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Thymic Epithelial Requirement for yo T Cell
Development Revealed in the Cell Ablation
Transgenic System with TSCOT Promoter

Gwanghee Lee'?, Ki Yeon Kim, Cheong-Hee Chang’, and Moon Gyo Kim*

In order to investigate the role of thymic epithelial cell
(TEC) subsets during T-cell development, we established a
new transgenic system, enabling inducible cell-specific
ablation as well as marking the TEC subsets using bicis-
tronic bacterial nitroreductase and EGFP genes. Two dif-
ferent lengths of the TSCOT promoter in transgenic mice,
named 3.1T-NE and 9.1T-NE, drive EGFP expression into
TECs. In adult life, EGFP expression was located in the
medulla with a smaller 3.1 kb TSCOT promoter, while it
was maintained in the cortex with a 9.1 kb promoter, sug-
gesting putative TEC specific as well as compartment
specific cis elements within two promoters. Nitroreductase
induced cell death was specific without bystander killing
upon the treatment of prodrugs such as nitrofurantoin and
metronidazol. The degree of cell death was dependent on
the dose of the prodrug in the cell and the fetal thymic
organ cultures (FTOCs). Fetal thymic stromal populations
were analyzed based on the expression levels of EpCAM,
MHCII, CDR1 and/or UEA-1. EGFP expression patterns
varied among subsets indicating the differential TSCOT
promoter activity in each TEC subset. Prodrug treatment in
FTOCs reduced the numbers of total and subsets of thy-
mocytes. A CD4°CD8" double positive cell population was
highly susceptible in both transgenic lines. Surprisingly,
there was a distinct reduction in v3 T cell population only
in the 9.1T-NE thymus, indicating that they require a NTR-
EGFP expressing TEC population. Therefore, these results
support a division of labor within TEC subsets for the of
and y5 lineage specification.

INTRODUCTION

Thymic organogenesis in mice begins around fetal day 11 by
forming of an initial thymic epithelial rudiment that continues to
develop further through postnatal stages until puberty (Black-
burn and Manley, 2004). Thymic stromal cells that constitute a
major part of the microenvironment include thymic epithelial

cells (TECs), fibroblasts, and hematopoietically-derived den-
dritic cells and macrophages. They develop within the thymus
and support complex thymic differentiation processes including
of and y3T cell lineage specification, selection as well as migra-
tion (Anderson and Takahama, 2012; Anderson et al., 2009;
Petrie, 2003; Petrie and Zuniga-Pflucker, 2007; Rodewald,
2008).

It is currently well understood that, among the stromal cells,
TECs play a major role in thymic organogenesis as well as in
the positive and the negative selection of thymocytes (Ladi et
al., 2006; Takahama, 2006). In an adult thymus, the microenvi-
ronment is separated into different structural compartments; the
subcapsule, cortex, medulla, and the corticomedullary junction.
Migration of developing thymocytes in the thymic microenvi-
ronment is also critically important for the survival and selection
of developing thymocytes (Takahama, 2006; Takahama et al.,
2010). While these different compartments are thought to be
involved in particular aspects of thymic functions, their precise
roles are not fully understood. During the early fetal phase of
thymic development, the thymic microenvironment is also un-
dergoing development. Developmental processes of two major
lineages, cortical TEC (cTEC) and medullary TEC (mTEC) from
the single stem cells are well established (Roberts et al., 2012),
however, the compartmentalization process is still under active
investigation. Although major compartment specific TEC sur-
face markers such as EpCAM, MHCII, CDR1 and UEA-1 are
easily detectible (Shakib et al., 2009; Yang et al., 2005), their
profiles specific to developmental stages and lineages need to
be further established.

The development of fetal thymocytes is different from that of
their adult counterpart in terms of kinetics and spatial distribu-
tion. The traffic pattern of fetal thymocytes is also suggested to
be different from that of a mature thymus since compartmen-
talization is not yet complete and the blood vessel system has
not been established in fetal stages. During fetal development,
particular thymocyte lineages and subsets appear in waves,
and there are clear biases in the relative abundance of & T
cells and early aff T cells (double negative, DN for CD4 and
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CD8) in the fetal thymus while these cells are rare in proportion,
and therefore, difficult to follow in the adult thymus. The reper-
toires of v8 T cells in the fetal thymus are also unique (Cahill et
al., 1999; Jenkinson and Owen, 1990). (Vy5) vd T cells appear
in the thymus only during the fetal stage and migrate later into
the different peripheral epithelial tissues. Therefore, it is ideal to
take an advantage of fetal thymic organ cultures (FTOCs)
(Anderson and Jenkinson, 2007; Anderson et al., 1993; Jenkin-
son and Anderson, 1994) or reaggregate thymic organ cultures
(RTOC) (Anderson et al., 1993; White et al., 2008) in vitro for
the detailed study of interactions between early developing
thymocytes and the thymic microenvironment.

The choice between different lineages of thymocytes is the
result of molecular interactions between thymic stromal cells
and developing thymocytes (Ciofani and Zuniga-Pflucker, 2010;
Crompton et al., 2007; Laky and Fowlkes, 2008; Laky et al.,
2006; Narayan and Kang, 2007; Wong and Zuniga-Pflucker,
2010). From studies on genetically modified mouse lines, mole-
cules such as sonic hedgehog homolog, wnt, notch, and their
ligands were suggested in playing roles for the decision of T
cell lineage commitment, af vs. yd T cells, CD4 vs. CD8. In
addition, NFxB signaling is important in the development and
the cross talk of (Vy5) v8 T cells and AIRE* mTEC (Roberts et
al., 2012). However, the mechanisms of cellular and molecular
actions between TEC and thymocytes still are not clearly un-
derstood for the most part. It is still an important question as to
which specific TEC subsets take part in the choice and pro-
gression of thymocyte lineages. However, it is challenging to
answer this question because of the multilevel complexities and

difficulties associated with the purification of less abundant TEC.

Recently, using fetal thymuses from genetically modified mouse
systems, the importance of RANK signaling was identified for
the development of invariant (Vy5) v T cells and Aire* me-
dullary epithelium (Roberts et al., 2012). This report provided
the critical evidence for the Aire* epithelium dependent upon
(Vy5) v8 T cells as well as those required for (Vy5) y8 T cell
development. In addition, the Aire* epithelial cells were located
in the medullary islets of the fetal thymus. It remains to be de-
termined whether the Aire* epithelial cells at fetal stages exhibit
the properties of mature mTEC or precursor cells since TEC
stem cells are found in the medullary islets in young mice.

The analysis of TEC compartments solely depending on im-
munohistology can mislead the interpretation on the expression
of specific markers since cortical staining is difficult with many
antibodies (Yang et al., 2006). The results of flow cytometry
with isolated TEC preparation may be unintentionally different
and purified TEC populations may easily be contaminated with
other types of TEC populations. Cell surface markers so far
useful for separating TEC compartments are EpCAM and
MHCII for all TEC, CDR1 and CD205 for cTEC, UEA-1 for
mTEC (Gray et al., 2002; 2006; Shakib et al., 2009 Yang et al.,
2006). Intracellular markers considered useful are keratin 5 and
B5t for cTEC and Keratin 8, AIRE and MTS10 for mTEC. In
addition to expression itself, the organization of molecules can
be compartment specific. For example, MHCII molecules in the
cortical but not in the medullary thymic compartment form ag-
gregates as we described (Yang et al., 2006).

Thymic stromal cotransporter (TSCOT) is a gene originally
identified from a fetal thymic stromal cDNA library (Jo et al.,
2001; Lee et al., 1998; 2001; Park, 1997) and was assigned as
a cTEC marker, Ly110 (Ahn et al., 2008; Kim et al., 1998;
2000a; Yang et al., 2005). Using its interesting limited gene
expression pattern, we previously tested a hypothesis if the
thymic compartment for the negative selection is exclusively
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allocated to the medulla (Laufer et al., 1996; 1999). When the
LacZ gene is targeted into the TSCOT locus, specific CD4 tol-
erance to the cortical pB-galactosidase antigen was efficiently
established with the high sensitivity without cross presentation,
supporting the idea that there is no exclusion in the cortical
TEC compartments for the removal of self-reactive T cells (Ahn
et al., 2008; Laufer, 2008).

Here, we report a study on the role of TEC subsets for thy-
mocyte development by using a new mouse model that can
undergo specific TEC ablation. Ablation was achieved by using
the transgene comprised of the TSCOT promoter, the reporter
EGFP, and a suicide gene nitroreductase (NTR). Two different
lengths of the TSCOT promoter directed the expression of
EGFP and NTR to different TEC compartments with some
overlap, which resulted in ablation of differential subsets of TEC.
Interestingly, experiments using FTOCs and RTOCs in con-
junction with TEC ablation showed the segregation of fetal o8
and yd T lineage commitment in addition to early thymocyte
differentiation, suggesting a distinct role of specific TEC subsets
during T cell development.

MATERIALS AND METHODS

Chemicals

Prodrugs, nitrofurantoin  [N-(5-nitro-2-furfurylidene)-1-amino-
hydantoin] (NFT) and metronidazole (2-methyl-5-nitroimidazole-
1-ethanol) (MTZ) for inducing NTR specific cell ablation were
purchased from Sigma.

Mice and cells

Transgenic mouse lines were generated in the transgenic facili-
ties at NCI (Dr. Lionel Fagenbaum) and NIAID transgenic facili-
ties (Dr. Judy Hewitt) in NIH and then transferred to the Sam-
sung Animal Facility at Sungkyunkwan University (Dr. Han-
Woong Lee), and maintained in the Laboratory of Molecular
and Cellular Immunology Animal Facility of Inha University,
Korea. Transgenes, p3.1T-NE and p9.1T-NE, were constructed
using 3.1 kb and 9.1 kb fragments of the TSCOT promoter
(Chen et al., 2000) with pPCMV-NTR-IRES-EGFP derived from
the NTR gene from pNRS3 (a kind gift from Dr. Shuhei Zenno,
University of Kyoto) and pIRES2EGFP (Clontech). All animal
studies are in compliance with the Use of Laboratory Animals
under the proper protocols. The protocols were approved by
the Committees on the Ethics of Animal Experiments of NIH
(LCMI Protocol 8), Sungkyunkwan University (Protocol HWL/
MGK-1), and Inha University (Protocol LMCI-2). Fetal mice
were obtained from timed mating. A presence of a vaginal plug
was considered at EQ.5.

For genotyping, tail samples were extracted and used for
polymerase chain reaction with primers for the NTR locus,
PNR3-R (TGATGACGGCTGAAACAGGG) and PNR3-F (TGA
ACCTTGATAATCTGCTGGCAG) and primers for EGFP locus:
EGFP-F (GCCACAAGTTCAGCGTGTCC), EGFP-R (GCTTCT
GTTGGGGTCTTTGC), using the red Extract-N-Amp Tissue
PCR kit (Sigma).

NIH3T3 and 293T cells were grown in DMEM with 5% bo-
vine calf serum and 10% fetal bovine serum (FBS), respectively,
and transfected with a DNA/CaCl, solution. Thymocyte sus-
pensions were prepared by filtration through a nylon mesh.
Thymic epithelial cells were collected from the cultures of fetal
thymus with 1.35 mM 2-deoxyguanosine (2d-Guo) in the 6-well
transwell plate (Corning Incorporated) in the presence and
absence of prodrugs. A single cell suspension was prepared by
digestion with 0.25% trypsin (Invitrogen) for about 20 min, in the
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presence of DNase | (Sigma) if needed, and washed with
phosphate buffered saline (PBS) containing 10% FBS. For
further purification of TEC, the single cell suspension was iso-
lated using magnetic bead cell sorting after incubating with anti-
Fc mAb 2.4G2 and anti-mouse CD45 microbeads (Milteny
Biotec) for 20 min at 4°C.

Apoptosis assay

HEK293T cells were transfected with 10 pg of pCMV-NTR-
EGFP or pEGFP-N1 with the CaPO, method. After one day,
cells were photographed in order to count the EGFP express-
ing cells under the fluorescent phase contrast microscope
(Olympus 1X71) using AxioVision AC Rel. 4.5, and divided into
groups for the drug treatment. For annexin V staining, 1 x 10°
cells were pelleted on a 96-well U-Bottom plate and stained
with biotin-conjugated Annexin V (BD Pharmingen) in Annexin
V binding buffer (BD Pharmingen). After washing, APC-con-
jugated streptavidin (BD Pharmingen) was added, and ana-
lyzed by using a flow cytometer (BD FACSCalibur) and Flowjo
v8.7.

Antibodies and flow cytometry

Monoclonal antibodies used in the staining of cells were anti-
CD4 (L3T4 or RM405), anti-CD8 (Ly-2), anti-MHCII (I-A°), anti-
y8TCR (GL3), anti-CD44 (Ly24), anti-CD45 (Ly-5) and anti-
CD25 (lI-2R). The antibodies were purchased from Caltag or
from BD PharMingen. Anti-aminopeptidase A (CDR-1) and
anti-EpCAM (G8.8) were purchased from American Type Cul-
ture Collection and were prepared by Dr. Larry Lantz in the
Custom Antibody Services Facility, NIAID, NIH. Biotinylated
UEA-1 was purchased from Vector Laboratories.

Cells were washed in cold FACS buffer (PBS + 1% BSA),
and subsequently stained on ice with the primary and the sec-
ondary antibodies, then analyzed on a FACSCalibur or FAC-
SAria with two lasers in the presence of 1-2 pug/ml of propidium
iodide (PI). Anti-Fc, 2.4G2 antibody was included in all flow
cytometry staining as an Fc block. Analyses were done using
the FlowJo program.

Microscopy

For the detection of EGFP in newborn transgenic mice, a ste-
reomicroscope (Olympus SZXP) was used. The presence of
autofluorescence was verified by the red signal without any
staining. For the detection of EGFP from the thymic sections,
confocal microscopy was performed on the frozen sections in
the NIAID confocal facility (Leica SP2) with help from Dr. Owen
M. Schwartz. For the enzymatic detection of NTR, red-shifted
substrate, a CytoCy5S (emission 638nm, GE healthcare) was
used. Briefly, cells were treated with 1 uM CytoCy5S in serum
free media for 2 h, washed twice with PBS, and analyzed by
phase contrast inverted fluorescence microscopy (IX71; Olym-
pus) equipped with a mercury lamp. Green (excitation; 460-490
nm, emission; 520 nm~) and red (excitation; 510-550, emis-
sion ; 590 nm~) filters were used.

FTOC and RTOC

For FTOC, fetal thymic lobes were collected from 14.5 day old
embryos, and cultured with Iscove’s Modified Dulbecco’s Me-
dium (IMDM) containing 10% FBS on 6-well transwell plates.
Each group contained at least 14 thymic lobes. After being
cultured for designated days, thymocytes were recovered and
analyzed using flow cytometry. For thymic epithelial cell analy-
sis, E14.5 fetal thymic lobes were cultured with FTOC media
containing 1.35 mM 2d-Guo in the presence and absence of 30

http://molcells.org

Thymic Epithelium for y3 T Cells
Gwanghee Lee et al.

A B
of BamHl
31T-NE Lot

NTR EGFP

3.1T-NE 9.1T-NE C57BL/6
TSK T SK

Yo

L Bamik:
¢ 9 1T-NE i

NTR EGEP

Cc

3.1T-NE

9.1T-NE

Fig. 1. Transgenic mouse lines with TEC targeted expression of
NTR-IRES-EGFP. (A) Construct used for the generation of trans-
genic mouse. 3.1 kb of the TSCOT promoter was used in 3.1T-NE
and 9.1 kb of the TSCOT promoter in 9.1T-NE, respectively. (B)
Thymic expression of EGFP in new born 3.1T-NE and 9.1T-NE
transgenic mice and C57BL/6 (Magnification at 5x). Kidney (K),
spleen (S), thymus (T). The presence of autofluorescence in the
kidney sample is apparent with the red fluorescence without stain-
ing. (C) Compartmentalized activity of 3.1 kb and 9.1 kb promoters
in adult NTR-IRES-EGFP transgenic mice. EGFP expression in
confocal microscopy (magnification at 200x) of normal nontrans-
genic thymus from C57BL/6 (B6), thymuses of 3.1T-NE (M7 and
G8), 9.1T-NE (B3 and NREP) are shown on the left. Stylized pat-
terns (converting image to grayscale, and “find edges” in the stylize
filter of Photoshop 10.0) of images are shown on the right for better
visual presentation.

uM prodrugs in DMSO. Untreated samples contained the same
concentration of DMSO. For RTOC, the thymic stromal cells
were prepared by treating E14.5 fetal thymus samples with 2-
dGuo with and without prodrugs. Fetal liver progenitor cells
from C57BL/6 mice were reaggregated with the prepared stro-
mal cells. Recovered cells were counted and then analyzed by
flow cytometry after 7-14 days of culture in a humidified cham-
ber.

RESULTS

The 3.1 kb and 9.1 kb TSCOT promoters drive
compartment specific expression of EGFP
To study the role of TEC subsets for thymocyte development,
we generated an inducible TEC ablation system. For this pur-
pose, we used two different lengths of the TEC specific TSCOT
promoter to direct the bicistronic expression of EGFP and NTR
for monitering the transgene expression and for inducing cell
death, respectively (Fig. 1A).

Transgenic mice expressing the 3.1 kb (3.1T-NE) or 9.1 kb
fragment (9.1T-NE) containing additional 6 kb upstream se-
quences were able to express bicistronic NTR-IRES-EGFP in
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(A) NIH3T3 cells transfected with pPEGFP-N1
or pCMV-NTR-IRES-EGFP constructs. NTR
enzymatic activity was tested using cytocy5S
under fluorescent phase contrast microscope
in the red channel. EGFP expressing green
cells are also red in the pPCMV-NTR-IRES-
EGFP transfected group. (B) Dose response
of MTZ and NFT prodrugs in NIH3T3 cell
pools stably transfected with pEGFP-N1 or
10 100 1000 pCMV-NTR-IRES-EGFP. Cells were counted

(M) after treating with prodrugs for 3 days. (C)
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transiently transfected with pCMV-NTR-IRES-
EGFP. One day after transfection, cells were
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fected with pEGFP-N1 or pPCMV-NTR-IRES-
EGFP after treatment with DMSO (-) or NFT
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the thymus. As seen in Fig. 1B, both transgenic lines showed
green fluorescence in the thymus and kidney but not in the
spleen or other tissues when tested at newborn stages (Fig. 1B
and data not shown). The signals in the newborn kidneys were
likely due to a high level of autofluorescence seen as a strong
signal in red channels. Nontransgenic thymuses from C57BL/6
mice showed little autofluorescence (Fig. 1B and data not shown).
When adult thymuses were tested for EGFP expression, two
founder lines of 3.1T-NE lines (M7 and G8) showed the ex-
pression in the medulla and the corticomedullary junction (CMJ)
(Fig. 1C and data not shown). In contrast, 9.1T-NE founder
lines (B3 and NREP) showed a more limited expression in the
cortical area (Fig. 1C and data not shown). No signal was de-
tected in the thymus from C57BL/6 mice. In addition, there was
no sign of EGFP expression in any of the thymocytes (data not
shown). Based on these results, we concluded that the expres-
sion of the transgene is compartment specific due to the differ-
ence in the regulatory elements in each length of the promoter.

Specificity of NTR-mediated apoptotic cell death without

significant bystander killing
Having established the expression pattern of two transgenes,
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we tested the inducible cell ablation using NTR. To do this, we
chose to test less conventional prodrugs, MTZ and NFT, in-
stead of more commonly used CB1954 (Bailey and Hart, 1997)
since they are more readily available from commercial sources.
MTZ and NFT were previously evaluated as useful candidates
as NTR prodrugs (Bridgewater et al., 1997). In addition,
CB1954 was reported to show bystander killing through cell
permeable metabolites (Bailey et al., 1996).

To test the killing effect in vitro first, we introduced NIH3T3
cells with a construct that expresses NTR and EGFP by the
CMV promoter, pPCMV-NTR-IRES-EGFP. As a control, pEGFP-
N1 which does not have the NTR gene, was used. As shown in
Fig. 2A, EGFP expressing cells showed the NTR activity (red
fluorescence) when pCMV-NTR-IRES-EGFP was introduced
into the cell. Next, the effect of prodrugs was examined by
comparing cell survival after treating cells for 3 days with prod-
rugs (Fig. 2B). The result showed that both MTZ and NFT treat-
ments revealed dose dependent decreases in the number of
cells expressing NTR but not the control (pEGFP-N1 trans-
fected) up to 10 uM concentrations of prodrugs. However, a
concentration of MTZ and NFT higher than 100 uM showed
NTR-independent killing of the cells although the killing effects
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Table 1. Analysis of apoptosis on the HEK 293T cells transfected
with pCMV-NTR-EGFP after treatment with NFT

Treatment EGFP- EGFP+
DMSO 4223 +2.224 4513 +1.241™
NFT 30 uM 51.9+£0.907 109.67 +2.848***

Mean fluorescence intensity (MFI) and standard error of means (SE) are
taken from the values of Annexin V stain in flow cytometric analyses.

***P < 0.0001 between EGFP- and EGFP+ in NFT treated cells, ns: non-
significant. P values are tested by Two-tailed unpaired T-test in Prism 4.

(NTR*/NTR’) was better (data not shown). At 1,000 uM, nearly
all the cells did not survive. From these results, we chose to use
30 uM for the subsequent experiments.

Next, we tested whether cell killing in the presence of the
prodrug is specific or if the prodrug has a side effect of killing in-
nocent cells. When 293T cells were transfected with pCMV-
NTR-IRES-EGFP, the number of NTR expressing cells de-
creased at a 30 uM concentration (Figs. 2C and 2D). In fact,
EGFP expressing cells were smaller and round but neighboring
cells without EGFP expression maintained the intact morphol-
ogy of cells (arrows in Fig. 2C), suggesting that there was no
significant bystander killing at this concentration. Only EGFP*
cell population in the 293T cells transfected with pCMV-NTR-
IRES-EGFP showed annexin V staining (Table 1, Fig. 2E, and
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data not shown). EGFP" cells showed no binding of annexin V
at the ranges of 10-30 uM prodrugs. Neither the DMSO treated
pCMV-NTR-IRES-EGFP transfected cells nor cells transfected
with pEGFP-N1 showed a sign of non NTR-associated cell
death (data not shown). Treatment of MTZ at the same concen-
tration also showed little bystander killing activity (data not shown).
These data indicate that bystander kiling of the non-NTR-
producing cells by the prodrug treatment is insignificant under
the condition that we tested. Together, we verified that MTZ
and NFT specifically ablated NTR expressing cells in vitro and
that two prodrugs are effective in inducing cell ablation.

Ablation of TEC in 3.1T-NE and 9.1T-NE transgenic fetal
thymus

In order to identify the type of cells expressing EGFP, thymuses
were treated with 2-dGuo for 1 week to deplete hematopoietic
cells and cell suspensions were prepared from the culture to
examine TEC subsets using flow cytometry (Fig. 3A). As shown
in Fig. 3B, the pan epithelial marker EpCAM separated the
population into 4 groups. After analyzing various combinations
for the separation of a distinctive TEC population, we decided
to include autofluorescence for the first gate along with EpCAM
since it gave the best separation for EGFP expression. Then, 4
separate populations (S1-S4) were further divided into 7 sepa-
rate subsets (S1, S2a, S2b, S3a, S3b, S4a, and S4b) based on
the levels of EpCAM, MHCII, and CDR1 as well as EGFP ex-

A Thymic lobe Fig. 3. Expression of EGFP in fetal TEC
(ED14.9) SATNE compartment of 3.1T-NE and 9.1T-NE trans-
genic mice. (A) Schematic presentation of the
procedure for the detection of EGFP expres-
sion. (B) Profiles of TEC preparation in flow
3 cytometry. EpCAM and autofluorescence
— @ profiles are shown. Four different subpopula-
¥ wk % tions are indicated. (C) Division into 7 subsets
Flow Cytometry 2 @ é’ using CDR1 and MHCI! in addition to EpCAM
EpCAM (4 populations). (D) EGFP profiles of 7 sub-
sets based on the levels of EpCAM, CDR1
and MHCII. EGFP expression in 7 TEC sub-
C 1. EpCAM' 2. EpCAMP® 3. EpCAM™ed 4, EpCAMPM sets of 3.1T-NE and 9.1T-NE are shown.
TS 3 Percentages of EGFP* gates are shown in
317|512 S2a . S4b the histogram.
3 95.6 (T Po-2
MHCII
9.1TE| E .
36.2 5
91.3 8.55
D v « 4 S P 4
s1. s2a. S2b. S3a. S3b. sda. Sdb.
EpCAM- EpCAM™ EpCAM®* EpCAM™  EpCAM™<¢  EpCAMM EpCAMM
MHcIr MHCII MHCII™  MHCII™ MHCIIM MHCIl' MHCII™e
CDRY' CDR1* CDR1med CDR1% CDR1M CDR1% CDR1%
34T &5 fF = “ 491 J 56
” ﬁ | “ ‘ \ p"i ‘E 39.1
91T 258 45.3 e 46.9 i 5

~
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pression levels (Fig. 3D). In contrast to the location of specific
compartments in adult thymus, both transgenic lines (3.1T-NE
and 9.1T-NE) showed no distinctively separable populations;
presumably both promoters are active in the overlapping popu-
lation and at the precursor stages of TEC development. The
negative control profiles for the EGFP expression derived from
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U4 Us

the nontransgenic thymus were variable among the TEC sub-
sets (data not shown). In addition, transgenic EGFP profiles
showed significant overlap in the cases of the lower EGFP
expression as expected. Nonetheless, we carefully located the
positive gates by considering the shapes of the histogram pro-
files that can be most separable from the negative profiles.
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Overall 3.1T-NE showed more EGFP* cells in S1, S2b, S3b,
and S4b subsets. A noticeable qualitative difference between
3.1T-NE and 9.1T-NE was located in subset S2b that was Ep-
CAMPCDR1™MHCII™. EGFP"" expressor was found only in
9.1T-NE TEC population (marked with *). While 3.1T-NE
showed no EGFP"™" expression, 9.1T-NE showed 6.17% EGFP
expressing cells. The presence of EGFP"™" cells in the S2b
subset appeared reproducible only in 9.1T-NE. These results
indicate that thymic epithelial cells prepared from 2-dGuo
treated fetal thymus are a heterogeneous mixture that can be
divided into more distinct subsets using the TSCOT promoter
activity along with EpCAM, MHCII, and CDR1. At this point,
although it is difficult to assign these fetal TEC subsets to any
specific TEC lineages, CDR1"™" subsets are more likely to be
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Fig. 6. Representative analysis of thymocyte
development in the presence of prodrugs
during FTOC. (A) Schematic presentation of
experimental procedures. (B) Relative recov-
ery (percentage) of the treated samples to
the untreated samples. C57BL/6 (white cir-
cle), 3.1T-NE, G8 founder (black square),
3.1T-NE, M7 founder (gray square) are shown
with indicated concentration of NFT. The line
graph of 9.1T-NE with MTZ treatment is
shown on the right. (C) Total thymocyte yields
of FTOC of C57BL/6 (B6, n = 9 thymus/
group), 3.1T-NE G8 (3.1T, n = 9 thymus/
group) or 9.1T-NE NREP (9.1T, n = 10 thy-
mus/group) treated with DMSO (Black)
treated with 30 uM MTZ (gray) or 30 uM NFT
(white). (D) Absolute numbers (left) and rela-
tive recovery (right) of each thymocyte com-
partments from FTOC in the presence of
prodrugs. v T, DNs, DP, CD4, and CD8 cell
patterns are shown. Top, C57BL/6 (B6),
middle, 3.1T-NE, bottom, 9.1T-NE. DMSO
(Black) treated with 30 uM MTZ (Gray) or 30
uM NFT (white). Data shown were obtained
in the single experiment of whole sets that
performed at the same time to avoid varia-
tions in the numbers.

9.1T-NE (NREP)

10 20 30
MTZ (uM)

a i

&L S S
§

& &

the cTEC committed cells since CDR1 is a cTEC specific
marker.

We next examined TEC ablation in FTOCs by treating the
culture with prodrugs in the presence of 2d-Guo (Fig. 4A). Fig-
ure 4B shows EGFP expression patterns in the resulting thymic
rudiments from 3.1T-NE transgenic thymuses. EGFP signals
detectable in the E14.5 fetal thymus disappeared after treat-
ment of prodrug MTZ for a week, while nontransgenic C57BL/6
did not show any sign of green fluorescence. The degree of
depletion of EGFP expressing cells was further examined by
flow cytometric analysis. As seen in Fig. 4C, the overall reco-
veries of total cell numbers from thymic rudiments (n = 14 each
group) with 30 uM MTZ were about 60-70%. Despite a poor
recovery of the cells, the degree of depletion in each subset of
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Fig. 7. The relative percentage of thymocyte subsets recovered
from prodrug treatment. The average and standard error of means
for the relative recoveries of yd3T, DN3, and DP population were
selected to show in the display. Statistical analyses were carried out
using software Prism 4. One-way analyses of variance with the
means showed significant differences. P < 0.05 for y3T and of DN3
between 3.1T-NE and 9.1T-NE and for DP between NonTg and
9.1T-NE and between NonTg and 3.1T-NE of by the Multiple Com-
parison Tests are shown. Data points (7-14) were obtained from the
variable numbers of experiments.

3.1T-NE TEC population was in agreement with the relative
proportion of EGFP* cells shown in Fig. 3D. Among all subsets,
S1 and S4b subsets were highly susceptible showing 64.5%
and 58% EGFP expressing cells, respectively (Fig. 3D). Treat-
ment of 30 uM MTZ or NFT in 9.1T-NE thymuses also yielded
reductions in all the subsets, particularly in S2b, S3a and S4b.

We further verified the depletion of TEC in 9.1T-NE using
UEA-1 binding together with CDR-1 and MHCII. Previously,
UEA-1 has been considered as a mTEC specific marker but the
appearance of UEA-1 binding has not been clearly established
in the fetal thymus. Analysis of UEA-1 and CDR1 revealed two
small but distinct subsets, U1 (UEA-1™, MHCII*, CDR1") and
U2 (UEA-1"9", MHCII™, CDR1™9) (Fig. 5A). It is possible that
these two populations may be precursor cells since they do not
express high levels of MHCII. Alternatively, they may be the
cells committed to the mTEC lineage. The profiles for EpCAM,
MHCII, and CDR1 of the same cells revealed that the U2 sub-
set overlaps with the S2b subset, MHCII™®, and CDR1™ (Fig.
3). Major CDR1 expressing population was divided into 2 popu-
lations by the different levels of MHCII and EGFP expression
(U3 and U4). In addition, the U5 subset was identified by a
unique pattern of MHCII and high EGFP levels. Using the sub-
set gates, depletion of each subset with MTZ and NFT prod-
rugs was shown in Figs. 5D and 5E. One of the major popula-
tions, CDR1 expressing U4 subset without EGFP expression
did not show any sign of depletion, indicating little non-specific
killing. Interestingly, the U2 subset was depleted most severely
in 9.1T-NE stroma. Together with results from Fig. 4, subsets
S2b and U2, both of which contain the same types of cells,
(EpCAMPCDR1™MHCII™UEA1™) were depleted most. Al-
though the absolute numbers were small in each subset, a
similar pattern of EGFP expression and the degree of depletion
with prodrug treatments indicate that we can achieve specific
depletion of TEC using the inducible system.

Effect of TEC ablation on thymocyte development

After establishing the efficacy of the inducible cell ablation sys-
tem, we investigated the effect of TEC depletion on thymocyte
development. To do this, we set up a FTOC from two founder
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lines of 3.1T-NE (M7 and G8) and treated them with increasing
doses of MTZ up to 30 pM. Results showed the dose depend-
ent reduction in the recovery of total thymocyte numbers in the
culture of 3.1T-NE not C57BL/6, suggesting that NTR inde-
pendent nonspecific toxicity was minimum (Figs. 6B and 6C).
The results from two founder lines of 3.1T-NE were indistin-
guishable (data not shown) and therefore we focused on the
G8 founder line for 3.1T-NE and NREP for 9.1T-NE for subse-
quent experiments. The average of total thymocyte recovery of
MTZ prodrug treated 9.1T-NE FTOC was 39.1+/-3.67% of
DMSO treated 9.1T-NE FTOC (Fig. 6B on the right).

Next, we set up a large scale time pregnancy using normal
and two transgenic lines (40-60 females per group) for a single
experiment. Total thymocyte recoveries from the FTOC of
C57BL/6, transgenic 3.1T-NE and 9.1T-NE were compared
after treating cultures with MTZ or NFT at 30 puM. Neither prod-
rug treatments showed a toxic effect in C57BL/6, whereas the
treatments clearly induced NTR-dependent killing in the FTOCs
of 3.1T-NE and 9.1T-NE (Fig. 6C). There were noticeable varia-
tions in the absolute numbers (per lobe) recovered from un-
treated cultures among the strains (Fig. 6D). However, a com-
parison of the percentages of total thymocyte recovery with and
without treatments showed a clear effect only in transgenic
FTOCs.

As shown in Fig. 6D, the relative recoveries of y5 T cells, DN1,
DN4, DP, and CD4 cells from C57BL/6 showed little interfer-
ence by the presence of prodrugs in FTOC. Neither MTZ nor
NFT seemed to have the nonspecific toxicity in those cell popu-
lations. The only deviation with an unknown reason resided in
the CD8 population. Inclusion of prodrugs in the FTOC showed
a severe reduction in DN4, DP, and CD4 population in both
transgenic 3.1T-NE and 9.1T-NE. Although the general pat-
terns of two transgenic lines were similar, the recovery of y6 T
cells and DN3 was different between the two transgenic lines.
As summarized in Fig. 7, the relative recovery of y8 T cells was
clearly diminished in the 9.1T-NE FTOC, whereas DN3 cells
were reduced in the 3.1T-NE line. The recoveries of absolute
numbers of DP cells showed significant and comparable reduc-
tions in both lines.

In conclusion, TEC depletion of the transgenic thymus with
prodrugs resulted in a reduction of thymocyte recovery for the
mainstream off T cell lineages in both transgenic lines, but the
effects during the earlier developmental stages were different.
Interference by NTR-mediated TEC depletion for DN3 was
restricted in 3.1T-NE, while that for y8 T cells was noticeable
only in 9.1T-NE.

Developmental stage and lineage specific roles of TEC
subsets revealed by RTOC

When we set up a FTOC using 14.5 day old fetal thymuses, the
culture contained thymocytes at DN2 and DN3 stages that
already committed to o and yd T cell lineages. Therefore, the
thymocyte population in the FTOC is a mixture of cells at vari-
ous developmental stages to begin with. To have a better as-
sessment of the role of the TEC subset for thymocyte develop-
ment, we employed a RTOC with E14.5 fetal liver progenitor
cells. We prepared the TEC in the presence of 2d-Guo, aggre-
gated it with E14.5 fetal liver progenitor cells, and analyzed cells
7 days later (Fig. 8A). Thymocytes from the RTOC consisted
mostly of DN cells (50.9%). The vd T cells were more abundant
in RTOC (4.86%) compared to that in adults (0.96%). DN sub-
populations in the RTOC were clearly separated into DN1-DN3
using CD44 and CD25 profiles. A small fraction of the DN
population in the RTOC was of Sca1*cKit* cells.
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Next, we examined the effect of TEC ablation using the same
strategy for the FTOC. When the RTOC was analyzed at day 9,
non-transgenic C57BL/6 stroma showed no significant differ-
ence for the DN profiles upon the prodrug treatment (Fig. 8C
and data not shown). However, the DN profiles changed in
3.1T-NE and 9.1T-NE transgenic RTOCs. We calculated the
ratio of DN3/DN1 without including DN2 since the cell numbers
in the DN2 population were too low to obtain an accurate
measurement. The ratio of DN3/DN1 of 3.1T-NE was greatly
diminished. In contrast, the DN3/DN1 ratio of 9.1T-NE RTOC
was comparable with and without prodrug treatment (Fig. 8D).

The levels were also similar to that of the FTOC with non-
transgenic C57BL/6 thymus, indicating that transition from DN1
to DN3 was not affected in 9.1T-NE. In regards to the recovery
however, y3 T cells were greatly reduced in 9.1T-NE but not in
the 3.1T-NE RTOC (Fig. 8E) consistent with the earlier results
from the FTOC (Figs. 6 and 7).

We also examined the cell populations after 14 days of the
RTOC and found a very poor recovery of the thymocytes in the
RTOC with 9.1T-NE TEC preparation (Fig. 9A). The total num-
bers and relative recovery of DN and y8 T cells were also se-
verely reduced in the 9.1T-NE RTOC (Fig. 9B and data not
shown). Interestingly, there was an opposing effect of TEC
depletion on the DN3/DN1 ratio and y8 T cells between two
lines of mice. The v3 T cell development was dramatically re-
duced in 9.1T-NE, whereas 3.1T-NE showed a reduction in the
DNS3/DN1 ratio but not y8 T cells (Figs. 9C and 9D). However,
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Fig. 8. Analysis of thymocytes recovered from
RTOC of fetal liver progenitor cells and TEC
preparation depleted with prodrugs. (A) General
scheme of RTOC with NTR mediated TEC
depletion. (B) Gates of thymocyte population
recovered from RTOC (left) at day 7 and those
of adult thymocytes (middle). Each parameter
and all gates are indicated (right). (C) CD44 and
CD25 profiles of DN cells from RTOC at day 9
of fetal liver and TEC preparation without (-) and
with (+) treatment of 30 pM NFT during initial
FTOC with 2-dGuo. The profiles of normal adult
thymus and of normal FTOC are shown on the
left (B6). Names of mouse lines are shown on
top. (D) The ratios of DN3/DN1 in RTOC. Un-
treated TEC (black) treated TEC (white). (E)
Percentage v T cells recovered. RTOC with
untreated TEC (black) and that of treated TEC
(white).
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flow cytometric profiles showed a relatively good DN3/DN1 ratio
with or without the prodrug treatment in TEC preparation of
9.1T-NE. The RTOC with depleted 3.1T-NE showed consis-
tently low DN3/DN1 ratios upon prodrug treatment, and 9.1T-
NE showed abrogation of yd T cells. These results are consis-
tent with the results from the FTOC and the RTOC at day 9,
supporting the idea of lineage and stage specific roles of TEC.

DISCUSSION

In this study we introduced two inducible TEC ablation systems
using NTR and the prodrugs, MTZ and NFT. Two sizes of the
TSCOT promoter in the transgene drove reporter gene expres-
sion in TEC with minor differences that are distinguished based
on the potential of TEC to support y& T and DN cell differentia-
tion tested by FTOC and RTOC.

Suicide gene approach with NTR enzyme and alternative
prodrugs, MTZ and NFT

Use of suicide genes has been employed for research and
cancer gene therapy (Dachs et al., 1997; Lal et al., 2000; Ya-
zawa et al., 2002). Most suicide genes utilize DNA metabolism
and therefore, only dividing cells can be targeted. NTR, on the
other hand, is an enzyme which produces a toxic product that
can modify DNA regardless of the cell cycle. Since thymic
stromal cells are rather static and many of them are not in any
cycle, NTR seems to be an excellent reagent to induce death of
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TEC. Although NTR has been previously applied in transgenic
mouse and cancer gene therapy model (Bailey et al., 1996;
Laufer et al.,, 1999), most of the NTR applications in those
cases used prodrug CB1954 (Bailey and Hart, 1997). In fact,
CB1954 is useful in cancer therapy because it generates sig-
nificant bystander kiling. However, MTZ and NFT have an
advantage over CB1954. MTZ and NFT are readily available
and, more importantly, they showed apoptotic cell death with
little bystander killing as we demonstrated (Figs. 2 and 6).

TSCOT promoter activity during thymic
compartmentalization

TSCOT is a unique gene that is expressed in the thymic cortex
(Ahn et al., 2008; Kim et al., 2000a; Yang et al., 2005). Other
than TSCOT, there are a small number of genes known to be
expressed in the thymic cortex (Bowlus et al., 1999; Kirchner et
al., 2001; Murata et al., 2007; Tomaru et al., 2009). Although
these gene expressions are compartmentalized into the thymic
cortex and some of the gene products are known for their func-
tions, the mechanisms of the gene expression and the roles for

0.07
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0.05
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0.03
0.02

0.01

the specific TEC compartmentalization still remain as questions.

Here, we showed that different lengths of the TSCOT promoter
are active in the different compartments, while the endogenous
gene is active in the thymic cortex. When a lacZ reporter gene
was targeted into the TSCOT locus (Ahn et al., 2008) or a 9.1
kb TSCOT promoter was used to direct EGFP expression (Fig.
1C), both reporters were expressed in the cortical area of the
adult thymus. However, when a 3.1 kb TSCOT promoter was
used, expression appeared in the medulla (Fig. 1C and unpub-
lished results). Therefore, it is reasonable to assume that com-
partment specific cis and trans regulatory elements are present
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Fig. 9. Analysis of RTOC at day 14 of fetal liver
and depleted TEC treated with prodrugs. (A)
Total thymocyte yields of RTOC of 3.1T-NE and
9.1T-NE with or without NTR mediated ablation
of TEC. Relative recovery of total thymocyte of
RTOC of 3.1T-NE and 9.1T-NE are shown on
the right. (B) Relative yield of y5 T cells from
RTOC. (C) Profiles of CD44 and CD25 (DN
gate) RTOC with TEC without depletion (-) and
with depletion (+). (D) The ratios of DN3/DN1
from RTOC of 3.1T-NE and 9.1T-NE TEC. The
black bar indicates results without the depletion
and the white bar indicates results with the de-
pletion.

Y8TCR
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in each promoter, which then directs gene expression in the
cortex during the differentiation and compartmentalization of
TEC. In the analysis of evolutionary conservation of promoter
sequences, we found that there are more conserved areas
upstream of the 3.1 kb promoter (Chen et al., 2000).

Based on EGFP expression along with EpCAM, MHCII and
CDRT1 in the thymic stromal cells from the FTOC treated with
2d-Guo of 3.1T-NE and 9.1T-NE, TEC compartments were
further divided into 9.1T" TEC and/or 3.1T* TEC. Distinctive
populations found in this study are as follow: subset S1, Ep-
CAMMHCIICDR1" (nonTEC), subset S2a, EpCAM°MHCI®
CDR1°, subset S2b EpCAM°MHCII™CDR1™, subset S3a
EpCAM™MHCII™CDR1"®, subset S3b EpCAM™MHCII"CDR1",
subset S4a EpCAM™MHCII°CDR1°, subset S4b EpCAM"
MHCII™'CDR1"° (some are EGFP’). Subset 2b is particularly
interesting since there is no EGFP high expresser in 3.1T-NE
thymus but it is present in 9.1T-NE. This subset appeared to
include cells expressing the medullary marker UEA-1 (U2 in Fig.
5) and was depleted most severely in 9.1T-NE (Figs. 6-8). It is
not clear if this subset is lineage committed or not since UEA-1
is considered as a good medullary marker but the adult thymus
of 9.1T-NE maintained cortical expression. Regardless, it is
interesting that this population includes TEC subsets that sup-
portyd T cell development.

The 3.1T-NE thymus contained more EGFP expressing cells
than 9.1T-NE thymus and expressed EGFP in medulla and
CMJ in adults (Fig. 1C). Since it is usually considered fetal thy-
mus does not have a fully differentiated mTEC compartment, it
is possible that subsets S3b (both express cTEC marker CDR1
at low levels as well as MHCII at the medium levels) contain a
precursor population for mTEC or a common precursor, pTEC
for both cTEC and mTEC.
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Fig. 10. Model of thymocyte lineage choice and stage specific pro-
gression regulated with specific TEC subsets. Thymocyte popula-
tions are shown in circles, TEC are shown in rectangles. Allocation
of TEC subsets was based on the EGFP expression, depletion, and
the results of FTOC and RTOC. Thick arrows indicate the direction
of differentiation; thin arrows indicate the stages for the putative
roles of specific TEC population.

Studies of ontogeny and differentiation of cTEC during fetal
stages showed that expression levels of the marker and the
percentages of marker expressing cells are not static but are
dynamic (Shakib et al., 2009; Yang et al., 2005; 2006). Our
results also showed dynamic and complex populations in the
fetal thymus. Detailed analysis on cTEC and mTEC develop-
ment still remains to be investigated further.

Role of specific TEC populations in the progression and
the lineage choice of T cells

A model summarizing the current work is presented in Fig. 10.
FTOC and RTOC combined with specific TEC depletion
showed that DP and CD4 SP development was severely af-
fected in both transgenic lines (Figs. 6 and 7). DP and CD4 SP
cells depend on cTEC that was depleted in both the 3.1T-NE
and 9.1T-NE thymus for their selection. Therefore it is not sur-
prising that depletion of major fetal MHCII expressing TEC
failed to support the survival of thymocytes in culture. Massive
cell death in the DP population by the lack of the appropriate
type and/or insufficient numbers of cTEC is most likely due to
the lack of positive selection, resulting in death by neglect. The
BJ Fowlkes group showed the effects of the thymic microenvi-
ronment on MHCII specific thymocyte selection by using mixed
chimeras of selectable and non-selectable thymocytes with the
same specificity (Canelles et al., 2003). They also showed seg-
regated compartments are present for the selection of CD4 or
CD8 SP cells in the thymus. Therefore, each compartment in
the cortical microenvironment seems to possess a distinctive
function to support the development of thymocytes with a dif-
ferent fate.

It was surprising to find that TEC depleted in 3.1T-NE and
9.1T-NE mediate early T cell development differently. There
was a blockade before DN3 in RTOC with depleted 3.1T-NE
TEC, whereas yd T cell development was poor in RTOC with
depleted 9.1T-NE TEC (Figs. 6-9). These results strongly sup-
port the idea that a separate population of thymic stromal cells
supports the thymocyte lineage choice and the checkpoints for
the stage specific thymic development. S2b/U2 subsets that
include UEA-1* EGFP* cells (also for CDR™ and MHCII™®) are
good candidates that support y5 T cell development since it is
depleted more severely in 9.1T-NE than 3.1T-NE (Figs. 4 and
5). Since Graham Anderson’s group showed Vy5" T cells de-
pend on AIRE" TEC (Roberts et al., 2012), it will be interesting
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to see if the S2b/U2 population contains the AIRE expressing
cells. The expression of the mTEC marker UEA-1 in this popu-
lation supports the notion that this subset is not of conventional
cTEC committed cells.

It is interesting to see the clear difference in the ratios of
DN3/DN1 with specific depletion of TEC from 3.1T-NE and
9.1T-NE. Previously, we showed that laminin 5 expressed in
the subset of fetal TEC is responsible for the survival of DN3
(Kim et al., 2000b). DN3 cells depend on laminin 5 present on
TEC subsets and die by anchorage dependent apoptosis
(anoikis) if interaction to laminin 5 is absent. In FTOC and
RTOC with depleted TEC from 3.1T-NE, the DN3 population
was distinctively reduced in numbers. This abrogation of DN3 in
RTOC with depleted 3.1T-NE stroma may be due to increased
apoptosis or anoikis rather than a developmental defect.

IL-7 is an important cytokine for the survival of early thymo-
cytes (Alves et al., 2010; Balciunaite et al., 2005) as well as
thymocytes undergoing selection (Park et al., 2004; 2010) and
critical for the development of v8 T cells (Moore et al., 1996). In
the absence of IL-7, all the v3 T cell development, including fetal
vd T cells, is severely affected. In an earlier work, by using
RTOC of a fetal liver progenitor and with thymic stromas from
the various mutant mouse lines (Oosterwegel et al., 1997), it
was shown that IL-7 producing MHCII* TEC cells are important
for the rearrangement of B and & loci of CD117*CD45" fetal liver
progenitors. IL-7 producing TECs are noticed in early thymic
organogenesis, and even nude thymic rudiments demonstrate
the message expression (Zamisch et al., 2005). In later stages,
IL-7 expression is located in the cortical area (Alves et al.,
2010). This expression profile is consistent with that of TSCOT.

An immunoglobulin superfamily protein, Skint-1 was identified
as an essential protein expressed in TEC for the development
of V5yV31T cells (Barbee et al., 2011; Boyden et al., 2008). In
addition, RANK signaling was found to be critical for developing
the same cells. These results provide evidence for the pres-
ence of a unique pathway of the y3 T cell development at the
molecular level. There were also significant data that the Notch
pathway is involved in the decision for o vs. yd T cell lineage
as well as other fate decisions during T cell development (Laky
and Fowlkes, 2008; Laky et al., 2006). However, questions for
the existence of a role for specific notch ligands in TEC function
is still open.

Although 3.1T-NE and 9.1T-NE thymus revealed only small
differences in the populations expressing EGFP (Figs. 3-5), the
effect of TEC depletion resulted in different T cell development
profiles. Therefore, it is clear that the TEC population mediating
DN1 to DN3 progression, and that for y5 T cell development,
are distinctly different. Perhaps these TEC subsets may ex-
press different ligands. However, it is still a challenge to find the
detailed expression profile of molecules in specific TEC cells by
conventional gene expression analysis.
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