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Generation of chimeric antigen receptor (CAR) T cells from pluripotent stem cells (PSCs) will
enable advances in cancer immunotherapy. Understanding how CARs affect T cell differentiation
from PSCs is important for this effort. The recently described artificial thymic organoid (ATO)
system supports /n vitro differentiation of PSCs to T cells. Unexpectedly, PSCs transduced with

a CD19-targeted CAR resulted in diversion of T cell differentiation to the innate lymphoid cell

2 (ILC2) lineage in ATOs. T cells and ILC2s are closely related lymphoid lineages with shared
developmental and transcriptional programs. Mechanistically, we show that antigen-independent
CAR signaling during lymphoid development enriched for ILC2-primed precursors at the expense
of T cell precursors. We applied this understanding to modulate CAR signaling strength through
expression level, structure, and presentation of cognate antigen to demonstrate that the T cell-
versus-1LC lineage decision can be rationally controlled in either direction, providing a framework
for achieving CAR-T cell development from PSCs.
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Li et al. show that tonic CAR activation during early lymphoid development from pluripotent stem
cells (PSCs) diverts T cell development to innate lymphoid cell lineages. They show that tuning
CAR tonic signaling via alternative costimulatory domains enables preservation of conventional
CAR-T cell differentiation from PSCs.
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INTRODUCTION

Autologous chimeric antigen receptor (CAR)-T cells have shown great promise for
treatment of advanced malignancies. /n vitro generation of allogeneic CAR-T cells from
CAR-engineered “master” pluripotent stem cell (PSC) lines has the potential to expand
patient access to CAR-T cell therapies.2:2 In contrast to peripheral blood T cells, however,
constitutive expression of CARs in PSCs or primary hematopoietic stem/progenitor cells
(HSPCs) may perturb critical early stages of T cell differentiation because of tonic

or antigen-induced CAR signaling during lymphoid development, and indeed the first
demonstration of T cell differentiation from CAR-transduced PSCs reported cells with an
innate phenotype and function reminiscent of y8 T cells.3 Complicating this picture is a
wide range of signaling strengths achievable through modifications to CAR expression level
and structural or signaling elements,*-8 rendering studies of the impact of CARs on T cell
differentiation specific to each CAR and expression system used.

We recently developed the artificial thymic organoid (ATO) system, a 3D culture method
that supports mature effector T cell differentiation from PSCs and human HSPCs in
vitro.210 We used this platform to systematically interrogate the effect of constitutive
lentiviral expression of different CD19-targeted CARs on lymphoid development from
PSCs. We report the unexpected finding that certain CD28(-based CD19 CARs divert T
lineage commitment to the closely related innate lymphoid cell 2 (ILC2) lineage, resulting
in a nearly complete loss of CAR-T cell output but generation of functionally mature
CAR-ILC2Zs.

ILC2s are a helper-type ILC lineage characterized by a predominantly type 2 cytokine
response to epithelium-derived alarmins, including interleukin-25 (IL-25), IL-33, and thymic
stromal lymphopoietin (TSLP).11.12 Despite not being subject to recombination activating
gene (RAG)-mediated T cell receptor (TCR) rearrangement during development, ILC2s
share many developmental similarities with T cells, including a requirement for Notch

and IL-7 receptor signaling and potential intrathymic differentiation from common T/ILC2-
primed lymphoid progenitors.13-15 Despite these similarities, specific determinants of T
versus ILC2 lineage bifurcation from lymphoid progenitors remain poorly understood. In
contrast, transcriptional regulation of ILC2 development has been characterized in detail in
mice, sharing key transcription factors with developing T cells, including BCL11B, TCF7,
and GATA3,16-22 syperimposed on which is ID2-mediated inhibition of E-protein activity
essential for suppressing T cell lineage potential, a mechanism common to ILC2 and natural
killer (NK)/ILC1 lineage commitment.23-26

We used the unexpected finding of CAR-mediated T-to-1LC2 lineage diversion in ATOs to
elucidate the timing and potential mechanisms of CAR-mediated ILC2 differentiation in this
system and identified strategies for mitigating the CAR-imposed block in T differentiation
or, conversely, directing ILC commitment from PSCs. We present these findings as a starting
point for modeling human T/ILC differentiation and as a framework for understanding the
effects of CARs on the development of conventional CAR-T cells and other lymphoid
lineages from PSCs.

Cell Rep. Author manuscript; available in PMC 2023 July 02.
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RESULTS

CAR-induced ILC2-biased lymphoid differentiation from PSCs

We applied the ATO differentiation system to study the effect of CAR expression during T
cell development from human PSCs. Using a lentiviral vector system previously validated
for TCR expression in PSC ATOs,? we transduced the H1 embryonic stem cell (ESC)
line2” with a second-generation CD19-targeted CAR containing an FMC63 single-chain
variable fragment (scFv), immunoglobulin G4 (IgG4) CH2/CH3 long spacer and hinge,
and CD28 transmembrane (TM), CD28 costimulatory, and CD3( signaling domains28-30
(Figure S1A) 2A-linked to EGFP to generate a stable, clonal, CAR-expressing PSC line
(H1-CAR). Surface CAR expression on H1-CAR PSCs was readily detected using an anti-
FMC63 antibody (Figure S1B). Lymphocyte differentiation followed a three-phase protocol
as described previously,® comprising feeder-free generation of embryonic-like mesoderm
progenitors (EMP) followed by aggregation with the MS5-human Delta-like ligand 4 (MS5-
hDLL4) stromal cell line in 3D, air-fluid interface culture on permeable cell culture inserts
to form embryonic mesoderm organoids (EMOSs), which supported mesoderm (day —14

to day —7) and hematopoietic (day —7 to day 0) specification. In a modification of the
original protocol, non-adherent cells were isolated from EMOs on day 0 and reaggregated
at a defined ratio with fresh MS5-hDLLA4 cells to form ATOs, which supported T cell
commitment and maturation (day 0 to weeks 5-7) (Figure 1A).

Analysis of H1 PSC ATOs showed orderly T cell differentiation from T-lineage
(CD7+CD5+), CD4-CD8- double-negative (DN) precursors to CD4+CD8+ double-
positive (DP) precursors, CD3+TCRap+ “late” DP precursors and, ultimately,
CD3+TCRap+CD8+CD4-single-positive (CD8SP) mature T cells between weeks 3 and

6 (Figure 1B). As reported previously, at week 6, CD3+TCRap+CD4+CD8- SP (CD4SP) T
cells were a clear but minor population, as were CD3+TCRap- cells (shown previously to
be enriched for TCRy8 T cells).? In contrast, H1-CAR ATOs, while still producing CD7+
lymphoid cells, exhibited a block in T cell lineage differentiation, generating a transient
population of DP precursors at week 3 but largely failing to develop CD3+TCRap+ T cells
at week 6 (Figure 1B). TCRy6 cells developed at low levels under both ATO conditions
(Figure S1C). Despite impaired T cell generation in H1-CAR ATOs, cell numbers at week
6 were preserved (Figure 1C) and comprised predominantly CD7+ lymphoid cells (Figure
1B), prompting us to look for evidence of ILC generation.

For flow cytometry analysis of week 6 ATOs, we defined T-lineage cells as CD4+ (including
immature CD4 SP and early DP precursors) and/or CD3+ (including late DP and SP T

cells) (Figure S1D). Because the remaining CD3—-CD4- population could also theoretically
contain DN T cell precursors, we sorted this population from H1 or H1I-CAR ATOs at

week 2 and compared their T cell potential with T-lineage committed DP precursors

by reaggregation in new ATOs. While DP precursors differentiated to CD3+ CD8SP T

cells as expected, CD3-CD4- cells did not give rise to DP precursors or CD3+ T cells,
instead producing mainly CD56+ cells, suggesting clearance of T cell precursors within

the CD3-CD4- population by week 2 (Figure S1F). Further analysis of the CD3-CD4~-
population in H1-CAR ATOs at week 6 showed a subset of CD7+ cells with heterogeneous

Cell Rep. Author manuscript; available in PMC 2023 July 02.
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expression of CD2, CD5, CD56, and CD8a (Figure S1E), accounting for less than 10%

of CD45+ cells (Figure 1E). Based on these minimal surface markers, we designated this
population “NK/ILC1 enriched” because of difficulty in distinguishing between human
group 1 ILC populations based on surface markers.31-34 While a small, CD117+ population
was detected, CD117+ NKp44+ ILC3s were not seen (Figure 1E). Surprisingly, however,

a majority of cells, including the CD117+ subset, showed an ILC2 phenotype defined as
CD7+CD200R+CD25M (Figure S1D). Using these lineage definitions, we tracked lymphoid
development in H1 or H1-CAR ATOs over 6 weeks and saw a striking emergence of the
ILC2-like population over time in H1-CAR but not H1 ATOs (Figure 1F). We determined
that this CAR-mediated T cell-to-1LC2 diversion was not specific to the H1 ESC line
because a second line, ESI-017,3 revealed the same ILC2 bias in ATOs when transduced
with the same CAR construct (Figure S1G).

Further examination of the ILC2-like population revealed co-expression of canonical ILC2
surface markers, including CRTH2, CD161, and 1COS,36 and negativity for T or NK
markers, including CD2, CD27, and CD56 (Figure 2A). High expression of CD200R and
CD25 was therefore used to identify this ILC2-like population in subsequent analyses.

The ILC2 identity of these cells was further confirmed by intracellular staining, which
showed high expression of GATA3 and low levels of Eomes, T-bet, and RORyt (Figure
2B). To further characterize these cells, we performed RNA sequencing (RNA-seq) on
sorted DN cells from H1-CAR ATOs compared with CD8SP T cells from standard, week

6 H1 ATOs. This revealed, in the HI-CAR DN population, an ILC2 gene signature

that included expression of the ILC2-defining cytokine receptors /L1RL 1 (IL33R/ST2)

and /L17RB (IL25R); type 2 cytokines, including CSF2 (GM-CSF), /L4, and /L13, and
the T cell/ILC2-associated transcription factors GATA3and 7CF7 (Figures 2C and S2).
Expression of cytotoxic granule-associated genes, including GZMB, GZMA, GZMH, and
PRF1, was low, consistent with a helper ILC phenotype (Figure S2). Interestingly, while
the canonical ILC transcription factor /D2 was expressed at similar levels between H1-CAR
DN (ILC2-like) and CD8SP T cells, expression of its functional homolog, /D3, was specific
to the ILC2-like population (Figure S2). Gene set enrichment analysis3’ of gene signatures
from primary human fetal ILC2s and T cells38 showed that H1-CAR DN gene expression
correlated positively with the ILC2 gene signature and negatively with the T cell signature,
whereas the opposite was true for H1 ATO-derived CD8SP T cells (Figure 2D). We also
looked within the H1-CAR DN transcriptome for the presence of tissue-specific ILC2 gene
signatures based on human blood, lung, and tonsil ILC2 profiles,3? but no differential
enrichment was observed (data not shown), reflecting either absent tissue subspecialization
of /n vitro-derived ILC2s and/or population heterogeneity not resolvable by bulk RNA-seq.

CAR-ILC2 are type 2 cells subject to functional plasticity

We next confirmed that H1-CAR ILC2-like cells were functional ILC2s. Freshly isolated
CAR-ILC2s from ATOs robustly produced the type 2 cytokines IL-4, IL-13, and GM-CSF

in response to phorbol 12-myristate 13-acetate (PMA)/ionomycin as well as IL-2 and tumor
necrosis factor alpha (TNF-a) (Figure 2E), which have been shown to be produced by ILC2s
in mice and humans.#941 While primary 1LC2s lack antigen-specific receptors, CAR-1LC2s
surprisingly expanded in response to CD19+ NALMBG cells in the presence of IL-7 and

Cell Rep. Author manuscript; available in PMC 2023 July 02.
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IL-2, which was modestly increased by addition of IL-25, 1L-33, and TSLP (Figure 2F),
indicating intact functionality through the CAR.

Several studies have also described helper plasticity of ILC2s in response to I1L-12,

resulting in type 1 “polarized” ILC2s capable of producing interferon y (IFNvy).42-45

We tested the type 1 plasticity potential of CAR-ILC2s by culturing them with IL-7 and

IL-2 in combination with IL-25, IL-33, and TSLP or IL-12, followed by PMA/ionomycin
stimulation. Culture with 1L-25/1L-33/TSLP resulted in induction of the type 2 cytokine
IL-5, not seen in unstimulated CAR-ILC2s (Figure 2E) and possibly reflecting maturation
to an IL-5-producting state by one or more of these “ILC2” cytokines. While some IFN-y
production was seen under this condition, culture with 1L-12 greatly increased the frequency
of IFNy-producing cells and suppressed emergence of IL-5-producing cells, consistent with
the type 1 plasticity seen in primary ILC2s (Figures 2G and 2H).

CAR activation in early lymphoid precursors precedes ILC2-biased differentiation

We next sought to understand the CAR-mediated transcriptional changes leading to ILC2
differentiation in H1-CAR ATOs. We first analyzed global hematopoietic differentiation in
H1 and H1-CAR ATOs by flow cytometry and single cell RNA-seq (scRNA-seq) at the
ATO day 0, day 4, and day 7 time points. Flow cytometry at these early time points showed
no obvious differences in hematopoietic differentiation based on expression of CD43 and
CD45 (Figure 3A), but an increase in lymphoid-to-erythroid ratio was seen in H1 relative
to H1-CAR ATOs on day 7 based on CD7 and CD235a expression (Figure 3B). sSCRNA-seq
at these time points revealed multilineage hematopoietic differentiation based on lineage-
defining genes (Figures 3C-3E; Table S1). Across all samples, gene expression clusters
were annotated as megakaryocyte (exemplified by expression of PPBP, PF4, and GP1BB),
erythroid (HBZ, HBA1, HBG1, GYPA, and KLFI), myeloid, and lymphoid lineages.
Myeloid clusters comprised monocyte (FCER1G, CTSD, CD68, and CTSS), neutrophil
(DEFA3, MPO, and AzUJ), and eosinophil (EPX, PRG3, and /L5RA) clusters as well as a
surprisingly prominent mast cell cluster (GATAZ, CPA3, and HPGD) (Figures 3C-3E). The
lymphoid cluster expressed /L 7R, CD7, CD3D, CD3G, and CD247, with a B cell signature
notably absent. Also absent was a clear signature of HSPCs, suggesting that multipotent
progenitor cells may have emerged and differentiated within the preceding EMO stage, prior
to ATO day 0. Aside from a slightly higher lymphoid-to-erythroid cluster ratio in H1 ATOs
on day 7 (Figures 3F, 3G, and S3), no major CAR-associated differences in multilineage
cluster dynamics were appreciated (Figures 3F, 3G, and S3).

Because a multipotent progenitor stage was not identified, we focused our attention on

the lymphoid-specified cluster characterized by expression of /L 7R and CD7. To validate
that our analysis represented early lymphoid progenitors/precursors rather than mature
lymphocytes, we determined by flow cytometry that mature 1LC2s (co-expressing CD200R
and CD25) were rare, representing no more than 0.8% of ATOs on day7 (Figure S4A).
Within the CD7+ population, immature SP CD4+ (ISP4) and some CD3-negative early

DP T cell precursors were seen on day 7, with the frequency of DP precursors markedly
lower in H1-CAR compared with H1 ATOs, suggesting an already evident block in T cell
differentiation in H1-CAR ATOs (Figure S4B).

Cell Rep. Author manuscript; available in PMC 2023 July 02.
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By scRNA-seq, reclustering of the lymphoid cluster revealed multilymphoid development
(Figures 4A, 4B, S4AC, and S4D). Globally, there was expression of /L 7R and, surprisingly,
the TCR components CD3D, CD3E, CD3G, and CD247 across all lymphoid clusters
(Figures 4C and S4F). A major contingent contained precursors identified as T cell, ILC2, or
NK/ILC1 lineage based on canonical genes (Figure 4A). The T cell lineage precursor cluster
was defined by expression of RAG1, PTCRA, and CD8B, whereas the ILC2 precursor
cluster was negative for these but expressed GATA3, PTGDRZ, and /L1RL 1 (Figures 4B
and 4C; Table S2). NK/ILCL1 precursors expressed GNLY, GZMB, KLRCI1, TBX21, and
high /D2 (Figures 4B and 4C; Table S2). While NK/ILC1 precursors were seen at a similar
frequency in H1 and H1-CAR ATOs, the ILC2 and T lineage clusters showed an inverse
relationship between the H1 and H1-CAR ATOs (Figures 4D, 4E, SAC, and S4D). Outside
of these three main clusters, a small ILC3-lineage cluster expressed high levels of /D2,
RORC, and K/T (Figures 4B and 4C; Table S2). CD52, reported to be highly expressed

on human ILC-primed bone marrow progenitors,*6 was higher in all ILC-lineage clusters
relative to the T cell-lineage cluster (Figure 4C; Table S2). An unexpected KLF1+ and

G YPA+ erythroid-like cluster that co-expressed low levels of /L 7R, CD7, and CD3 genes
was of unclear significance (Figures 4B and 4C). Finally, a small cluster containing cells
expressing /L 7R, CD7, CD3D, and CD34 was the sole lymphoid cluster on day 0 and was
not detected by day 4 (Figures 4B, 4C, SAC, and S4D). This cluster also expressed within

it the embryonic hematopoietic progenitor-associated genes SP/1, SPINKZ, and RUNX1
(Figure 4C), but a larger proportion expressed myeloid genes, including MPO, LYZ, and
AZUI (Table S2), making the ultimate relationship of this putative progenitor cluster to later
lymphoid lineage clusters unclear.

Focusing on transcription factors expressed within the T cell, ILC2, and NK/ILC1 precursor
clusters, all three were noted to share expression of RUNX3and £751 (Figure 4F). The NK/
ILC1 cluster showed high levels of 7BX21and /D2 The T cell and ILC2 clusters shared
expression of 7TCF7and BCL11B, whereas high GATA3and /D3 expression distinguished
ILC2 from T cell lineage clusters (Figures 4F and 4G). Canonical NK/ILC1 lineage genes,
including ZBTB16 (encoding PLZF), ZNF683 (encoding HOBIT), GNLY, NKG7, and
FCERI1G, were also seen in the ILC2 cluster, but at much lower levels than in the NK/ILC1
cluster (Figures 4C and 4F; Table S2). /D2 has been shown to enforce NK and ILC2 lineage
commitment in mice through suppression of E-protein activity.242547 Consistent with this,
ID2was expressed in NK/ILC1 and ILC2 clusters (Figure 4G). Induction of /D2and /D3
was first evident in H1-CAR ATOs at the day 4 time point, coinciding with emergence of
the dominant ILC2 and NK/ILC1 clusters, compared with day 7 in H1 ATOs, suggesting
premature induction of these T cell lineage-inhibitory transcription factors in H1-CAR
lymphoid precursors (Figure S4E). Surprisingly, /D2 expression was lower in the ILC2 than
NK/ILC1 cluster, and instead its functional homolog, /D3, was highly expressed (Figures
4F and 4G). Indeed, /D3 expression had been observed to be high in mature CAR-ILC2s
(Figures 2C and S2), a finding also reported for human neonatal 1LC2s.48

Having identified putative ILC2 precursors enriched in early H1-CAR ATOs, we performed
pathway analysis on genes differentially expressed between the ILC2 and T cell precursor
clusters. ILC2 precursors showed relatively less enrichment of Notch, Wnt, and aryl
hydrocarbon receptor pathways relative to T cell precursors (Figure S4G). However, in

Cell Rep. Author manuscript; available in PMC 2023 July 02.
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the ILC2 cluster, we saw unexpected enrichment of genes associated with TCR signaling
and T cell activation (Figure 4H). Gene sets associated with STAT3 and cytokine receptor
signaling were also enriched, as were actin cytoskeleton remodeling pathways, the latter
possibly suggesting CAR-derived CD28 signaling, which has been shown to mediate TCR-
independent cytoskeletal remodeling in T cells.#® Overall, we reasoned that the signature
of TCR activation in ILC2 precursors represented constitutive CAR activation. Indeed, the
critical CD3( signal transduction molecules LCK, ZAP70, and LAT were expressed in

all lymphoid clusters, supporting potential for CAR activation even at these very early
lymphoid precursor stages (Figure 41). Enrichment of the TCR activation gene CD69
within the ILC2-lineage cluster provided further indirect support of CAR activation in ILC2
precursors (Figure 41).

Tuning CAR signaling strength permits rational control of CAR-T cell versus ILC
development

Because constitutive CAR signaling was likely driving T cell-to-ILC2 lineage diversion

in ATOs, we reasoned that modulating CAR signaling strength may offer specific control
over T cell versus ILC2 output. First, to exclude the possibility of antigen-dependent CAR
signaling in ATOs, we confirmed that CD19 expression was not detected by scRNA-seq,
consistent with the absence of a B-lineage cluster. We therefore tested approaches to
modulate antigen-independent “tonic” CAR signaling in ATOs.

Previous reports have shown that the CAR expression level affects signaling strength and,
thus, functional outcomes in mature CAR-T cells.59-51 We therefore tested the effect of
varying CAR expression level on T cell versus ILC2 output in ATOs. Using the CD19-
targeted CD28( CAR vector used in previous experiments, we derived two additional
H1-CAR lines with progressively lower CAR expression levels (designated H1-CAR-med
and H1-CAR-low, respectively, with the original H1-CAR line designated H1-CAR-high
in these experiments) (Figure 5A). Interestingly, surface CAR expression only loosely
correlated with vector copy number in these PSC lines (Figures 5A and S5A). Upon
differentiation in ATOs, we observed a dose-dependent positive correlation between CAR
expression level and ILC2 output, with H1-CAR-high ATOs showing strong ILC2 output
and a nearly complete block in T cell differentiation, while H1-CAR-low ATOs showed
little ILC2 generation and preservation of normal T cell differentiation, including maturation
to CD3+TCRap+ CD8SP CAR-T cells (Figures 5B and 5C). H1-CAR-med ATOs showed
an intermediate, ILC2-biased lineage output. CAR-ILC2 cells derived from these PSC
lines retained their respective levels of surface CAR expression (Figure 5D). We next
tested whether phenotypically normal CD8SP CAR-T cells generated in H1-CAR-med and
H1-CAR-low ATOs were functional through the CAR. While the small number of CD3+
CAR-T cells generated in H1-CAR-med ATOs showed CD19-dependent activation, as seen
by downregulation of surface CAR%:52 and upregulation of CD25 in response to CD19+
but not CD19-knockout Raji cells, T cells from H1-CAR-low ATOs showed defective
antigen-dependent activation (Figure 5E), indicating that the CAR expression level below
which normal T cell differentiation occurred was also suboptimal for antigen-dependent
effector CAR-T cell function.

Cell Rep. Author manuscript; available in PMC 2023 July 02.
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We took advantage of weak CAR signaling in the H1-CAR-low PSC line to prospectively
test the hypothesis that strong CAR signaling during early stages of lymphoid development
drives T cell-to-ILC2 lineage diversion. We tested this by presentation of CD19 by stromal
cells during lymphoid development in H1-CAR-low ATOs. We first generated a CD19-
expressing ATO stromal line (MS5-hDLL4-CD19) and tested substitution of MS5-hDLL4
with this line at the EMO stage (day 14 to day 0), ATO stage (day 0 onward), or both stages
(Figure 5F). We observed no effect on T cell development when CD19 was presented during
the EMO stage only. In contrast, presentation of CD19 during the ATO stage or throughout
the EMO and ATO stages resulted in a nearly complete block in T cell differentiation and
robust ILC2 output, together with a striking increase in NK/ILC1-lineage cells characterized
by subset expression of CD56 (Figures 5F, 5G, and S5B). These findings supported our
findings from scRNA-seq that CAR-mediated T/ILC2 lineage bifurcation occurs between
ATO days 0-7 rather than during earlier multilineage hematopoietic differentiation in EMOs
and furthermore suggest that very strong, antigen-dependent CAR signaling enhances NK/
ILC1 differentiation over CAR tonic signaling alone.

Using this finding, we also tested whether T cell-to-ILC lineage diversion could be driven
by a strong TCR signal, independent of the costimulatory components of a CAR. We

have shown previously that H1 ESCs transduced with the 1G4 A2/NY-ESO-1-restricted
TCR53 exhibited normal T cell differentiation.® However, we reasoned that TCRs transduced
at the PSC stage are nonetheless prematurely expressed on the surface of lymphoid
progenitor cells, given the broad expression of CD3 chains at these stages (Figures 4C

and S4F), and, if activated, may disrupt T cell differentiation. To test this, hematopoietic
progenitor cells derived in EMOs from 1G4 TCR-transduced H1 PSCs (H1-1G4) were
reaggregated in ATOs with MS5-hDLL4 cells transduced with either an irrelevant (A2/
MART1) or cognate (A2/ESO) peptide-major histocompatibility complex (pMHC). In this
system, we indeed observed that T cell differentiation was blocked in the presence of the
TCR cognate antigen, as seen by generation of DN and CD8aa.+ cells, despite continued
expression of the transgenic TCR (Figure S5C). As in the CAR system, exposure to
antigen in ATOs resulted in a modestly expanded ILC2 compartment but a predominantly
NK/ILC1-like population characterized by subset expression of CD56, CD8a.a,, and NK-
associated receptors, including NKp46, CD94, CD16, and CD226 (Figure S5C). Thus,
activation of transgenic CARs or TCRs during lymphoid development is sufficient to divert
differentiation from T cell to ILC lineages.

Structural elements of CARs are also known to influence tonic and antigen-dependent CAR
signaling, with modifications to the scFv, linker, hinge, TM, and signaling domains all
shown to affect signaling strength and downstream T cell function.*7:8:54-57 We tested the
effect of CAR structural variations that potentially lower tonic signaling on T versus ILC2
differentiation in ATOs. First, because the CD19 CAR used in the previous experiments
contained a long, non-mutated 1gG4 spacer with reported potential for antigen-independent
ligation by Fc receptors,>458:59 we generated an H1 CAR line using an 1gG4 “short hinge”
(SH) CAR in which the CH2-CH3 spacer containing the Fc binding site was deleted but that
was otherwise identical to the original CAR, containing CD28 TM and CD28( signaling
domains (H1-CAR.SH.28TM.28() (Figure 6A).>4 Deletion of the IgG4 CH2-CH3 spacer
had no effect on ILC2-biased differentiation in ATOs (Figures 6B and 6C).
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CD19 CARs incorporating 4-1BB signaling domains have been shown to have

lower overall signaling strengths compared with CD28 signaling domain CARs.5:7:60
Furthermore, the CD28 TM domain itself has been independently implicated in increased
CAR signaling strength.:8:56 We altered these two elements by generating H1 lines

with CD19 IgG4 “SH” CARs containing either CD28 TM and 4-1BB( signaling

domains (H1-CAR.SH.28TM.BB() or CD8a. TM and 4-1BB ( signaling domains (H1-
CAR.SH.8a.TM.BBC() (Figure 6A). We generated PSC lines expressing high levels of these
CARs to reduce the possibility of suboptimal CAR activation because of low expression.
Accordingly, stably high surface CAR expression was seen for both 4-1BBC CAR PSC
lines (Figure S6A). Surprisingly, ATOs made using either 4-1BBC CAR PSC line showed
complete restoration of conventional CD3+TCRap+ CD8SP T cell differentiation with little
to no ILC2 or NK/ILC1 output (Figures 6B and 6C). These data suggest that (1) the CD28
TM domain alone was insufficient to drive T cell-to-1LC2 diversion and (2) that, in contrast
to CD28( CARs, tonic signaling levels of 4-1BB(C CARs are constrained enough to permit
normal T cell development in ATOs. Supporting a mechanism of differential 4-1BB( versus
CD28( CAR signaling during early lymphoid development, phosphoflow analysis of day

4 ATOs showed constitutive CD3C and AKT phosphorylation as well as increased CD69
expression in CD7+ lymphoid precursors from CD28( but not 41BBC CAR ATOs (Figures
6D and 6E).

Having verified preserved T cell differentiation in 4-1BBC CAR ATOs, we tested whether
this was due to an intrinsic inability of 4-1BBC CARs to signal in early lymphoid
precursors; for example, because of developmental lack of one or more 4-1BB signal
transduction components. To test this, we again used stromal cell-presented CD19 beginning
on day 0 in 4-1BB(C CAR ATOs. Indeed, provision of CD19 at this stage resulted in
downregulation of surface CAR, a complete block in T cell development, and expansion

of ILCs in CD8a TM (Figures 6F and 6G) and CD28 TM (Figure 6G) 4-1BBC CAR
ATOs. NK/ILC1-like cells were again predominant and showed partial expression of CD56,
CD94, CD16, and other NK-associated markers (Figure S6B), similar to our observations
in HLICAR-low ATOs reaggregated with CD19-expressing stromal cells and H1-1G4 ATOs
reaggregated with A2/ESO-expressing stromal cells (Figures 5F, 5G, S5B, and S5C). We
further verified the “group 1” ILC identity of these NK/ILC1-like cells by their expression
of Thet (with subset expression of Eomes) (Figure S6C), granzymes A and B, and
production of IFNy and TNF-a upon PMA/ionomycin stimulation (Figure S6D). Taken
together, these data indicate that (1) 4-1BBC CARs retain antigen-specific function during
lymphocyte development, and (2) agonist signaling in 4-1BBC CAR ATOs during early
lymphoid development can direct CAR-T cell versus ILC output.

We next confirmed that CAR-T cells from 4-1BB(C CAR ATOs exhibited normal T cell
function. T cells from 4-1BBC CAR ATOs co-expressed conventional CD8ap heterodimers
and the mature T cells markers CD45RA and CD62L (Figure 7A). Stimulation with PMA/
ionomycin revealed appropriate, polyfunctional production of IFNy, TNF-a, and IL-2

as well as constitutive granzyme B expression (Figure 7B). CAR-T cells furthermore
underwent antigen-specific cytokine release and degranulation in response to CD19+ but
not CD19- Raji cells (Figure 7C). Finally, 4-1BBC CD8SP CAR-T cells exhibited robust,
antigen-dependent cytotoxicity against Raji cells in co-culture assays (Figure 7D).
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Finally, because previous studies of PSC-derived CAR-T cell differentiation have used T
cell-derived induced PSCs (T-iPSCs) as starting material 381 we investigated the effect of
the T-iPSC background on our central findings. Using a clonal T-iPSC line, we indeed found
that transduction of our original CD19 CD28TM CD28( CAR led to prominent generation
of CD200R+CD25+ ILC2s and modest expansion of CD56+NK/ILC1-like cells relative

to parental T-iPSCs (Figure S7A). ILC phenotypes were conserved despite constitutive
expression of the T-iPSC-derived TCR. Also consistent with our earlier findings in H1-
CAR PSCs was that CD19 4-1BB( CAR-transduced T-iPSCs gave rise to normal CAR-T
cells without ILC2 or NK/ILC1 lineage diversion (Figure S7A). Furthermore, stromal

cell presentation of CD19 during lymphoid development in 4-1BBC CAR T-iPSC ATOs
recapitulated loss of T cell differentiation and a predominantly NK/ILC1-like output, similar
to that seen with CAR and TCR agonism in H1 ATOs. Overall, these findings indicate that
the T cell origin and endogenous TCR expression of T-iPSCs are insufficient to override the
dominant, inhibitory effect of strong CAR signaling on T cell development.

DISCUSSION

Our data reveal an unexpected effect of lentivirally expressed CD19-targeted CARs in
diverting T cell differentiation to the closely related ILC2 lineage from PSCs. We conclude
that CAR tonic signaling strength determines this lineage fate decision based on our
observations that (1) CAR signaling in ATOs is antigen-independent because of the absence
of cognate antigen expression in the system; (2) CD28C CARs exhibit an expression
threshold over which T cell differentiation is diverted, and (3) CD19-targeted CARs
containing the 4-1BB signaling domain, which exhibit lower tonic signaling, preserve T
cell differentiation even at high levels of CAR expression.

Mechanistically, we establish that the effect of CAR signaling on T cell differentiation
occurs at the earliest stages of lymphoid differentiation in ATOs. This was supported

by our scRNA-seq analysis of early (day 0 to day 7) ATOs, which identified expansion

of lineage-primed or lineage-committed ILC2 precursors in H1-CAR ATOs with a gene
signature of TCR activation. Diversion of T cell to ILC differentiation by CAR activation is
also supported by our observation that triggering antigen-dependent CAR activation during
early lymphoid differentiation in the setting of low CAR tonic signaling CARs was sufficient
to recapitulate T cell-to-ILC lineage diversion, an observation that also applied to transgenic
TCR activation. Interestingly, antigen-induced CAR signaling prominently increased the
proportion of NK/ILC1-like cells over that seen under high tonic CAR signaling conditions.
The basis of this observation is unclear and may indicate mimicking of an endogenous NK/
ILC1-specifying or supportive signal at very high levels of CAR/TCR activation. Analogous
to this finding, cord blood (CB) CD34+ HSPCs transduced with a CD19 CD28(C CAR
preferentially generate NK-like cells i vitro,2 a finding we independently verified in the
CB ATO system (unpublished data). One reason for thismaybe,in contrastto PSCATOs,

the presence of CD19+ cells during /in vitro differentiation of CB HSPCs!0 driving antigen-
dependent CAR activation and, thus, predominantly NK/ILC1-like differentiation from this
cell source.
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Taken together, our findings point to the importance of tuning CAR tonic signaling for
generation of conventional CAR-T cells from PSCs using constitutively expressed lentiviral
vectors. CAR-mediated diversion of T cell differentiation as the integration of CAR
structure, expression level, developmental capacity of the CAR to signal, and potentially
the platform used for T cell differentiation suggests that empirical optimization of each
new CAR of interest may be required to achieve conventional CAR-T cell differentiation
from PSCs. Moreover, our findings highlight the pitfalls of constitutive CAR expression
and point to a need for exploring synthetic approaches, such as stage-specific or logic-gated
CAR expression, to circumvent the effect of CARs on T cell development. This would

be especially true in situations where the CAR’s cognate antigen is present during T cell
differentiation. An analogous, antigen-induced block in thymopoiesis has been demonstrated
in mice transgenic for a TCR specific to an antigen expressed in the thymus, which
furthermore developed T cell acute lymphoblastic leukemia as a result of persistent TCR
activation in DN thymocytes.53

CAR-associated innate cell diversion has been observed previously by Themeli et al.,3 who,
using OP9-DL1 co-cultures, described cytotoxic *“y6-like” innate lymphoid differentiation
from a T cell-derived iPSC (T-iPSC) line transduced with a CD19-targeted CD28C CAR.
This innate phenotype was not CAR specific, however, because non-transduced T-iPSC
cells displayed a similar phenotype, also reported by a contemporary group working with
unmodified T-iPSCs.%* This suggests that the PSC differentiation methods used at the time
were not optimal for conventional T cell differentiation, confounding interpretation of the
effect of CARs on T cell differentiation. A possible reason for the strong innate/NK-like
output observed in earlier OP9-based systems versus ATOs may be lower levels or a shorter
duration of DLL/Notch signaling in monolayer co-cultures compared with 3D ATO culture,
given the known requirement for high Notch signaling in conventional T cell and ILC2
differentiation in mice and humans.13-15 Working with a T-iPSC OP9-based differentiation
model, Maeda et al.55 showed that, despite predominant innate/NK-like differentiation, a
minor population of conventional-appearing DP cells were generated that, upon TCR agonist
engagement, adopted a CD8af+ mature T cell phenotype. Kawai et al.5¢ and Minegawa et
al.5” further demonstrated the potential of CD3 and cytokine stimulation at the DP stage to
support or expand CD8ap+ T cells from OP9 and feeder-free PSC systems, but lymphocyte
differentiation using T-iPSCs transduced with a glypican-3-specific CAR in this system still
yielded cells with an NK-like ILC phenotype.®8 During the revision of this manuscript,

two studies used these more refined monolayer culture systems to improve CAR-T cell
generation from iPSCs. van der Stegen et al.®® achieved T cell development when using a
CD3¢ immunoreceptor tyrosine-based activation motif (ITAM)-mutated but not ITAM-intact
CD19 CD28(¢ CAR knocked into the TRAC locus, and Ueda et al.”® achieved CD19 and
glypican-3 CAR-T cell development using lentivirally transduced 4-1BB(- but not CD28C-
based CARs, corroborating our findings.

Recently, a study using the ATO system and T-iPSCs transduced with second-generation,
CD19-targeted CD28( or 4-1BB(C CARs showed generation of CD8ap+ CAR-T cells with
potent, antigen-specific function.6? In contrast to our findings, ILC2 differentiation was not
observed. While the authors did not report CARs that blocked T cell differentiation, they
noted that methylation of the lentiviral EF-1a promoter during T cell differentiation in ATOs
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led to diminished CAR expression, a point of contrast to our CAR vectors, which used the
UBC promoter and appeared to retain expression levels. CAR promoter methylation may
therefore have resulted in lower CAR signaling levels permissive of T cell development
and antigen-specific effector responses. While certain differences in mature CAR-T cell
phenotypes were seen across these three recent studies and ours, collectively they illustrate
different approaches to downmodulate CAR tonic signaling and point to the need for a
systematic understanding of the “rules” of antigen receptor expression in PSCs to achieve
conventional T cell differentiation.

Our findings also shed light on human T cell versus ILC2 lineage commitment, whose
timing and cues are poorly understood. The modularity of the PSC ATO system and the
ability to engineer the stromal cell component allowed us to show in this system that the

T cell/ILC2 lineage bifurcation occurred during the first 7 days of lymphoid differentiation
in ATOs and likely between day 0 and day 4, when distinct T cell and ILC precursor
clusters had already emerged. Common thymic progenitors of T cells and ILCs have been
identified,1314.71-73 reinforcing the close relationship between these lineages and suggesting
the existence of lineage-differentiating microenvironmental cues that remain to be identified.
Although non-physiological, CAR signaling in our model provides a potential starting point
for identifying molecular regulators of T cell versus ILC2 differentiation. For example,

in addition to the signature of TCR/CAR activation in ILC2 precursors, SCRNA-seq also
suggested activation of IL-4 signaling, a pathway implicated previously in ID2-mediated
commitment of the ILC2 lineage in mice.”2 Whether this gene signature is confounded by
transcriptional outputs from CAR signaling remains to be determined, but a future direction
will be to test the hypothesis that CAR signaling is mimicking IL-4 or another physiological
cytokine signal required for ILC2 commitment /n vivo.

A final interesting observation from our study was the prominent CAR-specific upregulation
of /D3in H1-CAR ILC2-primed precursors and mature CAR-ILC2 cells and its reciprocal
pattern of expression with /D2in NK/ILC1 precursors. This contrasts with mouse 1LC2
development, in which /a2 plays a central role,*1:74 and more closely parallels induction of
/d3by y8TCR signaling, which blocks differentiation to the conventional T cell lineage.”®
/D3 upregulation also suggests a similarity between CAR-induced ILC2s and human
neonatal ILC2s, which develop during fetal life and have been characterized by a higher
/D3-to-/D2 ratio than adult ILC2s.48 Thus, a further intriguing possibility is that the ability
of CARs to divert T cell to ILC2 differentiation from PSCs is a characteristic of fetal-like
lymphocyte development, as we have shown previously for certain aspects of CD8 T cell
development in PSC ATOs.?

In summary, our data provide a framework for understanding and applying CAR
technology to T cell differentiation from PSCs and illuminates the potential to rationally
control lymphoid-lineage fate decisions for developmental studies and future therapeutic
applications.

Limitations of the study

We show that CAR-mediated diversion of lymphoid differentiation from T cell to ILC
lineages is the product of multiple variables, including CAR structure, expression level

Cell Rep. Author manuscript; available in PMC 2023 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 14

(dependent, in turn, on promoter strength and vector copy number), and the presence of
cognate antigen, which together establish the level of CAR activation during lymphoid
differentiation. Therefore, the specific CAR structures and expression levels we found

to direct T cell or ILC differentiation in ATOs may not hold true for other CAR
constructs or gene expression systems. In addition, levels of Notch ligand, IL-7, and
other microenvironmental factors also important for lymphoid fate decisions may differ
between the ATO system and other PSC-to-T cell differentiation models. Therefore, the
effects of specific CARs will likely need to be determined empirically for different T cell
differentiation methods.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Christopher S. Seet
(cseet@mednet.ucla.edu).

Materials availability—All unique and stable reagents generated in this study are
available from the lead contact.

Data and code availability

. Both the bulk and single cell RNA-seq data have been deposited at GEO and are
publicly available as of the date of publication. Accession numbers are listed in
the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—The MS5-hDLLA4 cell line was generated as previously described.® The MS5-
hDLL4-CD19 cell line was generated by further transduction with a lentiviral vector
encoding truncated human CD19 and purified in bulk by FACS using an anti-CD19
antibody. CAR target cells RAJI-ffLuc-eGFP and RAJI-ffLuc-eGFP-CD19KO cells were

a gift from Yvonne Chen (UCLA). NALMB® cells were purchased from ATCC and for

live imaging in Incucyte assays were transduced with a lentiviral vector encoding a nuclear-
localized mKate2 fluorescent protein.’8

Human pluripotent stem cell lines—The human embryonic stem cell (hESC) lines
H127 (WiCell, Madison, WI) and ESI-01735 (ESI BIO, Alameda, CA), and the N11 T-iPSC
line (Cedars-Sinai iPSC Core, Los Angeles, CA) were maintained and expanded on Matrigel
Growth Factor Reduced (GFR) Basement Membrane Matrix (BD Biosciences, Cat. 356231)
in mTeSR Plus medium (Stem Cell Technologies, Cat. 100-0267). All CAR H1 and T-iPSC
lines were generated by transduction of PSCs with VSV-G pseudotyped lentiviral vectors
encoding different CARs with 2A-linked eGFP. Transduced PSCs were sorted by FACS
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according to eGFP expression for either bulk use or clonal line derivation. Clonal lines were
derived by plating FACS-sorted PSCs at limiting dilution on 10 cm Matrigel-coated plates
until single colonies were visible, which were transferred with a pipet to 24-well plates for
expansion and validation. Vector copy number (VCN) quantification on certain lines was
performed by droplet digital PCR. Generation of the H1-1G4 TCR-transduced line was
previously described.?

METHODS DETAILS

Generation and isolation of human embryonic mesodermal progenitors
(hEMPs)—Mesoderm commitment was induced as previously described® 7980 with certain
optimizations. Briefly, hESC cells were maintained on Matrigel-coated 6-well plates in
mTeSR Plus complete medium. At day (D) —18, mesoderm induction was initiated in
X-VIVO 15 medium (Lonza, Cat. 04-418Q) supplemented with recombinant human (rh)
Activin A (10 ng/ml) (R&D Systems, Cat. 338-AC-010), rhBMP4 (10 ng/ml) (R&D
Systems, Cat. 314-BP-010), rhVEGF (10 ng/ml) (R&D Systems, Cat. 298-VS-005), rhFGF
(20 ng/ml) (R&D Systems, Cat. 233-FB-025), and ROCK inhibitor Y-27632 dihydrochloride
(10 uM) (Tocris, Cat. 1254). hESCs were plated on Matrigel coated 6-well plates at 3x10°
cells per well in 3ml. Medium was then changed daily with X-VIVO 15 supplemented

with rhBMP4 (10 ng/ml), rhVEGF (10 ng/ml), and rhFGF (10 ng/ml). At D-14, cells were
washed with PBS and detached with Accutase (Innovative Cell Technologies, Cat. AT-104)
(1 mL per well, for 10 min at 37°C). Cells were harvested and hEMPs isolated by depletion
of CD326+ cells by magnetic cell sorting (MACS) using CD326 (EpCAM) MicroBeads
(Miltenyi, Cat. 130-061-101).

Pluripotent stem cell-derived embryonic mesoderm organoids (EMO) and
reaggregated artificial thymic organoid (ATO) cultures—The sequential generation
of hematoendothelial cells in EMOs followed by lymphocytes in ATOs is depicted in

Figure 1A. First, EMOs were established by aggregating hEMPs with MS5-hDLL4

cells by centrifugation. Briefly, MS5-hDLL4 cells were harvested by trypsinization and
resuspended in hematopoietic induction medium composed of EGM2 (Lonza Ref CC-4176)
supplemented with ROCK inhibitor Y-27632 dihydrochloride (10uM) and TGFBRI inhibitor
SB-431542 (10 uM) (Tocris Bioscience, Cat. 1614). At D-14, 5x10° MS5-hDLL4 cells were
combined with 5x10% purified hREMP per EMO in 1.5 mL Eppendorf tubes and centrifuged
at 300 g for 5 min at 4°C in a swinging bucket centrifuge. Supernatants were carefully
removed, and the cell pellet resuspended by brief vortexing and suspension in hematopoietic
induction medium at a volume of 6 pul per EMO. 6 pl of cells were then plated per EMO

on 0.4 um Millicell transwell inserts (EMD Millipore, Billerica, MA; Cat. PICMORG50)

(3 EMOs plated per insert) and placed in 6-well plates containing 1 mL of hematopoietic
induction medium per well. Medium was changed completely every 2—3 days for 7 days.

At D-7, medium was changed to EGM2 + 10 uM SB-431542 with 5 ng/ml rhTPO (R&D
Systems, Cat. 288-TP), 5 ng/ml rhFLT3L (R&D Systems, Cat. 308-FK-025), and 50 ng/ml
rhSCF (R&D Systems, Cat. 300-07). This medium was changed every 2-3 days for an
additional 7 days (D-7 to DO).
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At DO, EMOs were harvested into single cell suspensions in MACS buffer (PBS/0.5%
bovine serum album/2mM EDTA) by mechanical dissociation for reaggregation into

ATOs. Reaggregation served dual purposes of removing adherent, non-hematopoietic
elements, resulting in more consistent lymphoid differentiation and permitting stage-specific
manipulation of conditions at EMO and/or ATO stages, as described below. Briefly, EMOs
were washed off culture inserts by pipetting and gently dissociated before passing through
a 50 um nylon strainer. Live, round, hematopoietic cells were counted with trypan blue and
1-5x103 live hematopoietic cells were reaggregated with 2.5x10° trypsinized MS5-hDLL4
cells per ATO. Lymphoid induction medium “RB27” (composed of RPMI 1640 (Corning,
Manassas, VA), 4% B27 supplement (ThermoFisher Scientific, Grand Island, NY), 30 uM
L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich, St. Louis, MO)
reconstituted in PBS, 1% penicillin/streptomycin (Gemini Bio-Products, West Sacramento,
CA), and 1% GlutaMAX (ThermoFisher Scientific, Grand Island, NY)) was supplemented
with 10 ng/ml rhSCF, 5 ng/ml rhFLT3L, and 5 ng/ml rhIL-7 (R&D Systems, Cat. 207-
IL-25). Media was changed completely every 3—4 days for 5-8 weeks. For downstream
analysis, ATOs were harvested at the indicated timepoints by adding MACS buffer (PBS/
0.5% bovine serum album/2mM EDTA) to each well and briefly disaggregating the ATO by
pipetting with a 1 mL “P1000” pipet, followed by passage through a 50 pm nylon strainer.
Cells were then analyzed by FACS or, for functional assays, debris and apoptotic cells
were removed by MACS using the Dead Cell Removal Kit (Miltenyi, Auburn CA, Cat.
130-090-101) prior to use.

Lentiviral vectors and transduction—All CD19-targeted CARs used the scFv derived
from FMC63.20 Long or short 1gG4 spacer/hinge domains were designed as previously
described8 followed by a human CD28 or CD8a. transmembrane domain, a CD28 or
4-1BB costimulatory domain, and a CD3( intracellular signaling domain as previously
described.*’ The codon optimized CAR coding sequences were cloned into the second
generation pCCL lentiviral vector downstream of a ubiquitin C (UBC) promoter (gift of
Donald Kohn, UCLA). A furin cleavage site, spacer, and 2A-linked eGFP fluorescent
protein coding sequence was added downstream of CD3C.

Packaging and concentration of lentivirus particles was performed as previously described.10
Briefly, 293T cells (ATCC) were co-transfected with lentiviral vector plasmid, pCMV-
AR8.9, and pCAGGS-VSVG using TransIT-293 (Mirus Bio, Madison, W1, Cat. MIR 2700)
for 17 hours followed by treatment with 10 mM sodium butyrate for 8 hours, followed

by generation of cell supernatants in serum-free UltraCulture for 48 hours. Supernatants
were concentrated by ultrafiltration using Amicon Ultra-15 100 KDa filters (EMD Millipore,
Billerica, MA, Cat. UFC910024) at 4000 g for 40 minutes at °4C and stored as aliquots at
-80C.

Flow cytometry—For phenotypic analysis, all surface flow cytometry stains were
performed in PBS/0.5% BSA/2 mM EDTA for 20-30 min on ice. TruStain FcX (Biolegend,
San Diego, CA) was added to all samples prior to antibody staining. DAPI was added to all
samples prior to analysis for viability staining.
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For intracellular transcription factor profiling, cells were stained for surface markers and
Zombie Aqua Fixable Viability dye (Bio-legend, San Diego, CA) prior to fixation and
permeabilization with True Nuclear Transcription Factor Staining kit (Biolegend, Cat.
424401) and intracellular stained with antibodies against GATA3, Eomes, Tbet, and RORyt.

For phosphoflow cytometry, day 4 ATO cells were collected, washed, and stained for surface
markers and Zombie Aqua Fixable Viability dye (Biolegend, Cat. 423101) prior to fixation
and permeabilization with an intracellular staining buffer kit (eBioscience, Cat. 88-8824-00)
and intracellular stained with antibodies against corresponding phosphorylated proteins.

Analysis was performed on an LSRII Fortessa, and FACS sorting on ARIA or ARIA-H
instruments (BD Biosciences, San Jose, CA) at the UCLA Broad Stem Cell Research Center
Flow Cytometry Core. For all analyses, viable cells were gated based on the viability dye,
and single cells were gated based on FSC-H, FSC-W, SSC-H, and SSC-W parameters.
Anti-human antibody clones used for surface and intracellular staining were obtained from
Biolegend (San Diego, CA): CD107a (H4A3), CD117 (104D2), CD127 (A019D5), CD16
(3G8), CD161 (HP-3G10), CD19 (H1B19), CD2 (RPA-2.10), CD22 (HIB22), CD200R
(OX-108), CD235a (HI264), CD25 (BC96), CD294 (BM16), CD3 (UCHT1), CD34 (581),
CD4 (RPA-T4), CD43 (CD43-10G7), CD45 (HI30), CD5 (UCHTZ2), CD56 (HCD56), CD7
(CD7-6B7), CD8a (SK1), CD94 (DX22), GM-CSF (BVD2-21C11), ICOS (C398.4A),
interferon g (4S.B3), IL-13 (JES10-5A2), IL-2 (MQ1-17H12), IL-4 (MP4-25D2), IL-5
(JES1-39D10), NKG2D (1D11), NKp44 (P44-8), NKp46 (9E2), PD-1 (EH12.2H7), Thet
(4B10), TCRap (IP26), TNFa (Mab11), Biotin (1D4-C5), Invitrogen: Eomes (Clone
WD1928), RORyt (Clone AFKJS-9), BD Biosciences (San Jose, CA): GATA3 (Clone
L50-823), phosho-CD247 (pY142) (Clone K25-407.69), phospho-AKT (pS473) (Clone
M89-61), and AcroBiosystems: Biotinylated Monoclonal Anti-FMC63 scFv Antibody.
Anti-mouse CD29 (clone HMb1-1) was obtained from Biolegend. Flow cytometry data
were analyzed with FlowJo software (Tree Star Inc.). A list of antibodies used is included in
the key resources table.

In vitro proliferation assays—H1-CAR ILC2s were isolated from week 5-9 ATOs as
described above. For proliferation assays, up to 1x10° cells were plated in 200 pl AIM

V (ThermoFisher Scientific, Cat. 12055091), 5% human AB serum (Gemini Bio, Cat. 100—
512) with 20 ng/mL rhIL-2 (Peprotech) and 20 ng/mL rhIL-7 (Peprotech) plus indicated
cytokines at 20 ng/mL (Peprotech) in the absence or presence of irradiated NALM6 cells at
a 3:1 effector to target (E:T) ratio. Fresh cytokines were replenished at day 3 via half-media
change, and cells were replated into larger wells when confluent, approximately every 2-3
days. Irradiated NALMBG cells were added again on day 7 of expansion. Cells were counted
twice a week on a hemocytometer.

H1-CAR T cells were expanded at 5x10° cells/mL in AIM V (ThermoFisher Scientific, Cat.
12055091) supplemented with 5% human AB serum (Gemini Bio, Cat. 100-512), 5 ng/ml
rhiL-7 (R&D), and 100 IU/ml rhiL-2 (Miltenyi Biotec, Cat. 130-097-748) with irradiated
NALMBG cells added at a 3:1 E:T ratio 5 days prior to functional assays.
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Intracellular cytokine assays—For intracellular cytokine detection, ILC2 or T cells
were stimulated with PMA/ionomycin/protein transport inhibitor cocktail or control protein
transport inhibitor cocktail (eBioscience, Cat 00-4975-93, Cat 00-4980-03, San Diego, CA)
for 6 hours. APC-labeled CD107a antibody (Biolegend, clone H4A3) was added to wells at
a 1:100 dilution for the final 2 hours of culture. Cells were collected, washed, and stained
for surface markers and Zombie Aqua Fixable Viability dye (Biolegend, Cat. 423101) prior
to fixation and permeabilization with an intracellular staining buffer kit (eBioscience, Cat.
88-8824-00) and intracellular staining with antibodies against corresponding cytokines.

For antigen-specific CAR-T cytokine assays, T cells were expanded for 5 days with
irradiated NALMBG cells as above and 1x10° CAR-T cells were co-cultured with RAJI or
RAJI-CD19KO cells at a 1:1 ratio for 6 hours with addition of APC anti-CD107a for the final
2 hours prior to fixation and staining as above.

In vitro ILC2 plasticity assay—Week 6 H1-CAR ILC2 were purified from mechanically
dissociated ATOs using the Dead Cell Removal Kit (Miltenyi, Auburn CA), followed by
staining with PE-anti-CD8 and anti-PE MicroBeads (Miltenyi, Auburn CA) to deplete CD8+
T and NK/ILC1 cells. 1.5x10° ILC2-enriched cells were plated in 96-well U-bottom plates
as per proliferation assays, above. For type 1 polarization, 20 ng/mL rhiL-12 (Peprotech)
was added in addition to rhlL-7 and rhIL-2. For type 2 polarization, rh1L-25, rhIL-33,

and rhTSLP were added in addition to rhiL-7 and rhIL-2 at 20 ng/ml each. On day 5,
PMA/ionomycin with protein transport inhibitor cocktail (eBioscience, San Diego, CA) was
added to each well for 6 hours. Cells were washed and stained for surface markers and
Zombie Aqua (Biolegend, San Diego, CA) prior to fixation and permeabilization with an
intracellular staining buffer kit (eBioscience, San Diego, CA) and intracellular staining with
antibodies against IFN+y, TNFa, IL-5, and IL-13 (Biolegend, San Diego, CA).

In vitro cytotoxicity assays—Tissue culture treated flat-bottom 96-well plates (Corning,
Cat. 3904) were pre-coated with 50 uL/well poly-L-lysine (Sigma, Cat. P4832-50mL) for

1 h at room temperature followed by 3 washes with 200 L PBS, followed by drying at
room temperature for 2 hours. 1.5x10% RAJI cells transduced with nuclear-localized mKate2
as described above were plated per well in 100 pL RPMI 1640 with 10% FBS. Cells were
incubated for 30 to 60 min to settle and adhere. CAR-T cells isolated from H1-CAR ATOs
and expanded as above were added at a 1:1 E:T ratio in 100 uL RPMI 1640 with 10%

FBS supplemented with 2X rhIL-7 (R&D) and rhiL-2 (Miltenyi, Cat. 130-097-748) for final
concentrations of 5 ng/mL and 100 IU/mL, respectively. Control T cells from H1 ATOs were
isolated from ATOs and used as CAR-negative controls. Triplicate wells were set up for each
condition and live cell imaging was performed every 2 h for 3 days on an Incucyte Zoom
instrument. Red fluorescence was evaluated at each timepoint using the manufacturer’s
software.

Bulk RNA sequencing—H1 ATO mature CD8SP T cells were FACS sorted as DAPI-
CD3+TCRap+CD4-CD8ap+CD45RA+ and H1-CAR-DN cells, containing ILC2s, as
DAPI-eGFP+CD3-TCRafB-CD8a-CD4- from week 6 ATOs. Biological triplicate samples
were sorted from three independent experiments using a FACSAria Il flow cytometer. Total
RNA was isolated from 3-5x10% cells using the RNeasy Micro kit (QIAGEN) and 1.5 ng of

Cell Rep. Author manuscript; available in PMC 2023 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 19

total RNA was input to generate sequencing libraries with SMARTer Stranded Total RNA-
Seq (Pico) Kit (Clonetech, Cat. 635005). Paired-end 150 bp sequencing was performed

on an Illumina HiSeq 3000. Raw sequence files were obtained, and quality checked using
Illumina’s proprietary software. The STAR ultrafast universal RNA-seq aligner v2.5.2b81
was used to generate the genome index and perform paired-end alignments. Reads were
aligned to a genome index that includes both the genome sequence (GRCh38 primary
assembly) and the exon/intron structure of known gene models (Gencode v26 basic
genome annotation). Alignment files were used to generate strand-specific, gene-level count
summaries with STAR’s built-in gene counter. Only protein-coding, long-noncoding, anti-
sense and T-cell receptor genes in the Gencode v26 annotation were considered (98% of
total counts on average). Independent filtering was applied as follows: genes with less

than one count per sample on average, count outliers or low mappability were filtered

out for downstream analysis.82:83 Counts were normalized per-sample in units of FPKMs
after correcting for gene mappable length and sample total counts. Differential expression
analysis was performed with DESeq2.83 Pair-wise differential expression was performed to
classify genes as differentially expressed between any two cell types (Wald test adjusted p
value < 1e-10, fold change >2). The volcano plot was made using the EnhancedVolcano
package.”’

Single cell RNA sequencing—Day 0, 4, and 7 ATOs were harvested into single cell
suspensions in MACS buffer (PBS/0.5% bovine serum album/2mM EDTA) by mechanical
dissociation. Live cells were first enriched with the Dead Cell Removal Kit (Miltenyi
Biotec, Cat 130-019-101). Cells were then stained and FACS-sorted as DAPI- mouse
CD29- (Biolegend, San Diego, CA) to deplete residual dead cells and MS5 stromal cells,
respectively. 10X 3" RNAseq library generation from sorted cells was performed by the
UCLA Technology Center for Genomics and Bioinformatics (TCGB) Core using the

10X Genomics Chromium™ Controller Single Cell Sequencing System (10X Genomics,
Pleasanton, CA), per the manufacturer’s instructions and TCGB Core standard protocol.
Libraries were sequenced on a NovaSeq 6000 S4 Flow cell (Illumina).

Data processing—Transcriptome data were mapped to the GRCh38 reference genome
assembly with Cell Ranger (10X Genomics) and subjected to Seurat for pre-processing and
normalization using SCTransfrom. Single-cell RNA analysis (including quality control, data
normalization, dimension reduction, cluster detection, and differential expression testing)
were performed using Seurat 4.07% in R following standard workflow. Cell cycle scores,
percent of mitochondrial genes, and percent of ribosomal genes were assigned and regressed
out during scaling. Normalized data were integrated based on identification of ‘anchors’
between pairs of datasets with reciprocal PCA. PCA was performed and significant PCs
were selected based on the elbow of standard deviations of PCs. The first 20 PCs were

used for calculation of UMAP (Uniform Manifold Approximation and Projection) and the
neighborhood graph for clustering. The FindAlIMarkers function was used to find specific
genes for each cluster, which uses the Wilcoxon rank-sum test. Cell types were annotated
based on the marker genes compared to canonical markers. Clusters expressing CD7 and/or
/L 7R were defined as lymphoid cells and selected for further analysis. Lymphoid cells were
then subjected to reclustering. To better appreciate heterogeneity within these cells, PCA
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was recalculated in the lymphoid subset and PC of 20 was used for UMAP projection

and clustering. Differential gene expression analyses were performed with the FindMarkers
function using the Wilcoxon test with a log fold-change threshold of 0.25 and a minimum
expression frequency of 0.1. Pathway analysis was performed using the Single Cell Pathway
Analysis (SCPA) package in R.84 Wikipathways were used as input gene sets using the
msigdbr package.

Gene set enrichment analysis (GSEA)—T and ILC2 gene signatures were

defined based on published single cell RNA-sequencing transcriptomes of human fetal
hematopoietic cells. Raw transcript counts were obtained from GEO (GEO: GSE163587;38)
and further processed using Seurat 4 in R. Single-cell data analysis (including quality
control, data normalization, dimension reduction, clusters detection) were performed as
described in Liu et al.38 T and ILC2 lineage specific clusters were identified based on
highly expressed specific markers in each cluster. Signature genes were defined by all the
upregulated differentially expressed genes. Gene Set Enrichment Analysis (GSEA)37 was
performed using the GSEA software based on human T and ILC2 gene signatures between
H1 SP8 T cells and H1-CAR DN ILC2 enriched cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + standard deviation (s.d.) or mean + standard error of the
mean (SEM) as indicated. Statistical tests used are stated in each figure legend, adjusted p
value significance was classified as such: *p < 0.5; **p < 0.01; ***p < 0.001; when tested.
Statistical analyses were performed using GraphPad Prism software.
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Highlights

Tonic CAR signaling diverts T cell differentiation to the ILC lineage from
hPSCs

CAR activation during early lymphoid development enriches for ILC2
precursors

Antigen-mediated CAR activation during development enhances NK/ILC1
output

Lower tonic signaling of 41BBC-based CARs enables normal CAR-T cell
differentiation
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Figure 1. Constitutive CAR expression in PSCs results in impaired T cell differentiation and
preferential generation of ILC2s in ATOs

(A) Schematic of the EMO/ATO differentiation protocol starting from human pluripotent
stem cells (PSCs). After 3.5 days of mesoderm induction, embryonic mesoderm progenitors
(EMPs) are isolated and aggregated with MS5-hDLL4 cells in embryonic mesoderm
organoids (EMOs) for 2 weeks under mesoderm differentiation and hematopoietic induction
conditions. EMOs are harvested, and suspension cells are reaggregated with fresh MS5-
hDLL4 cells in ATOs for 5-7 weeks for lymphoid differentiation.

(B) Representative flow cytometry analysis of T cell differentiation of week 3 and week 6
ATO cultures starting from H1 and H1-CAR PSCs, gated on total CD45+ cells (n = 4).
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(C) Number of total cells generated per ATO at week 6 (mean + SD, n = 12).

(D) Representative flow cytometry analysis of NK, T cell, and ILC subsets in ATOs at week
6 starting from H1 and H1-CAR PSCs, gated on total CD45+ cells.

(E) Frequencies of T cells, ILC2s, and NK/ILC1 cells, gated on CD45+ cells (gating strategy
shown in Figure S1D) (mean * SD of technical triplicates, representative of 9 independent
experiments).

(F) Frequencies of lymphoid subsets from weeks 1-6 in H1 and H1-CAR ATO cultures
(gating strategy as for Figure S1D, with additional gating for mature T cells defined as
CD3+ and T precursors defined as CD3-CD4+ containing DP and 1SP4 precursors) (mean +
SD, n=3).
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Figure 2. PSC-derived I1LC2s are functional type 2 cells
(A) Flow cytometry analysis of week 7 H1-CAR ATO-derived ILC2s (red shaded) compared

with CD8SP T cells generated from H1 ATO cultures (blue shaded).

(B) Representative intracellular flow cytometry analysis of transcription factor expression
gated on the ILC2 population from week 7 H1-CAR ATOs (n = 2). Isotype staining controls
are shown in light gray for each antibody.

(C) Comparison of gene expression by RNA-seq as fold change (FC) between H1 ATO-
derived CD8SP T cells and H1-CAR ATO-derived CD8-CD4~- (DN) cells enriched for the
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ILC2 population. The dashed line on the y axis depicts adjusted p value of 10e-6; the dashed
line on the x axis depicts log2FC > 2.

(E) Gene set enrichment analysis (GSEA) comparing H1-CAR DN and H1 CD8SP T cell
differentially expressed genes ranked by log2FC with external RNA-seq gene sets from
primary human fetal ILC2s and T cells (GEO: GSE163587). GSEA plots show normalized
enrichment score (NES) and false discovery rate (FDR).

(E) Representative cytokine production of H1-CAR ATO-derived ILC2s after 6 h of phorbol
12-myristate 13-acetate (PMA)/ionomycin stimulation (n = 2 independent experiments).

(F) Expansion of H1-CAR ATO-derived ILC2s after serial stimulation with or without
irradiated CD19+ NALMBG cells in the presence of IL-2 and IL-7 with or without 1L-25,
IL-33, and TSLP for 14 days. Fresh cytokines were added every 3-4 days, and irradiated
NALMBG cells were added on day 0 and day 7. Fold expansion is shown (mean £ SD of
technical triplicates, representative of 2 independent experiments, t test: *p < 0.5, **p <
0.01, ***p < 0.001).

(G) Representative analysis of IFNy and IL-5 by intracellular flow cytometry of H1-CAR
ATO-derived ILC2s cultured in the presence of IL-25, IL-33, TSLP, or IL-12 for 5 days,
with PMA/ionomycin added for the final 6 h of culture.

(H) Frequencies of IFN-y+ and IL-5+ cells shown in (G) (mean * SD of technical triplicates,
representative of 2 independent experiments).
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Figure 3. scRNA-seq of early PSC ATOs shows minimal effects of CAR signaling on multilineage
hematopoietic development

(A) Representative flow cytometry analysis of hematopoietic differentiation based on
expression of CD43 and CD45 on ATO day O (i.e., upon harvest from EMO cultures),

ATO day 4, and ATO day 7 cultures starting from H1 or H1-CAR PSCs. Gated on total
mouse CD29- (mCD29-) cells to exclude residual MS5-hDLL4 stromal cells (n = 2).

(B) Representative flow cytometry analysis of erythroid and lymphoid differentiation in day
7 ATO culture based on expression of CD235a and CD7, respectively. Gated on mCD29-
cells (n=2).
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(C) UMAP projection of scRNA-seq data of sorted total DAPI- mCD29- cells isolated from
H1 and H1-CAR ATO cultures on days 0, 4, and 7 (n = 2 experimental replicates per time
point). All samples were concatenated for clustering. Colors represent annotated lineage
clusters based on expression of lineage-defining genes.

(D) Expression of canonical genes representative of lineage clusters shown in (C).

(E) Expression of curated, lineage-defining genes for clusters shown in (C). Dot size
represents the percentage of cells expressing each gene, and the heatmap shows average
gene expression.

(F) UMAPs across individual ATO time points from H1 and H1-CAR ATOs. Colors
correspond to the lineage clusters shown in (C).

(G) Frequencies of each cluster shown in (F) at each time point from H1 and H1-CAR
ATOs.

In (A) and (B), D, day.
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Figure 4. Lymphoid precursor cells in CAR PSC ATOs show ILC2-primed precursors enriched
in TCR activation pathway genes

(A) Reclustering and UMAP of the scRNA-seq data from Figure 3C, sub-gating on the
annotated lymphoid cluster. Colors represent annotated clusters based on expression of

lineage-defining genes.

(B) Expression of canonical genes representative of lineage clusters shown in (A).
(C) Expression of curated general lymphoid genes and lineage-defining genes for clusters

shown in (A).
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(D) UMAPs showing cell clusters identified in (A) in H1 or H1-CAR ATO samples (day O,
day 4, and day 7 time points combined).

(E) Frequencies of clusters shown in (D).

(F) Expression of selected transcription factors in clusters identified in (A).

(G) Violin plots of /D2and /D3 expression in clusters shown in (A).

(H) GSEA of Wikipathway gene sets in ILC2 versus T cell-lineage clusters identified in (A).
Selected pathways positively enriched in the ILC2-lineage cluster are shown.

(1) Feature plots showing expression of genes encoding CD69and the TCR signal
transduction molecules LA7, LCK, and ZAP70 (all samples combined).

Cell Rep. Author manuscript; available in PMC 2023 July 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

(9]

Percent of CD45+

Page 36
A B Gate: CD45+
H1 H1-CAR-high H1-CAR-med H1-CAR-low
3
£
o =3 4 x
o 2 T e *® .
5 8 :
E cD3
=
el 012
8 iLC2
=
'S
& 2
81 -
o
CD200R
D E H1-CAR-med Gate: CD3+
s [ rau
| s 3 RAJI-CD19KO
W Lc2 = x & L
© <4 e
B NKICT 2 8 i
= (8]
2 CD3 CD25
o
£ H1-CAR-low Seic: 03+
ILc2 1
g 102 i
o i 11 i
o Y3y 1
N 4
a = 1
8 {
CD3 CD25 FMC63
- -me - -low Gate: CD45+
F H1 H1-CAR-med H1-CAR-I
MS5-hDLL4 MS5-hDLL4 MS5-hDLL4 MS5-hDLL4
MS5-hDLL4 MS5-hDLL4 MS5-hDLL4 MS5-hDLL4 MS5-hDLL4-CD19 [l MS5-hDLL4-CD19

9"}2 7Tm 5_;5

a4

# -

TCRab

CcD3

on

ILC2

CD25

CD200R

|y
M c2
B NK/LC1

W mss-hDLL4
I mss-hpLL4-CD19

Percent of CD45+

&“b B B B Wcvostace
4 | B B BN W ATO STAGE

X H1-CAR-low

Figure 5. Tuning CAR expression level restores T cell differentiation but affects CAR activation
potential

(A) Mean fluorescence intensity (MFI) of surface CAR (FMC63) staining on H1 PSC lines
stably expressing the same CD19 28C CAR (H1-CAR.LH.28TM.28() at different levels.

(B) Representative flow cytometry analysis of T cell and ILC2 differentiation in week 6
ATO cultures starting from H1 or H1-CAR PSCs with different levels of CAR expression, as
shown in (A). Gated on total CD45+ cells.
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(C) Frequencies of lymphocyte subsets as shown in (B), using the gating strategy shown

in Figure S1D (mean £ SD of technical triplicates, representative of 3 independent
experiments).

(D) MFI of surface CAR expression on ILC2s isolated from week 6 ATOs.

(E) Flow cytometry analysis of CAR-T cell activation shown by upregulation of CD25 and
downregulation of surface CAR on CD3+ gated CAR-T cells. Cells were isolated from week
6 H1-CAR-med and H1-CAR-low ATOs and stimulated with CD19+ Raji (red solid line) or
Raji-CD19 knockout (CD19KO) (gray shaded) cells for 24 h.

(F) Representative flow cytometry analysis of T cell and ILC differentiation in week 6

ATO cultures starting from H1-CAR-low PSCs. Normal (MS5-hDLL4) or CD19-expressing
(MS5-hDLL4-CD19) stromal cell lines were used during EMO and/or ATO stages, as
shown.

(G) Frequencies of lymphocyte subsets shown in (F), using the gating strategy shown

in Figure S1D (mean £ SD of technical triplicates, representative of 2 independent
experiments).
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Figure 6. CAR costimulatory domain substitution permits CAR-T cell development in ATOs

(A) Schematic of the structures of CD19-targeted CARs with variations in spacer, TM,

and costimulatory domains used for generation of CAR-transduced H1 PSClines. H1-CAR
(H1-CAR.LH.28TM.28() denotes the original CAR used in the previous experiments.
(B) Representative flow cytometry analysis of T cell and ILC differentiation in week 6 ATOs
starting from H1 or H1-CAR lines expressing the alternative CARs shown in (A). Gated on

total CD45+ cells.
(C) Frequencies of lymphocyte subsets of (B), using the gating strategy shown in Figure
S1D (mean + SD of technical triplicates, representative of 2 independent experiments).
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(D) Representative flow cytometry analysis of CD69, EGFP (CAR marker), and
phosphorylation of CD3( (pY142) and AKT (pS473) in CD7+ lymphoid precursors isolated
from day 4 H1, H1-CAR (H1-CAR.LH.28TM.28(), and H1-CAR.SH.8a.TM.BB(C ATO
cultures.

(E) Geometric MFI of phosphorylated CD3( (pY142), phosphorylated AKT (pS473), and
CD69 expression shown in (D) (representative of 2 independent experiments).

(F) Representative flow cytometry analysis of T cell and ILC differentiation in week

6 H1-CAR.SH.8aTM.BB( ATOs using normal (MS5-hDLL4) or CD19-expressing (MS5-
hDLL4-CD19) stromal cell lines at the ATO stage. Gated on total CD45+ cells.

(G) Frequencies of lymphocyte subsets shown in (F) (and including data for H1 control
ATOs and H1-CAR.SH.28TM.BB( ATOs), using the gating strategy shown in Figure S1D
(mean £ SD of technical triplicates).
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(A) Representative flow cytometry analysis of T cell phenotype in H1 or H1-CAR ATOs
expressing different 4-1BB( CAR architectures shown in Figure 6C. CD8a and CD8f
expression is shown gated on total CD45+, and CD62L and CD45RA expression is shown
on CD8SP CAR-T cells (gated on CD45+CD3+CD8a+CD4+).
(B and C) Cytokine production and CD107a membrane mobilization of CAR-T cells
isolated from H1-CAR.SH.8aTM.BB( ATOs in response to PMA/ionomycin (B) and co-
culture with Raji-CD19KO or CD19+ Raji cells (C) for 6 h.
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(D)Incucyte cytotoxicity assays measuring growth of mKate+ (red fluorescent) Raji
cells cocultured with T cells isolated from H1, H1-CAR.SH.28TM.BB(, or H1-
CAR.SH.8aTM.BB( ATOs at an effector-to-target ratio of 1:1 for 72 h.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-FMC63 Acro Biosystems Cat # FM3-BY54

Anti-human CD107a
Anti-human CD117
Anti-human CD127
Anti-human CD16
Anti-human CD161
Anti-human CD19
Anti-human CD2
Anti-human CD22
Anti-human CD200R
Anti-human CD235a
Anti-human CD25
Anti-human CD294
Anti-human CD3
Anti-human CD34
Anti-human CD4
Anti-human CD43
Anti-human CD45
Anti-human CD5
Anti-human CD56
Anti-human CD7
Anti-human CD8a
Anti-human CD94
Anti-human EOMES
Anti-human GATA3
Anti-human GM-CSF
Anti-human ICOS
Anti-human IFNg
Anti-human IL-13
Anti-human IL-2
Anti-human IL-4
Anti-human IL-5
Anti-human NKG2D
Anti-human NKp44
Anti-human NKp46
Anti-human PD-1
Anti-human RORgt
Anti-human TBET
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Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen
BD Bioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen

Biolegend

Clone H4A3; RRID: AB_1279055
Clone 104D2; RRID: AB_2566215
Clone A019D5; RRID: AB_2563605
Clone 3G8; RRID: AB_314218

Clone HP-3G10; RRID: AB_11126745
Clone H1B19; RRID: AB_314238
Clone RPA-2.10; RRID: AB_2800717
Clone HIB22; RRID: AB_2563902
Clone OX-108; RRID: AB_2565526
Clone HI264; RRID: AB_2562706
Clone BC96; RRID: AB_314276
Clone BM16; RRID: AB_2562468
clone UCHT1; RRID: AB_2629689
Clone 581; RRID: AB_1877168
clone RPA-T4; RRID: AB_2564391
clone CD43-10G7; RRID: AB_2563698
Clone HI30; RRID: AB_2561940
clone UCHT2; RRID: AB_314098
Clone HCD56; RRID: AB_604107
clone CD7-6B7; RRID: AB_2563941
clone SK1; RRID: AB_2565243
Clone DX22; RRID: AB_2734277
Clone WD1928; RRID: AB_2572615
Clone L50-823; RRID: AB_2739242

Clone BVD2-21C11; RRID: AB_11147946

Clone C398.4A; RRID: AB_2562545
Clone 4S.B3; RRID: AB_2563882
Clone JES10-5A2; RRID: AB_2616746
Clone MQ1-17H12; RRID: AB_2563877
Clone MP4-25D2; RRID: AB_2561679
Clone JES1-39D10; RRID: AB_315139
Clone 1D11; RRID: AB_2728272
Clone P44-8; RRID: AB_756100

Clone 9E2; RRID: AB_2563853

Clone EH12.2H7; RRID: AB_2563212
Clone AFKJS-9; RRID: AB_10609207
Clone 4B10; RRID: AB_2561761
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-human TCRab Biolegend Clone IP26; RRID: AB_2562805
Anti-human TNFa Biolegend Clone MAb11; RRID: AB_10960738
Anti-mouse CD29 Biolegend Clone HMb1-1; RRID: AB_528790

Anti-CD247 (pY142)
Anti-Akt (pS473)

BD Biosciences

BD Biosciences

Clone K25-407.69; RRID: AB_647237

Clone M89-61; RRID: AB_2737674

Anti-Biotin Biolegend Clone 1D4-C5; RRID: AB_10641847
Bacterial and virus strains

pCCL-c-UBC-aFMC63-1gG4-CH2CH3-28TM-28-3z This paper N/A

(lentivirus)

pCCL-c-UBC-aFMC63-1gG4-28TM-28-3z (lentivirus) This paper N/A
pCCL-c-UBC-aFMC63-1gG4(short)-28TM-BB-3z (lentivirus) This paper N/A

Chemicals, peptides, and recombinant proteins

rhActivin A R&D Systems Cat. 338-AC-010
rhBMP4 R&D Systems Cat. 314-BP-010
rhVEGF R&D Systems Cat. 298-VS-005
rhFGF R&D Systems Cat. 233-FB-025
ROCK inhibitor Y-27632 dihydrochloride Tocris Bioscience Cat. 1254
TGF-bRI inhibitor SB-431542 Tocris Bioscience Cat. 1614

rhiL-7 R&D Systems Cat. 207-1L-025
rhSCF R&D Systems Cat. 255-SC-050
rhFLT3L R&D Systems Cat. 308-FK-025
rhTPO R&D Systems Cat. 288-TP-025
rhiL-2 Peprotech Cat. 200-02
rhiL-12 Peprotech Cat. 200-12
rhiL-25 Peprotech Cat. 200-24
rhiL-33 Peprotech Cat. 200-33
rhTSLP Peprotech Cat. 300-62
B27 supplement (50X) GIBCO Cat. 17504-044
Accutase Innovative Cell Technologies  Cat. AT-104
TrypLE Express GIBCO Life technologies Cat. 12604-013
Annexin V Biolegend AB_2616657
TruStain FcX Biolegend Cat. 422302
DAPI Life technologies Cat. D1306
Matrigel® Growth Factor Reduced (GFR) Corning Cat. 356231
Basement Membrane Matrix, Phenol Red-free,

LDEV-free,

mTeSR Plus Stem Cell Technologies Cat. 100-0276
X-VIVO 15 Serum-free Hematopoietic Lonza Cat. 04-418q
Cell Medium

EGM-2, Endothelial Cell Growth Lonza Cat. CC-3162
Medium-2 Bullet Kit

RPMI 1640 Corning Cat. 10-040-CV
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

GLutaMAX Supplement ThermoFisher Scientific Cat. 35050061
L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate Sigma Cat. A8960
Penicillin-Streptomycin (100X) GeminiBio Cat. 400-109
Critical commercial assays

Cell Stimulation Cocktail eBioscience Cat. 00-4975-03
(plus protein transport inhibitors)

Intracellular Fixation & Permeabilization eBioscience Cat. 88-8824-00
Buffer Set

gLufefzélr\lgglearw Transcription Factor Biolegend Cat. 424401
Zombie Aqua™ Fixable Viability Kit Biolegend Cat. 423102
CD326 (EpCAM) MicroBeads, human Miltenyi Cat. 130-061-101
Dead Cell Removal Kit Miltenyi Cat.130-090-101
Anti-PE MicroBeads Miltenyi Cat. 130-048-801
RNeasy Micro kit QIAGEN Cat. 74004

Deposited data

Bulk RNAseq data of H1 derived

Montel-Hagen et.al, 2019°

GEO: GSE116015

CD8T cells

Bulk RNAseq data of H1-CAR derived DN cells This paper GEO: GSE216251

Single cell RNAseq data of H1 and H1-CAR derived precursor This paper GEO: GSE224964

cells

Experimental models: Cell lines

H1 ESC line WicCell https://www.wicell.org/
ESI-017 ESC line ESI BIO https://www.esibio.com/media/

N11 T-iPSC line

MS5-hDLL4
MS5-hDLL4-CD19
MS5-hDLL4- A2/MART1
MS5-hDLL4- A2/ESO
H1-CAR-high
H1-CAR-med
H1-CAR-low
H1-CAR-28TM-28-3z
H1-CAR-28TM-BB-3z
RAJI-eGFP
RAJI-eGFP-CD19KO

Cedars-Sinai iPSC Core and
Cedars-Sinai
Biomanufacturing Center,
Los Angeles, CA

Montel-Hagen et al., 2019°
This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Yvonne Chen, UCLA
Yvonne Chen, UCLA

wysiwyg/esibio/documents/esicells/
WEB_Rev_B_ESI-017_Data_Sheet.pdf

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCCL-c-UBC-aFMC63-1gG4-CH2CH3-28TM-28-3z This paper N/A
(lentivirus)
pCCL-c-UBC-aFMC63-1gG4-28TM-28-3z (lentivirus) This paper N/A
pCCL-c-UBC-aFMC63-1gG4(short)-28TM-BB-3z (lentivirus) This paper N/A

Software and algorithms

FlowJo

GraphPad Prism

Seurat

EnhancedVolcano

GSEA

Tree Star Inc.

GraphPad Software

Hao et al., 202176
Blighe et al., 201877

Subramanian et al., 200537

https://www.flowjo.com/solutions/flowjo

https://www.graphpad.com/
scientificsoftware/prism/

https://satijalab.org/seurat/index.html

https://www.bioconductor.org/packages/
release/bioc/vignettes/EnhancedVolcano/
inst/doc/EnhancedVolcano.html

https://www.gsea-msigdb.org/gsea/index.jsp
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