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SUMMARY

The thymus is critical for the establishment of a functional and self-tolerant adaptive immune system but involutes with age, resulting in
reduced naive T cell output. Generation of a functional human thymus from human pluripotent stem cells (hPSCs) is an attractive regen-
erative strategy. Direct differentiation of thymic epithelial progenitors (TEPs) from hPSCs has been demonstrated in vitro, but functional
thymic epithelial cells (TECs) only form months after transplantation of TEPs in vivo. We show the generation of TECs in vitro in isogenic
stem cell-derived thymic organoids (sTOs) consisting of TEPs, hematopoietic progenitor cells, and mesenchymal cells, differentiated from
the same hPSC line. sTOs support T cell development, express key markers of negative selection, including the autoimmune regulator
(AIRE) protein, and facilitate regulatory T cell development. sTOs provide the basis for functional patient-specific thymic organoid

models, allowing for the study of human thymus function, T cell development, and transplant immunity.

INTRODUCTION

The thymus is required for the development of a functional
adaptive immune system, facilitating the generation of
self-tolerant T cells that can respond to foreign antigens.
Thymic epithelial cells (TECs) are divided into cortical
and medullary (c¢/m) TECs, based on their location and
function, and can be identified by the expression of KRTs
8 and 5, respectively. c- and mTECs originate from com-
mon bipotent progenitors, which first express KRT8 only
and then co-express both keratins prior to bifurcating
into ¢- and mTEC lineages (Kadouri et al., 2020). Age-
related involution of the thymus results in decreased
thymic function and naive T cell output and increased
autoimmunity and disease risk (Coder et al., 2015; Palmer,
2013). Thymic dysfunction or absence can result from
intrinsic and extrinsic factors, namely DiGeorge syndrome
(DGS), FOXN1 deficiency, infection, and/or radiation ther-
apy (Duah et al., 2021; Kreins et al., 2021). Complete athy-
mia is treated with hematopoietic stem cell or allogeneic
thymus transplant; however, such treatments carry associ-
ated complications and depend on limited donor tissue
(Janda et al., 2010; Kreins et al., 2021). Thus, an experi-
mental model system to interrogate the mechanisms of
thymic insufficiency and function is necessary and could
serve to further the development of cell-based treatments
for thymic defects.

Thymic organoids cultured at the air-liquid interface
allow for the interrogation of thymic function and T cell
development (Auerbach, 1960; Ceredig et al., 1989; Han

and Zaniga-Pfliicker, 2021; Mandel and Kennedy, 1978;
Watanabe and Katsura, 1993; Watson et al., 1989). Func-
tional human reaggregated thymic organoid cultures
(RTOCs) made with expanded 1° TECs and thymic mesen-
chyme (TM) combined with allogenic cord blood-derived
hematopoietic stem cells (HSCs) support T cell develop-
ment in vitro and in vivo (Chung et al., 2014). However,
RTOCs depend on 1° tissue access, are allogeneic, and do
not support negative selection.

TECs express Notch ligands, such as DLL4, which are crit-
ical for T cell commitment and differentiation. Indeed,
transgenic OP9 or MSS murine bone marrow stromal cells
expressing human DLL1 or DLL4 support positive selection
of developing murine and human T cells in vitro (Schmitt
and Zuniga-Pflucker, 2002). Combining 1° HSCs (Seet
etal., 2017) or human pluripotent stem cell (hPSC)-derived
embryonic mesodermal progenitors (EMPs) (Montel-Ha-
gen et al., 2019) with MS5-DLL1/DLL4 cells, the Crooks
group demonstrated T cell development in artificial thymic
organoids (ATOs) in vitro. Though OP9-DLL1 and ATO cul-
tures eliminate the need for 1° tissue, the lack of thymic
stromal cells and major histocompatibility complex
(MHC) class II expression results in a skew toward CD8
T cell development. We sought to develop a thymic orga-
noid model with isogenic hPSC-derived cell compartments
that supports patient-specific TEC and T cell development
in vitro.

Recently, we reported the directed differentiation of
induced PSCs (iPSC) to functional thymic epithelial progen-
itors (TEPs) that support murine T cell development after
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Figure 1. Generation of hPSC-derived TECs in vitro

(A) Schematic of TEP-only sTOs.

(B) Representative IF images of KRT8 (green) and KRT5 (magenta) in day 16-22 TEPs and week 2 TEP-only sTOs (TEPs, n =2 indepdendent
experiment (ind. exp.), 2 hPSC lines; sTOs, n = 3 ind. exp., 2 hPSC lines).

(legend continued on next page)
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transplantation in nude mice (Ramos et al., 2021). While dif-
ferentiation of TEPs from human iPSCs has been demon-
strated by multiple groups, in vitro generation of functional
TECs has yet to be achieved (Chhatta et al., 2019; Parent
et al., 2013; Soh et al., 2014; Volpi et al., 2017; Sun et al.,
2013). We combined hPSC-derived TEPs, hematopoietic
progenitor cells (HPCs), and mesenchymal cells to generate
functional isogenic stem cell-derived thymic organoids
(sTOs). sTOs support TEC development as demonstrated
by HLA-DR, CD20S5, KRTS, and autoimmune regulator
(AIRE) expression after 2-4 weeks in vitro, even in the
absence of HPCs. AIRE, HLA-DR, and tissue-restricted anti-
gen (TRA) expression suggests the potential for negative se-
lection in this system. Importantly, sTOs support T cell
development, including some regulatory T cells (Tregs). For
the first time, to our knowledge, we demonstrate the gener-
ation of functional hPSC-derived TECs in vitro.

RESULTS

Activin A activation and BMP4 inhibition enhance

in vitro TEP development

BMP4 and activin A regulate thymus development in both
mice and humans (Lepletier et al.,, 2019; Ramos et al.,
2021). To determine whether modulation of these pathways
enhanced TEP generation, we differentiated 4 hPSC lines to
TEPs and quantified the expression of TEP markers EPCAM
and CD205 by flow cytometry (FC) analysis (Campinoti
et al., 2020; Ramos et al., 2021) (Figures SIA-S1E). EPCAM
expression increased in all new conditions (conditions 2-
4), though not significantly (Figures S1A, S1C, and S1E).
However, when compared directly with condition 1, activin
Aactivation and BMP4 inhibition (condition 2) significantly
increased the proportion of EPCAM* and EPCAM*/CD205*
cells (Figures STA-S1E). Thus, we employed this optimized
TEP differentiation protocol for this study.

TECs develop in sTOs in vitro

To test whether hPSC-derived TECs could be generated
in vitro, we cultured differentiated day 16-30 TEP cultures
at the air-liquid interface for up to 6 weeks in 3D and eval-
uated for TEC generation (Figure 1) (Chung et al., 2014).
Early TEPs express KRT8 but lack KRTS expression, howev-
er, after 2-3 weeks, TEP-only sTOs contain bipotent devel-
oping TECs that co-stain for KRT5/8 and KRT5" mTEC-like
cells (Figure 1B) (Parent et al., 2013; Ramos et al., 2021). We
also observed a significant increase in HLA class Il molecule

(HLA-DR) and CD205* TECs compared with input TEPs
(Figures 1C-1F). To quantify FOXN1 expression in the
absence of a reliable antibody, we differentiated FOXN1-
GFP reporter human embryonic stem cells (hESCs) to
TEPs, generated TEP-only sTOs and quantified GFP expres-
sion by FC (Soh et al., 2014). Analysis of FOXN1-GFP
expression showed ~64% EPCAM/GFP double positive
(DP) cells in TEP-only sTOs compared with ~10% in 2D
TEPs (Figures 1G and 1H). To visualize the expression of
EPCAM, HLA-DR, CD205, and FOXNT1 in relation to each
other, we utilized t-stochastic neighbor embedding (tSNE)
and observed expression of all markers within GFP* clus-
ters, indicating that sTO culture promotes TEP-to-TEC dif-
ferentiation in vitro, even in the absence of HPCs (Figure 11).
To confirm that HPC-independent TEP-to-TEC develop-
ment was not driven by the change from “TEP” to “sTO”
media, 2D TEPs were cultured for 2 weeks in either me-
dium. The proportion of EPCAM/HLA-DR, EPCAM/
CD205, and EPCAM/GEFP DP cells remained similar regard-
less of the media type, indicating that air-liquid sTO culture
conditions are critical for further differentiation of hPSC-
derived TEPs into TECs in vitro, not the associated media
(Figures S1F and S1G).

TEC:s facilitate the education of thymocytes via positive
and negative selection. To determine TEC function
in vitro, we established multicellular sTOs consisting of
isogenic hPSC-derived TEPs, HPCs, and splanchnic mesen-
chyme (SM) (Figures 2A and S2A-S2C) (Han et al., 2020;
Motazedian et al., 2020). In some cases, expanded 1° hu-
man TM was used in place of hPSC-derived SM. Interest-
ingly, the addition of either primary 1° TM or hPSC-derived
TM resulted in a trend toward higher expression of func-
tional TEC genes, with no significant difference in gene
expression between 1° or iPSC-derived TM (Figure S2D).
Immunofluorescence (IF) analysis of sTOs showed KRT5*
mTEC-like cells and EPCAM/CD205 DP cells, indicative
of TEP-to-TEC development in sTOs (Figures 2B and 2C).
We assessed TEC marker expression in TEPs and CD45™
sTO cells by qPCR analysis. While FOXN1 and KRTS8 expres-
sion did not differ significantly, KRTS, DLL4, and HLA-DR
expression were significantly higher in sTOs (Figure 2D).
Cytometry by time of flight (CyTOF) and FC analysis
confirmed protein expression of EPCAM, KRTS8, HLA-DR,
and CD205 in sTOs (Figures 2E-2G). Utilizing the
FOXNI1-GFP hESC reporter line, we quantified FOXN1
expression in sTOs and found that GFP expression is
maintained in sTOs (Figure 2H). Taken together, sTOs pro-
vide a convenient model system for human TEP/TEC

(C-H) FC plots and quantification of EPCAM/HLA-DR (C and D), EPCAM/CD205 (E and F), and EPCAM/GFP (G and H) expression in day 16-22

TEPs and week 2 TEP-only sTOs.

(I) tSNE plots of EPCAM, HLA-DR, CD205, and GFP expression in 16-22 TEPs and week 2 TEP-only sTOs, n = 3 ind. exp., 1 hPSC line.

Plots show percentage of the mean; data are shown as mean + SEM.
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development that can be exploited for basic and transla-
tional research efforts.

sTOs support isogenic, stem cell-derived T cell
development

To test if sSTOs could support T cell development in vitro, we
evaluated pro-T and T cell marker expression in sTOs using
1° thymus samples as controls. After 4 weeks, CD45" cells
account for ~44% of live cells in sTOs (Figure 3A). Interest-
ingly, the proportion of DN and CDS5™ pro-T cells is signif-
icantly higher in sTOs than in 1° thymus, while the propor-
tion of early thymic progenitors (ETPs; CD45": CD4/CD8
DN: CDS57/CD7") is significantly lower (Figures 3A and
3B) (Awong et al., 2013). CD4/CD8 DP developing thymo-
cytes make up ~17% of CD45™ cells, similar to 1° thymo-
cytes (Figures 3A and 3B). ~64% of CD45" cells co-express
T cell markers CD3 and T cell receptor (TCR) «/ g, indi-
cating positive selection and TCR rearrangement in sTOs
(Figures 3C and 3D). While the proportion of CD4/CD8
DP cells does not differ significantly, the proportion of
CD4 single positive (SP) cells is significantly higher in 1°
thymi, while the proportions of CD8 SP and DN cells are
significantly higher in sTOs (Figures 3C and 3D).

We performed CyTOF analysis to further interrogate
thymocyte development in week 4 sTOs. cKIT (CD117), a
pre-thymocyte commitment marker, was prominently ex-
pressed by sTO CD45" cells, with a subset of CD117*
cells expressing the early thymocyte transcription
factor TCF1 (Figures 3E and 3F). Terminal deoxynucleotidyl
transferase (TdT) was detected in both sTO and
thymus samples, further confirming TCR rearrangement
in sTOs (Figures 3G-3I). Gamma delta (y6) T cells, invariant
natural killer T (@(NKT) cells, and NK cells also
develop in the thymus (Hogquist and Georgiev, 2020;
Ribeiro et al.,, 2010; Takaba and Takayanagi, 2017). We
detected CD3*/TCR v6* T cells, CD3"/CD56" iNKT cells,
and CD37/CD56" NK cells in sTOs (Figures S3A-S3D). To
determine if sSTO-derived T cells were functional, we cultured
dissociated sTOs and human peripheral blood mononuclear
cells (PBMCs) with anti-CD3/CD28 Dynabeads and observed
a significant increase in the proportion of CD4* and CD4"/
CD25" cells in stimulated sTOs, albeit at lower levels than
observed in PBMC controls (Figures 3], 3K, S3E, and S3F).

Together, these data demonstrate that sTOs can support
functional thymocyte development in vitro, as demonstrated
by the expression of canonical developmental markers and
in vitro T cell stimulation. Additionally, sTOs support vd
T cell, iNKT cell, and NK cell development. Thus, sTOs pro-
vide an innovative in vitro model to interrogate T cell devel-
opment in an isogenic, patient-specific manner.

sTOs contain AIRE" mTECs and Tregs

AIRE expression by mTECs mediates negative selection of
autoreactive thymocytes (Anderson et al., 2002). Indeed,
AIRE* cells are present in sTOs, indicating mTEC develop-
ment in sTOs (Figure 4A). By IF and FC, we detected
CD3*/PD-1* cells in sTOs, indicative of ongoing negative
selection (Figures 4B—4D) (Baldwin and Hogquist, 2007).
To determine if sTOs could support Treg development, we
evaluated FOXP3 expression in CD4*/CD25* cells by FC
and confirmed FOXP3 expression in sTOs by qPCR
(Figures 4E-4G). Furthermore, TRA transcripts are detected
in CD45" sTO cells, further corroborating this finding (Fig-
ure 4H). These data indicate the occurrence of negative se-
lection in sTOs in vitro, albeit at low levels, and provide a ba-
sis for further work and optimization.

DISCUSSION

Here, we describe the generation of functional patient-spe-
cific sTOs that support hPSC-derived TEC and T cell devel-
opment in vitro. We anticipate that our work provides
important conceptual and technical advances for the field
and establishes the basis for the development of cell ther-
apy approaches for the treatment of thymic insufficiency
and other immunological disorders.

We optimized our hPSC-to-TEP differentiation protocol
and demonstrate a role for activin A and BMP4 inhibition
in the generation of TEPs in vitro, confirming previous
mouse studies and illustrating the utility of in vitro differen-
tiation in elucidating signaling pathways involved in hu-
man TEP/TEC development (Lepletier et al., 2019; Ramos
et al., 2021). This platform could be further leveraged to
elucidate additional factors necessary for human thymus
development, function, and homeostasis; to enhance TEP
differentiation for cell replacement therapies; and to

Figure 2. sTOs support TEC development
(A) Schematic of multicellular, isogenic sTOs.

(B and C) Representative IF images of KRT8 and KRT5 (B) or EPCAM and CD205 (C) in 1° thymus and sTOs (thymi, n=3; sTOs, n =9 ind. exp.,

2 hPSC lines).

(D) qPCR analysis of TEC markers in day 17-30 TEPs and week 4 CD457 sTO cells (thymi, n=3; TEPs, n =7 ind. exp., 2 hPSC lines; sTOs, n =4

ind. exp., 2 hPSC lines). p values were determined by t test.

(E-H) CyTOF (E) and FC (F-H) plots and quantification of TEC markers in 1° thymus and sTOs (CyTOF: thymi, n = 2; sTOs, n = 3-6 ind. exp., 3

hPSC lines; FC: thymi, n = 4, sTOs, n = 4-6 ind. exp., 2 hPSC lines).
Plots show percentage of the mean; data are shown as mean + SEM.
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identify novel targets to treat thymic disorders and pro-
mote thymic regeneration.

1° TEC cultures require direct air exposure to remain
functional (Ceredig et al., 1989; Han and Zuniga-Pfliicker,
2021; Watanabe and Katsura, 1993; Watson et al., 1989).
Attempts to culture sTOs as submerged hanging-drop cul-
tures produced CD37/TCR «f" thymocytes stalled at the
CD4/CD8 DP stage (data not shown). This aligns with pre-
vious reports of aberrant T cell development in vitro in the
absence of OP9-DLL4 stromal cells (Motazedian et al.,
2020). Indeed, the requirement for high oxygen levels for
FOXN1-mediated TEC function was recently reported
(Han and Zuniga-Pfliicker, 2021). Thus, direct air exposure,
as conferred by air-liquid interface culturing, is required for
functional sTOs.

Thymocyte-independent development of KRT5" mTECs
has been demonstrated in rodent models with blocks in
early T cell development. However, those studies did not
account for the presence of other immune cell types that
could have provided developmental signals attributed to
thymic seeding progenitors and developing thymocytes
(Jenkinson et al., 2005; Klug et al., 2002). Here, we demon-
strate human TEP-to-TEC development in a system devoid
of all immune cells. These findings demonstrate the utility
of sTOs to interrogate previously inaccessible aspects of hu-
man TEC development.

TM provides factors necessary for TEC development and
function, expresses HLA class Il molecules, and participates
in T cell development (Anderson et al., 1993; Itoi et al.,
2007; Jenkinson et al., 2003, 2007). Indeed, integrating
mesenchyme in hPSC and 1° cell-derived organoids can
improve organoid function (Campinoti et al., 2020; Eicher
et al., 2022). While mesenchyme spontaneously develops
in sTOs, the addition of mesenchyme results in an
increased expression of functional thymic genes, indi-
cating a beneficial role in sTO cultures.

We show that hPSC-derived TEPs can develop to func-
tional TECs and express functional TEC markers when
cultured as sTOs. While FOXN1 expression does not vary
significantly between TEPs and sTO CD45" cells, KRTS,
DLL4, and HLA-DR expression increases significantly. As
sTOs were sorted based on CD45 expression, we preclude
the possibility that detected HLA-DR transcripts were
from HLA-DR*/CD45* antigen-presenting cells. IF and

CyTOF analyses confirmed HLA-DR protein expression
on EPCAM™ cells. CD205S marks TEPs and cTECs and has
been used by us as a marker for hPSC-derived TEPs (Campi-
noti et al., 2020; Ramos et al., 2021). We find EPCAM*/
CD205* TECs in sTOs by IF analysis, as seen in 1° thymi.
Thus, we have established culture conditions amenable
for hPSC-derived TEC development in vitro.

The thymus facilitates functional T cell development
from HPCs. Here, we show that sTOs support T cell devel-
opment from hPSC-derived HPCs in vitro, albeit with
reduced cell numbers compared with primary tissue. sSTOs
contain significantly fewer CD45* and ETP cells but have
a higher proportion of DN and CDS™ pro-T cells than 1°
thymi, indicating delayed developmental Kkinetics in
sTOs. Additionally, we observed significantly fewer CD4
SP and increased CD8 SP T cells in sTOs than in 1° thymi,
likely due to reduced HLA class II expression in sTOs. Simi-
larly, MS5-DLL1/4-based ATOs also lack MHC class 1II
expression and fail to generate appreciable numbers of
CD4* T cells (Montel-Hagen et al., 2019; Seet et al., 2017).
CyTOF analysis of sTOs further confirms thymocyte devel-
opment in sTOs, as demonstrated by CD117, TCF1, and
TDT expression. Importantly, sTO-derived T cells respond
to in vitro stimulation and upregulate the known activation
marker CD25, demonstrating functionality. Thus, sTO-
derived TECs support the development of T cells that ex-
press canonical markers of T cell development and can
respond to stimulation.

Another key function of the thymus is the negative selec-
tion of potentially autoreactive T cells, effectuated by
AIRE-mediated expression of TRAs. Indeed, we detect
AIRE protein and TRA transcripts in sTOs. Congruently,
we detect CD3*/PD-1" Tcells in sTOs, indicative of ongoing
negative selection, and CD25*/CD4*/FOXP3" Tregs in sTOs
by FC and gPCR analysis; however, the levels detected in
sTOs are lower than observed in primary thymus.

We present a functional multicellular, isogenic sTO system
that offers advantages over current thymic organoid models.
sTOs eliminate the need for 1° tissue and mouse cell lines, al-
lowing for patient-specific thymic organoids capable of
negative selection. We anticipate ongoing optimization of
HPC generation from hPSCs will further enhance the utility
of the sTOs in the future. Thus, we have established the
framework for further basic science and translational

Figure 3. sTOs support isogenic T cell development

(A-D) FC plots (A and C) and quantification (B and D) of thymocytes in 1° thymus and week 4 sTOs.
(E-H) CyTOF plots (E and G) and quantification (F and H) of thymocyte markers in 1° thymus and week 4 sTOs (thymi, n=6; sTOs, n=4, 2

hPSC lines).

(I) gPCR analysis of CD4, CD8, and TdT in 1° thymus, TEPs, and sTOs (thymi, n = 3; TEPs, n = 6-7, 4 hPSC lines; sTOs, n = 5-6, 4 hPSC lines).
(J and K) FC plots (J) and quantification (K) of CD4 and CD25 expression on stimulated T cells from week 4 sTOs (n = 3 ind. exp., 1 hPSC

line).

Plots show percentage of the mean; data are shown as mean + SEM; p values were determined by t test.
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Figure 4. Potential negative selection and Treg development in sTOs
(A) Representative IF image of AIRE in week 4 sTOs (n = 2).
(B) Representative IF image of PD-1 and CD3 in week 4 sTOs (n = 2).
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research interrogating human thymus development and
function in vitro and in a patient-specific manner.

EXPERIMENTAL PROCEDURES
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Materials availability
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from the corresponding author with a completed materials transfer
agreement.

Data and code availability

All data and code generated in this study are available from the cor-
responding author upon request.

hPSC-to-TEP differentiation

INS-GFP (Micallef et al., 2012) and FOXN1-GFP (Soh et al., 2014)
lines, MEL1 hESC lines, or iPSC lines CB2, CB3, CUHMO008, and
CUHMO009 (Ramos et al., 2021) reprogrammed inhouse from
PBMCs were cultured on Matrigel (Corning)-coated plates in
mTeSR+ (StemCell Technologies). hPSCs were differentiated to
TEPs as described (Jenkinson et al., 2005), with some modifica-
tions. hPSCs were harvested with TrypLE (Gibco) and resuspended
at 10e6 cells/mL in mTeSR+ with 10 uM Rock inhibitor and seeded
at 3.15e5 hPSC/cm? in Matrigel-coated plates in mTeSR+ with 10
uM Rock inhibitor. 24 h later, cells were washed with koDMEM/
F12, and dO media were added (Table S1). Differentiations were
done in X-VIVO10 (Lonza) with added factors (Table S1).

hPSC-to-splanchnic mesoderm differentiation

hPSCs were differentiated to splanchnic mesoderm as previously
described (Han et al., 2020). hPSCs were dissociated and plated
as described above. 24 h later, cells were washed with koDMEM/
F12, and dO media were added (Table S2). Differentiations were
done in Advanced DMEM/F12, N21 (R&D), 15 mM HEPES
(Thermo Fisher Scientific), 1x Glutamax (Thermo Fisher Scienti-
fic), and 1x penicillin-streptomycin (Thermo Fisher Scientific)
with added factors (Table S2).

hPSC-to-HPC differentiation

hPSCs were differentiated to HPCs as previously described (Mota-
zedian et al., 2020). hPSCs were dissociated, seeded in 6-well sus-
pension plates at 1e6 cells/mL in 5.5 mL Stage I media, and
cultured on an orbital shaker rotating at 100 RPM (Table S3). Differ-

entiation continued in suspension through day 7. Day 8 clusters
were plated on vitronectin-coated (StemCell Technologies) 0.4
um Millicell Transwell inserts (EMD Millipore) at the air-liquid
interface and cultured in Stage V media until day 12-20, changing
media every other day.

sTO generation

Differentiated cultures at day 18-25 TEPs were mechanically dissoci-
ated into small clumps and either combined with 1° (allogenic) TM
or day 4-5 splanchnic mesoderm (isogenic) and day 8-20 HPCs at a
1:1:20 mesenchyme:HPC:TEP ratio in a 1.5 mL tube. Cells were pel-
leted in a swinging-bucket centrifuge at 1,200 RPM for 3 min and re-
suspended in 5 uL/sTO Stage V media (Table S3) (Motazedian et al.,
2020). A S uL drop was placed on a 0.4 um Millicell Transwell insert
with 2-3 sTOs per membrane ~1 cm apart. Transwells were placed in
6-well plates containing 1.5 mL Stage V media, and media were
changed every 2-3 days. sTOs were harvested at indicated times
for analysis. For IF analysis, sTOs were fixed on the membranes in
4% PFA for 15-60 min at room temperature (in some cases, sTOs
were fixed overnight [ON] at 4°C). After fixation, sTOs were washed
3x with PBS and incubated in 30% sucrose at 4°C ON. sTOs were cut
from the membrane, embedded in optimal cutting temperature
(OCT) medium, and snap frozen. For qPCR analysis, sTOs were har-
vested from the membrane with 0.5 mL digestion buffer containing
2% FBS, 100 ng/mL DNasel, 96 ug/mL Liberase, 0.88 mg/mL
Collagenase/Dispase, and 1.25 mg/mL Collagenase D in DMEM
and transferred to a 1.5 mL tube. Cells were incubated at 37°C for
6 min and then triturated (3-5 cycles) until sSTOs were dissociated.
Cells were pelleted using a tabletop centrifuge and resuspended in
magnetic-activated cell sorting (MACS) buffer. Cells were incubated
with anti-CD45 magnetic beads (Miltenyi) and sorted per manufac-
turer instructions. Sorted cells were resuspended in Qiagen RLT or
QIAzole lysis buffer and used for RNA isolation using RNeasy Kkits
or QIAzol/phenol chloroform (QIAGEN) per manufacturer instruc-
tions. For FC analysis, sTOs were digested as described. Cell suspen-
sions were spun down on a tabletop centrifuge, resuspended in 1 mL
fluorescence-activated cell sorting (FACS) buffer, and passed
through a 40 um filter into a 5 mL round-bottom polystyrene
FACS tube. Cells were FC blocked (BioLegend) for 10 min at room
temperature (RT) and incubated in antibody cocktail for 30 min
on ice in the dark (Table S4). Cells were washed with 2 mLs FACS
buffer, spun down in a swinging-bucket centrifuge at 1,500 RPM
for 3 min, resuspended in 0.2 mL FACS buffer with 2.5 ng/mL
DAP], and analyzed on a Cytek Aurora 5-laser cytometer.

1° thymus processing
Deidentified human thymus samples were obtained from pediatric
cardiothoracic surgeries. A ~1 cm® section was minced with a

(Cand D) FC plots (C) and quantification (D) of PD-1 expression in CD45/CD3* cells in 1° thymi and week 4 sTOs (thymi, n=2; sTOs, n=3

ind. exp., 1 hPSC line).

(E and F) FC plots (E) and quantification (F) of FOXP3 expression in C(D25%/CD4" cells in 1° thymi and sTOs (thymi, n = 3; sTOs, n = 6 ind.

exp., 2 hPSC lines).

(G and H) gPCR analysis of FOXP3 (G) and TRAs (H) in 1° thymus, TEPs, and week 4 CD45™ sTO cells (G: thymi, n=3; TEPs, n=6-7 ind. exp., 4
hPSC lines; sTOs, n = 5-6 ind. exp., 4 hPSC lines; H: TEPs, n = 5 ind. exp., 1 hPSC line; sTOs, n = 3 ind. exp., 1 hPSC line).
Plots show percentage of the mean; data are shown as mean + SEM; p values were determined by t test.
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razorblade in cold PBS and transferred to a 50 mL conical tube,
washed with PBS, resuspended in 5-10 mL digestion buffer, and
dissociated as above. Cells were quenched in 40 mL DMEM+10%
FBS and 1:1,000 DNasel, filtered through a 70 um filter, pelleted
by centrifugation at 1,500 RPM for 10 min, counted, and sorted
as above. To expand TM, minced thymus pieces were plated in
15 cm plates, cultured in DMEM supplemented with 10% FBS,
1x Glutamax, and 1X penicillin-streptomycin (Pen/Strep) until
confluent, and cryopreserved.

CyTOF

Antibodies used in mass cytometry were purchased as rare-earth
metal conjugates from Fluidigm or were custom conjugated in-
house using MaxPar X8 conjugation kits (Fluidigm) according to
manufacturer specification (Table S4). Human thymus tissue and
sTOs were dissociated as described, and single-cell suspensions
were washed with Cell Staining Buffer (CSB; Fluidigm) and
counted. Tantalum-labeled Veri-Cells (BioLegend) were prepared
per manufacturer instructions and spiked into each sample as
described (Sahaf et al., 2020). Samples were incubated for 5 min
with Fc block (BioLegend) and viability reagents (Cell-ID Intercala-
tor-103Rh, Fluidigm) prior to addition of cell surface antibody
staining cocktails for 30 min at RT. After washing, individual sam-
ples were barcoded utilizing the CyTOF Cell-ID 20-Plex Palladium
Barcoding Kit (Fluidigm) per manufacturer instructions and
pooled into a single sample. The combined sample was fixed
and permeabilized using the FoxP3 transcription buffer kit
(ThermoFisher) and stained for 30 min on ice as described (van
der Heide et al., 2022). Immediately prior to acquisition, samples
were washed with CSB and Cell Acquisition Solution (CAS; Fluid-
igm) and resuspended in CAS at a concentration of 10° cells/mL
with a 1:20 dilution of EQ normalization beads (Fluidigm). Sam-
ples were acquired on a Fluidigm Helios mass cytometer using
the wide-bore injector configuration at an acquisition speed of
<400 cells per second. FCS files were then normalized and concat-
enated using Fluidigm'’s CyTOF software (v.6.7.1016) and analyzed
with FlowJo v.10.7 (BD Biosciences).

Quantitative real-time PCR

cDNA synthesis was done using iScript cDNA synthesis kit (Bio-
Rad). Quantitative real-time PCR was performed on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad) using human specific
probes or primers (Table S5). Data were set relative to OAZ1 and
plotted as the mean + standard error of the mean (SEM).

IF

10 pm sections were cut using a cryostat and placed on microscope
slides. Slides were washed in PBS at RT for 10 min and blocked/per-
meabilized in CAS-block (Invitrogen)+0.2% Triton X-100 for
30 min at RT. Slides were stained for 1 h at RT with 1° antibodies
(Table S4) in CAS-block+0.2% Triton X-100. Slides were washed
with PBS+0.1% Tween and incubated in secondary antibodies
(Alexa Fluor-tagged secondary antibodies [Invitrogen]) diluted
1:1,000 in PBS+0.1% Tween for 40 min at RT. Slides were washed
and mounted with Pro-Long Gold with DAPI (Invitrogen). z stack
or snap images were taken with a Zeiss LSM 800 microscope. For all
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IF images, the scale bars are 20 um, and nuclei were counterstained
with DAPI.

T cell activation assay

sTOs were dissociated as described above, plated, and stimulated
with Human T-Activator CD3/CD28 dynabeads (Thermo Fisher
Scientific: 11131D) in 96-well plates for 5 days, collected, and
analyzed by FC.

Statistics
Data were analyzed using GraphPad Prism software. t tests or one-
way ANOVAs were performed, as indicated in the figure legends.

Regulatory permissions
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Supplementary Figure Legends

Fig. S1. Modulation of culture conditions for TEP and sTO differentiation; related to
figure 1 and 2. (A) Table of TEP differentiation conditions tested. (B-C) Representative FC
plots of EPCAM/CD205 (B) and EPCAM (C) expression and quantification on ~day 20 TEPs
(n=7-10, 4 hPSC lines). (D-E) Quantification of EPCAM/CD205 DP (D) and EPCAM (E)
expression corresponding to (B) and (C), respectively. P-values determined by t-test comparing
previously published condition (1) to optimized condition (2). FC plots (F) and quantification
(G) of EPCAM, HLA-DR, CD205, and GFP expression in TEPs cultured in final stage TEP
media or sTO media for 2 weeks past ~d20 (n=3) without air liquid interface culture. This
analysis shows no significant effect on TEC marker expression by different medias. Plots depict

percent mean; data shown as mean+=SEM.

Fig. S2. Directed differentiation of hPSCs to multiple cellular lineages, related to figure 3.
(A) FC analysis of CD34/CD45 expression on hPSC-derived HPCs (n=3, 3 hPSC lines). (B) FC
analysis of PDGFRa on hPSC-derived splanchnic mesenchyme (n=3, 3 hPSC lines). Light grey
histogram represents unstained control. (C) qPCR analysis of splanchnic mesoderm (SM) markers
in primary whole thymus and expanded mesenchyme and day 4 SM (n=3; 3 hPSC lines) (D) gPCR
analysis of TEC markers in day 3 and 7 TEP-only sTOs with either no mesenchyme, 1°
mesenchyme, or hPSC-derived mesenchyme. Plots depict percent mean; bar graphs show
meant+SEM.

Fig. S3. sTOs support development of multiple immune cell types, related to figure 4. (A-B)
CyTOF plots (A) and quantification (B) of CD3/TCRy§ expressing yd T cells in primary thymi
and sTOs (n=2 thymi, 3 sTOs). (C, D) CyTOF plots (C) and quantification (D) of CD3" cells and

corresponding CD3/CD56 DP iNKT and CD3/CD56" NK cells in primary thymi and sTOs (n=2



thymi, 3 sTOs). Plots depict percent mean; data shown as mean+SEM. (E) FC plots and
quantification of CD4 and CD25 expression of PBMCs activated with anti-CD3/CD28 Dynabeads

(n=2).



Supplementary Tables:

Factor Concentration | Day Supplier
A=ActA 100ng/ml 0-4 R&D Systems
Wnt3a 50 ng/ml 0 R&D Systems and Bio-Techne
ITS 1:5000 0 Thermo Electron
ITS 1:2000 1-4 Thermo Electron
R=TTNPB 6 uM 4 R&D Systems
B=BMP4 20ng/ml 5-8 R&D Systems
LY=LY364947 5uM 5-8 R&D Systems
SAG 100ng/mL 5-8 R&D Systems
A=ActA 20ng/ml o+ R&D Systems
F=FGF8b 50ng/ml 9+ PeproTech
LDN=LDN193189 500nM 9+ Stemcell Technologies
R=TTNPB 6 uM 9+ R&D Systems
S1=SANTI1 0.25 uM 9+ Tocris
Wnt3a 50 ng/ml 9+ R&D Systems and Bio-Techne
ITS= insulin-transferrin-selenium 1:2000 9+ Thermo Electron
Ascorbic Acid 50 ug/ml 9+ Sigma-Aldrich
EGF 20ng/ml o+ R&D Systems
Heparin 10 pg/ml 9+ Sigma-Aldrich
Hydrocortisone 0.5 pug/ml 9+ Sigma-Aldrich
ITS 1:2000 9+ Thermo Electron
Non-Essential Amino Acids 1:100 9+ Thermo Fisher Scientific
Trolox 0.1lmM o+ Millipore Sigma

Table S1: Factors, concentrations, and days for hPSCs to TEP differentiation.

Factor Concentration Day Supplier
A=ActA 30ng/ml 0 R&D Systems
B=BMP4 40ng/ml 0 R&D Systems
C=Chir 6 uM 0 Bio-Techne
F=FGF2 20ng/ml 0-4 R&D Systems
P=PIK90 100nM 0 Cayman Chemical Company
A83-A8301 1uM 1-4 MedChem Express
B=BMP4 30ng/ml 1-4 R&D Systems
C59 1 uM 1-4 Cellagen Technologies
R=TTNPB 6 uM 2-4 R&D Systems

Table S2: Factors,

differentiation.

concentrations, and

days for hPSC to splanchnic mesoderm




Factor Concentration Stage Day Supplier
IMDM/F12 Thermo Fisher Scientific
Hybridoma Mix 4% Base Media Thermo Fisher Scientific
Human Serum 0.1% Base Media Gemini
Polyvinyl alcohol 0.1% Base Media Sigma-Aldrich
Methyl cellulose 0.1% Base Media Sigma-Aldrich
GlutaMAX Ix Base Media Thermo Fisher Scientific
Ascorbic acid-2- Base Media Sigma-Aldrich
phosphate >0ug/ml
ITSE AF 1:1000 Base Media Invitria
Lipid Mixture 1 Ix Base Media Sigma-Aldrich
P/S Ix Base Media Thermo Fisher Scientific
BME 22uM Base Media Thermo Fisher Scientific
Rock Inhibitor 10uM I 0 R&D Systems
CHIR 0.5uM I 0 Bio-Techne
Activin A 10ng/ml I 0 R&D Systems
BMP4 20ng/ml I 0 R&D Systems
SCF 20ng/ml I 0 PeproTech
VEGF 20ng/ml I 0 PeproTech
FGF2 10ng/ml I 0 R&D Systems
CHIR 0.5uM II 1 Bio-Techne
Activin A 10ng/ml II 1 R&D Systems
BMP4 20ng/ml II 1 R&D Systems
SCF 20ng/ml II 1 PeproTech
VEGF 20ng/ml II 1 PeproTech
FGF2 10ng/ml II 1 R&D Systems
CHIR 3uM I 2-3 Bio-Techne
SB 3uM I 2-3 STEMCELL Technologies
Activin A 10ng/ml I 2-3 R&D Systems
BMP4 20ng/ml I 2-3 R&D Systems
SCF 20ng/ml I 2-3 PeproTech
VEGF 20ng/ml I 2-3 PeproTech
FGF2 10ng/ml I 2-3 R&D Systems
BMP4 20ng/ml v 4-7 R&D Systems
SCF 50ng/ml v 4-7 PeproTech
VEGF 50ng/ml v 4-7 PeproTech
IGF-1I 20ng/ml v 4-7 PeproTech
FGF2 10ng/ml v 4-7 PeproTech
SCF 100ng/ml \Y 8+ PeproTech




VEGF 50ng/ml \Y 8+ PeproTech
FGF2 10ng/ml \Y 8+ PeproTech
IL7 20ng/ml \Y 8+ PeproTech
FLT3L 10ng/ml \Y 8+ PeproTech

Table S3: Factors, concentrations, differentiation stages, and days for HPC differentiation.

Antigen Conjugate | Dilution Supplier Cat#
CD3 PE 1:100 Biolegend 317308
CD3 APC-Cy7 1:100 Biolegend 344818
CDh4 AF647 1:100 Biolegend 300520
CD5 APC-Cy7 1:180 Biolegend 364010
CD7 FITC 1:60 Biolegend 343104
CD7 PE-Cy7 1:60 Biolegend 343114
CD8 AF488 1:100 Biolegend 300916
CDS8 PE-Cy5 1:100 Biolegend 300910
CD25 APC-Cy7 1:20 Biolegend 302614
CD34 BVv421 1:40 Biolegend 343610
CD45 BV510 1:180 Biolegend 304036
CD45 PerCP 1:180 Biolegend 304017
CD104 FITC 1:50 Biolegend 327806
CD104 PE 1:50 Biolegend 327808
C127 AF700 1:50 Biolegend 351344
CD205 PerCP-CyS5.5 |1:50 Biolegend 342210
EPCAM AF700 1:50 eBioscience 56-9326-42
PD1 AF405 1:50 R&D Systems 1615114
HLA-DR BVv421 1:50 Biolegend 307636
AIRE 1:100 eBioscience 13-9534-82
CD3 1:100 Abcam ab5690
CD205 1:100 Thermo Fisher MAS5-34695
EPCAM 1:200 Biolegend 324202
HLA Class 1T 1:50 Biolegend 361708
KRTS5 1:100 Abcam ab52635
KRTS5 1:100 Sigma Aldrich 305R-14

1:100 Santa Cruz 300910
KRT8 Biotechnology
PD-1 1:50 Abcam ab237728
PDGFRa 1:500 Abcam ab203491
TE-7 1:100 Novus Biologics NBP2-50082
CD4 166Er Miltenyi 130-122-283
CD45 89Y Fluidigm 3089003B




CD56 161Dy Miltenyi 130-108-016
CD117 175Lu Biolegend 313202
CD326 141Pr Fluidigm 3141006B
FOXP3 162Dy Fluidigm 3162011A
HLA-DR 174Yb Miltenyi 130-122-299
TCF1 163Dy Cell Signaling 2203S
TCRy/é 169Tm Miltenyi 130-122-291
TdT 164Dy Fluidigm 3164015B
KRTS 152Sm R&D systems MAB3165

Table S4: Antibodies used for flow cytometry, immunofluorescence, and CyTOF analysis.

qPCR Probes/Primers

Target Assay ID/Sequence
AIRE Bio-Rad: qHsaCIP0029272
DLL4 Bio-Rad: qHsaCEP0051500
FOXNI ThermoFisher: Hs00919266 ml1
HLA-DRA Bio-Rad: qHsaCEP0040019
KRTS5 Bio-Rad: qHsaCEP0055058
KRTS Bio-Rad: qHsaCEP0041467
OAZ1 ThermoFisher: Hs00427923 ml
ACTB F CATGTACGTTGCTATCCAGGC
ACTB R CTCCTTAATGTCACGCACGAT
Pro-Insulin F GCAGCCTTTGTGAACCAACAC
Pro-Insulin R CCCCGCACACTAGGTAGAGA
Islet Antigen 2 F CGGGACACATGATTCTGGCAT
Islet Antigen 2 R CTGCTTGGTAGGCACAGAGG
GADI F GCGGACCCCAATACCACTAAC
GADI R CACAAGGCGACTCTTCTCTTC
MBP F GGCCGGACCCAAGATGAAAA
MBP R CCCCAGCTAAATCTGCTCAGG
TGF AGACACCTCCTACCTCCCTCA
TG R TCCTTGGACATCGCTTTGGC

Table S5: Tagman probes and qPCR primer sequences for qPCR analysis.
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