH1 receptor (NICD1). This

approach allows autonomous control over the Notch

pathway, as it does not rely on the expression of

NOTCH1 or Notch ligands. Using an optimized 12 day he-

matopoietic progenitor differentiation protocol, we identi-

fied the first 72 h of differentiation as a critical time period

when activation of the Notch pathway increased T/natural

killer (NK) cell commitment up to 10-fold by day 19 as

measured by live hCD7+ cells. These cells could be influ-

enced toward T or NK cell fates on the basis of the density

of progenitors introduced into the system, with lower den-

sity favoring T cell differentiation.

T cells matured through a DP (CD4+CD8+) stage to a

CD7+CD3+CD8+CD4� cell consistent with CD8SP cells.

Our protocol favors robust emergence of TCRab+CD8ab+

cells. These cells could be activated by CD3/CD28 tetra-

mers to express activation markers and proliferate. Finally,

we undertook single-cell sequencing of our Tcell cultures at

very early stages as well as from the progenitor stage (day

12) to late DP stage (day 42) compared with post-natal hu-

man thymocytes. This revealed that early Notch activation

yielded a population of multi-potent day 12 progenitors

that was 6-fold larger than untreated cells. Macrophage,

erythrocyte, and NK cell fates were accessed by our progen-

itors, but the majority of cells progressed toward T cells

with a gene expression signature similar to that of post-

natal human thymocytes. We conclude that early Notch
(B) Dose-response curve for Notch target gene HES5 after doxycycline
lines made. Three biological replicates (separate wells with independe
data shown are fold change calculated by delta-deltaCt method with B
untreated control.
(C) Schematic of the iT differentiation protocol outlining cytokines
developmental stage of the differentiation is shown underneath, from
(D) Early T/NK cells measured by %CD7+ population using flow cytomet
for untreated, dox-treated from days 0–1, 0–2, 3–12, 4–12, and 0–
significance assessed using 2-tailed t test with p < 0.05. N = 6 separ
lines: bBU1c2:N1 [1N1], BU2:N1 [2N1], and BU3:N1 [3N1]).
(E and F) These show the same experiment as in (D), except they show t
CD45+ population (respectively) at day 12 from each of the doxycycli
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stimulation promotes the development ofmulti-potent he-

matopoietic progenitors with robust NK and T cell poten-

tial that mature into functional CD8SP cells.
RESULTS

Notch activation duringmesoderm induction robustly

specifies the emergence of iPSC-derived hematopoietic

progenitors with T cell competence

To control the activation of the Notch pathway, we devel-

oped four iPSC lines with a TetOn promoter driving the

expression of the intracellular domain of the NOTCH1 re-

ceptor inserted into the AAVS1 locus (Figure 1A). Positive

clones showed a dose-responsive increase in expression of

the Notch target gene HES5 in response to doxycycline

(dox) treatment (Figure 1B). We then used an optimized

12 day two-dimensional (2D) hematopoietic progenitor dif-

ferentiation protocol, based on our work and that of others

(Ditadi and Sturgeon, 2016; Leung et al., 2018; Takata et al.,

2017) (the ‘‘iT protocol’’; Figure 1C) to discover the timing

and intensity of Notch activation needed to maximize

T/NK-capable progenitor production. Using human CD7

expression as an indicator of T/NK lineage output after

1 week of co-culture with OP9 cells expressing hDLL4, we

discovered that Notch activation during the first 72 h of dif-

ferentiation (days0–2)wascritical for specifyingprogenitors

with T cell lineage potential (Figure 1D). In an effort to un-

cover surface markers expressed on day 12 progenitors that

predict T/NK capacity, we plotted populations negative for

CD235a (Figure 1E) or CD235a�/CD34+/CD45+ (Figure 1F)

across the same conditions of doxycycline treatment. These

results show that the best indicator of future T/NK compe-

tence at day 12was the percentage of CD235a-negative cells

as opposed to the percentage of CD34+ cells. Using a combi-

nationofKDR (VEGFR2),CD34, andVEcadherin asmarkers

of putative hemogenic endothelium, we confirmed that

cells that are high KDR+ indeed identified cells at day 4

capable of giving rise to CD235a�CD34+CD45+ hematopoi-

etic progenitors (Figure S1).
(0–1,000 ng/mL) treatment for 72 h for each of the 4 Tet-On:NICD1
nt RNA extractions) of each condition were used, error bars are SD,
ACT as control gene, *p < 0.05 from two-tailed t test compared with

, media changes, and timing of each intervention. The putative
mesoderm to T/NK cells.

ry at day 19 (after one week of co-culture on OP9:hDLL4 feeder cells)
12. Horizontal bars mark the average of each sample. Statistical
ate differentiations (2 differentiations for 3 different TetOn:NICD1

he CD235 negative (CD235a�) population and the CD235a�/CD34+/
ne treatment conditions.



Figure 2. CD7+ cells generated from the iT protocol mature into T cells
(A) All 4 TetOn:NICD1 lines were differentiated to day 19 with and without doxycycline treatment from days 0 to 2 (doxycycline con-
centrations were 100 ng/mL for 1N1, 350 ng/mL for 3N1, and 500 ng/mL for 2N1 and 8N1). This experiment shows that the increase in CD7+

cells at day 19 in dox-treated cultures is consistent across 4 independent iPSC lines.
(B) The %CD7 cells at day 19 as observed in (A) was averaged (±SD) for the treated and untreated samples and the difference was sta-
tistically significant with p < 0.003 using a 2-tailed t test.
(C) Gene expression of a panel of T cell-related transcripts in day 45 CD7+ FACS-sorted cells and human thymocytes compared with iPSCs.
Four separate differentiations were sorted at day 45 (N = 2 for 2 separate cell lines [1N1, 3N1]). Fold change was calculated by the delta-
deltaCt method with BACT as control gene. Significance was assessed using t test compared with iPSCs (p < 0.004 except for LCK, which was
not significant). Error bars are SD.
(D) Representative flow cytometry evaluating expression of CD4, CD8, and CD3 from day 30 to day 63 of differentiation for 1N1. N > 5
separate differentiations to day 47. N = 2 separate differentiations for day 63.

(legend continued on next page)
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We differentiated all 4 TetOn:NICD1 iPSC lines with and

without day 0–2 doxycycline treatment and analyzed the

percentage of CD7+ cells at day 19 (Figures 2A and 2B).

Early Notch stimulation induced robust and reproducible

emergence of T/NK-capable progenitors across all 4 iPSC

lines. Following incubation of day 19 CD7+ cells in condi-

tions favoring Tcell specification (see experimental proced-

ures and Table S1), we analyzed differentiated cells at day

45 for the expression of characteristic T cell genes by quan-

titative real-time PCR. As shown in Figure 2C, day 45 CD7+

iPSC-derived T cells express RAG1, RAG2, ZAP70, LCK, and

BCL11B (among others) at similar levels to freshly isolated

post-natal human thymocytes (Figure 2C). Using flow cy-

tometry, we followed T cell maturation from day 30 to

day 63 and observed appropriate developmental progres-

sionwith early emergence of CD4 immature single-positive

(CD4ISP) cells, followed by CD4+/CD8+ DP cells, and fin-

ishing with the production of CD7+/CD5+/CD3+/CD8+

cells (Figure 2D). Stimulation of day 40 iPSC-derived

T cells using either CD3/CD28 tetramers or PMA/ionomy-

cin induced robust proliferation (Figure 2E) and upregula-

tion of activation markers CD25 and CD69 (Figure 2F).

The tetramers were less efficient than PMA/ionomycin,

likely because of the fact that at day 40, expression of

CD3 was not robust yet.

Notch activation is required for T/NK lineage

competence in a time-dependent manner

In order to further define the mechanism behind our find-

ings, we sought to identify the cell population activating

the Notch pathway early in our differentiations by using

fluorescence-activated cell sorting (FACS). We isolated

three populations at day 3: KDR� (putative non-meso-

dermal population), KDR+CD34�VECadherin� (putative

mesoderm), andKDR+CD34+VECadherin+ (putative hemo-

genic endothelium) and compared the expression of Notch

genes between these populations in both dox-treated and

untreated cultures (Figure 3A). In the untreated state, no

significant upregulation of Notch genes was noted between

the KDR+ and KDR� populations (data not shown). In

contrast, significant upregulation of NOTCH1, NOTCH4,

HEY1, DLL4, and JAG2 was observed between the KDR�

and KDR+/CD34+/VECadherin+ populations that was

more pronounced in the Notch-induced sample (Fig-

ure 3A). Notch is known to cause both cell-cycle arrest

and progression in different systems (Joshi et al., 2009;

Noseda et al., 2004), an effect that could have an impact

on the timing of fate determination between dox-treated

and untreated differentiations. To address this possibility,
(E and F) Day 40 cells were stimulated for 7 days with CD3/CD28 tetram
the presence of 5 ng/mL IL-2 and activation assessed using Cell Trace
see E) and surface markers of activation CD69 and CD25 (pre-gated o
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we measured the percentage of cells in G1 and G2 at day

3 of differentiation and found no difference between no-

dox and plus-dox conditions (Figure 3B), strongly suggest-

ing the effect of early Notch induction in hematopoietic

lineage specification is not influenced by changes in cell-

cycle status.

To further define the dynamics of early hematopoietic

specification, we tracked the percentage of KDR+ and

KDR+CD34+VECadherin+ populations from day 2 to day

6 of differentiation using flow cytometry (Figures S2A and

S2B). Notch induction led to a small but significant in-

crease in the KDR+ population, but did not significantly

change the percentage of KDR+/CD34+/VECadherin+ cells.

In addition, the percentage of floating CD235a�/CD34+/

CD45+ hematopoietic progenitors was tracked from days

8–12 between dox-treated and untreated cultures, and no

significant difference was observed (Figure S2C). Overall,

these data demonstrate that doxycycline-driven Notch

activation in our system does not lead to significant cell cy-

cle changes or modify the timing or percentage of hemato-

poietic progenitors produced on the basis of this limited set

of surface markers.

Using DAPT (a gamma-secretase inhibitor that blocks

Notch signaling) and our TetOn:NICD1 system, we verified

that the Notch pathway is required for the production of

progenitors with T potential and that doxycycline can

partially rescue this phenotype (Figure S2D). In an effort

to understand the kinetics of Notch pathway activation

during differentiation, we followed the expression of

Notch target genes HEY1 and HES5 as well as KDR as a

marker of mesodermal specification during the first

8 days of the iT protocol (Figure 3C). We analyzed these

data comparing each day with day 1 of the parental differ-

entiation (day 2 with day 1, day 3 with day 1, etc.) in both

dox-treated tet-on:NICD1 lines as well as dox-treated

parental lines. Notably, during the differentiation of all 4

parental (not targeted) lines, we observed a significant in-

duction of Notch signaling starting at day 4 of differentia-

tion. In contrast, in all 4 dox-inducible iPSC lines, addition

of doxycycline stimulated amuch earlier and robust induc-

tion of Notch signaling, as evidenced by a 50-fold increase

in HES5 and a 12-fold increase in HEY1 expression at day 2

of differentiation. These data provide strong evidence sup-

porting that in our iT protocol, Notch signaling is normally

induced at day 4 of differentiation. However, by forcing in-

duction of Notch signaling immediately after addition of

doxycycline into the culture we developed an early win-

dow of accessibility that drives the emergence of more

definitive hematopoiesis and eventually translates into
ers or PMA/ionomycin (25 ng/mL and 250 ng/mL, respectively) in
Violet to monitor proliferation (pre-gated on live, CD7+/CD5+ cells,
n live CD5+ cells, see F). 1N1 line, N = 2 separate differentiations.
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the production of progenitors with T/NK potential. In addi-

tion, these data also explain why doxycycline treatment af-

ter day 2 had no effect in the differentiation protocol (i.e.,

the Notch pathway is already on). In agreement with our

previous data showing an increase in KDR expression as

measured using flow cytometry, we detected a significant

increase in KDR gene expression following doxycycline

treatment and Notch induction (Figure 3C). In order to

confirm NICD1 expression at the protein level, we moni-

tored NICD1 across the first 4 days of the iT protocol by

immunofluorescence, comparing no dox versus dox treat-

ment. As shown in Figure 3D, bright nuclear NICD1 stain-

ing was already evident by day 1 of dox treatment and was

sustained during all 3 days of dox induction, rapidly dimin-

ishing by day 4 when doxycycline was already removed

from the culture. Overall, our results provide strong evi-

dence that the Notch pathway is normally activated early

during the emergence of the hemogenic endothelial cell

population in our iT protocol. Using our TetOn:NICD1 sys-

tem we induced an earlier and stronger Notch activation

that did not influence cell cycle progression or the percent-

age of progenitors expressing CD34 but still yielded a

robust increase in progenitors with T/NK lineage potential.

Hematopoietic progenitors produced in the iT

protocol have both T and NK cell potential

In several of our differentiations, we observed a striking

phenotype between day 19 and 40 showing the rapid loss

of the OP9 stromal layer (Figure 4A). Characterization of

the differentiated cells using flow cytometry showed they

lost the T cell marker CD5 and upregulated expression of

the NK cell marker CD56. In order to define the factors

that determine the T versus NK cell lineage decision, we

tested several culture variables in high-density cultures

(>250,000 day 12 progenitors/10 cm plate) including
Figure 3. Notch activation is required for T/NK lineage competen
(A) Notch genes are expressed in the putative hemogenic endothelial
FACS-sorted into KDR� (non-mesoderm) and KDR+CD34+VECadherin+

3N1. Real-time PCR showed significant expression of a broad range of
the putative hemogenic endothelial population. However, upregulatio
treated cells compared with the untreated (data not shown). Significa
and error bars are SD (N = 3 separate differentiations).
(B) Cell cycle analysis of dox-treated and untreated cultures at day
ethanol-fixed, DAPI-stained samples. The percentage of cells in each p
bars represent the mean ± SD (N = 6 separate differentiations, 2 each
(C) Gene expression analysis of notch targets HES5, HEY1, and mesoder
(non-targeted lines) treated with doxycycline (100 ng/mL for bBU1c
targeted parental lines were treated with doxycycline to control for any
collected from days 1 to 8 of differentiation. Each sample was compared
using t test with p < 0.05 considered significant. Average fold chang
(D) Representative staining for NICD1 (AF488 green) and nuclei (Hoes
untreated differentiations on days 1–4. Data are representative of 3 se
203 objective; scale bars, 30 mM.
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modulating serum concentration, IL-7 concentration,

and Notch activation (both inhibiting with DAPT and acti-

vating it with dox) and found that none of these altered NK

lineage specification (data not shown). Strikingly, chang-

ing the plating density of day 12 progenitors transferred

on top of the OP9 feeder layer was found to dramatically

impact the outcome, with low density (50,000–100,000/

10 cm plate) favoring T cell differentiation and higher den-

sity (>100,000/10 cm plate) favoring emergence of NK cells

(Figure 4B). Indeed, the loss of CD5+ cells nicely correlated

with the increase in density and the appearance of CD56+

cells. These CD56+ cells expressed other NK markers such

as NKp44, NKG2D, and NKp46 (Figure 4C).

Notch drives an accelerated induction of nascent

mesoderm

To investigate the events underlying the increase in T cell

potential following notch activation, single-cell RNA

(scRNA) sequencing was performed on iPSCs on days 2, 3,

and 4 of differentiation (Figure S3). This demonstrated

progression through the primitive streak and nascent

mesoderm at day 2, mesoderm by day 3, and endothelial

progenitors at day 4 (Figures S3A and S3B). In addition,

small populations of contaminating ectodermal and endo-

dermal cells were noted. The effect of notch activation

induced prominent differences in clustering at day 2

between doxycycline and DMSO-treated cultures (Fig-

ure S3C). The induction of notch at day 2 could be demon-

strated by the upregulation of notch target genes such as

HES4 (Figure S3D). Using gene lists identified by Tyser

et al. (2021) from scRNA sequencing of gastrulating human

embryos (see Table S2), notch induction promoted an

earlier shift from primitive streak to nascent mesodermal

fates (Figures S3E and S3F). These data strongly suggest

that earlier induction of mesodermal fate underlies the
ce in a time-dependent manner
population at day 3. Day 3 dox-treated and untreated cultures were
(putative hemogenic endothelium) populations for 1N1, 2N1, and
notch genes (NOTCH1, NOTCH4, HEY1, HES5, DLL4, and JAG2) only in
n of notch target genes was increased in all populations in the dox-
nce assessed at p < 0.05 using 2-tailed t test from KDR� population,

3. G1 and G2 populations were assessed using flow cytometry of
hase was recorded and significance assessed using t test. Horizontal
for 1N1, 2N1, and 3N1).

mal marker KDR comparing all 4 TetOn:NICD1 lines and their parental
2:N1 [1N1] and 250 ng/mL for the others [2N1, 3N1, 8N1]). Non-
doxycycline effect outside of the inducible promoter. Samples were
with day 1 of the parental differentiation and significance assessed
e ± SD is shown.
cht blue) in BU2-TetOn:NICD1 (2N1) in dox-treated (days 0–2) and
parate differentiations (1N1, 2N1, 3N1). Images shown taken with



Figure 4. Hematopoietic progenitors produced in the iT protocol have both T and NK cell potential
(A) Day 34 103 objective bright-field images of low (left) and high (right) density cultures showing loss of OP9 stroma and increase in
debris (scale bar, 200 mM). Inset: staining for live versus dead cells shows the significant increase in the percentage of dead cells under
high density conditions. N = 5 separate differentiations with 1N1.
(B) Representative flow cytometry from days 19–34 in cultures with 3 different densities (50,000 progenitors/10 cm plate of OP9:hDLL4 at
day 12, 100,000, and 250,000). Day 19 shows CD7% only. Day 27 shows CD7+ population and CD4+/CD8+ population. Day 34 shows CD4+/
CD5+ population. A marked loss of CD7+ and CD4+/CD5+ double-positive cells is shown as the progenitor density increases. N = 4 separate
differentiations with 1N1, representative flow cytometry shown.
(C) Flow cytometry showing percentage of NK cells expressing CD56 and NKp44, NKG2D, or NKp46 at day 35 of differentiation in the co-
culture plated with 250,000 cells at day 12. For this staining, N = 2 separate differentiations with 1N1.
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enhanced definitive hematopoietic differentiation evi-

denced in our protocol upon notch induction.

Single-cell RNA sequencing supports a developmental

trajectory from progenitors to T cells

To better characterize the effect of Notch activation on our

day 12 progenitor cells and to follow the developmental

program of these progenitors as they develop into early

T cells, we pursued single-cell RNA sequencing at 5 time

points from days 12 to 42 compared with freshly isolated

post-natal human thymocytes (Figure S4A). We also

included a comparison of day 12 progenitors from dox-

treated (days 0–2) and untreated cultures, to determine

the global transcriptional impact of early Notch induction

on these day 12 progenitors. We chose time points to cap-

ture the transition to the co-culture environment (day 13),

the initiating events toward the T/NK lineage (day 16), the

emergence of T/NK lineage cells (day 20), and the late dou-

ble-positive (CD4+CD8+) Tcells (day 42). These time points

were selected on the basis of our flow cytometry data (see

Figures 1D and 2D).We ran biological duplicates (two sepa-

rate differentiations) of all samples except the human

thymus with a capture of 1,400–2,200 cells per sample. In

all, we sequenced 22,832 cells with a read depth of

41,000 reads/cell and a weighted average of unique molec-

ular identifier (UMI) counts/cell of 4,133. Louvain clus-

tering of all 7 samples was visualized in SPRING (Figure 5A),

yielding 12 clusters at a resolution of 0.25 in the full dataset

(Figure 5B). Analysis of cell cycle showed differences in cell

cycle phase throughout the entire dataset (Figure 5C), but

these differences did not drive Louvain clustering at any

time point (Figures 5B and 5C). We then ran Gene

Ontology analysis using EnrichR (Chen et al., 2013; Kule-

shov et al., 2016) on each cluster combinedwith previously

reported lineage-specific gene lists identified using single-

cell sequencing of human fetal liver (Popescu et al., 2019)
Figure 5. Single-cell RNA sequencing supports a developmental t
Single-cell RNA sequencing of developing T cells from day 12 proge
thymocytes (primary cell control).
(A) All 22,832 cells from 7 separate samples was visualized in Spring. Ea
day 13, day 16, day 20, day 42, and human thymus).
(B) The same full Spring plot shown in (A) now showing the Louva
populations.
(C) Full Spring plot showing cell cycle phase for this experiment. Alth
influence the Louvain clustering seen in (B).
(D–G) Day 12 treated and untreated progenitors were separated from t
untreated cells were manually separated from each other by a con
appreciated; +dox cells on the left and no-dox cells on the right. The c
genes (Table S3) is shown in (D). Expression of the classic hematop
(SRGN) (F), a Meg/erythroid gene GATA1 (G), with increased express
(H) Full Spring plot of day 12 progenitors showing main clusters ann
(I) Violin plots showing top 5 most enriched up- and downregulat
progenitors.
and additional gene lists that we generated on the basis

of a literature search (Table S3). When we put these data

together, the spring plot showed a clear developmental tra-

jectory fromprogenitors containing erythroid andmyeloid

cells progressing to at least two defined clusters separating

the monocyte/macrophage lineage from the lymphoid

lineage resolving into a defined T/NK signature (Figure 5B).

Early Notch activation induces a robust increase in

multi-potent progenitors

In order to specifically define the effect of early Notch in-

duction on the day 12 progenitor population, we generated

a spring plot focusing on the dox-treated and untreated day

12 samples (Figure 5D). Although the hematopoietic pro-

genitor gene list clearly identified cells in both dox-treated

and untreated samples, early Notch induction has a major

impact on the number and distribution of canonical pro-

genitors at day 12 (Figure 5D). The dox-treated samples

contributed 87% of the cells in this cluster (1,959), while

the untreated progenitors contributed only 13% (327). A

spring plot highlighting CD34 expression shows a high de-

gree of overlap with this cluster, supporting its progenitor

identity (Figure 5E). Putative myeloid clusters collectively

express characteristic genes such as SRGN (Figure 5F). The

dox-treated and untreated cultures contribute 40% (998)

and 60% (1,453) of the total cells in these clusters. A final

cluster expresses early erythroid/megakaryocyte genes

such as GATA1 (Figure 5G) with a contribution of 44%

(670) and 56% (867) of cells from dox-treated and un-

treated progenitors. Overall, this analysis defined the pres-

ence of a progenitor population that is clearly enriched in

the Notch-induced sample, and putative myeloid and

Meg/Ery cells over-represented in the untreated sample

(Figure 5H). In a head-to-head comparison, the top 5 upre-

gulated genes in the day 12 dox-treated progenitors were

strongly associated with hematopoietic stem/progenitor
rajectory from progenitors to T cells
nitors to day 42 T cells (bBU1c2 and 1N1 iPSC line) and human

ch sample was color-coded by identity (day 12 no dox, day 12 + dox,

in clustering at 0.25 resolution with annotations of putative cell

ough some segregation by phase is noted after day 13, this did not

he rest of the analysis and visualized in Spring. The dox-treated and
stant amount so the differences in expression of genes could be
omposite expression signature of a list of hematopoietic progenitor
oietic progenitor gene CD34 (E), a myeloid-related gene Serglycin
ion shown in green.
otated for progenitor, myeloid, and Meg/Ery groups.
ed genes between dox-treated (red) and untreated (blue) day 12
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cells (HSPCs) (Figure 5I). These included CD34, the most

common surface marker used to enrich HSPCs, ID1 and

DNMT3B, known to be involved in proliferating HSPCs

poised for differentiation (Challen et al., 2014; Singh

et al., 2018), and HOXB9, a gene that co-operates with

other HOX-cluster genes to maintain HSPCs (Bijl et al.,

2006; Lawrence et al., 2005). In contrast, genes downregu-

lated supported a strong myeloid signature including ser-

glycin (Niemann et al., 2007), myeloperoxidase (Paul

et al., 2015), lysozyme (Kitaguchi et al., 2009), S100A9

(Roth et al., 2003), and proteinase 3 (Campanelli et al.,

1990). In summary, our day 12 progenitors showed a clus-

ter of cells expressing a gene signature consistent with

multi-potent hematopoietic stem/progenitor cells that

was 6-fold larger in the dox-treated than untreated cells.

Both treated and untreated progenitors contributed cells

to myeloid progenitor and erythroid/megakaryocyte pro-

genitor clusters, with a higher proportion in the untreated

cells. Overall, these data support a key role for early Notch

activation driving the emergence of the HSPC population

during differentiation.

Developmental trajectory toward T cells

Day 13 cells were analyzed to capture the early transcrip-

tional events occurring after the change from the progeni-

tor culture conditions to the co-culture environment (Fig-

ure 6Ai). In total, 3,468 cells were captured. These cells

divide into 3 main clusters on the full spring plot (Fig-

ure 6Aii). Visualization of gene expression (on the basis of

gene lists defined in Table S3) confirmed the presence of he-

matopoietic progenitors, meg/erythroid progenitor, and

myeloid/monocyte progenitor cells (Figure 6Aiii). The day

13 progenitor cluster still expresses DNMT3B in the top 5

enriched genes (as in the day 12 progenitors) but showed

expression of several genes active in transcription such as

YBX3 (putative repressor of the granulocyte-macrophage

colony-stimulating factor [GM-CSF] promotor), PABPC4

(binds to mRNAs to increase stability in activated T cells),

and SUPT16H (interactswith histones to aid transcriptional

elongation) (Figure 6Aiv). Gene Ontology provided only

general terms, such as ‘‘CD34+’’ (Human Gene Atlas) and

‘‘human embryo’’ (ARCHS4 Tissues) (Table S4). These

results identify this cluster as transcriptionally active

undifferentiated hematopoietic progenitors. As shown in
Figure 6. Developmental trajectory toward T cells
(A–E) Day 13 (A), day 16 (B), day 20 (C), day 42 (D), and human thym
to highlight their location in the full spring plot (i). The Louvain clus
(iii), the gene expression signatures of lineage-specific gene lists are s
(see Table S3 for gene lists; note that ‘‘(Heinze)’’ refers to gene list[s] c
5 enriched genes in each cluster annotated for that sample are shown i
is shown in green. This pattern is repeated for (A)–(E). Although all c
cropped to conserve space when possible (i.e., expression data not lo
Figure 6Aiv, the myeloid/monocyte progenitor cluster ex-

pressed myeloid genes such as lysozyme (LYZ) and the

S100 family of calcium binding proteins (Roth et al.,

2003). Gene Ontology analysis of this cluster shows a

non-specific myeloid signature with myeloid, monocyte,

dendritic cell and neutrophil-related terms (Table S4).

Finally, a small population of day 13 cells (302 cells) re-

mained in the Meg/erythroid cluster described in the day

12 sample.

We analyzed 3,667 cells from day 16 to assess an inter-

mediate time point between day 13 and day 20 (when

flow cytometry data shows a large population of CD7+

cells) (Figure 6Bi). These cells divide into two main clus-

ters in the full spring plot (Figure 6Bii). Gene expression

signatures shown in Figure 6Biii indicate the identity of

the day 16 clusters as hematopoietic progenitors and

monocyte/macrophages. The day 16 progenitor cluster

contains 2,016 cells that express progenitor genes such

as CD34, SPINK2, and SMIM24 but also lymphoid-associ-

ated genes such as IGLL1 (part of pre-B cell receptor [Miya-

zaki et al., 1999]; Figure 6Biv). This is consistent with the

co-expression of CD34 and early T cell markers in the

thymus (Terstappen et al., 1992). However, it is interesting

to note that 3 of the top 5 genes expressed in the day 16

progenitor cluster are also in the top 5 genes in the

HSC.MPP gene list defined by single-cell sequencing of

the human fetal liver (Popescu et al., 2019). This suggests

an alternative interpretation that our day 12 progenitors

represent an earlier hematopoietic progenitor that has

now matured closer to the in vivo fetal liver HSC/MPP.

This possibility is supported by Gene Ontology terms

that for day 12 and 13 progenitors were not specific (hu-

man embryo, midbrain, human cortex, and kidney, hu-

man embryo, for days 12 and 13 respectively; see

Table S4) but for day 16 Gene Ontology analysis is able

to identify specifically hematopoietic progenitors: CD34+

(Human Gene Atlas), CD34+ cell, bone marrow (bulk tis-

sue), and cord blood (ARCHS4 Tissues) (Table S4). The

day 16 monocyte/macrophage cluster contained 965 cells.

This cluster showed CD74, complement, and MHC II

components as the top 5 enriched genes (Figure 6Biv).

Gene Ontology analysis and visualization of a mono-

cyte/macrophage gene list support the identity of these

cells as monocyte/macrophages. In addition, Gene
ocytes (E) are shown. For each time point, the cells are shown in red
ters identified by the cells in each sample are annotated in (ii). In
hown, with low expression in black and highest expression in yellow
ompiled from the literature by the first author of this paper). The top
n (iv). For these plots, low expression is black and higher expression
lustering is shown from the full dataset, the individual images are
st).
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Ontology analysis highlighted antigen processing and

presentation of peptide antigens (GO: 0002478) as signif-

icant terms suggesting the presence of antigen-presenting

cells in our co-cultures (Table S4). We conclude that the

progenitor cluster identified at days 12 and 13 matures to-

ward a progenitor that more closely resembles human

fetal liver HSCs by day 16. However, these progenitors

also express lymphoid-related genes, suggesting early

commitment toward the lymphoid lineage at this time

point. The myeloid progenitor cluster observed at days

12 and 13 was not prominent at day 16 but was instead

replaced by a cluster of putative monocyte/macrophages,

suggesting maturation of the myeloid lineages by day 16.

On day 20, one major cluster was seen containing 2,827

of 3,677 cells (Figures 6Ci and 6Cii). A small number of cells

remained in the progenitor and monocyte/macrophage

clusters observed at day 16. The T cell development gene

list and the early lymphoid T lymphocyte gene list from

(Popescu et al., 2019) (Table S1) showed high concordance

in identifying the main day 20 cluster as early lymphoid

cells (Figure 6Ciii). Gene Ontology analysis provided

more T cell-related terms such as Human Gene Atlas:

leukemialymphoblastic(MOLT-4), thymus, CD8+Tcells,

and ARCHS4 Tissues: regulatory Tcells, thymus, TLympho-

cyte (Table S4). The top 5 genes expressed in the day 20

early T/NK cluster include T cell-related genes CD247

(CD3z) and GATA3 as well as LTB (lymphotoxin beta) and

IGLL1, earlier lymphoid genes (as in day 16). Overall, this

analysis defines a population of early lymphoid cells

maturing toward the T cell lineage (Figure 6Civ).

We analyzed 3,811 cells at day 42, representing a devel-

opmental time frame consistent with a late double-positive

(CD4+CD8+) stage on flow cytometry (Figure 2D). At this

time point, two clusters were present, a day 42 iPSC-T cell

cluster containing 2,928 cells and a day 42 iPSC-NK cell

cluster with 810 cells (Figures 6Di and 6Dii). These clusters

were identified using a T cell and NK cell gene list derived

from a literature search and the T lymphocyte and NK

cell gene list from Popescu et al. (2019) (Figure 6Diii;

Table S3). Gene Ontology supports these labels with the

top terms forHumanGene Atlas andARCHS4 Tissues being

thymus, TLymphocyte, and CD4+_Tcells for the T cell clus-

ter and CD56+_NKCells, TLymphocyte, and natural killer

cells for the NK cell cluster (Table S4). The top 5 genes ex-

pressed in the T cell cluster include CD1E, CD8B, MAL

(MyD88-adapter-like, involved in T cell signal transduc-

tion), and LEF1 (TCF1/7, a transcription factor that binds

to TCR alpha enhancer) (Figure 6Div). These data provide

strong evidence for the presence of CD8+ T cells as well as

progression to a classic CD8ab T cell (as evidenced by

expression of CD8B) and not abnormal CD8aa lympho-

cytes as previously reported (Themeli et al., 2013). The

top transcripts in the NK cell cluster are granule compo-
2622 Stem Cell Reports j Vol. 17 j 2610–2628 j December 13, 2022
nents granulysin, cathepsin, and granzymes (Figure 6Div).

This suggests that by day 42, our cultures contain a mixed

population of �75% T cells and �25% NK cells.

To compare our iPSC-derived T cells with the closest hu-

man corollary, we sequenced 1,500 freshly isolated post-

natal human thymocytes. On full spring clustering, two

main groups are noted; the first is thymic T cells, which

cluster very close to our day 42 iPSC-derived T cells, and

the second group overlaps with the day 12 and 13 samples

(Figures 6Ei and 6Eii). The latter group overlappedwith two

clusters already described earlier, the myeloid population

from day 12 and the Meg/erythroid population seen at

days 12 and 13 (Figures 5G and 6A). The thymic T cell clus-

ter expresses TRBC2 and TRAC (constant regions of the

TCR beta and alpha chains), CD1a, and DNTT (a DNA po-

lymerase that adds nucleotides at the junctions of the

TCR gene segments) within the top 5 enriched genes (Fig-

ure 6Eiii). This suggests an immature alpha-beta T cell

phenotype consistent with their thymic origin. During

normal T cell development, TCR beta re-arrangement oc-

curs before TCR alpha (Shah and Zuniga-Pflucker, 2014).

Comparing our day 42 T cells and the human thymic

T cells, both populations robustly express TCRB2 (TCR

beta constant region 2). However, in contrast to the thymic

T cells, which most express TRAC, our iPSC-derived T cells

showed few cells expressing TRAC, suggesting that our cells

are just beginning to transition to TCR alpha expression at

day 42 (Figure 6Eiv).

Here we have presented single-cell RNA sequencing data

of 7 different samples defining the transcriptional signa-

tures of iPSC-derived hematopoietic progenitors differenti-

ating into T/NK cells. Notch activation during mesodermal

differentiation yielded a robust enrichment of multi-

potent progenitor cells at day 12, and these cells showed

a time-dependent progression toward the T cell lineage

(evidenced by the loss of early hematopoietic genes and

the appearance of specific lymphoid transcripts) that even-

tually mature into putative T cells expressing Tcell markers

such as BCL11B, LEF1, and CD3D (Figure S4B).

Feeder-free conditions support the emergence of

alpha-beta T cells

Inorder toexplore thedifferentiationpotentialofour iTpro-

tocol-derived cells using feeder-free conditions, we adapted

the protocol to replace the use of OP9 feeders with coated

plates optimized for the differentiation of T lymphocytes

(see experimental procedures). As shown in Figure 7A, by

day 40 the vast majority of the cells were CD5+/CD7+ cells,

with a small proportion of CD7highCD5low cells expressing

CD56. Approximately 35% of the CD5+/CD7+ population

were also CD3+. The CD3� cells expressed CD4 and CD8a

consistent with an immature double-positive CD4/CD8

phenotype. Furthermore, up to 60% of the CD3+ cells were



Figure 7. Feeder-free conditions support the emergence of alpha-beta T cells
(A) Feeder-free T cell differentiation analyzed using flow cytometry at day 40 with a broad panel of T cell markers.
(B) Using the same gating strategy as shown in (A), five separate differentiations (3 with 1N1, 2 with 3N1) were scored for the percentage
of cells in each significant gate (CD5+, CD3+, TCRab+, TCRgd+, and CD8b/CD4 double-positive). A high degree of reproducibility across
differentiations is demonstrated.
(C) The same flow cytometry panel is shown after one week of stimulation with CD3/CD28 tetramers and 10 ng/mL IL-15, demonstrating
maturation of both TCRab (red square) and TCRgd populations (1N1 line).
TCRab+CD56�whichalso expressedCD4,CD8a, andCD8b.

In contrast, 30% of the CD3+ cells were TCRgd+ which were

mostly negative for CD4�/CD8� cells (Figure 7A). Remark-

ably, the percentages of these different populations were

highly consistent across 5 independentdifferentiations (Fig-

ure 7B), providing strong evidence for the robustness of our

platform. Upon stimulation with CD3/CD28 tetramers in

the presence of IL-15 for one week, the cells show signs of

maturation as evidenced by significant increase in CD3+

cells (up to 72%), and the emergence of a CD4�CD8ab sin-

gle-positive TCRab+ T cells (Figure 7C).

To further verify these TCRab+ cells were progressing

through a normal developmental program, we pursued

RNA-based TCR sequencing on day 54 iPSC-derived
T cells compared with PBMC controls (Figures S5A and

S5B). Although the TCR diversity of iPSC-derived T cells

was lower than control T cells, it still demonstrated broad

use of V and J gene segments, with higher diversity for J

segments. These results lend additional support to the

emergence of polyclonal alpha-beta T cells from our differ-

entiation cultures.
DISCUSSION

Using an inducible system to activate Notch signaling, we

identified a critical 72 h window during early mesodermal

differentiation when activation of the Notch pathway
Stem Cell Reports j Vol. 17 j 2610–2628 j December 13, 2022 2623



induces a profound increase in T-capable multi-potent he-

matopoietic progenitors. The robustness of this finding

was validated across four separate iPSC lines, strongly sup-

porting the intrinsic role of Notch independent of genetic

confounders. Importantly, our TetOn system allows

Notch stimulation prior to the endogenous expression

of the Notch1 receptor or Notch ligands. This is in

contrast to other reports of Notch activation during he-

matopoietic differentiation that depend on the use of

feeder cells expressing Notch ligands or DLL4-fc fusion

proteins (Schmitt et al., 2004; Uenishi et al., 2018). Our

results suggest that early Notch activation immediately af-

ter exit from pluripotency is a missing signal in hemato-

poietic mesodermal differentiation that allows more

robust and consistent access to T/NK-capable progenitors.

Our mesodermal differentiation is dependent on simulta-

neous activation of the Notch and WNT pathways. The

importance of these pathways in early HSC development

has been demonstrated in zebrafish, in which non-canon-

ical WNT activation by Wnt16 was required for somitic

expression of Notch ligands that delivered required Notch

signals to migrating lateral plate mesodermal cells to allow

HSC development (Clements et al., 2011). It is possible

that the induced Notch expression in our system compen-

sates for the loss of cross-talk between these cell popula-

tions in our differentiations. Notably, we tested whether

inducing NICD1 with doxycycline could replace the sig-

nals provided by the OP9:hDLL4 or the Fc_DLL4 coated

plates but did not observe the emergence of lymphoid

progenitors by day 19 (data not shown). This suggests

that ligand-receptor interactions provide a broader signal

that is lost by NICD1 induction alone.

Our iPSC-derived T cells are not blocked at the CD4+/

CD8+ double-positive stage, but progress even without

stimulation to a CD3+/CD8+ T cell, with a small popula-

tion of putative CD4 SP cells. The T cell identity of our

cells was supported on flow cytometry, gene expression,

stimulation data, and finally single-cell RNA sequencing.

The strong bias toward CD8 SP cells was observed even

though our feeder cells were engineered to express human

MHC class II (DPa, DPb, and CD74 from an EF1a-driven

polycistronic lentiviral construct). Although the bias of

iPSC-derived T cells is a general outcome in most if not

all other reported T cell differentiation protocols (Awong

et al., 2011; Iriguchi et al., 2021; Minagawa et al., 2018;

Montel-Hagen et al., 2019), it has been unclear what cells

participate in antigen presentation for positive selection.

Although not conclusive evidence, the strong CD8 bias

present in our engineered OP9-hDLL4:hMHCII co-culture

suggests that the OP9 feeder cells are not participating as

APCs in a meaningful way. It is also possible, however,

that exposing the progenitors to the hMHC-II expressing

OP9 cells must occur at a specific time during T cell differ-
2624 Stem Cell Reports j Vol. 17 j 2610–2628 j December 13, 2022
entiation to help the selection of CD4 SP cells, a possibility

that warrants further investigation.

Notably, our protocol proceeds through differentiation

all the way to CD8 SP T cells in the absence of any specific

engineered Tcell receptor, in contrast tomost other reports

(Awong et al., 2011; Iriguchi et al., 2021; Minagawa et al.,

2018). Under feeder-free conditions, selection appears to

be controlled by CD3/CD28 tetramer stimulation which

was required to drive maturation into CD8SP cells. This

was not the case in the OP9 system, in which emergence

of CD8SP cells occurred in the absence of exogenous

stimulation.

In other developmental contexts, Notch signaling has

been shown to have density or dose-dependent effects. In

the chick inner ear, hair producing cells and non-hair cells

appear to be determined by the contact area between

Notch signal sending and receiving cells (Shaya et al.,

2017). In another study, Notch signaling regulated a cell-

density dependent apoptosis pathway in NIH 3T3 cells

(Matsuno et al., 2018). Even within the lymphoid lineage,

low-level Notch signaling improved B cell differentiation,

while high-level activation pushed cells toward the T cell

lineage (Dallas et al., 2005). These studies suggest that

Notch signal intensity is regulated by cell density, as would

be predicted by the strict requirement for cell-cell interac-

tion for productive Notch signaling (Bray, 2016). In our

studies, the density of hematopoietic progenitors intro-

duced into the co-culture system had a major impact on

the T versus NK lineage choice. This could be due to the

increased access of developing T cells to Notch ligands

when plated at low density, suggesting that NK cell differ-

entiation proceeds vigorously under slightly lower inten-

sity Notch activation than T cells. In support of this idea,

NK differentiation proceeded even in the presence of a

low concentration of gamma-secretase inhibitor (data not

shown).

Our single-cell RNA sequencing time course supports a

marked enrichment of multi-potent hematopoietic pro-

genitors in the dox-treated group that then progress toward

the T cell lineage. A recent comprehensive paper described

single-cell RNA sequencing of human embryonic and fetal

early thymic progenitors (ETP) (Zeng et al., 2019). An early

ETP was defined by a gene signature of CD34, SPINK2,

TRDC, RUNX3, and IGLL1. In our dataset, day 12 progeni-

tors are positive for CD34 and SPINK2, but it takes 4 days of

co-culture until day 16 before they begin to express IGLL1

and TRGC2. This indicates our day 12 cells may represent

an earlier stage progenitor. A later ETP (ETP2) was defined

by a gene expression signature of PTCRA, RAG1/2, CD3E/

G, CD8B, and lineage-defining transcription factors

BCL11B and TCF7. In our dataset, all these genes turn on

in the day 16 to day 20 transition and their expression

levels are high by day 42 (both in single-cell data as well



as qRT-PCR). These similarities provide strong evidence

supporting a similar developmental process in our cells

comparedwith in vivo data. By day 42, our cells show a clear

separation of T and NK cell clusters. Within the NK cell

cluster, many genes consistent with both NK cells and

innate-like lymphocytes (ILCs) are expressed, suggesting

that this groupmay represent amixture of NK and ILC fates

that have not yet diverged at the transcriptional level. This

is also true within the Tcell cluster, where broad expression

ofTRBC2 andTRGC2 suggest both gamma-delta and alpha-

beta T cells are present but not yet transcriptionally

distinct. These results are consistent with early sampling

at day 42, as flow cytometry data does not show a clear

CD8+CD3+ SP population until day 63.

In summary, we describe a robust platform for the deriva-

tionofT/NKcells from iPSCs. Inparticular,Notch activation

during early mesodermal differentiation has a marked

impact on the production of multi-potent hematopoietic

progenitors. These progenitors are not earmarked for the

lymphoid lineage but have clear myeloid and erythroid po-

tential. They follow an elegant developmental pathway to-

ward the T/NK lineage with robust emergence of the T cell

identitybeginningbyday20with clear similarity toprimary

human T cell development. The efficient derivation of an

iPSC-derived T/NK lineage cell has important therapeutic

implications for CAR-T therapy. Using gene-editing tech-

niques prior to differentiation to introduce desired CARs,

safety switches, and reduce immunogenicity would yield a

potentially safer therapy with broader ‘‘off the shelf’’ capac-

ity. In addition, our systemcould yieldbiological insights on

T cell development that are otherwise difficult to probe,

including specific signaling events leading to CD4 SP T cell

development.
EXPERIMENTAL PROCEDURES

Tissue culture conditions and cell lines
OP9 cells (Mouse, ATCC CRL-2749) were maintained in

alpha MEM supplemented with 20% FBS, 13 GlutaMAX,

1-thioglycerol, and Primocin at 37�C, 5% CO2 in standard incuba-

tors (for reagents, resources, and primers, see Table S5). Cells were

passaged using 0.05% trypsin every 3–4 days. 293 T cells were

maintained as above but using DMEM with 10%FBS, 13

GlutaMAX, and Primocin. Human iPSC lines were maintained in

tissue-culture treated 6-well plates coated with hESC-qualified Ma-

trigel in mTeSR media with added Primocin. Media was changed

every day except for weekends, when one day was skipped and

the cells fed twice the normal volume. Cells were split weekly using

ReLeSR following themanufacturer’s protocol. Cells were grown at

37�C, 5% CO2 in standard incubators. Specific iPSC lines used in

this study were bBU1c2 (XY, EF1a-hSTEMCCA4 loxp lentiviral

infection, Cre-excised), BU2-15-Cr10 (XY, EF1a-hSTEMCCA4

loxp lentiviral infection, Cre-excised), BU3-10-Cr1 (XY, EF1a-

hSTEMCCA4 loxp lentiviral infection, Cre-excised), BU8.3 (XX,
Sendai virus-based infection), and BU6 (XY, EF1a-hSTEMCCA4

loxp lentiviral infection). For bBU1c2, BU2, BU3, and BU8, a

TetOn:NICD1 version was made and referred to as 1N1, 2N1,

3N1, and 8N1 respectively (see generation of iPSC TetOn:NICD1

lines). Anonymized pediatric human thymus samples were ob-

tained under institutional review board (IRB) exemption through

Boston Children’s Hospital Cardiac Surgery Service.
Generation of iPSC TetOn:NICD1 lines
Control of Notch activation in iPSCs was pursued by creating a

TetOn:NICD1 construct inserted into the AAVS1 safe harbor locus

using zinc finger nucleases. See supplemental experimental

procedures.
Differentiation into hematopoietic progenitors and

T/NK cells
For differentiation to hematopoietic progenitors, iPSCswere plated

at low confluency (�30–50 3 103/well) on Matrigel (catalog

#354234; Corning) coated 6-well plates in mTeSR. Two days later,

differentiations were begun by removing the mTeSR completely,

adding the differentiationmedia for day 0, and transferring to hyp-

oxic incubator (5% O2). All differentiations begin on day 0; for

example, ‘‘days 0–2’’ refers to a 3 day (72 h) period.

Single-cell analysis
Cells were differentiated per the ‘‘iT protocol,’’ above with and

without doxycycline at days 0–2. Cells were taken for single-cell

analysis at day 12 (dox-treated and untreated), days 13, 16, 20,

and 42 (after day 12, only dox-treated samples), and freshly iso-

lated human thymocytes. We ran biological duplicates (two inde-

pendent differentiations) of all samples except the human thymus.

Cells were sorted for live, CD45+ cells as outlined above in Cell

Isolation and single cell isolation and library preparation was

done using the inDrops method at the Harvard Single Cell Core

followed by library sequencing at the Boston University Medical

Center Microarray and Sequencing core.
Quantification and statistical analysis
For quantitative real-time PCR, fold change was calculated using

the delta-delta CT method with BACT as a housekeeping gene. Re-

sults were then compared with the control state (usually iPSCs) us-

ing a two-tailed t test on log10 transformed expression values. Sig-

nificance was assigned at a p value less than 0.05. For

differentiations, N was variable and is noted in the figure legends.
Data and code availability
Single-cell RNAseq data were deposited at the Gene Expression

Omnibus (GEO) (accession number GSE156111). Raw data and

unique cell lines are available by request from the corresponding

author or the Boston University Medical Campus Center for

Regenerative Medicine iPSC Core Facility.
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