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Thymic epithelial cells (TECs) are key effectors of the thymic stroma and are critically
required for T-cell development. TECs comprise a diverse set of related but function-
ally distinct cell types that are scarce and difficult to isolate and handle. This has pre-
cluded TEC-based screening assays. We previously described induced thymic epithelial
cells (iTECs), an artificial cell type produced in vitro by direct reprogramming, raising the
possibility that iTECs might provide the basis for functional screens related to TEC biol-
ogy. Here, we present an iTEC-based three-stage medium/high-throughput in vitro assay
for synthetic polymer mimics of thymic extracellular matrix (ECM). Using this assay, we
identified, from a complex library, four polymers that bind iTEC as well as or better than
gelatin but do not bind mesenchymal cells. We show that these four polymers also bind
andmaintain native mouse fetal TECs and native human fetal TECs. Finally, we show that
the selected polymers do not interfere with iTEC function or T-cell development. Collec-
tively, our data establish that iTECs can be used to screen for TEC-relevant compounds
in at least some medium/high-throughput assays and identify synthetic polymer ECM
mimics that can replace gelatin or ECM components in TEC culture protocols.

Keywords: cellular reprogramming � epithelial cells � extracellular matrix � high throughput
screening assays � thymus

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.
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Introduction

The thymus is the primary lymphoid organ responsible for gen-
erating and shaping the T-cell repertoire. The process of T-
cell repertoire development, called thymopoiesis, depends on
dynamic interactions between developing T cells (thymocytes)
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and the thymic stroma. The main functional element of the
stroma, the thymic epithelium, comprises several related but func-
tionally distinct thymic epithelial cell (TEC) types that collectively
mediate T-cell lineage commitment, development and repertoire
selection [1].

TECs constitute less than one percent of total adult thymic cel-
lularity and are fragile cells that are difficult to isolate and work
with ex vivo. This has precluded the development of medium/high
throughput screens for modulators of TEC functionality. Indeed,
to date, investigation of thymus biology in vitro has relied on the
necessarily low throughput techniques of fetal thymic and reag-
gregate fetal thymic organ culture (FTOC and RFTOC, respec-
tively) [2–4] and on the OP9-DLL1 and MS5-hDLL1 cell line-
based systems that partially support thymopoiesis but do not
support physiological T-cell repertoire selection [5–14]. None of
these models are suitable for high-throughput screening relevant
to TEC-dependent thymus functions. We have previously shown
that overexpression of the transcription factor Forkhead Box N 1
(FOXN1) in murine embryonic fibroblasts (MEFs) results in con-
version of MEFs into ‘induced thymic epithelial cells’ (iTECs),
which closely mimic TECs in terms of phenotype and function
[15]. This led us to ask whether iTEC could provide the basis for
TEC-relevant medium/high-throughput screening assays.

Biocompatible synthetic polymers that provide chemically
defined substrates for the in vitro expansion of specific cell types
have previously been described [16–18] and can reduce the
batch-to-batch variation associated with naturally occurring sub-
strates such as gelatin and Matrigel [19]. Synthetic polymers
that support TECs in culture have not, however, been reported,
with previous studies focusing on the use of fabricated tantalum-
coated [20] or natural thymic extracellular matrix (ECM) scaf-
folds [21–26]. We therefore devised and tested a three-tier
iTEC-based medium/high-throughput screening assay designed to
select, from a large synthetic polymer library, polymers that could
specifically support functional TECs in vitro.

Using this assay, we identified four polymers that bind and
support iTECs as well as or better than gelatin but do not bind
MEFs in monolayer culture. We showed that, in addition to iTECs,
these polymers could support native mouse fetal TECs and native
human fetal TECs in vitro. We further demonstrated that iTECs
cultured on these substrates are functional, as evidenced by their
ability to mediate T-cell development in vitro. Collectively, our
findings validate iTEC as a tool for higher throughput screening
approaches related to mouse and human TEC biology, pointing
to the potential for further developments in this area. Addition-
ally, they provide a further step toward the identification of fully
defined conditions for culturing TECs in vitro.

Results

Primary screen: Identification of synthetic polymers
that support induced thymic epithelial cells

The minimal requirements for a polymer to be suitable for use in
cell culture are that it promotes adhesion and survival of the tar-

Figure 1. Schematic representation of the three-stage screening assay
for selection, from a library, of polymers with the capacity to bind and
support functional TECs in vitro. (A) Primary screen: polymer microar-
rays produced by contact printing of 334 individual synthetic polymers
were screened separately with TEC and MEFs. Each polymer was rep-
resented in quadruplicate on each microarray. (B) Secondary screen:
polymers selected in the primary screen were tested in a fully auto-
mated 384-well plate-based screening assay for their capacity to bind
iTECs, fetal mouse, and fetal human TECs. (C) Tertiary screen: iTECs
were cocultured with ETPs on each of the polymers that bound all three
cell types and assayed to ensure that these polymers did not negatively
affect iTEC-mediated T-cell development.

get cell type and does not interfere with the functionality of the
cell type in question. Our primary screen was therefore designed
to identify polymers that selectively bound TEC from a complex
synthetic polymer library, with the secondary screen validating
and extending the results from the primary screen and the ter-
tiary screen testing for interference with cell type functionality
(Fig. 1). We employed iTECs as a substitute for native TECs in the
primary screen since iTECs exhibit key phenotypic and functional
attributes of TECs (Figs. S1 and S2) [15], and in contrast to native
TECs, iTEC numbers are not limiting.

In brief, a library of 334 different synthetic polymers was
generated as previously described [19]. The library included
polymer compositions that encompassed a range of physical

© 2023 The Authors. European Journal of Immunology published by
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Figure 2. Primary screen identifies synthetic polymers able to support iTECs, MEFs or both cell types. (A) Brightfield images of contacted printed
polymer spots in the microarray. Images show spots of polymers ID427 (top) and ID111 (bottom) in the absence of cells. (B) Representative images
of iTECs (Bi. top) or MEFs (Bii. bottom) present on individual polymer spots after 7 days of culture. DAPI identifies nuclei and was used to count the
number of cells on each spot; α-pancytokeratin (panK) identifies iTECs. (C) Boxplot shows the number of iTECs or MEFs present on each polymer
type after 7 days of culture. Polymers that had no cells attached are not shown with the exception of Polymer ID369, which is used as a no-binding
control in downstream experiments. n = 3 independent biological replicates, each with four technical replicates. Plots were formatted as box and
whisker, and no statistical analysis was performed.

properties, including different functional groups, wettability,
charge, nanotopography, integrin contact point density and
lipophilicity [19, 27, 28]. To produce the primary screen, micro-
scope slides were coated in 2% agarose to prevent cell adhesion
to the glass, and the individual members of the polymer library
were contact printed onto this slide such that each polymer was
represented in quadruplicate, creating a matrix of polymer spots
[19]. Two representative individual spots are shown in Fig. 2A.
The slides were then seeded with 2×105 iTECs in 1 ml of medium
and placed into culture (see Fig. S1 for gating strategy for GFP+

iTECs). Negative controls were provided by 4-hydroxytamoxifen

(4OHT)-treated Rosa26CreERT2/+ MEFs. These cells controlled for
cell-type specificity and for any nonspecific effects of the CreERt2
fusion protein.

After seven days of culture, the slides were stained with DAPI
and anti-pancytokeratin (panK; a marker of epithelial cells not
expressed by MEFs) (Fig. 2B). They were then screened by high-
content imaging, and the number of cells on each polymer spot
was determined (Fig. 2C). Polymer spots were scored positive if
either iTECs (panK+ cells), MEFs (panK− cells), or both cell types
were present on all four technical replicates in all three inde-
pendent experiments. Using these criteria, thirty-two of the three

© 2023 The Authors. European Journal of Immunology published by
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hundred thirty-four polymers tested bound iTEC (ID98, 111, 117,
232, 235, 258, 276, 287, 296, 309, 316, 317, 327, 329, 342, 361,
394, 396, 398, 422, 424, 427, 461, 481, 488, 509, 519, 520, 529,
531, 551, 563), while twenty-four bound MEFs (ID120, 141, 176,
201, 259, 260, 261, 279, 287, 307, 309, 314, 319, 332, 380, 394,
411, 415, 426, 457, 464, 470, 512, 539) (Fig. 2D). There was
minimal overlap between the polymers that bound iTEC and those
that bound MEFs, with only polymers ID287, 309, and 394 bind-
ing both cell types (Fig. 2D).

Secondary screen: Automated screening of a focused
polymer array

The thirty-two polymers identified as binding iTEC in the primary
screen (including polymers that bound both iTEC and MEFs) were
taken forward for further investigation in a focused secondary
screen that required lower input cell numbers. This screen was
used to assess iTEC binding and maintenance on the polymers
more quantitatively and to test the capacity of the polymers that
bound iTEC to bind native mouse and human TEC.

In brief, the secondary screen was performed in 384-well
plates and used automated liquid handling and imaging to
reduce within-screen variance and thus to identify differences in
iTEC/TEC-binding capacity between polymers. The test polymers
were coated onto individual wells of 384-well plates (see Mate-
rials and Methods). Polymers ID117, 232, 235, 276, 296, 317,
329, I42, 422, 424, 461 and 488 either did not dissolve in ace-
tone or produced a highly autofluorescent layer following sol-
vent casting and were excluded from this array, leaving twenty
polymers included in the secondary screen. Positive and negative
controls were provided by wells coated with gelatin and wells
coated with polymer ID369, which bound MEF but not iTEC in
the primary screen, respectively. iTECs, native mouse fetal TECs,
or native human fetal TECs were seeded into the arrays (see Mate-
rials and Methods), and at the experimental end-point, the arrays
were fixed and processed for analysis by staining with DAPI and
panK (Figs. 3A, B).

For analysis, we used Columbus software (Perkin Elmer) to
create a pipeline that identified the number of epithelial cells
(panK+ cells) and the total number of cells (DAPI+ cells) in
each well, as follows. We first separated each 384-well plate into
twenty fields of view and segmented each nucleus (DAPI+ area)
to calculate the total number of cells. The area surrounding each
nucleus was then segmented into individual cells using cellular
autofluorescence (note that this required a camera with a high bit
depth). Areas with variable brightness with respect to the neigh-
boring region were delineated and assumed to mark the boundary
between cells, thereby pairing a nucleus with a surrounding delin-
eated area corresponding to cytoplasm to create a whole cell. To
determine the number of iTECs in each well, the mean fluores-
cence intensity (MFI) in the panK-AF488 channel was calculated
for each ‘cell’ (i.e., each delineated area extending from a DAPI+

spot), and this was used to parse the cells into two populations
(Fig. 3C, depictions of input (upper) and output (lower)). A con-

stant MFI threshold, set qualitatively although visual back test-
ing, was used to select the panKhi population for each experiment
rather than recalculating the threshold for each field of view. As
the largest source of variation between independent experiments
was accounted for by variation in the input cell number (likely
arising from errors in the cell counts generated during flow cyto-
metric cell sorting), between-experiment variation was normal-
ized by reporting each cell count divided by the cell count on
gelatin for each experiment (see Figs. S3 and S4 for details of the
normalization strategy in the iTEC and TEC arrays, respectively).

The number of panKhi cells present on each polymer was then
determined. Most of the polymers in this secondary screen bound
all three TEC populations tested (Fig. 3D). However, the cell num-
bers bound per well varied dramatically between polymers, and
therefore, to identify polymers to take forward for further study,
we compared the number of panKhi cells bound to each polymer
to the number bound to the negative control polymer ID369.
Polymers ID111, 287, 427, 519 and 563 all bound and maintained
equivalent or higher numbers of panKhi iTECs than wells coated
with gelatin and bound significantly higher numbers of panKhi

iTECs than wells coated with the negative control polymer ID369
(Fig. 3D; Table 1). These polymers all also bound native mouse
and native human fetal TECs, and with the exception of ID563,
similar numbers of cells were present for all three TEC popula-
tions tested (Fig. 3D; Table 1). Polymer ID394, which bound both
iTECs and MEFs in the primary screen, bound iTECs but with
fewer cells present in each well and bound mouse and human
fetal TECs (Fig. 3D; Table 1). In addition to these polymers,
native human fetal TEC bound polymers ID258, 309, 396, 520
and 531 (Fig. 3D; Table 1), which did not bind and maintain iTEC
as efficiently as gelatin in the secondary screen. Only Polymer
ID287 bound MEFs, iTECs, mouse fetal TECs and human fetal
TECs.

Chemical composition of polymers selected by the
screen

The above experiments identified four polymers (ID111, 287, 427
and ID519) that supported iTEC, native mouse and native human
TEC, and two additional polymers, ID394 and 563, that bound
native mouse TEC, as well as or better than gelatin. Polymers
ID394 and 563 also bound iTECs and human TECs but with fewer
cells from these populations bound than from native mouse TECs.
The composition of these six polymers and the structures of their
monomer components are shown in Table 2 and Fig. 4, respec-
tively. The principal monomer in polymers ID111, 287, 427, 519
and 563 was methoxyethyl methacrylate (MEMA), while ID394
was principally ethyl methacrylate (EMA). We note that not all
MEMA-based polymers were able to bind and maintain iTECs, and
not all EMA-based polymers were able to bind native mouse TECs.
As examples, polymer ID394 (EMA 70%, DEAEMA 30%) bound
native TEC as well as gelatin, while Polymer ID398 (EMA 50%,
DEAEA 50%) did not (Fig. 3D).

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 3. An automated secondary screen identifies five polymers able to bind and support iTECs, native mouse fetal TECs and native human
fetal TECs. (A) A focused array of the 20 polymers selected in the primary screen and compatible with solvent casting was produced by coating
individual polymers onto wells of a 384-well plate. iTECs were seeded into each well, cultured for 14 days, and then stained with α-pancytokeratin
(panK) and DAPI. Images show representative fields of view of (i) polymer ID427, (ii) gelatin (Gel; positive control) and (iii) polymer ID369 (negative
control). (B) Single-cell suspensions of E13.5/E14.5 mouse thymus or week 11 human fetal thymus cells were cultured for 16 hours on individual
polymers in the focused array. Images show representative wells for mouse or human thymi cultured in gelatin-coated wells after staining with
panK and DAPI. (C) Depiction of the image analysis pipeline wherein the top panel shows the input image and the bottom depicts the output. (D)
Plot shows the number of all three cell types observed on each polymer normalized to the count in wells coated with 0.1% gelatin (left). Blue, iTEC;
Red, human fetal TEC; Green, mouse fetal TEC. Levene’s and Shapiro–Wilk tests established equal variances and normality, respectively. One-way
ANOVA followed by Dunnett’s comparisons test compared each polymer to polymer ID369. * p value < 0.05. iTEC: n = 3 independent biological
replicates, each with three technical replicates; human TEC: n = 1 biological sample with one technical replicate; murine TEC: n = 3 independent
biological replicates, each with one technical replicate. Plots formatted as box and whisker.

Tertiary screen: Functionality of iTECs cultured on the
lead candidate polymers

As a final step, we designed a tertiary screen to test whether cul-
ture on each of the four polymers (ID111, 287, 427 and 519)
interfered with the ability of iTEC to support thymocyte devel-
opment. For this, we used a low-throughput assay in polymer-
coated 24-well plates (one polymer per well), in which iTECs were

cocultured with adult early thymic progenitors (ETPs) for 14 days
(Fig. 5A, Fig. S5), after which αβ T-cell development was assayed
by flow cytometric analysis of CD4/CD8 thymocyte subset distri-
bution (gating strategy shown in Fig. S6).

After 14 days of coculture, small round cells were microscop-
ically visible on the surface of the iTEC monolayers in all wells,
consistent with the presence of T cells (Fig. 5B). Analysis of sub-
set distribution based on CD4 and CD8 staining (Fig. 5C) revealed

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Table 1. Capacity of the polymers selected in the primary and
secondary screens to bind iTECs, mouse fetal TECs and human fetal
TECs. For iTECs and mouse fetal TECs, the polymers shown are those
that bound significantly more cells than those bound by polymer
ID369; for human fetal TEC polymers that bound significantly more
cells than those bound by gelatin are shown. The exception is ID287,
which bound low numbers of human TECs. p > 0.05, α = 0.05

Cell type assayed for polymer binding

iTEC Mouse fetal
TEC

Human
fetal TEC

Polymer ID 111 + + +
287 + + + (weakly)
427 + + +
519 + + +
563 + + –
394 – + –
309 – – +
396 – – +
520 – – +
531 – – +

the presence of CD4−CD8− double negative (DN), CD4+CD8+

double positive (DP), and CD4+CD8− and CD4−CD8+ single pos-
itive (SP4 and SP8, respectively) thymocyte populations in wells
coated with each of the six polymers, with most polymers per-
forming as well as gelatin or Matrigel (Fig. 5D). Although not sta-
tistically significant, wells coated with polymer ID427 appeared to
contain higher numbers of DP, SP4 and SP8 cells than wells coated
with the other polymers or gelatin (Fig. 5E) or Matrigel. From the
5,000 initial input ETPs, the wells in which iTECs were cultured
on polymer ID427 produced an average of 15,749 DN, 500 DP,
273 SP4 and 508 SP8 thymocytes, while iTECs cultured on gelatin

produced an average of 8,306 DN, 386 DP, 206 SP4 and 389 SP8
thymocytes. As a suitable method for normalization between inde-
pendent experiments was not identified, the between-experiment
variation found in the counts of DN, DP, SP4 and SP8 thymo-
cytes generated on each polymer was considered. Polymer ID427
exhibited the lowest mean coefficient of variation (CoV) between
all polymer counts and was therefore considered to be the best
material to satisfy the criteria of being able to bind native mouse
and human fetal TEC and iTEC and of reducing experiment-to-
experiment variation (Table S7). Importantly, the data obtained
from Polymer ID427 demonstrate that a synthetic, defined sub-
strate can replace natural substrates, including gelatin, with no
loss in function.

Culture on polymer ID427 results in increased MHC
Class II Expression on iTEC

The trend for the production of increased numbers of SP4 in wells
coated with polymer ID427 suggested that this polymer directly
or indirectly promoted iTEC functionality and/or expression of
MHC Class II (MHCII) on iTECs (Fig. 5D). We therefore tested
the expression of the MHCII gene H2-Eb1 in iTECs after cocul-
ture with ETPs for 14 days. iTECs cultured on polymer ID427 and
Matrigel had higher levels of H2-Eb1 expression than freshly iso-
lated iTECs (i.e., iTEC prior to coculture; Fig. 6Ai, ii, p = 0.02
and p = 0.9, respectively), indicating that culture on polymer
ID427 was as good as Matrigel with respect to this important
parameter.

In addition, we analyzed the expression of a panel of genes
encoding proteins required for TEC function: FOXN1 (Foxn1),
the master regulator of TEC differentiation and transgene

Table 2. List of polymerizable monomers and amines used in the synthesis of the polymers that bound iTEC and native mouse and human fetal
TEC in the secondary screen. This table details the monomer composition of the selected polymers, with structures given in Fig. 4

Polymer composition

Monomer 1
(ratio)

Monomer 2 (ratio)
Group

Monomer 3 (ratio)
Group

Molecular
Weight

Polymer ID 111 MEMA (90%) BAEMA (10%) Amine – 273,000
287 MEMA (50%) GMA

(50%) Amine
MAn (>1%) Amine >2,000,000

309 MMA (90%) GMA
(10%) Amine

DnHA
(>1%) Amine

1,900,000

394 EMA (70%) DMAEMA (30%) – 120,000
396 EMA (90%) DEAEA (10%) Amine – 123,000
427 MEMA (60%) DEAEA (10%) Amine BMA

(30%) Amine
111,000

519 MEMA (60%) DEAEMA (10%) Amine St
(30%) St

86,600

520 MEMA (60%) DEAEMA (30%) Amine St
(10%) St

143,000

531 MEMA (55%) DEAEMA (45%) Amine – 141,000
563 St (75%) GMA

(30%) Amine
– –

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 4. Chemical structures of the polymer build-
ing blocks: Diagrams show monomers used to
fabricate the polymers identified as supporting TEC
in the secondary screen. MEMA (2-methoxyethyl
methacrylate); EMA (ethyl methacrylate); BAEMA (2-
(tert-butylamino)ethyl methacrylate); GMA (glycidyl
methacrylate); DMAEMA (2-(dimethylamino)ethyl
methacrylate); DEAEA (2-(diethylamino)ethyl
acrylate); MAn (N-methylaniline); BMA (butyl
methacrylate); DEAEMA (2-(diethylamino)ethyl
methacrylate); St (styrene), A-H (acrylic acid), DnHA
(di-n-hexlyanmine) (see also Table 2 and Table S4).

driving iTEC identity [15]; Delta-like 4 (Dll4), the nonredundant
ligand for T-cell lineage commitment [29, 30]; the immunopro-
teasome subunit β5t (encoded by Psmb11) and protease cathep-
sin L (Ctsl1), both expressed specifically in cTECs and essential
for the production of normal CD8+ and CD4+ T-cell repertoires,
respectively [8, 31]; chemokine (C-C motif) ligand 25 (Ccl25),
responsible for colonization of the thymus with hematopoietic
progenitors [32, 33]; and kit-ligand (Kitl) and interleukin 7 (Il7),
required in TECs to drive early thymocyte expansion [34, 35].
iTECs retained strong expression of these genes after the cocul-
ture period, and no significant differences were observed between
the expression levels of these genes in iTECs cultured on different
substrates (Fig. 6Aiii-viii). Of note is that Dll4, Psmb11, Ctsl1 and
Ccl25 all appeared to be expressed more highly in the iTEC after
versus before coculture, although this trend reached significance
for only Ctsl1 and Ccl25 in the Matrigel condition.

We have previously shown that iTECs can produce mTEC-like
cells when engrafted under the kidney capsule of recipient mice
but that mTEC markers were not present in iTEC monolayers in in
vitro culture [15]. We therefore looked for Aire mRNA transcripts
and stained postcoculture iTECs for the mTEC markers cytoker-
atin 14 (K14), Ulex europaeus agglutinin I (UEA1) and Autoim-
mune Regulator (AIRE). In keeping with our previous observa-

tions, Aire expression was undetectable by RT–qPCR in all con-
ditions (Fig. 6Axi), and we did not find K14+UEA1+AIRE+ cells
in any of the conditions tested (Fig. 6B). We did observe K14+

iTECs scattered throughout the monolayers and observed rare
UEA1+ iTECs, the frequency of which was increased on gelatin
(Fig. S7).

Discussion

We designed and tested a medium/high-throughput assay for the
identification of synthetic polymers that support TEC-based cul-
tures able to mediate T-cell production in vitro. This assay com-
prises primary, secondary and tertiary screening elements, which
sequentially identify candidate polymers from a large complex
polymer library; quantify the capacity of these lead candidates
to maintain iTEC and native mouse and human fetal TEC in cul-
ture; and test whether the selected polymers maintain iTEC func-
tionality with respect to capacity to support T-cell development
in in vitro monolayer cultures. The resulting data provide three
advances. First, they establish that iTEC can be used to select TEC-
relevant compounds in at least some medium/high throughput

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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8 of 14 Paul Rouse et al. Eur. J. Immunol. 2023;53:2249934

Figure 5. iTECs grown on synthetic polymers, gelatin or Matrigel exhibit equivalent functionality. (A) iTECswere coculturedwith adultmouse ETPs
in polymer-coated 24-well plates. (B) Representative well after 14 days. (C) Representative CD4/CD8 subset distribution for 14-day iTEC-ETP cocul-
tures in wells coated with polymer ID427 (left panel), polymer ID287 (middle panel) and gelatin (right panel). All plots show live lin− cells, lin =
CD11b, CD11c, Gr-1, Nk1.1, B220, EpCAM and Ter119. (D) Numbers of DN, DP, SP4 and SP8 cells for cells grown in the conditions shown. Green bars,
Matrigel and gelatin; Blue bars, synthetic polymers. n = 3 independent biological replicates each with three technical replicates. ANOVA found no
significant differences between groups. Mg, Matrigel; Gel, gelatin. Plots formatted as box and whisker.

© 2023 The Authors. European Journal of Immunology published by
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Figure 6. Phenotypic analysis of iTECs cocultured on Polymer ID427. iTECs were cocultured with adult mouse ETPs for 14 days in plates coated
with the substrates shown. (Ai-ix) RT–qPCR analysis of the genes shown was performed on iTECs recovered from each condition at the end of
the culture period. Aii shows data in Ai after Log10 transformation. (B) After 14 days of coculture, iTECs cultured on polymer ID427 were stained
for UEA1+ (magenta), cytokeratin 14+ (green) and AIRE+ (white). Levene’s test and Shapiro–Wilk tests established equal variances and normality,
respectively. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test. Note that H2-Eb1, Dll1 and Kitl were not
normally distributed, but only H2-Eb1 showed a significant difference when log10 transformed. * p value < 0.05 when compared to Time 0. (A, B) n
= 3 independent biological replicates, one technical replicate per independent biological replicate. Plots formatted as box and whisker.

screening assays, overcoming the principal bottleneck for further
screening related to TEC functionality – namely, the scarcity and
hard-to-handle nature of cells of this lineage. Second, they identi-
fied four synthetic polymers that support the culture of functional
iTECs, as evidenced by the capacity of iTECs to support T-cell
development, including SP4 and SP8 cells, in monolayer culture.
Third, they show that the synthetic polymer substrates identified
using mouse iTEC and native mouse TEC also bind and maintain
native human fetal TEC, validating the use of this murine-cell-
based assay for selection of polymers suitable for culture of human
TEC. Collectively, these data point to the potential of iTECs for use
in further screening approaches that address specific aspects of
TEC, thymus, and biology. Specific points arising from our study
are discussed below.

Strengths and limitations of iTEC as a screening tool

Our study provides a first step toward establishing iTEC as
a tool for high-throughput screening for modulators of TEC
functionality. As discussed above, the major bottlenecks to this
goal are the scarcity and hard-to-handle nature of native TEC
and the absence of culture conditions that allow maintenance of
functional native TEC in 2D culture. The culture systems that cur-
rently best model the thymic microenvironment, FTOC or RFTOC
[2, 4], are difficult to upscale because of the technical expertise
required and the numbers of fetal thymi/fetal TEC needed for
their production. While monolayer OP9-DLL1 and 3D MS5-hDLL1
cell line-based systems circumvent some of these limitations, they
do not recapitulate all of the functions of TECs required for T-cell

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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repertoire development and selection [5, 6], and furthermore,
these cell line-based systems cannot provide models for directly
testing or screening for modifiers of critical thymus functions that
reside in TECs. iTECs represent an alternative to these systems
and recapitulate a broader range of TEC characteristics than other
cell line-based systems, including expression of the molecular
machinery required in TECs to mediate positive and negative
selection of the T-cell repertoire [5–15].

We have demonstrated here, to our knowledge for the first
time, that iTECs can be used in place of native TECs in at least
some in vitro screening assays that require high cell numbers
and are designed to interrogate TEC functions. Specifically, we
have demonstrated that iTECs can be used to select, from a com-
plex library, polymers that can selectively bind and support native
mouse and human fetal TECs in vitro. Our secondary screen quan-
tified the binding of iTECs and native mouse and human fetal
TECs to the polymers selected in the primary screen. This analysis
showed very strong concordance between the numbers of iTECs,
mouse fetal TECs and human fetal TECs bound by most poly-
mers tested. Polymers identified as having the ability to bind iTEC
(ID111, 287, 427 and 519) all bound all three TEC populations
in equivalent numbers, while those found to have poor ability to
bind iTEC (ID98, 316, 327, 361, 398, 481) bound all three TEC
populations poorly.

There was one exception to this pattern, polymer ID531, which
bound iTECs and mouse fetal TECs poorly but bound human
fetal TECs very strongly. We interpret this as having three pos-
sible explanations: since the human fetal TEC data represent n =
1, it may reflect an outlier result that would not carry through
on further examination; alternatively, it may reflect interspecies
differences in the adhesion molecules or properties of specific
adhesion molecules expressed by TEC; and finally, it could rep-
resent specific binding by ID531 of a specific TEC subpopulation
that was present in the human fetal thymus sample tested but
not in iTEC or mouse E14.5 fetal TEC. With respect to this last
possibility, thymic medullary compartments are well established
by week 11 in human fetal thymus development [36], whereas
they are not present in iTEC monolayers [15] and are not well
developed in E13.5/E14.5 mouse fetal thymi [37]; therefore, it
is possible that polymer ID531 selectively binds mTEC. Explo-
ration of this possibility, however, is beyond the scope of this
investigation.

A limitation of the screening approach herein is that we
did not perform a side-by-side comparison of iTECs and TECs
in the medium/high-throughput primary screen due to practi-
cal constraints associated with obtaining sufficient numbers of
E13.5/E14.5 fetal TECs. Therefore, it remains possible that in the
present study, some polymers that could bind and support native
TEC were not identified in the iTEC-based primary screen. Nev-
ertheless, our screening approach enabled the identification of
a set of polymers that can bind native TEC as well as or bet-
ter than Matrigel and gelatin, the substrates currently most com-
monly used for this purpose. Furthermore, we observed good
concordance in the binding of all three TEC populations tested
across the polymers tested in the secondary screen. Of note is

that twenty-nine of the thirty-two polymers selected in the pri-
mary screen and four of the five selected in the secondary screen
could not bind and support MEFs, indicating cell-type specificity
in the screening steps. In contrast, gelatin and Matrigel support
both MEFs and TECs. Overall, our data provide proof of princi-
ple for two-stage screening approaches that first use iTEC in a
high-throughput primary screen requiring large numbers of input
cells and then validate the candidates selected in the primary
screen using a low-throughput secondary screen based on native
TEC.

We note that even the relatively modest screen we describe
required a minimum of three biological replicates each of 2×105

iTECs as the cellular input into the primary screen. In pilot exper-
iments, we found that even higher numbers of E14.5 fetal TECs
(>4×105) were needed to seed each slide. We were unable to
obtain this number of E14.5 fetal TECs on a routine basis and thus
could not use native fetal TECs in the primary screen (although
our laboratory is well established for this type of experiment).
This provided the rationale for basing the primary screen on iTEC,
since unlimited numbers of iTEC can be generated in the lab.
The screen described herein therefore represents an important
proof-of-principle, supporting the exploration of further iTEC-
based high-throughput screens. In this respect, an important
caveat is that FOXN1 is constitutively expressed in iTECs as cur-
rently generated [15], regardless of culture conditions; there-
fore, screening for modulators of FOXN1-dependent functions
will require further development of the iTEC reprogramming
system.

Identification of synthetic polymers for TEC culture

The screen described herein successfully identified synthetic poly-
mers that bound and supported functional iTECs in vitro and
bound native mouse and native human fetal TECs. The use of
chemically defined synthetic polymers in cell culture has previ-
ously been shown to reduce the batch-to-batch variation associ-
ated with naturally occurring substrates such as Matrigel, gelatin,
or ECM preparations [19]. However, as shown herein and by oth-
ers, different synthetic polymers bind and support different cell
types in vitro, necessitating the identification of cell-type-specific
polymers [16, 18]. The work presented identifies four polyacry-
lates that support the culture of iTECs, native mouse fetal TECs
and human fetal TECs and shows that culture of iTECs on these
polymers did not inhibit iTEC-mediated in vitro thymopoiesis,
establishing that products such as gelatin and Matrigel can be
replaced with defined synthetic polymer preparations for iTEC
culture. In this regard, the data shown in Figs. 5C and D show
a relatively low level of thymopoiesis in the iTEC-ETP cocultures
in all of the conditions tested, and this is markedly different
from that demonstrated in our original iTEC publication [15]. As
described in the Materials and Methods, we have changed the
reprogramming protocol since our original publication; however,
we have shown that iTECs generated using our current repro-
gramming protocol support T-cell development in a very similar

© 2023 The Authors. European Journal of Immunology published by
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fashion to that originally shown ([15]; see Fig. S2) when cul-
tured under the conditions originally described. In our original
paper, we used DN1 cells isolated from E14.5 thymi for the cocul-
ture experiments, whereas for the experiments shown in Figs. 5C
and D, we used ETPs harvested from adult mice. Since the prolif-
erative capacity of ETPs is known to change with age, this likely
explains the differences observed [38, 39].

Our findings strongly suggest that culture of iTECs on poly-
mer ID427 increases the level of expression in iTECs of the MHCII
gene H2-Eb1 compared to expression in iTECs cultured on the nat-
ural substrate Matrigel, and iTECs cultured on all of the polymers
tested expressed the cTEC-specific antigen processing machinery
required for shaping repertoire selection at least as well as iTECs
cultured on Matrigel or gelatin. Collectively, these data indicate
that iTECs cultured on polymer ID427 should support positive
selection of SP4 as well as SP8 thymocytes. These findings also
raise the issue of the mechanism through which MHCII expres-
sion is increased in iTECs upon coculture. Synthetic polymers
are likely to mediate cellular adhesion and support cell mainte-
nance/or growth via a variety of mechanisms, including by bind-
ing and potentially changing the bioavailability of specific growth
factors. Identification of synthetic polymers that specifically bind
TEC points to the use of these polymers, in conjunction with mass
spectrometry, as tools for providing insight into the regulation
of TEC functionalities such as the regulation of MHCII expres-
sion. Further work is required to explore this possibility; we note
that the use of synthetic polymers as substrates for TEC culture
is not of itself expected to overcome current limitations to cultur-
ing functional ex vivo TECs. As a final point, the screen described
herein was also informative with respect to the transition from
MEFs to iTECs. We observed very little overlap in polymer bind-
ing between the parental MEFs and the reprogrammed iTECs,
establishing that iTECs and MEFs have distinct adhesion profiles,
with iTECs acquiring a profile that mimicked that of native TECs,
at least with respect to the ability to bind polymers within this
library.

Conclusion

Collectively, our data demonstrate that mouse iTECs recapitu-
late the TEC phenotype sufficiently well to be used in an assay
requiring large numbers of TECs that could not otherwise be
performed. This is exemplified by the three-tier screening assay
described herein, through which we have identified synthetic
polymer ID427 as suitable for replacing naturally occurring mate-
rials in iTEC culture protocols. Taken together with our previ-
ous findings demonstrating the ability of iTECs to form a self-
organized thymic organoid upon transplantation and to mediate
T-cell lineage commitment and development in vitro [15], our
data establish the potential for the development of further iTEC-
based high-throughput assays related to TEC biology, for instance,
to screen for pharmaceutical compounds that augment or explore
TEC regulation and function. Currently, there is clinical interest
in promoting thymic rebound after myeloablative hematopoietic

stem cell transplantation, but efforts in this direction currently
lack a suitable in vitro model system for large-scale drug discov-
ery [40]. Our data highlight the potential suitability of iTEC for
this role.

Materials and methods

Mice

C57BL/6 mice were used for isolation of fetal TECs. For timed
matings, noon of the day of the vaginal plug was taken as day
0.5 of embryonic development (E0.5). Rosa26-CreERT2 [41] and
Rosa26CAG-Foxn1-IRES-GFP (iFoxn1) [15] mice were as described. All
animals were housed and bred at the CRM animal facility. All
experimental procedures were conducted in compliance with the
Home Office Animals (Scientific Procedures) Act 1986 under
project license PEEC9E359 to V. Wilson. The primers used for
genotyping are shown in Table S1. All controls were littermates
unless otherwise stated.

Human tissue

The first trimester human fetus was obtained following elective
medical termination of pregnancy and was morphologically nor-
mal. Ethical approval for the use of human fetal tissue in these
studies was granted by the Lothian Research Ethics Committee.
Consent was obtained in writing, and the tissue was anonymized
before being made available for research. The embryo was aged
at wk 11 post fertilization according to the standard head/rump
measurement, and the Carnegie stage was determined [42, 43].

MEFs

MEFs were prepared from E13.5 embryos as previously described
[15] (see also Supporting Information). Each MEF culture
was genotyped for the iFoxn1 and ROSA26-CreERT2 alleles.
Rosa26CreERT2/CAG-Foxn1-IRES-GFP (iFoxn1) and Rosa26CreERT2/+ (Con-
trol) MEFs were used for all experiments.

Induced thymic epithelial cells (iTECs)

iFoxn1 or control MEFs were thawed and seeded directly into a
T75 flask in iTEC medium (see Supporting Information) and then
prepared as previously described [15] with the following changes
from the original protocol: 0.1 μM 4OHT was added to freshly
replated iFoxn1 MEFs at day 0 (2.5×106 cells per T150) and
washed out after 48 hours. The medium was then changed every
2–3 days until day 18, when GFP+ cells (iTECs) were harvested by
flow cytometric cell sorting prior to use (sort gates shown in Fig.
S1). See Supporting Information for details. iTECs produced by
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this protocol were validated by phenotypic and functional analy-
ses as shown in Fig. S2.

iTEC-based reaggregate thymic organ cultures and reag-
gregate fetal thymic organ cultures were established as pre-
viously described [15]. Thymus dissociation was performed as
described in the Supporting Information.

Polymer library preparation

The polyacrylates in the library were each synthesized by free
radical polymerization, and in the case of polymers containing
glycidyl methacrylate, they were reacted with an amine-based
monomer, as described [19] (Table S4).

Polymer arrays

Polymer arrays were generated and utilized as described in the
Supplementary Information. In all screening experiments, iTECs
and TECs were cultured in iTEC medium. All coculture experi-
ments used ‘coculture medium’.

Flow cytometry

Cells were processed for flow cytometric sorting and analysis as
previously described [15, 44] and in adherence to the guidelines
on flow cytometry and cell sorting in immunological studies [45].
See Supplementary Information for detailed protocol for each
population. Sorting was performed using a BD FACS Aria II or
Fusion running FACS Diva 4.1 (BD Biosciences), and analysis was
performed on a Novocyte running NovoExpress 1.3.0 (ACEA). All
postacquisition analyses were performed with FCSexpress 6 (De
Novo Software).

Immunohistochemistry

Immunohistochemistry was performed as described [46]. Appro-
priate isotype and negative controls were included in all exper-
iments. Immunofluorescence on the microarrays was detected
using Nikon 50i (Nikon), SP8 confocal (Leica Microsystem,
GmbH) or Axio Observer (Zeiss) microscopes. Images presented
are of single optical sections. Fiji software [47] was used to pro-
cess images for manual cell counting of the microarray. For detec-
tion of immunofluorescence on the focused arrays, Operetta and
Columbus software (Perkin Elmer) was used for automated image
capture and analysis, respectively.

Antibodies

The antibodies used for flow cytometry are listed in Tables S2, S3,
and S6, and those used for immunohistochemistry are listed in
Table S5.

Culture media

Culture media were as in the Supplementary Information.

Statistics

Statistical analyses were performed in R; the tests used are
described in the figure legends. Levene’s and Shapiro–Wilk tests
were used to establish equal variances and normality of residuals,
respectively. For all tests, the alpha level was taken as 0.05. Sam-
ple sizes were at least n = 3 except where indicated. For all anal-
yses, n represents the number of independent biological exper-
iments. 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 the repeatability of the
experiments. No samples were excluded from the analysis. Graphs
were prepared using the R package ggplot2 [48] and depict box
plots, with the exception of the human data where n = 1; there-
fore, the data are displayed as a dot plot.
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