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4École Polytechnique Fédérale de Lausanne, EPFL SV IBI-SV UPLUT, AI 1208 (Bâtiment AI), Station 15, 1015 Lausanne, Switzerland
5Institute of Immunology and Immunotherapy, University of Birmingham, Birmingham B15 2TT, UK
6Present address: IMUbiosciences, 20 Water Street, London E14 5GX, UK
7Present address: Australian National University Medical School, The Canberra Hospital, Garran ACT 2605, Australia
8Present address: Resolution Therapeutics, SCRM Building, 5 Little France Drive, Edinburgh EH16 4UU, UK
9Present address: Roche Institute of Human Biology, Basel, Switzerland
10These authors contributed equally
11Lead contact

*Correspondence: c.blackburn@ed.ac.uk
https://doi.org/10.1016/j.celrep.2025.115579
SUMMARY
T cell development depends critically on the thymic stroma—in particular, the diverse array of functionally
distinct thymic epithelial cell (TEC) types. However, a robust in vitro thymus model mimicking the native
thymus and compatible with medium-/high-throughput analyses is currently lacking. Here, we demonstrate
a high-density microwell-array-based miniaturized thymus organoid (mTO) model that supports T cell
commitment and development, possesses key organizational characteristics of the native thymus, and is
compatible with live imaging and medium-/high-throughput applications. We establish the minimum cellular
input required for a functional mTO and show that mTO TEC phenotype and complexity closely mirror those
of the native thymus. Finally, we use an mTO to probe the role of fetal thymic mesenchyme, revealing a
requirement beyond maintenance of Foxn1 in differentiation/maintenance of mature TEC sub-populations.
Collectively, mTOs present an in vitromodel of the native thymus adaptable to medium-/high-throughput ap-
plications and validated for exploration of thymus and thymus organoid biology.
INTRODUCTION

The thymus is required for T cell development. Obligate dy-

namic interactions with thymic stromal cells regulate hemato-

poietic progenitor cell (HPC) colonization, commitment of

HPCs to the T cell lineage, and subsequent progression through

the T cell differentiation and selection pathways.1–4 The thymic

stroma comprises epithelial, mesenchymal, vascular, and he-

matopoietic components,5–7 among which thymic epithelial

cells (TECs) are critical for the organ’s specialist functions.4

The functionally distinct cortical (c) and medullary (m) TEC

sub-lineages define the two main thymic compartments, with

each containing several epithelial sub-types.8–13 Broadly,

cTECs regulate T cell lineage commitment, differentiation, and

positive selection, while mTECs regulate central tolerance in-

duction4,14–19; these distinct functions depend on unique, sub-

lineage-specific gene expression programs.4,13,20,21 TECs also
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regulate the production of gd T cells and non-conventional

innate sub-sets, including invariant natural killer T cells (iNKTs).

The current strong interest in thymus biology and T cell devel-

opment is underpinned by three main factors: (1) age-related

thymic involution, which results in an age-related decline in new

naive T cell output that contributes to the increased risk of cancer

and infection with age and adversely affects recovery of immune

function after cytoablative therapies22–24; (2) immunodeficiencies

caused by failure of thymus function or early life surgical thymec-

tomy; and (3) the recent harnessing of T cells for successful

cancer immunotherapies. Related to this, thymus transplants

currently rely on neonatal thymus tissue, function only transiently,

and are frequently associated with autoimmunity25; and neither

clinically useful thymus regeneration nor the generation of

bespoke T cell repertoires in vitro has yet been achieved.24

An invitroexperimentalplatformcompatiblewithmedium-/high-

throughput mechanistic interrogation of physiological thymus
May 27, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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functions would enable progress in all the above areas. Existing

models, however, each have substantive limitations. Fetal thymic

organ culture (FTOC) and reaggregate FTOC (RFTOC)26 largely

recapitulate physiological function but are neither suitable for

medium-/high-throughput approaches nor supportive of in vitro

genetic manipulation of thymic stroma. Cell-line models, princi-

pally the Notch ligand-transduced mouse bone marrow-derived

cell lines OP9-Delta-like 1 (OP9-DL1)/OP9-Delta-like 4 (OP9-

DLL4) and MS5-DL1, partially support T cell development27–31

but lack cTEC- and mTEC-specific molecular machineries

required for physiological repertoire selection and cannot sup-

port studies investigating thymic stromal function. Additionally,

although promising for further development, models based on

direct reprogramming,32 directed differentiation of mouse and

human pluripotent stem cells (PSCs),33–36 and cultured mouse

and human TECs37–41 largely remain poorly characterized rela-

tive to ex vivo TECs, RFTOC, and FTOC. Thus, improved models

are required.

Recently, miniaturized organoids that mimic physiological

function have been established for some other organs, prompt-

ing us to test whether this approach could be applied to the

thymus. Here, we demonstrate that miniaturized thymic organo-

ids (mTOs) able to mediate thymopoiesis can be established

from ex vivo thymus tissue. We define the minimum cellular in-

puts required to generate functional mTOs and demonstrate

the presence within these organoids of discrete cTEC and

mTEC regions, including autoimmune regulator (AIRE)+ mTECs.

Via single-cell transcriptomics, we establish that most if not all

normal intrathymic stromal cell types are present within mTOs

and reveal likely pathways through which fetal thymic mesen-

chyme (FTM) impacts TEC development and function. This mi-

crophysiological thymic organoid system reduces variability

and input cell numbers compared to other approaches, while re-

taining cTEC:mTEC compartmentalization and cellular diversity.

Importantly, it is suitable for live/time-lapse imaging and me-

dium-/high-throughput screening applications, representing a

step change for interrogation of thymic stromal biology.

RESULTS

The essential features of any functional thymic organoid are: (1)

the ability to support T cell lineage commitment from HPCs; (2)

the ability to support subsequent thymocyte differentiation to

generate CD4+ and CD8+ T cells; (3) regions of cTECs that

express DLL4 (HPC commitment to the T cell lineage42,43),

C-X-C motif chemokine 12 (CXCL12; b selection of developing

T cells44), b5t (cTEC-specific proteasome sub-unit that gener-

ates the optimum peptide repertoire for positive selection of

CD8+ T-cells45), cathepsin L (cTEC-specific protease required

for optimum positive selection of CD4+ T cells46), and major his-

tocompatibility complex (MHC) class I (MHCI) and MHC class II

(MHCII) (positive selection of CD8+ and CD4+ T cells, respec-

tively); and (4) expression by the TECs of cytokines needed to

drive proliferation and differentiation of the developing T cells

(e.g., FMS-related tyrosine kinase 3 ligand [Flt3L], CXCL12,

and interleukin [IL]-7). An organoid containing these features

should generate a repertoire of CD4+ and CD8+ T cells that

have been positively selected on the peptide repertoires used
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in physiological positive selection and so will be responsive to

antigenic peptides in the correct affinity range. Establishment

of mTOs that met criteria (1)–(4) above was the minimal goal of

our study. The presence of medullary regions within thymic or-

ganoids, evidenced by the presence of TECs expressing cyto-

keratin 14 (K14), AIRE, FEZ family zinc finger (FEZF)2, and a

range of AIRE-dependent and AIRE-independent tissue-

restricted antigens (TRAs), would promote central tolerance in-

duction in the positively selected repertoire and would also be

desirable for some applications.

mTOs form in microwells and mediate thymopoiesis
To test whether thymic reaggregates could be established in mi-

crowell plates, we seeded defined numbers of dissociated fetal

thymus cells from a range of developmental stages into single

wells of Gri3D 96-well plates (SUN Biosciences), in which each

well contains a U-bottomed microwell-printed polyethylene gly-

col (PEG)-based hydrogel insert (Figure 1A). Preliminary testing

established that seeding cells from two thymic lobes (i.e., one

embryo equivalent) per well, in which each well contained 31

800-mm-diameter microwells, performed better than any of the

other conditions tested (different input cell numbers and micro-

well diameters were tested; not shown).

We then analyzed the effect of developmental stage on

reaggregate formation, choosing embryonic day 13.5 (E13.5),

E14.5, and E15.5 fetal thymus cells as our input populations

(these stages exhibit progressively increasing levels of TEC dif-

ferentiation and complexity47–49). Dissociated-but-unsorted fetal

thymus cells from each of the stages formed cellular aggregates

inmost if not allmicrowells by24hpost-seeding and formedclear

spheroid structures by 48 h. The spheroids persisted for at least

14 days in culture (the last time point analyzed; Figure 1B), at

which time point double-negative (DN; CD8�CD4�), double-pos-
itive (DP; CD8+CD4+), CD4+ single-positive (SP4), and CD8+ sin-

gle-positive (SP8) cells were present in all conditions. Thymocyte

sub-set profiles were comparable to FTOC and standard RFTOC

controls (Figures 1Cand1D; note that each standardRFTOCwas

formed from six thymic lobes; at E14.5 each lobe contains

approximately 1 3 105 total cells). E14.5 mTO performed very

similar to FTOC and RFTOC in terms of proportions of DP, SP4,

and SP8 present and were thus used for all further analyses.

Defining the minimal cellular inputs for functional mTO
formation
Wenext determined theminimal cellular inputs for establishment

of functional mTO that met criteria (1)–(4) above, asking whether

and in what proportion each of the major thymic stromal popula-

tions was required (Figure 2A). We called this experiment

‘‘Watch-breaker.’’ E14.5 thymi were microdissected, dissoci-

ated to single-cell suspensions, and separated into TECs,

FTMs, and hematopoietic (CD45+; at E14.5 primarily DN1–3,

see Figure S1) and endothelial cell (EC) populations by flow cy-

tometric sorting. At E14.5, of the live cells, 60% were thymo-

cytes, 30% TECs, 11% FTMs, and less than 1% ECs (Figure S1),

with around 4% of TECs being UEA1+ mTEC progenitors.48

We first tested the requirement for FTM and for altering the

FTM:TEC ratio (Figures 2A and 2B), using three conditions:

‘‘Hi FTM,’’ 1 3 105 TECs, 5 3 104 DNs, and 4 3 104 FTMs per



Figure 1. Thymopoiesis in unsorted mTO culture, FTOC, and RFTOC

(A) Schematic depicting creation of FTOC, RFTOC, and unsorted mTO.

(B) Bright-field image of E13.5 (left), E14.5 (middle), and E15.5 (right) unsorted mTO 7 days after seeding. Scale bars, 500 mm.

(C and D) Thymocyte sub-sets after 7 days of culture, with conditions and input tissue ages as shown. (C) Representative CD4 vs. CD8 plots for FTOC (left),

RFTOC (center), and unsorted mTO (right) from the input ages shown. (D) Graphs show percentage of DN, DP, SP4, and SP8 thymocytes; statistical center

indicated by the standard error of the mean (SEM). (C and D) Data shown are for live lineage-negative cells (lin = CD11b, CD11c, Gr-1, Nk1.1, B220, EpCAM, and

Ter119). n = 3 independent biological replicates for each experiment.
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well (the physiological FTM:TEC ratio); ‘‘Lo FTM,’’ 13 105 TECs,

5 3 104 DNs, and 1.5 3 104 FTM; and ‘‘no-FTM mTO,’’ 1 3 105

TECs, 5 3 104 DNs, and 0 FTM. ECs were not included. The Hi

and Lo FTM conditions both sustained thymopoiesis, evidenced

by the presence of DP, SP4, and SP8 populations after 14 days.

TCRbhi SP4 and SP8 and TCRgd+ thymocytes were present in

both Hi and Lo FTM conditions; the SP cells had undergone

positive selection and subsequent maturation, evidenced by

the presence of CD69+MHCI+ (M1) and CD69�MHCI+ (M2) pop-

ulations (Figures 2B, 2C, and S2). In the absence of FTM, thymo-

cyte development did not proceed beyond the DN stage

(Figures 2B, 2C, and S2), with approximately 50% of DN cells

adopting non-thymocyte lineages (CD45+lin+ cells, Figure S2).

The Hi FTM condition resulted in greatly increased output cell
numbers compared to Lo FTM (see Figure 2C) and was thus

adopted for all further experiments.

We then optimized the input thymocyte numbers, by gener-

ating mTOs in which TEC and FTM numbers were as for the Hi

FTM condition (1 3 105 TECs and 4 3 104 FTMs), while DN

thymocyte number was varied (‘‘Hi DN,’’ 23 105 DNs; ‘‘Control,’’

53 104 DNs (i.e., as in Hi FTM); ‘‘Lo DN,’’ 13 104 DNs; and ‘‘No

DN,’’ 0 DN cells). As expected, no thymocytes were recovered

from the No DN condition. The Hi DN, Lo DN, and Control

mTOs all sustained thymopoiesis and produced SP4 and SP8

ab and gd T cells (Figure 2D). The Control (i.e., Hi FTM) condition

produced the highest number of all thymocyte sub-sets (Fig-

ure 2D), with better maturation through the CD69+MHCI+ and

CD69�MHCI+ stages (not shown), and also demonstrated less
Cell Reports 44, 115579, May 27, 2025 3
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variability across the individual replicates than the other condi-

tions. We therefore used this condition for all further analysis.

Notably, although the Hi DN condition represented the physio-

logical E14.5 TEC:DN:FTM ratio, it performed worse than the

Control (i.e., Hi FTM) condition, in which DNswere proportionally

lower, in terms of output cell numbers.

We also tested whether the addition of thymic ECs to mTOs

would affect functionality. No significant differences were found

between the ‘‘With EC’’ and ‘‘Without EC’’ conditions tested (13

105 TECs, 5 3 104 DNs, 4 3 104 FTMs, and ±1–2 3 104 ECs)

(Figure 2E).

Finally, we tested whether increasing or decreasing the seed-

ing cell number per well would affect mTO function and whether

‘‘pre-mixing’’ the different cell inputs affected mTO function

compared to the sequential seeding approach used above.

We established mTOs using the optimized Hi FTM ratios, but

with the total cell numbers set at 1.53 or 0.53 the 13 Hi FTM

control, and mTOs in which the seeding cells were either pre-

mixed or seeded sequentially. The 13 Hi FTM and 0.53 Hi

FTM conditions produced the highest numbers of cells per input

CD45+ cell for all thymocyte sub-sets tested, with the 13Hi FTM

condition performing better in terms of numbers of SP4 and SP8

produced (Figure S3). Therefore, this was retained as the opti-

mized condition for further work. No significant differences

were found for sequential seeding vs. pre-mixing, and therefore

the pre-mixing protocol was adopted for subsequent experi-

ments (Figure S4).

mTOs support thymopoiesis from uncommitted
hematopoietic progenitors
The above data used differentiation of DN thymocytes to read

out mTO function. Since some of the E14.5 DN input cells

were at or beyond the CD44+CD25+ DN2 stage (i.e., had

commenced T-lineage differentiation), we also tested whether

mTOs could mediate T cell commitment. We isolated E14.5 fetal

liver lymphoid-primed multipotent progenitors (LMPPs) and

substituted these for the DN cells such that the input cell

numbers were 1 3 105 TECs, 3.1 3 103 LMPPs, and 4 3 104

FTMs, with the control being 1 3 105 TECs, 5 3 104 DNs, and

4 3 104 FTMs (i.e., Hi FTM). mTOs supported robust thymopoi-

esis from LMPPs, albeit with delayed differentiation kinetics

compared to DN cells, evidenced by the low proportion of

TCRbhi cells in the LMPP condition at the time point assayed

(Figures 3A and 3B). Indeed, the number of DP, SP4, SP8, and

gd thymocytes generated per input cell was higher for LMPPs
Figure 2. Establishment of the minimum cellular inputs for a functiona

(A) Schematic of the experimental design.

(B and C) mTOs were generated with a constant number of TECs (13 105) and DN

(physiological FTM:TEC ratio); ‘‘Lo FTM,’’ 1.53 104 FTMs; and ‘‘no-FTMmTO,’’ 0 F

set distribution after 14 days’ culture, for the markers and conditions shown. (C)

(D and E) mTOswere generated with a constant number of TECs (13 105) and FTM

(E). (D) Control, 53 104 DNs; ‘‘Hi DN,’’ 23 105 DNs; and ‘‘Lo DN,’’ 13 104 DNs. (E

numbers of recovered thymocytes for each sub-set with the statistical center ind

(B and C) n = 5, (D) n = 8, and (F) n = 8, where n is an independent biological replic

wells. C, control. (B–E) Data shown are for live CD45+ lineage-negative cells (lin

CD69�MHCI+ data shown are after gating on TCRb+ cells. Statistical analysis was

test or Mann-Whitney rank test (E) based on the Shapiro-Wilk normality test. No

Figures S1–S4.
than for DNs (Figure 3B; input numbers of LMPPs were 16-fold

lower than for the DNs).

Kinetics of T cell development within mTOs
To analyze the kinetics of T cell development within mTOs, we

also analyzed Hi FTM mTOs for thymocyte developmental pro-

gression and evidence of positive selection and SP maturation

at a range of time points: days 7, 9, 11, and 14 of culture. A strik-

ing downward trend in DP numbers was evident as time in cul-

ture increased, from almost 2 3 104 (day 7) to less than 5 3

103 (day 14) (Figures 3C, 3D, and S5). The number of recovered

SP4 and SP8 thymocytes also decreased, as did gd T cell

numbers (Figures 3C, 3D, and S5). Representative overview im-

ages showed more consistent mTO morphology at days 7, 9,

and 11 compared to day 14 (not shown). Overall, the 7-day cul-

ture period yielded peak numbers of developing T cells and

showed the lowest experiment-to-experiment variation, so it

was adopted for further analyses (Figures 3D and S5; live

CD45+ cells recovered: 7-day endpoint, 5.41 3 104 ± 2.38 3

104 vs. 14-day endpoint, 9.2 3 103 ± 1.58 3 103).

Collectively, mTOs established from input E14.5 thymus cells

can support thymopoiesis from both DN cells and LMPPs, with

CD69 expression in DPs evidencing positive selection; formation

of optimally functional mTOs requires FTM, but T cell develop-

ment within mTOs does not require thymic ECs, and a 7-day cul-

ture period results in maximal cell numbers, while 12–14 days of

culture yields more TCRbhi cells.

Segregation of cortex-like and medulla-like regions in
mTOs
We next assessed the organization and identity of stromal cells

within mTOs (Figure 4). To analyze the distribution of TECs, we

established mTOs from two reporter mouse strains, Foxn1GFP50

and Rank-Venus;Cxcl12dDsRed.12,51,52 Forkhead box N1

(FOXN1) is a master regulator of TEC differentiation required for

the development of all mature TEC sub-populations,47 while re-

ceptor activator of nuclear factor k B (RANK) and CXCL12 mark

mTECs and cTECs, respectively.

Live imaging of mTOs showed that GFP, reporting Foxn1, was

expressed in mTOs throughout the 7-day culture period (the last

timepoint analyzed; Figures 4Aand4B), in contrast to two-dimen-

sional culture and submerged FTOC in which Foxn1 is rapidly

downregulated.53 Counterstaining showed that Foxn1 was ex-

pressed in most TECs, while transcriptome analysis confirmed

that Foxn1 expression was maintained and, thus, that the
l mTO

s (53 104) and varying numbers of FTM cells: ‘‘Hi FTM,’’43 104 FTMs per well

TMs. ECswere not included. (B) Representative plots showing thymocyte sub-

Absolute numbers of recovered thymocytes from (B).

s (43 104) and varying numbers of DN cells (D) or with and without thymic ECs

) No EC control (�), 0 ECs, and ECs (+), 1–23 104 ECs. Plots show the absolute

icated by the standard error of the mean (SEM).

ate performed on a separate day. Cell numbers shown are per single well of 96

= CD11b, CD11c, Gr-1, Nk1.1, B220, EpCAM, and Ter119); CD69+MHCI+ and

by ordinary one-way ANOVA or Kruskal-Wallis rank test (C and D) or unpaired t

p value indicates not significant (p > 0.05); *p < 0.05 and **p < 0.01. See also

Cell Reports 44, 115579, May 27, 2025 5



Figure 3. Thymopoiesis from uncommitted hematopoiet-

ic progenitors

(A and B) mTOs were established from E14.5 thymic cells under

control conditions (13 105 TECs, 53 104 DNs, and 43 104 FTMs)

or with 3.13 103 E14.5 fetal liver LMPPs instead of DNs. (A) Plots

show representative flow cytometric analysis for the markers

shown after 14 days’ culture. (B) Absolute numbers of recovered

thymocytes for each sub-set.

(C and D) mTOs established under control conditions (1 3 105

TECs, 5 3 104 DNs, and 4 3 104 FTMs) were analyzed for

thymocyte sub-set distribution at the time points shown. (C) Ab-

solute cell numbers for the populations and time points shown. (D)

Percentages for each population among all live lin� cells.

(A–D) Each data point represents the cells harvested from 1well of

96. Graphs and table show mean ± SEM; statistical centers are

indicated by the SEM. n = 4 for each experiment, where n is an

independent biological replicate performed on a separate day,

with a total of nine technical replicates across n = 4. Statistical

analysis was by unpaired t test or Mann-Whitney rank test based

on the Shapiro-Wilk normality test. A linear regression model was

used to plot thymocyte numbers over time (C). No p value in-

dicates not significant (p > 0.05); *p < 0.05 and **p < 0.01. (A–D)

Data shown are for live CD45+ lineage-negative cells (lin = CD11b,

CD11c, Gr-1, Nk1.1, B220, EpCAM, and Ter119); CD69+MHCI+

and CD69�MHCI+ data shown are after gating on TCRb+ cells.

See also Figure S5.
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Figure 4. cTEC and mTEC regions are segregated in mTOs

Representative images of individual mTOs established from E14.5 wild type (WT), Foxn1GFP, Cxcl12-dsRED, Rank-Venus, or Cxcl12-DsRed;Rank-Venus thymi

and cultured for 7 days. Images shown are single optical sections from the center of the mTOs, after live imaging at 403 using an Opera Phenix. Scale bars,

100 mm.

(A) Images are representative of Foxn1GFPmTOs, showing direct GFP fluorescence (green) and staining for vimentin (magenta) and nuclei (Hoechst, white). On the

right is a schematic representation of the staining patterns observed.

(B–D) Images are representative of (B) Foxn1GFP showing direct GFP fluorescence (green) and (C and D) Cxcl12-dsRED, Rank-Venus, or Cxcl12-DsRed;Rank-

Venus mTOs showing direct Venus (green) and dsRed (magenta) fluorescence and merged channels with bright field. The right side in (C) shows a fluorescence

intensity plot for Venus and dsRed in each cell in the image shown on the left; cells were identified by segmentation.

(legend continued on next page)
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persisting GFP signal reflected continued Foxn1 transcription

throughout the culture period (Figures 4A and 5). Counting of cells

segmented on nuclear staining (Figure 4C) revealed that each

mTO typically contained around 1000 cells.

Venus+ mTEC and dsRed+ cTEC present within the mTOs

clustered separately (Figures 4C–4F), indicating that cTEC and

mTEC regions had been established and were spatially segre-

gated, while staining for cTEC and mTEC markers revealed

DLL4, b5t, CD205, K8, K14, AIRE, MHCI, and MHCII expression

(Figures 4G–4I). Note that some Venus+ cells were found just

adjacent to mTOs (Figures 4C and 4D) and likely represent

mesenchymal or CD45+ cells. AIRE+ mTECs were present in

�25% of mTOs, with one or two AIRE+ cells typically detected

per organoid by immunostaining after 7 days in culture; addition

of RANKL to the culture medium increased both the percentage

of mTOs containing AIRE+ mTECs and the number of AIRE+

mTECs per organoid by day 7 (Figure 4I and not shown).

FTM cells, identified by vimentin staining, were present in all

mTOs (Figure 4A), where they preferentially associated with one

another and exhibited two distinct distribution patterns: a single

layer of cells separating two layers of TECs or a central cluster

of cells surrounded by TECs (Figure 4A)—with the first form pre-

dominating (11/14 vs. 3/14 mTO scored). CD45+ cells were typi-

cally found within mTOs, with a few free CD45+ cells also present

outside (Figure 4J; note that this image represents a day-14mTO).

Overall, mTOs contain cTECs and mTECs expressing the ex-

pected sub-lineage-restricted functional markers and are segre-

gated rather than interspersedwithin themTO structure. Further-

more, mTOs are suitable for live and fixed whole-mount imaging

applications, including time lapsing.

Transcriptome analysis reveals that mTO TEC sub-
population complexity is comparable to that in RFTOC,
FTOC, and the native thymus
To further probe cellular complexity and phenotype, we per-

formed single-cell RNA sequencing analysis (scRNA-seq). We

set up nine Watch-breaker conditions for analysis (Figures 5A

and S6): (1) FTOC, (2) submerged FTOC, (3) submerged

RFTOC (unsorted cells), (4) RFTOC (unsorted cells), (5) RFTOC

without murine embryonic fibroblasts (MEFs) (unsorted cells),

(6) RFTOC in mTO proportions (sorted cells), (7) unsorted

mTOs (i.e., mTOs made without MEFs from unsorted E14.5

thymic cells), (8) with-FTM mTO (i.e., Hi FTM mTO), and (9) no-

FTM mTO (i.e., as for [8] but without FTM). This allowed us to

control independently for the effects of submerging, presence/

absence of MEFs, cell sorting, FTM, and varying input cell pro-

portions. We were unable to recover any cells from condition

(5) at the experimental endpoint (7 days).
(E and F) Plots show cell-type distribution against absolute distance from the organ

after cell segmentation and analysis of the distribution of Venus+, dsRed+, and flu

distribution expressed as a proportion of all cells within the given distance from

(G–J) WT mTOs showing b5t, CD205, DLL4, K14, MHCI, and MHCII staining and

channels with Hoechst (H and I); and K8 and CD45 staining (J). (H and I) mTOs sh

from the middle image.

(A–D andG–J) EachmTO shown is from a different well. n = 3 independent biologic

biological replicate performed on a separate day, except for the MHCI, MHCII, b

organoids from two microwells (n = 1 and n = 3), with all organoids exhibiting sim
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Cells from all the remaining conditions were recovered and

processed for flow cytometric analysis (CD45+ cells) or scRNA-

seq (CD45� cells) as shown (Figures 5A and S7; see STAR

Methods for details). Analysis of the CD45+ populations revealed

poor thymocyte development in the sequenced mTO relative to

themeanmTO performance, although all thymocyte populations

analyzed were present (Figures S8 and S9; see also Figure 2),

indicating that the sequenced mTO represented the lower end

of the range of mTO outcomes. All other conditions performed

as expected (Figures S8 and S9).

We sequenced the individual CD45-depleted cells from the

eight conditions from which cells were recovered, using the

103 Chromium chip. Following initial quality control (STAR

Methods), the resulting dataset comprised 4919 single-cell tran-

scriptomes, with a median of 4512 unique genes per cell. Unsu-

pervised clustering across all cells that passed quality control

from all Watch-breaker conditions, using the Seurat package

in R, revealed a number of TEC clusters and a separate cluster

of mesenchymal cells, as expected, along with a small cluster

of thymocytes (Figure 5B; see Figure S10 for plots including

mesenchymal cells and thymocytes and all Watch-breaker con-

ditions). TEC clusters were identified as shown in Figures 5C

and S11, following the naming convention of Kernfeld et al.,

Magaletta et al., and Bornstein et al.54–56 (see also Table S4):

cluster ‘‘mTECI’’ represents cells also referred to as ‘‘intertypical

TECs,’’57 ‘‘jTECs,’’58 and ‘‘pre-Aire mTECs’’59; clusters mTECII

and mTECIII are often called ‘‘mature mTECs’’ and ‘‘post-Aire

mTECs,’’ respectively.57 While cTECs are often split into three

clusters—cTECI–III, with little difference between cTECI and

cTECII54—we found two cTEC clusters, which we called cTECI

and cTECIII, characterized by low and high expression of

MHCII, respectively. The cTECIII cluster exhibited high expres-

sion of genes required in cTECs to support thymocyte develop-

ment, such as Dll4 and Psmb11, as well as the ‘‘perinatal cTEC’’

marker Cd83.57 In human TECs, a cell type called ‘‘mcTEC’’ or

‘‘PolyKRT TEC,’’ is marked by Krt14 and Krt15.8,37 While there

is very littleKrt15 expression in themouse thymus,Krt14 expres-

sion is highest in mTECI cells (Figure 5C), suggesting mTECI is

themouse equivalent of mcTEC. ThemTECI-proliferating cluster

was very similar to mTECI but with highMki67 expression. Close

correspondence between the cultured TECs and the ex vivo

TECs was demonstrated by clustering the Watch-breaker data-

sets with those of Baran-Gale57; cells from the two datasets

were interspersed in all TEC clusters (Figure 5D).

We first analyzed the FTOC, RFTOC, sorted RFTOC, and mTO

conditions (Figures 5B, 5C, and 5E–5G). These conditions all

contained cells in each of the TEC clusters identified, but differ-

ences in distribution across the conditions were observed,
oid edge (E) and connections between cell types in the neighborhood network,

orescence-negative cells (F). (E) The y axis in the upper graph shows cell-type

the organoid surface. (E) shows data only for cells within organoids.

merged channels with Hoechst (G); K8, K14, and AIRE staining and merged

own were cultured in the presence of RANKL. (G) The right side shows details

al replicates, each with several technical replicates, where n is an independent

5t, and keratin staining, where n = 2. Hoechst reveals nuclei. (E and F) n = 4

ilar structures. Cells within organoids were manually annotated.
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including between FTOC and RFTOC (Figures 5B, 5C, and 5E).

mTOs contained relatively few cTECIII and mTECII (although

mTO cells were present in each of these clusters), but were

well represented in all other clusters, including mTECIII and

TEC-Tuft, and contained the highest proportion of mTECI-prolif-

erating cells (Figures 5B–5E). The low number of mTO cells in the

mTECII (mature mTEC) cluster was consistent with our immuno-

histochemical analysis and with the low numbers of DP thymo-

cytes present in the sequenced mTOs (see Figures 5E, S8, and

S9; DP thymocytes provide RANKL required formTECII develop-

ment60). However, mTOmTECII cells clustered withmTECII from

FTOC and RFTOC (Figures S12A and S12B; Table S6) indicating

they are phenotypically normal. Furthermore, some mTECIII ex-

pressed the hetero-post-AIRE TEC markers Repetin (Rptn),

polymeric immunoglobulin receptor (Pigr), serine peptidase in-

hibitor Kazal type 5 (Spink5), and lymphocyte antigen 6D

(Ly6d),61 while some mTECII expressed the ciliated TEC

(CilTEC) markers sperm-associated antigen 16 (Spag16) and

dynein axonemal heavy chain 12 (Dnah12)61 (Figures S13 and

S14). The hetero-post-AIRE TEC population included cells

from mTO culture, FTOC, and RFTOC, while the five CilTECs

identified were from FTOC and RFTOC but not mTO

(Figures S13 and S14). From this, we conclude that mTOs

contain at least some mimetic TEC sub-populations.

We next analyzed the expression of genes known to be impor-

tant for TEC functionality, considering both differences in overall

expression levels and differences in expression levels in specific

TEC sub-sets. All four conditions maintained Foxn1 expression

throughout the culture period, with the overall level of Foxn1 in

mTOs at least equivalent to that in FTOC (Figure 5F; Table S5,

70% vs. 72% Foxn1+ cells, adjusted p = 1), consistent with re-

porter gene expression (Figure 4C). The four conditions also all

expressed the cTEC markers Dll4, Psmb11 (encoding b5t),

Prss16 (encoding serine protease 16/thymus-specific serine

protease [TSSP]), Cxcl12, and Cd83 (Figure 5F), consistent

with antibody staining (Figure 4E). None of these markers

showed statistically significant expression in mTOs across all

other conditions, although some condition-to-condition compar-

isons were statistically significant (e.g., for Psmb11, the adjusted

p value is <10�6 for mTO vs. FTOC but 1 for mTO vs. RFTOC,

Table S5). This was also true for Il7, Kitl, and placenta-expressed

transcript 1 (Plet1) and for the mTEC genes Krt14, Fezf2, Spink5,

secretory leukocyte peptidase inhibitor (Slpi), and POU class 2

homeobox 3 (Pou2f3) (Figure 5F; Table S5). Airewas significantly

downregulated inmTOs vs. all other conditions; however, this re-

flected the poor representation of mTECII as within that popula-

tion (which expresses Aire); Aire expression was not significantly
Figure 5. mTOs contain all major TEC sub-types, determined by scRN

(A) Schematic representation of experimental design for 103 scRNA-seq data sh

(B–G) Only data for TECs are shown. (B) UMAPs show combined data from the FT

individual conditions to the combined dataset. (C) Unsupervised clustering reveali

the naming convention in Kernfeld et al.,54 Magaletta et al.,55 and Bornstein et

dimensionality reduction of the ‘‘Watch-breaker’’ dataset combined with the pos

left, and the contributions of the Watch-breaker conditions and post-natal TECs

Graph shows proportional representation of clusters for eachWatch-breaker cond

genes, as shown, in the Watch-breaker conditions shown.

See also Figures S6–S14 and Tables S3, S5, and S6.
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different between mTOs and FTOC (Figure S12B; Table S6). In

contrast, H2-K1 and H2-Aa (encoding MHCI and MHCII alleles)

were also expressed in all conditions, but at slightly lower levels

in mTO compared to each other condition (e.g., for H2-K1

adjusted p < 0.05 vs. FTOC, 10�53 vs. RFTOC, and 10�54 vs.

sorted RFTOC, Figure 5F; Table S5); of note, this may reflect

the low representation of mTECII in mTOs, since in mTECII the

levels of H2-K1 and H2-Aa were not significantly different for

mTOs compared to all other conditions (Table S6). Overall,

compared to all other conditions put together, the top downre-

gulated genes in mTOs were beta-2-microglobulin (B2m), H2-

K1, interferon-induced protein with tetratricopeptide repeats 1

(Ifit1), ubiquitin D (Ubd), bone marrow stromal cell antigen 2

(Bst2), H2-D1, and histocompatibility 2, T region locus 23 (H2-

T23) (Table S5, mTOvsAll3), while in mTECII only stathmin 2

(Stmn2) was differentially expressed across all conditions (Fig-

ure S12B; Table S6).

Expanding our analysis to submerged conditions revealed that

submerged FTOC expressed extremely low levels of Foxn1, as

expected,53 and submerged RFTOC also expressed much lower

Foxn1 levels than RFTOC cultured at the air-liquid interface (ALI)

(Figure 5G). However, as noted above, Foxn1was not downregu-

lated in mTOs (also a submerged condition) relative to ALI FTOC

or RFTOC (Figure 5G, see also Figure 4A). Differences in cellular

composition were also observed between FTOC, RFTOC, and

their submerged counterparts (Figures S15A and S15B). Sub-

merged FTOC and submerged RFTOC expressed lower levels

ofPsmb11,Dll4,Aire, Fezf2,Slpi, andPou2f3 than their ALI coun-

terparts (Figure S12B), while, as shown above (Figures 5F and

S15C), mTOs expressed levels similar to those of ALI RFTOC

and/or FTOC for all of these markers. Some differences were

observed that might be attributable to cell dissociation. Most

notably, Dll4 and Cd83 were downregulated and Aire and Fezf2

upregulated in unsorted RFTOC vs. FTOC that were otherwise

cultured under identical conditions (Figure 5F). However,

although consistent between unsorted RFTOC and mTO, these

changes were not seen in sorted RFTOC. Examination of hypox-

ia-induced genes (e.g., hypoxia-inducible domain family member

1A [Higd1a]) did not indicate a clear role for hypoxia in the differ-

ences observed (Figure S15D); indeed, hypoxia-induced genes

were expressed more highly in FTOC than in other conditions.

No clear effects of cell sorting were evident (Figure 5F; note

that in the sorted RFTOC condition, the proportion of input cells

is as for mTOs, rather than as in unsorted RFTOC).

Collectively, mTOs contain all major sub-types of TECs, and

each sub-type expresses the expected range of markers at

‘‘normal’’ levels.Compared toFTOCandRFTOC, themostnotable
A-seq

own in (B)–(G).

OC, RFTOC, sorted RFTOC, and mTO conditions (left) plus the contribution of

ng TEC sub-sets among the combined dataset in (B). Cluster annotation follows

al.56 (D) Uniform manifold approximation and projections (UMAPs) showing

t-natal TEC dataset from Baran-Gale et al.57 Combined data are shown on the

to the combined dataset are shown on the middle and right, respectively. (E)

ition, as shown. (F andG) Violin plots showing expression of a selected panel of
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differences in mTOs are the relative paucity of Aire+ mTECII and

slightly lower expression of MHC genes and interferon (IFN) tar-

gets. Furthermore, our data reveal clear effects of submerging

on gene expression in FTOC and RFTOC, but not in mTOs.

Transcriptome analysis reveals activation of IFN and
antigen presentation pathways by FTM
To gain insight into themechanisms regulated by FTM in TECswe

also compared with-FTM mTO with no-FTM mTO, revealing

several key differences. First, dimensionality reduction showed

that the vast majority of the no-FTM mTO cells formed a distinct

cluster adjacent to the cTECI region (Figure 6A), which we named

‘‘cTECneg’’ due to the extremely low levels of both MHCI and

MHCII (Figures 6A and 6B), with the remaining cells contributing

to clustersmTECI,mTECI-Prolif, andmTECIII (Figure 6A). None of

the other conditions contributed to the cTEC-neg cluster. Sec-

ond, the no-FTM mTO condition expressed similar levels of

Foxn1 and Il7 compared to with-FTM mTO, FTOC, and RFTOC

and only slightly lower levels of Psmb11, Cxcl12, Ctsl, Prss16,

Plet1, Slpi, and Spink5 than the other conditions. However, no-

FTM mTO expressed markedly less MHCI (H2-K1), MHCII (H2-

Aa),Aire, Fezf2, Pouf2, andKrt14 thanwith-FTMmTO and almost

no Dll4 or Cd83 (Figures 6B and 6C; Tables S7 and S8). Notably,

Prss16, Dll4, Cd83, thymus-, brain-, and testes-associated

(Tbata), Psmb11, and C-C motif chemokine ligand 25 (Ccl25)

are all among the high-confidence FOXN1 target genes identified

by chromatin immunoprecipitation sequencing (ChIP-seq),62 and

the differential expression of these genes in Foxn1+ cells in the

no-FTM mTO condition thus indicates that co-factors directly or

indirectly regulated by FTM are required in addition to FOXN1

for their expression.

The top differentially expressed genes between the with-FTM

mTO and the no-FTMmTO conditions wereB2m,H2-D1,H2-K1,

H2-Aa,H2-Q7, andCd74, all members of theMHCI or MHCII an-

tigen presentation pathways; the TEC regulator Tbata; and the

IFN-stimulated genes (ISGs) alpha-inducible protein 27-like 2a

(Ifi27l2a) and interferon-stimulated gene 15 (Isg15), all of which

were higher in the with-FTM mTO condition (Figures 6C and

6D). Pathway analysis also highlighted the downregulation of

the IFN signaling and antigen processing and presentation path-

ways in the no-FTM mTO vs. mTO condition (Figures 6D–6G).

Signal transducer and activator of transcription 1 (Stat1), a key

regulator of IFN signaling implicated in the regulation of antigen

processing and presentation pathway components, including

class II major histocompatibility complex transactivator (Ciita),

transporter associated with antigen processing 1 (Tap1), Tap2,

and proteasome subunit beta type-8 (Psmb8), was among the

most differentially expressed genes (Figures 6C–6E). Targets of
Figure 6. Effect of FTM on TEC populations and gene expression with

(A) UMAPs show combined data from the FTOC, RFTOC, sorted RFTOC, mTO,

condition to the combined dataset (right).

(B–G) Only data for TECs are shown. (B) Violin plots showing expression of a se

Volcano plot showing differential gene expression between themTO and the no-F

no-FTM mTO. (D) Violin plots showing expression of selected IFN pathway genes

expression level and Stat1 expression level of the differentially expressed genes h

upregulated in mTO vs. no-FTM mTO for the IFN signaling and antigen processi

See also Figures S15–S17 and Tables S7, and S8.
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both type I and type II IFN signaling were also expressed more

highly in the with-FTM mTO condition, including IFN regulatory

factor 1 (Irf1), Irf9, Tap1, interferon-induced transmembrane pro-

tein 3 (Ifitm3), and interferon-induced protein 35 (Ifi35), as were

additional antigen presentation pathway components, including

Ciita and Tap1 (Figures 6C–6G; Tables S7 and S8).

Examination of cells in the TECs and mesenchymal clusters of

the FTOC, RFTOC, and with-FTM mTO conditions revealed

almost no interferon gamma (Ifng) expression, some Ifnz expres-

sion in cTECs (in all conditions except no-FTM mTO), and Ifnb1

and Ifnl2 expression in approximately 2% of mTECII, as reported

elsewhere63,64 (Figure S16; Table S6). This essentially rules out a

direct effect of IFN signaling from FTM, leaving the possibilities

that FTM is boosting IFN production in TECs themselves or in

one or more intrathymic hematopoietic cell type. Of note is that

MHC I expression in TECs has recently been shown to be inde-

pendent of interferon alpha/beta receptor 1 (Ifnar1) and inter-

feron gamma receptor 1 (Ifngr1), but dependent on interferon

lambda receptor 1 (Ifnlr1), Aire, Stat1, and NLR family CARD

domain-containing 5 (Nlrc5),65 consistent with the hypothesis

that IFN signaling is caused by type III IFNs from mTECII.

Related to this, we observed two sub-populations within the

mTECIII cluster, with all no-FTM mTO mTECIII cells belonging

to one sub-cluster (Figure 6A). This sub-cluster expressed high

levels of Krt19, Notch1, Claudin (Cldn)3, Cldn4, SRY-box tran-

scription factor 9 (Sox9), and Plet1, markers of mTEC progeni-

tors,66,67 while both sub-clusters expressed the post-AIRE

mTEC (mTECIII) markers Slpi andSpink5, which early mTEC pro-

genitors do not. This raises the possibility that mTECIII contains

an mTEC progenitor population as well as post-AIRE mTECs. In

support of this, the algorithmCytoTRACE268 predicts themTEC-

progenitor-like sub-cluster of mTECIII to be less differentiated

than the remaining sub-cluster (Figure S17).

DISCUSSION

Taken together, the data presented demonstrate that functional

mTOs can be generated from E14.5 fetal thymic cells in a micro-

well format suitable for medium-throughput imaging and

screening applications, including live imaging and time lapse.

They establish the optimized cellular input requirements for these

mTOs and show that they meet and surpass the minimal criteria

for a functional thymic organoid. mTOs can support T cell lineage

commitment and subsequent thymocyte differentiation to

generatemature naive SP4 andSP8 T cells. They contain regions

of cTECs and mTECs that express canonical sub-lineage-spe-

cific markers (cTECs, DLL4,42,43 CD205, CXCL12,44 b5t,45 and

cathepsin L46; mTECs, RANK,69 K14, and AIRE14; TEC markers,
in mTOs

and no-FTM mTO conditions (left) plus the contribution of the no-FTM mTO

lected panel of genes, as shown, in the Watch-breaker conditions shown. (C)

TMmTO conditions; on the x axis, positive numbers are upregulated inmTO vs.

in the Watch-breaker conditions shown. (E) Plot shows correlation with Foxn1

ighlighted in (C). (F and G) Schematics of Ingenuity pathway analysis of genes

ng and presentation pathways.
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MHCI and MHCII), Furthermore, global transcriptome analysis

showsmTOs contain all major cTEC andmTEC sub-types, albeit

with relative underrepresentation of mTECII compared to the

early post-natal thymus—likely explained by the low numbers

of DP thymocytes in the particular mTOs sequenced. Through

use of themTOsystem to probe the role of FTM in thymic organo-

ids, our data also identify a necessary, likely at least partly indi-

rect, role for FTM in supporting differentiation and/or mainte-

nance of most TEC sub-sets from E14.5 input cells and identify

IFN signaling as a candidatemechanism for driving this crosstalk.

These findings collectively raise several important issues, as dis-

cussed below.

Our findings introduce mTOs as a platform for exploration of

thymus biology, compatible with both live imaging and me-

dium-throughput screening applications. In this system, each

well of a 96-well plate contains at least 31mTOs, enabling estab-

lishment ofmultiple replicateswithin eachexperimental condition

while starting from a minimal number of input cells. Each mTO

can be live imaged individually, allowing parallel analysis of orga-

noid, TEC, and/or thymocyte behavior over time in response to

experimental manipulations, including screening conditions.

mTOs meet the formal definition of an organoid, namely ‘‘self-

organized three-dimensional structures which mimic the key

functional, structural and biological complexity of an organ..
derived from . stem cells or tissue-derived cells, including

normal stem/progenitor cells ..’’70 They represent a step for-

ward for analysis of thymic stromal biology and T cell develop-

ment, as the only currently available near-physiological models

(FTOC and RFTOC) require large cell numbers for their establish-

ment, precluding parallel testing of multiple conditions. In

contrast, mTOs are easier to establish, retain key physiological

attributes of the fetal/perinatal thymus, and can easily be used

for live and whole-mount imaging. As discussed below, our

data already show the value of this platform for interrogating

thymus biology (here, the role of FTM); beyond this, mTOs are

amenable to further development for genetic manipulation and

modeling and for high-throughput screening protocols.

mTOs can currently be produced in two formats—(1) based on

dissociated but unsorted fetal TECs and (2) based on dissoci-

ated and sorted fetal TECs reassembled using optimized propor-

tions. The former is already amenable tomedium-throughput ap-

plications (e.g., to set up 96 wells, each containing 31 unsorted

mTOs, would require approximately 15 timed matings), while

the latter is currently suitable for smaller-scale screening appli-

cations, enabling parallel testing of a smaller number of wells,

e.g., for image-based screening of multiple mTOs within a single

well per condition (in our hands, for ‘‘optimized mTO,’’ 8 of 96

wells can be established per 10 timed matings). We expect this

platform to develop rapidly, for instance, by incorporating

in vitro-generated35,36 or expanded37–39 TECs.

In terms of ‘‘watch-breaking’’ and ‘‘watch-making,’’ we initially

sought to determinewhich of the stromal cell types present in the

native fetal thymus were required to generate functional mTOs.

Iterative testing revealed the requirement for TECs and FTM,

while omission of thymic ECs did not affect the capacity of

mTOs to support thymopoiesis. From this, we conclude that, in

terms of stromal inputs, the fetal thymus ‘‘watch’’ cannot easily

be broken: not only are all elements, barring ECs, required to
elaborate a functional mTO, the requisite stromal elements

must be in physiological proportion (TEC:FTM was 2.5:1) for

optimal function. The reason for this physiological ratio remains

to be determined, but it likely reflects the mechanisms through

which FTM supports TECs and thymocytes,71–73 including provi-

sion of extracellular matrix and of growth factors. The require-

ment for physiological proportionality, however, did not hold for

thymocytes; optimal mTO outputs were achieved when the ratio

of input TEC:DN cells was raised from 1:2 to 2:1, possibly reflect-

ing a reduction in niche availability due to the cell dissociation and

reaggregation process. In support of this, RFTOC generatedwith

optimized mTO cell input proportions supported thymocyte

development better than FTOC and unsorted RFTOC in terms

of output numbers for most thymocyte populations analyzed.

Our finding that FTM is an essential mTO component was ex-

pected. The absence of FTM-derived fibroblast growth factor

(FGF)7/10 leads to thymic hypoplasia,71 and hypoplastic thymi

develop upon transplantation of FTM-depleted fetal thymic

lobes.74 Furthermore, FTM is required in RFTOC to support early

thymocyte development.72,73 However, the effect observed

herein wasmore severe than that in in vivomodels lacking neural

crest cell (NCC)-derived FTM. In paired box gene 3 (Pax3�/�)
mice (Pax3Spl/Spl and Pax3Cre/Cre), which almost completely

lack NCC-FTM, an ectopic and hyperplastic thymus develops

until at least E14.5,75 while transplantation of E9.0 NCC-free third

pharyngeal pouch endoderm (3PPE) results in the development

of organized and functional thymi76—consistent with co-option

of mesenchyme from the transplant site.77 Our current findings

indicate the near-complete failure of no-FTM mTO to support

TEC development and/or maintenance and the complete failure

to support thymocyte development. This was surprising, since

the DN input cells for mTOs included CD44�CD25+ (DN3) and

CD44�CD25� (DN4) cells, while the requirement for FTM in

RFTOC has been mapped to the CD44+CD25+ (DN2) stage of

thymocyte development, with later stages being FTM indepen-

dent.72 Furthermore, it did not result simply from failed reaggre-

gation (see Figure S7).

Examination of the gene expression profile of no-FTM mTO

cells revealed levels of Foxn1 equivalent to those of with-FTM

mTO cells (and all other conditions), ruling out loss of FOXN1

as the underpinning cause. Notably, despite this, the levels of

some known direct FOXN1 transcriptional targets,62 including

Dll4, Cd83, and, less markedly, Cxcl12, Psmb11, Ctsl, and

Prss16, were downregulated in no-FTM mTO. While this may

reflect the absence of cell types that normally express these

markers, it further suggests that co-factors required in addition

to FOXN1 for normal expression of these genes are limiting in

cTEC-neg and mTECIII cells and/or that accessibility of these

loci is TEC-sub-type specific.

Analysis of geneexpression inwith-FTMmTOvs. no-FTMmTO

conditions revealed the marked downregulation of type I IFN-

regulated genes, including Stat1, MHCI (H2-K1), MHCII (H2-

Aa), and multiple members of the class I and class II antigen

processing and presentation pathways, suggesting that lack of

FTM-regulated IFN signaling might explain the failure of no-

FTM mTO. However, while receptors for all IFNs (Ifnar1, Ifnar2,

Ifngr1, Ifngr2, and Ifnlr1) were broadly expressed across all

Watch-breaker conditions, essentially no IFNs were observed
Cell Reports 44, 115579, May 27, 2025 13



Resource
ll

OPEN ACCESS
in FTM, and in TECs, only Ifnz (which was expressed by a few

cTECs in FTOC, RFTOC, and mTOs) and Ifnb1, Ifnl2, and Ifnl3

(which were expressed in �2% of mTECII in all conditions with

mTECII), as expected,64 were observed.

IFN expression in the thymus is thought to be restricted

to AIRE+ mTECs (mTECII),64,65 with Aire-, Ifnlr1-, Stat1-, and

Nlrc5-dependent expression of type III IFNs regulating MHCI

expression.65 Although IFNa has been reported in human thymic

plasmacytoid dendritic cells (pDC),78 as well as IFNg in thymic

iNKT cells and eosinophils,79 the expression of MHCI in the

TECs was dependent on only the type III IFN receptor Ifnl1 and

not Ifnar1 or Ifngr1.65 Similarly, Ifnlr1 was shown to play a bigger

role than Ifnar1 or Ifngr1 in the maturation of thymic DC1s, mac-

rophages, B cells, and Treg cells.
64 In no-FTMmTO, the IFN-regu-

lated gene signaturewas strongly downregulated in all cell types.

This suggests IFN signaling may play an earlier, previously

undefined role, in TEC development. Alternatively, it may simply

reflect the absence of mTECII. Since FTM has been shown

to regulate proliferation of fetal TECs,74 and differentiation of

stem/progenitor cells is proliferation dependent in at least some

other lineages,80,81 it is also possible that the absence of FTM

leads to a lack of TEC proliferation, resulting in the absence of

more differentiated TEC phenotypes. However, inspection of

cell-cycle regulators revealed no obvious deficit in no-FTM

mTO cells (not shown). On balance, we favor a role for IFN

signaling pathway in TEC differentiation and/or maintenance.

The inability of no-FTM mTO to support thymopoiesis could in

part be explained by the very low levels of Dll4 expression in this

condition. This was puzzling, as Dll4 is a known direct transcrip-

tional target of FOXN1,62 yet Foxn1 levels were near normal in

no-FTMmTO.Vascular endothelial growth factor (VEGF) is known

to act via FOXC1 to regulate Dll4 expression in ECs.82 Foxc1was

expressed in some TECs across all conditions analyzed; thus, the

observed downregulation of Vegf in the no-FTM mTO condition

provides a possible explanation for the loss of Dll4.

Thymic organoids have enormous therapeutic potential, both

for generating positively and/or negatively selected T cells and

for acting as model systems for understanding thymic involution

and regeneration. Three-dimensional cell-line-based cultures,

called artificial thymic organoids (ATOs) have already been

used to generate chimeric antigen receptor (CAR) T cells83 and

mature T cells frombonemarroworganoid-derived hematopoiet-

ic cells.84 As ATOs lack TEC-specific functions required for beta,

positive selection, and tolerance induction, deployment of bona

fide thymicorganoids suchasmTOsshouldsubstantially improve

these systems. The establishment of amedium-/high-throughput

thymicorganoid system, described here,will also aid in thedevel-

opment of serum- and feeder-free thymic organoids, as well as

treatments aimed at regenerating thymic tissue. Furthermore,

thymic organoids have the potential to be patient specific, e.g.,

if derived from patient PSCs, allowing for patient-specific T cell

receptor (TCR) repertoire selection: we expect the mTO system

to be readily adaptable to human fetal thymus and PSC-derived

TEC inputs.

Limitations of the study
The data presented herein report the full findings of the study; no

data were excluded. The main limitation of this method is exper-
14 Cell Reports 44, 115579, May 27, 2025
iment-to-experiment variability, also a feature of other in vitro

thymus models, including RFTOC.85 We wish to note two points

regarding the variation in the current data. Each figure represents

an individual experiment addressing a specific question. Exper-

iments performed early in the mTO development process typi-

cally had lower yields and higher within-experiment variability

than those performed once the operator was experienced—

this was at least partly because we were able to iteratively

improve the experimental technique, e.g., by minimizing the

time from dissection to plating, improving the plating technique,

and introducing improvements such as cell pre-mixing. We

expect that other researchers will also experience decreased

variability as operator experience increases. We note that this

issue affected the scRNA-seq data presented, and in future an-

alyses we would build a quality control step in for the mTO (e.g.,

flow cytometric analysis of CD4 vs. CD8) before proceeding to

sample processing. Second, as is evident in some of the imaging

figures, individual mTOs with different cellular compositions can

be present within 1 of 96 wells and, indeed, within onemicrowell.

This structure-to-structure variability is also a feature of RFTOC

and of other organoids. While we expect to better understand

and in the future minimize variation through further work, one

of the strengths of the mTO system is that these differences

are averaged across a microwell so that the overall variability is

comparable from experiment to experiment.
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53. Han, J., and Zúñiga-Pfl€ucker, J.C. (2021). High-Oxygen Submersion Fetal

Thymus Organ Cultures Enable FOXN1-Dependent and -Independent

Support of T Lymphopoiesis. Front. Immunol. 12, 652665. https://doi.

org/10.3389/fimmu.2021.652665.

54. Kernfeld, E.M., Genga, R.M.J., Neherin, K., Magaletta, M.E., Xu, P., and

Maehr, R. (2018). A Single-Cell Transcriptomic Atlas of Thymus Organo-

genesis Resolves Cell Types and Developmental Maturation. Immunity

48, 1258–1270.e6. https://doi.org/10.1016/j.immuni.2018.04.015.

55. Magaletta, M.E., Lobo, M., Kernfeld, E.M., Aliee, H., Huey, J.D., Parsons,

T.J., Theis, F.J., and Maehr, R. (2022). Integration of single-cell transcrip-

tomes and chromatin landscapes reveals regulatory programs driving

pharyngeal organ development. Nat. Commun. 13, 457. https://doi.org/

10.1038/s41467-022-28067-4.

56. Bornstein, C., Nevo, S., Giladi, A., Kadouri, N., Pouzolles, M., Gerbe, F.,

David, E., Machado, A., Chuprin, A., Tóth, B., et al. (2018). Single-cell map-
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PDGFRb APC BioLegend Cat#: 136007; RRID:AB_2043971

TER119 PE BioLegend Cat#: 116208; RRID:AB_313709

TER-119 FITC Thermo Fisher Cat#: 11-5921-85; RRID:AB_465312

CD3ε BV785 BioLegend Cat#: 100355; RRID:AB_2565969

CD4 PE BioLegend Cat#: 100512; RRID:AB_312715

CD5 FITC BioLegend Cat#: 100605; RRID:AB_312734

CD8a (53-6.7) APC eBioscience Cat#: 17-0081-82

CD11b FITC BioLegend Cat#: 101205; RRID:AB_312788

CD11c FITC BioLegend Cat#: 117305; RRID:AB_313774

CD19 FITC BioLegend Cat#: 152403; RRID:AB_2629812

CD31 PE/Cy7 BioLegend Cat#: 102523; RRID:AB_2572181

CD45 APC/eFluor780 eBioscience Cat#: 47-0451-82; RRID:AB_1548781

CD45 (rat) TONBO bioscience Cat#: 70-0451-U100; RRID:AB_2621495

CD45R/B220 FITC BioLegend Cat#: 103206; RRID:AB_312991

CD69 BV421 BioLegend Cat#: 104528; RRID:AB_2562328

CD117 (cKit) PE/Cy7 BioLegend Cat#: 105813; RRID:AB_313222

CD135 (Flt3) APC BioLegend Cat#: 135310; RRID:AB_2107050

CD205 (mouse) Bio-Rad Cat#: MCA949; RRID:AB_322018

DAPI Life Technologies D1306

DLL4 (Armenian Hamster) BioLegend Cat#: 130802; RRID:AB_1227639

EpCAM FITC BioLegend Cat#: 118208; RRID:AB_1134107

F4/80 FITC BioLegend Cat#: 123108; RRID:AB_893502

Gr1 FITC BioLegend Cat#: 108405; RRID:AB_313370

K8 (rabbit) Abcam Cat#: ab53280; RRID:AB_869901

K14 (chicken) BioLegend Cat#: 906004; RRID:AB_2616962

MHC1 (H-2k) BV510 BioLegend Cat#: 116523; RRID:AB_2800584

MHCI (mouse) BD Bioscience Cat#: 550550; RRID:AB_393744

MHCII (rat) Abcam Cat#: ab15630; RRID:AB_302007

NK1.1 FITC BD Biosciences Cat#: 553164; RRID:AB_394676

Sca-1 PE BioLegend Cat#: 108107; RRID:AB_313344

TCRb chain PE/Cy7 BioLegend Cat#: 109222; RRID:AB_893625

g/dTCR BV605 BioLegend Cat#: 118124; RRID:AB_11204423

Vimentin (rabbit) Abcam Cat#: ab92547; RRID:AB_10562134

Alexa Fluor 488 (rabbit) Molecular Probes Cat#: A-11008; RRID:AB_143165

Alexa Fluor 568 (rabbit) Molecular Probes Cat#: A-11011; RRID:AB_143157

Alexa Fluor 568 (mouse) Molecular Probes Cat#: A11004; RRID:AB_2534072

Alexa Fluor 568 (chicken) vWR Cat#: 20104-1

Alexa Fluor 647 (rabbit) Molecular Probes Cat#: A-21245; RRID:AB_2535813

Alexa Fluor 647 (rat) Molecular Probes Cat#: A-21247; RRID:AB_141778

Alexa Fluor 647 (Armenian hamster) Abcam Cat#: ab173004; RRID:AB_2732023

(Continued on next page)

Cell Reports 44, 115579, May 27, 2025 19



Continued
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Chemicals, peptides, and recombinant proteins

7AAD BioLegend Cat#: 420403

Recombinant Murine sRANK Ligand (CHO derived) Peprotech Cat#: 315-11C

Critical commercial assays

Chromium Next GEM single cell reagent

kit 3’ V3.1 (dual index) with Feature Barcoding

technology for Cell Multiplexing

10x Genomics Cat#: CG000388

Deposited data

Watchbreaker scRNAseq dataset This paper NCBI SRA: https://dataview.ncbi.nlm.nih.gov/

object/PRJNA1078142?reviewer=o5lue

3b36gm6d3vla92lp45s7q

Codes for analyses in Figures 4, 5, and 6

and Supplemental Information

This paper Zenodo: https://doi.org/10.5281/zenodo.14781551 and

https://doi.org/10.5281/zenodo.14779427.

Experimental models: Organisms/strains

Mouse: B6J: Jax Mouse strain C57BL/6m Charles River Cat#642

Mouse: Foxn1GFP: B6JCrl;129-Foxn1GFP+/- O’Neill et al.50 N/A

Mouse: Rank-Venus: B6;FVB-Tg(Tnfrsf11a-Venus) McCarthy et al.51 N/A

Mouse: Cxcl12-dsRED: STOCK-Cxcl12tm2.1Sjm/J The Jackson Laboratory RRID:IMSR_JAX:022458

Oligonucleotides

Primers used for genotyping transgenic

mice, see Table S1

This paper N/A

Software and algorithms

ImageJ v1.53c Schneider et al.86 https://imagej.net/downloads

Cell Ranger 10x Genomics Zheng et al.87

SEURAT Hao et al.88 https://satijalab.org/seurat/

FCSExpress De Novo Software https://denovosoftware.com

PRISM 10 Graphpad www.graphpad.com

Python 3.11.5 python.org https://www.python.org/downloads/

NumPy 1.25.0 numpy.org https://pypi.org/project/numpy/1.25.0/

scikit-image 0.22.0 scikit-image.org https://pypi.org/project/scikit-image/0.22.0/

Pytorch 2.2.0 pytorch.org. https://pytorch.org/

Scipy 1.11.3 scipy.org https://pypi.org/project/scipy/1.11.3/

Matplotlib 3.8.0 matplotlib.org https://pypi.org/project/matplotlib/3.8.0/

H5py 3.9.0 h5py.org https://pypi.org/project/h5py/3.9.0/

Numba 0.58.0 numba.pydata.org https://pypi.org/project/numba/0.58.0/

MicroscPSF-Py N/A https://github.com/MicroscPSF/MicroscPSF-Py

CUDA Toolkit 12.1 developer.nvidia.com https://developer.nvidia.com/

cuda-12-1-0-download-archive

cuDNN 8.8.1 developer.nvidia.com https://developer.nvidia.com/rdp/cudnn-archive
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice: Foxn1GFP 50, Rank-Venus51 and Cxcl12dsRed 12 mice were as described. C57BL/6J(Crl) mice were used for isolation of fetal

thymic cells except where otherwise specified. All animals were housed and bred in University of Edinburgh animal facilities. All ex-

periments using animals were conformed to the regulatory standards set out in the Home Office Animals (Scientific Procedures) Act

1986, and conducted under project license PEEC9E359 to V. Wilson which was approved by the UK Home Office. Primers used for

genotyping were as shown in Table S1. For timedmatings, noon of the day of the vaginal plug was taken as day 0.5. All controls were

littermates unless otherwise stated.
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Thymus dissociation
Microdissected fetal thymi were dissociated for 5 minutes in TrypLE Express Enzyme (Life Technologies 12604013) in an Eppendorf

Thermomixer (1400 rpm, 37�C) followed by trituration with a 25G syringe ten times. Cell suspensions at 4�Cwere washed in 2% FCS

FACS buffer, resuspended as required and filtered through a 70mm cell strainer (Corning) to remove clumps.

Tissue culture
mTO, RTOC and FTOCwere cultured in Advanced DMEM/F12 (Life Technologies, 12634010), 2% FCS (Life Technologies), 1% peni-

cillin (10,000 units/ml)/streptomycin (10,000 mg/ml) (Invitrogen, 15140-122), 1%GlutaMax supplement (Life Technologies, 35050061),

1% non-essential amino acids (NEAA) (Invitrogen, 11140-036) (referred as 2% media herein). All cell manipulations were performed

in a laminar flow sterile hood using sterile technique. Cell culture plastic ware was supplied by Iwaki. All solutions were tested for ste-

rility and warmed to 37�C prior to use. Cells were examined using an inverted microscope (Olympus CK2).

Generation of mTO
The required cell populations were obtained by dissociation of E14.5 fetal thymi followed by flow cytometric cell sorting if required

(TEC, DAPI-TER119-CD45-EpCAM+; double negative thymocytes [DNs], DAPI-Lin-CD45+EpCAM-; FTM, DAPI-TER119-CD45-

EpCAM-PDGFRab+; endothelial cells [ECs], DAPI-TER119-CD45-EpCAM-PDGFRab-CD31+; see Figure S1), pelleted, resuspended

in 2% media and counted using the BioRad Cell Counter with the addition of Trypan Blue. Based on the cell counts, an appropriate

volume from each population were pipetted into each well one-by-one or after prior mixing. Separate suspensions were created for

each experimental condition. A maximum of 40ml per 96 well was gently dropped into the Gri3D� 96well plates (SunBioscience,

Gri3D-96-S-8P) and left to reaggregate for 15 minutes, after which the wells were filled with medium to a total volume of 200ml. Me-

diumwas refreshed every other day using the reservoir well attached to eachwell. RecombinantMurine sRANK Ligand (CHOderived;

Peprotech 315-11C) was added to the culture medium only when indicated. mTOs were cultured from 7 to 14 days depending on the

experiment.

FTOC and RFTOC
were generated as previously described.85 The compacted cell pellets were extruded at the liquid-gas interface onto a polycarbonate

filter paper raft floating on 1ml of medium in 24 well plates and cultured for 7 days. Mediumwas refreshed every other day. For FTOC,

each whole intact lobe was placed on a filter membrane with the help of a microscope and cultured for 7 days as above.

Flow cytometry
Cells were processed for flow cytometric sorting and analysis as previously described.32,47 Compensation controls were performed

using beads. Sorting and analysis gates were set using FMOs. Sorting was performed using a BD FACS Aria II running FACS Diva 4.1

(BD Biosciences). FACS analyses were performed on a FACSCalibur (BD Bioscience) or Novocyte running NovoExpress 1.3.0

(ACEA) at the CRM, University of Edinburgh. All post-acquisition analysis was performed with FCSexpress 7 (De Novo Software)

software.

Immunohistochemistry
All fixation and staining steps were carried out in the imaging bottomGri3D� plates (Sun Bioscience, Gri3D-96IBI-S-8-800) such that

the mTOs were kept intact. mTOs were washed (3x10 minutes) with PBS to remove excess medium, fixed in 4% PFA (Fisher Scien-

tific UK Ltd, 15670799) for 20 minutes at room temperature (RT) while shaking slowly, and washed with 0.1%Triton (VWR, X100-

100ML) in PBS/0.2%SodiumAzide (PBST). For the preparation of sections, mTOswere stained for HOECHST (1:1000) for 15minutes

at room temperature. mTOs were then embedded in 2% agarose, by incubating for 5 minutes at 65oC with the concentration grad-

ually increasing from 0.125% to 2% in five incubation steps, then left to solidify and scooped out of the 96well in one piece. Further

submersion in 2% agarose allowed preparation of 200mmVibratome sections (Leica VT1000 S Vibrating blade microtome). mTOs (or

sections) were then blocked in 10% goat serum in PBST for 4-6 hours at RT, incubated in primary antibody solution (optimized con-

centration in 1% goat serum in PBST) for up to 48h at RT, washed in PBST (3x15 minutes), incubated in secondary antibodies (opti-

mized concentrations in 1% goat serum in PBS only) and HOECHST (1:1000) for 8-24h at RT, then washed in PBS (3x15 minutes). In

the case of a dim HOECHST signal, another 1:1000 dilution was applied. 70ml RapiClear 1.49 (www.sunjinlab.com, RC149001) was

then added to eachwell at least 15minutes before imaging. For live imaging, mTOswere kept in theGRI3D� plates and imaged using

the Opera Phenix� Plus High-Content Screening System in 5% CO2 at 37
oC. Fixed and stained mTOs were imaged similarly.

Antibodies
The antibodies used for immunohistochemistry and flow cytometry were as listed in Table S2.
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Image analysis
All post-acquisition analysis was performed using Image Artist software or ImageJ v1.53c.86 For the segmented image in Figure 4C,

the images presented were blind deconvolved using the Richardson-Lucy algorithm. Initial PSF guess was computed using

Gibson–Lanni model (https://github.com/MicroscPSF/MicroscPSF-Py).89 Cells were segmented using an automated algorithm

based on U-Net neural network architecture.90 This network predicted two channels, namely binary mask of nuclei and distance

to the cell edge. The Watershed algorithm was used to segment the binary mask into individual nuclei using predicted distance

as energy.91 The images fed to the neural network were not deconvoluted and were normalized to the range [0,1]. Deconvolved

images were used for measurement of mean intensities for individual cells. Values were expressed as median values withing a

segmented mask of each cell.

Single cell RNA-seq
Processing of samples for library preparation, library preparation and sequencing

Cells from each condition were resuspended in 90ml FACS buffer (PBS without Ca2+ and Mg2+, with 2% FCS), 0.45ml FC block was

then added and incubated for 10 minutes on ice. Each condition was incubated with barcode tagged antibodies against MHCII,

CD40, CD80 and EpCAM, with biotinylated UEA1, and with a-CD45-magnetic beads (Table S3) for 15 minutes on ice, then washed

once with 1ml FACS buffer and centrifuged at 500rcf for 5 minutes. Each condition was hashed with 100ml lipid anchored Cell Multi-

plexing Oligos for sample multiplexing (CMOs, 10x Genomics)(see Figure S6). Samples were then passed through LS Columns to

deplete CD45+ cells according to the manufacturer’s instructions. Cells eluted from the column were spun down and resuspended

in 50ml FACS buffer, of which 10ml was taken for cell counting. Approximately 1-5000 cells were pooled from each condition, andwere

then filtered and loaded on aChipG (10XGenomics). Cell-bead encapsulationwas performed using theChromiumX (10xGenomics).

Gene expression and multiplexing libraries were prepared following the manufacturer’s instructions using the Chromium Next GEM

single cell reagent kit 3’ V3.1 (dual index) with Feature Barcoding technology for Cell Multiplexing (CG000388, 10x Genomics). Li-

braries were quantified using a Bioanalyzer DNA High-sensitivity Kit (Agilent Technologies), pooled at a molar ratio of 10:1 between

gene expression and multiplexing libraries, and sequenced on an Illumina NextSeq 2000 P3 flow cell (100 cycles configuration) to

obtain approximately 1.4B paired-end reads.

QC and analysis

FASTQ files were processed using Cell Ranger87 (10x Genomics) and count matrices (for RNAseq, CITEseq and CMO multiplexing)

were analyzed using the R package Seurat.88 Deconvolution of the CMO tags revealed multiplets (318), where tags were shared be-

tween cells. These, plus unassigned (360) and blank (122) reads, were excluded from further analysis. The remaining captured cells

were filtered such that only cells with >2000 RNA features were retained for downstream analysis. Normalisation was carried out us-

ing the Seurat function SCTransform with regression on mitochondrial gene transcript percentages. After initial clustering, a cluster

with high levels of stressmarkers (Ddit3 andHerpud1) was identified and excluded from further analysis. GO enrichment analysis was

performed in R with the enrichR package, using the ‘‘GO_Biological_Process_2021’’ database. The Seurat function DEenrichRPlot

was usedwith ‘‘max.genes=1000’’. DE gene analysis was carried out in R using the Seurat function FindMarkerswith default settings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and experimental design
For all analysis, statistical details can be found in the figure, the figure legend or the associated text, including the statistical tests

used, exact value of n, what n represents (e.g., number of animals, number of cells, etc.), definition of centre, and dispersion and

precision measures (e.g., mean, median, SD, SEM, confidence intervals). For all scRNAseq analyses, n represents the number of

independent biological experiments. For all other experiments, n represents an independent biological replicate. At least three bio-

logically independent replicates were performed for each condition with the exception of the antibody staining where n=1 in some

cases. No statistical method was used to predetermine sample size, the experiments were not randomized, and the investigators

were not blinded to allocation during experiments and outcome assessment. There were no limitations to repeatability of the exper-

iments. No samples were excluded from the analysis.
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