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The thymic cortical epithelium determines the TCR
repertoire of IL-17-producing voT cells
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Abstract

The thymus provides a specialized microenvironment in which
distinct subsets of thymic epithelial cells (TECs) support T-cell
development. Here, we describe the significance of cortical TECs
(cTECs) in T-cell development, using a newly established mouse
model of cTEC deficiency. The deficiency of mature cTECs caused a
massive loss of thymic cellularity and impaired the development of
afT cells and invariant natural killer T cells. Unexpectedly, the
differentiation of certain y8T-cell subpopulations—interleukin-17-
producing Vy4 and Vy6 cells—was strongly dysregulated, resulting
in the perturbation of y8T-mediated inflammatory responses in
peripheral tissues. These findings show that cTECs contribute to
the shaping of the TCR repertoire, not only of “conventional” afiT
cells but also of inflammatory “innate” y8T cells.
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Introduction

The thymic microenvironment is a three-dimensional cellular archi-
tecture composed of a set of stromal cells, including thymic epithe-
lial cells (TECs), which guide the development and repertoire
formation of T cells [1,2]. In the thymus, there are two anatomically
discrete environments, the cortex and medulla, that contain pheno-
typically and functionally different TEC subsets called cortical TECs
(cTECs) and medullary TECs (mTECs), respectively. cTECs form a
cortical meshwork densely filled with CD4"CD8" (double positive,
DP) thymocytes undergoing repertoire selection. Positively selected
CD4"CD8~ (CD4 single positive, CD4SP) and CD4 CD8" (CD8SP)
thymocytes migrate into the medulla, where mTECs filter out

self-reactive SP thymocytes by negative selection. This stepwise
developmental process across the distinct microenvironments
achieves the development of ofT cells with a diverse yet self-
tolerant T-cell receptor (TCR) repertoire.

A series of studies has revealed the importance of mTECs in the
establishment of T-cell tolerance. More than 10 strains of mice
defective in mTEC development, due to the mutation of cytokines,
cytokine receptors, signaling molecules, or transcription factors,
have been reported, all of which showed organ-specific, T-cell-
dependent autoimmunity [3]. mTECs express a variety of peripheral
tissue-specific antigens, at least partly by virtue of the nuclear factor
Aire, such that SP thymocytes reactive to self-antigens are deleted
[4]. A subset of mTECs produce chemokines CCL19 and CCL21,
which attract SP thymocytes from the cortex to the medulla, ensur-
ing deletion of self-reactive cells [5]. Studies with mTEC-deficient
mice revealed that mTECs are also required for development of
regulatory T cells (Tregs) [6] and maturation of invariant natural
Killer T (iNKT) cells [7].

On the other hand, the thymic cortex has been studied mainly as
a place for positive selection of afT cells owing to the unique prote-
olytic and antigen processing capabilities of cTECs that are essential
for positive selection. A proteasome subunit 5t, which is specifi-
cally expressed in cTECs [8,9], regulates positive selection of CD8 T
cells by producing unique MHC class I-bound peptides in cTECs
[10,11]. Furthermore, cTECs highly produce endosomal/lysosomal
proteases, cathepsin L [12] and thymus-specific serine protease
[13], which contribute to the generation of MHC class II-bound
peptides and positive selection of certain repertoire of CD4 T cells.
However, when compared with mTECs, the physiological signifi-
cance of cTECs has been less addressed, partly because of a few
reports on cTEC-deficient mice [14,15]. Thus, whether and how
cTECs contribute to the development and function of the immune
system, other than in the context of positive selection of affT cells,
remains to be elucidated.

In addition to the conventional and unconventional afT-cell
lineages described above, the thymus also supports the development
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of y8T cells [16]. In fact, development of Vy5* v8T cells was
shown to be dependent on Skintl expressed on mTECs [17].
Recent studies have paid particular attention to a subpopulation of
vdT cells as an important source of interleukin (IL)-17 in various
infections or inflammatory disorders [18-20], although regulation
of the development of IL-17-producing yoT cells in the thymus
remains largely unclear.

In the present study, we describe a novel mutant mouse strain
harboring a spontaneous point mutation resulting in substantial loss
of mature cTECs. We utilized these mice to study the significance of
cTECs in T-cell development in vivo. Our results demonstrated that
CTECs are required for the increase in thymic volume and optimum
development of conventional afT cells and iNKT cells. We also
found that cTECs control the TCR repertoire of IL-17-producing y6T
cells and thereby contribute to ydT cell-dependent inflammatory
responses.

Results

Thymic hypoplasia and impaired thymocyte development in
TN mice

A spontaneous mutant mouse line that exhibited a T lymphopenia
was found in our in-house breeding colony of C57BL/6 mice. These
mice showed a significant reduction of CD3" CD44'° natve T cells in
peripheral blood (Fig 1A), with no apparent defects in growth or
reproduction. We named this mouse strain “T lymphopenia of naive
population (TN)”. After several generations of in- and outbreeding,
we found that heterozygous mutant mice (+/tn) showed a mild
reduction of naive T cells (25.7% of wild-type) and homozygous
mutant mice (tn/tn) showed a severe naive T-cell reduction (6.0%
of wild-type). Mating tests indicated that the T lymphopenia was
inherited as an autosomal dominant trait (Supplementary Fig S1).

Compared with wild-type, TN mice had strikingly smaller thymi
and markedly reduced numbers of total thymocytes (Fig 1B and C).
The frequency of CD4SP and CD8SP mature thymocytes was signifi-
cantly reduced in TN mice (Fig 1D and E), whereas the frequency of
DP thymocytes was unchanged. Bone marrow cells from tn/tn mice
readily reconstituted thymocyte development in irradiated wild-type
mice, whereas +/tn and tn/tn host mice did not support thymocyte
development of wild-type bone marrow cells (Supplementary
Fig S2), indicating that non-hematopoietic stromal cells, likely
thymic stromal cells, are responsible for the impaired T-cell
development in TN mice.

TN mice lack mature cTECs

In the thymus from tn/tn mice, the contrast and boundary between
cortex (wherein DP thymocytes localize) and medulla (wherein
CD4SP and CD8SP thymocytes localize) were clearly detectable as
seen in wild-type thymus (Fig 2A). However, the expression of
cTEC markers such as CD205, Ly51, and keratin 8 was almost unde-
tectable in tn/tn thymus, whereas mTEC markers such as UEAI,
keratin 5, Aire, and CCL21 were detectable (Fig 2A and Supplemen-
tary Fig S3A). The tn/tn cortex that hosted DP thymocytes was
composed of keratin® TECs without expression of ¢cTEC and mTEC
markers (likely immature TECs as described later). Electron
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microscopy showed that the cortical epithelial network that was
characteristic in wild-type thymus was poorly developed in tn/tn
thymus (Fig 2B). Flow cytometric analysis of collagenase-digested
thymic stromal cells from adult mice confirmed the nearly complete
loss of CD205™UEA1~ ¢TECs in tn/tn mice (Fig 2C). During thymic
ontogeny in wild-type mice, CD205MUEA1~ cTECs were detected by
embryonic day (E) 16.5 and their number increased exponentially
until birth and was maintained in postnatal thymus until young
adult age. However, this same cTEC population was negligible
throughout embryogenesis and postnatal development in tn/tn mice
(Fig 2D and Supplementary Fig S3C). Development of cTECs also
failed in in vitro organ culture of E14.5 fetal thymus, indicating that
this defect was thymus-intrinsic (Supplementary Fig S3D).

In the postnatal thymus from tn/tn mice, the frequency of
CD205°UEA1" mTECs was partially reduced (Fig 2C and D).
Despite the reduced frequency of mTECs in tn/tn mice, treatment
with RANKL, an mTEC-promoting cytokine [21], successfully
induced expansion of mTECs in organ culture of tn/tn thymus
(Supplementary Fig S3E), indicating that the developmental poten-
tial of mTECs was not aberrant in tn/tn mice.

The most prominent population of TECs from tn/tn mice was
CD205'°UEA1~ cells that showed low surface expression of MHC
class II (Supplementary Fig S3F). As the expression of MHC class II
gradually increases along the maturation process of TECs [9,22],
our results indicate that CD205°UEA1~ cells in tn/tn mice are
immature TECs. Expression of cTEC-associated genes, including
CtsL, Psmbll, Prss16, 17, DIll4, and Cxcll2, was detected at low
levels in CD205°UEA1- TECs from tn/tn mice, while mTEC-
associated genes, including CtsS, Aire, and Skintl, were almost
undetectable (Fig 3E). These results, along with recent reports that
CcTECs and mTECs are derived from TEC progenitors expressing
CcTEC-associated genes [23-25], indicate that CD205'°UEA1~ TECs
that reside in the thymic cortex of tn/tn mice are immature TEC
progenitors and that tn/tn mice are defective in the generation of
mature cTECs from immature TEC progenitors.

A missense mutation of g5t impairs cTEC development

By linkage analysis followed by deep sequencing of the entire
11-Mb candidate region on chromosome 14, we identified a homo-
zygous missense mutation in tn/tn mice in the Psmbll gene, the
gene that encodes the cTEC-specific proteasome subunit [5t
(Fig 3A). This mutation is a G to A nucleotide substitution, which
causes a Gly 220 to Arg codon change (G220R) in B5t (Fig 3B). To
confirm that the Psmb11°**°® mutation was primarily responsible
for the TN phenotypes, we performed CRISPR/Cas9-mediated
genome editing in mice. Targeted disruption of the Psmb116*2%
allele or single nucleotide reversion from Psmb11°%*R to Psmb11™"
in +/tn mice completely restored thymocyte cellularity and develop-
ment of mature cTECs up to wild-type levels (Fig 3C-E). These
results clearly indicate that the Psmb11%%*°R is the causative muta-
tion responsible for the TN phenotype.

B5t is a proteasome subunit exclusively expressed in cTECs that
forms an atypical type of proteasome, termed the “thymoprotea-
some” [8,9], that is required for positive selection of CD8" T cells
[10,11]. It was quite unexpected that the single amino acid substitu-
tion of B5t could account for such severe defects, because mice lack-
ing PS5t showed normal cTEC development by the redundant
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Figure 1. Thymus hypoplasia and impaired T-cell development in TN mice.
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Frequency of naive T cells in peripheral blood leukocytes (PBL). PBL from wild-type (WT) (n = 11), +/tn (n = 22), or tn/tn (n = 16) mice were analyzed by flow

cytometry for CD45, CD3¢, and CD44 (left). Numbers indicate percentage of cells within indicated areas. Graph indicates percentages of CD3*CD44'° naive T cells in

total CD45" leukocytes (right).
Representative photograph of thymi from 5-week-old mice.
Total numbers of thymocytes from 5-week-old mice (n = 7-13).

Frequency of indicated thymocyte populations.

mm o0 W

Flow cytometry profiles for CD4 and CD8 of total thymocytes from 5-week-old mice.

Numbers of whole thymic cells prepared from indicated ages of WT (n = 3-5) or tn/tn (n = 3-6) mice.

Data information: Data represent more than three independent experiments. Each circle represents an individual mouse, and horizontal bars indicate the mean. The
statistical significance between indicated groups was calculated with an unpaired one-tailed Student’s t-test. *P < 0.05; **P < 0.01; NS, not significant.

complementation with another subunit g5i [10,11]. Along with the
fact that heterozygous +/tn mice also exhibited the TN phenotype,
it is evident that the G220R mutation of 5t has a dominant-negative
effect, instead of a loss-of-function effect. To examine the effect of
the G220R mutant on thymoproteasomes containing p5t, Bli, and
B2i subunits, we utilized retroviral expression of g5t in B5i-deficient
(BSi’/ ~) mouse embryonic fibroblast (MEF) cells, wherein 1i and
B2i could be induced by interferon-y (IFNy) stimulation. The mutant

EMBO reports Vol 16 | No 5| 2015

B5tS22°R protein was not proteolytically processed to its mature form
(Fig 4A), nor was it assembled with other subunits (Fig 4B). Its
expression resulted in the accumulation of proteasome assembly
intermediates (Fig 4C), and correlated with reduced amounts of
mature B1i and B2i subunits (Fig 4A) and of total 20S proteasomes
(Fig 4D). These results indicate that the B5t*?°® mutant protein
disturbs normal proteasome assembly in cTECs. In fact, impaired
thymoproteasome assembly was observed in vivo in fetal thymus

© 2015 The Authors
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Figure 2. TN mice lack mature cTECs.
A

Thymus sections from 5-week-old WT or tn/tn mice were stained with hematoxylin and eosin (HE), or for CD205, UEA1, pan-keratin, CD4, and CD8. “C” denotes cortex

and “M” denotes medulla. Dotted lines indicate cortex/medulla boundary. Scale bars indicate 200 pm.
Scanning electron micrographs of thymic cortex from WT or tn/tn mice. Scale bar indicates 10 pum.
Flow cytometry profiles for CD205 and UEAL of EpCAM*Keratin® TECs prepared from 5-week-old WT or tn/tn mice.

(@}

indicated ages of WT or tn/tn mice (n = 3-5, mean £ SEM).

or WT mTECs were arbitrarily set to 1.

Frequency (% of EpCAM*Keratin® cells) (top) and numbers (per mouse) (bottom) of CD205MUEAL™ (cTEC), CD205°UEAL* (mTEC), or CD205'°UEAL~ TECs from the

Quantitative RT-PCR analysis of the indicated genes in isolated TECs (n = 3, mean + SE). mRNA expression was normalized to EpCAM mRNA, and those in WT cTECs

Data information: Data represent more than three independent experiments (A, C, D, E) or one experiment with three mice per group (B).

from tn/tn mice (Fig 4E). Consistent with an absolute requirement
of proteasome activity for cell survival [26,27], exogenous expres-
sion of B5t°?*°R induced cell death in different cell types in a dose-
dependent manner (Fig 4F and G). Indeed, in tn/tn neonatal
thymus, mature p5t™ ¢TECs were specifically absent, while imma-
ture p5t™°Y!° TEC populations remained (Fig 4H). Finally, residual
cTECs in fetal thymus from tn/tn mice exhibited higher accumula-
tion of polyubiquitinated proteins and a higher occurrence of cell

© 2015 The Authors

death than those from wild-type mice (Fig 4I). Collectively, we
concluded that B5t%**°® mutant protein inhibits normal proteasome
assembly and thus induces cell death in mature cTECs that highly
express B5t. The moderate defects of mTECs in tn/tn mice may be
due to an effect of low level expression of p5t°**°® on bipotent TEC
progenitors and a reduction of SP thymocytes that provide RANKL.
Thus, TN mice represent a [5t-driven, novel mouse model of cTEC
deficiency.
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Figure 3. A missense mutation of the Psmb11 gene causes cTEC deficiency in TN mice.

A Genetic map of the tn locus on chromosome 14 and representative sequencing results of Psmb11 from WT or tn/tn mice. Red arrows indicate the position of the

mutation.

B The structure of the B5t protein. The positions of N-terminal propeptide (Pro), catalytically active site (Thr50), and G220R mutation are shown.

Cas9 mRNA and Psmb11°??R-specific single-guide (sg) RNA were injected into +/tn fertilized eggs, and generated founder mice were genotyped and analyzed (C).

Cas9 mRNA, Psmb11°**°R-specific sgRNA, and WT oligonucleotide were injected into tn/tn fertilized eggs, and a generated founder mouse (#15) was crossed with
WT mice (D). The sequences of both alleles of Psmb11 in representative mice are shown (top). G220R mutation site is labeled in blue. Insertion and deletion (indels)
are labeled in red. Representative photographs of thymi and total numbers of thymocytes from mice of the indicated genotype are shown (bottom). Each circle
represents an individual mouse, and horizontal bars indicate the mean. The statistical significance was calculated with an unpaired one-tailed Student’s t-test.

E Thymus sections from mice with the indicated Psmb11 genotypes (see C, D) were stained for CD205, UEAL, B5t, and pan-keratin. Scale bars indicate 100 pm.
“C” denotes cortex and “M” denotes medulla. Dotted lines indicate cortex/medulla boundary.

Data information: Data represent more than three (C, D) or two (E) experiment(s).

Impaired affT-cell development in TN mice

The findings described above prompted us to utilize TN mice to
study the significance of cTECs in T-cell development and the
immune system in vivo. First, we observed that thymic cellularity
was associated with the expansion of mature cTECs during onto-
geny. In E14.5 fetal thymus, there were no differences in thymic
cellularity (Fig 1F) or epithelial architecture (Supplementary Fig S3B)
between wild-type and tn/tn mice. After E16.5, tn/tn mice
exhibited reduced thymic cellularity, which coincided with the
impaired maturation of cTECs (Fig 2D). These results indicate the
requirement of mature cTECs for maximizing the size of the thymus.

We next examined afiT-cell development. Among CD4 CD8™
(double negative, DN) thymocytes, the proportion of c-Kit"CD25~
(DN1) and c-Kit"CD25" (DN2) cells was significantly reduced in

EMBO reports Vol 16 | No 5| 2015

postnatal tn/tn mice (Fig 5A). tn/tn mice also showed a markedly
reduced frequency of c-Kit~CD25" CD27™ (DN3b) cells, which repre-
sent post-B-selection DN3 thymocytes, whereas c-Kit~CD25* CD27'°
(DN3a) and c-Kit" CD25~ (DN4) cells were unaffected. These results
indicate that optimal development of DN thymocytes requires
mature cTECs.

In mice expressing either polyclonal or monoclonal TCRs (OT-I
and OT-II), TCRBMCDG9™ post-selected DP thymocytes and CD4SP
or CD8SP thymocytes were markedly reduced, indicating that posi-
tive selection of afiT cells was impaired in tn/tn mice (Fig 5B-D).
The afT cells that developed in tn/tn mice carried an altered TCR
repertoire, as the distribution of TCR-Voo and TCR-Vp in splenic
T cells and SP thymocytes was significantly different between
wild-type and tn/tn mice (Fig 5E). By contrast, negative selection
mediated by mammary tumor virus (mtv)-encoded superantigen

© 2015 The Authors
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Figure 4. P5t°??°® impairs proteasome assembly and cell survival in cTECs.

A-D 5/~ mouse embryonic fibroblasts (MEFs) were infected with retroviruses expressing C-terminally FLAG-tagged B5t"'" or B5t°22°R (GR) and treated with IFNy.
Forty hours after infection, total cell lysates (A) and immunoprecipitates with anti-FLAG antibody (B) were analyzed by immunoblotting. Cell lysates were
fractionated by glycerol density gradient, and each fraction was used for immunoblotting and measurement of chymotrypsin-like proteasomal activity (C).
Fractions 8-12, 14-18, and 22-26 contained assembly intermediates (IM), 20S proteasomes, and 26S proteasomes, respectively. Cell lysates were subjected to native
PAGE followed by immunoblotting (D). Arrows indicate precursor (p) and mature (m) forms of B-subunits (A-C) or 20S proteasomes (20S) (D).

E Cell lysates from E15.5 fetal thymus were immunoprecipitated with anti-f5t antibody followed by immunoblotting for 5t and f2i.

F PB5i~/~ MEFs, Swiss 3T3 fibroblast cells, and ST2 bone marrow stromal cells were infected with retroviruses expressing B5t'" or p5t®?2°R or with empty retroviruses
(Vector). BSi‘/‘ MEFs were treated with IFNy. Thirty hours after infection, EGFP* cells were sorted and re-plated for additional culture for 24 or 48 h. Cells were
detached and their viability was assessed by the trypan blue exclusion method (n = 3).

G Psi /" MEFs were retrovirally infected and treated with IFNy. Thirty hours after infection, EGFP'®, EGFP™, and EGFP™ cells were sorted and then immunoblotted
for expression of 5t and a6 or re-plated for additional 24-h culture. Cell viability was assessed by the trypan blue exclusion method (n = 3).

H Flow cytometry profiles for CD205 and UEA1 of gated EpCAM*Keratin* TECs prepared from 1-week-old mice (left). Numbers indicate percentage of cells within
indicated areas. Histograms show intracellular 5t expression in CD205' (black), CD205™¢ (blue), and CD205™ (red) cells and control staining of CD205'"° cells (gray
shaded).

| Gated CD205™YMUEAL~ cTECs from E16.5 fetal thymus were further analyzed for cellular accumulation of polyubiquitinated proteins (polyUb) (top) and dead-cell
staining by 7-aminoactinomycin D (7AAD) (bottom). Graphs show polyUb mean fluorescence intensity (MFI) and frequency of 7AAD* dead cells (n = 3-5). The
statistical significance was calculated with an unpaired one-tailed Student’s t-test. *P < 0.05.

Data information: Data represent three (A-F, I) or two (G, H) independent experiments (error bars, SEM).

was not affected in tn/tn mice (Fig SF). These results indicate that Foxp3™ Tregs, and CD8oo" TCRof intraepithelial lymphocytes
mature cTECs are required for positive selection and repertoire (IELs), all of which develop from cortical DP thymocytes. We found
formation, but dispensable for negative selection, of afiT cells, a significant reduction of iNKT cells that are reactive to CD1d tetra-

which is consistent with previous findings [10,11]. mer loaded with a-galactosylceramide (aGalCer) in the thymus,
liver, and spleen from tn/tn mice (Fig 6A and B). The ratio of
Reduced development of iNKT cells in TN mice thymic iNKT to DP cells was markedly reduced in tn/tn mice, indi-

cating that development of iNKT cells from DP thymocytes is
We then asked whether the cTEC deficiency influenced the develop- impaired in the absence of mature cTECs (Fig 6C). iNKT cell devel-
ment of unconventional ofT-cell lineages such as iNKT cells, opment depends on positive selection by CD1d/glycolipid

© 2015 The Authors EMBO reports Vol 16| No5|2015 643
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complexes expressed on the surface of other DP thymocytes [28].
However, no significant reduction was observed in either CD1d
expression or TCR-Vo14-Jo18 rearrangement in DP thymocytes from
tn/tn mice (Fig 6D and E), suggesting the possibility that the
reduced development of iNKT cells is due to impaired interaction
between CD1d-expressing “selector” DP thymocytes and TCR-Va14-
Ja18-expressing “iNKT precursor” DP thymocytes. It could be an
effect of the marked reduction of absolute numbers of DP thymo-
cytes in tn/tn thymus. It is also possible that the cTEC-dependent
cortical epithelial network is important for optimal cell-cell contact
among DP thymocytes, thereby supporting positive selection of
iNKT cells. iNKT cells from tnn/tn thymus normally expressed TCR-
VB2, TCR-VB7, or TCR-VB8 (Fig 6F), indicating that the TCR reper-
toire of iNKT cells was unaffected by cTEC deficiency. The majority
of iNKT cells from tn/tn thymus were mature CD44"NK1.1" (stage
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Figure 5. Impaired development of conventional afiT cells in TN mice.
Thymocytes from 5-week-old mice were analyzed by flow cytometry.

A Flow cytometry profiles of gated Lin~ (CD3~CD4 CD8 CD11b CD1lc
CD19 NK1.17) or DN3 (Lin~c-Kit~CD25"%) thymocytes (top) and frequency
of DN1 (c-Kit"CD257), DN2 (c-Kit"CD25%), DN3a (c-Kit~CD25°CD27'"°FSC"),
DN3b (c-Kit"CD25*CD27"FSC™), or DN4 (c-Kit~CD257) populations
(bottom) (n = 4-6) are shown.

B TCRP and CD69 expression profiles of DP (CD4*CD8*) thymocytes (top)

and their frequency (bottom) (n = 4).

Flow cytometry profiles of total and gated thymocytes from OT-I (C) or

OT-II TCR transgenic (D) mice.

B Distribution of TCR-Vo and TCR-Vf in spleen CD4 T or CD8 T cells or
CDA4SP or CD8SP thymocytes (n = 6-12).

[F Distribution of TCR-Vf3, TCR-V[5, TCR-VB11, and TCR-VB8 in CD4SP or
CD8SP thymocytes from WT mice of C57BL/6 (B6) background (n = 2-5)
and WT (n = 3-4) or tn/tn mice (n = 3-4) of BALB/c background.

Data information: Each circle represents an individual mouse, and horizontal
bars indicate the mean (A, B). Mean + SEM (E, F). *P < 0.05; **P < 0.01; NS,
not significant (unpaired t-test). Data in (F) were analyzed by one-way ANOVA.
Data represent more than three independent experiments.

3) cells (Fig 6G), but the frequency of CD44" NK1.1~ (stage 2) cells
was significantly reduced. Intracellular staining for key transcription
factors revealed that PLZF* NKT2 cells, but not RORyt" NKT17
cells, were markedly (P < 0.01) reduced (Fig 6H). Reduction of
stage 2 iNKT cells could be due to the reduction of NKT2 cells,
because most of the NKT2 cell falls into stage 2 [29]. Although
further analysis of the molecular mechanisms of cTEC-mediated
selection and differentiation, as well as mTEC-mediated maturation
[7], of iNKT cells should be required, our present finding that differ-
ential requirement of cTEC for the differentiation of NKT2 and
NKT17 cells is intriguing.

The frequency of Foxp3*CD25" Tregs in CD4SP thymocytes and
their distribution in the thymic medulla were similar between wild-
type and tn/tn mice (Supplementary Fig S4A and B). We also found
no significant reduction in the frequencies of TCRB*CD5" thymic
CD8ao™ IEL precursors or IEL subpopulations, including CD8oo”
TCRaf IELs, isolated from small intestine (Supplementary Fig S4C
and D). These results indicate that the thymic development of Tregs
and IELs does not require mature cTECs.

Altered y38T17 cell repertoire in TN mice

Lastly, we addressed ydT-cell development in tn/tn mice. The
frequency of ydT cells in the thymus showed no remarkable differ-
ence between wild-type and tn/tn mice during thymic ontogeny
(Fig 7A). Absolute numbers of thymic ydT cells were reduced in
tn/tn mice, because of the severe decrease in total thymic cellularity
(Fig 1F).

It is known that the generation of murine y&T-cell subsets
expressing distinct TCR-Vy chains is developmentally regulated
during ontogeny [30]. Vy5" cells develop during the embryonic
period, Vy6* cells around birth, Vy4" cells at the neonatal period,
and Vy1™ cells at adult stages (according to the nomenclature of
Heilig and Tonegawa [31]). These ydT-cell subsets distribute to
different tissues in adult mice [30]: Vy5" cells to epidermis, Vy6"
and Vy4"* cells to mucosal epithelia such as dermis, lung, tongue,
and uterus, and Vy1™ cells to peripheral lymphoid organs. Although
the proportion of Vy5" and Vy1™ cells among thymic y8T cells was

© 2015 The Authors
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Figure 6. Reduced development of iNKT cells in TN mice.
A, B Thymocytes (A) or liver cells (B) from WT or tn/tn mice were stained with aGal-Cer/CD1d tetramer and anti-TCRp antibody (left). The frequency and numbers of
TCRB* aGal-Cer/CD1d tetramer™ cells from thymus (A), liver, or spleen (B) are shown (right) (n = 3-5).
C  The ratio of TCRB* tetramer™ iNKT cells to DP thymocytes (n = 5).
D  CD1d expression on DP thymocytes was equivalent between WT and tn/tn mice (n = 3-5).
E DP thymocytes were isolated from WT or tn/tn mice and analyzed by quantitative RT-PCR (n = 3). The level of Va14-]Ja18 transcript was normalized to TCR-Co.
mRNA, and those in WT were arbitrarily set to 1.
F TCRB* tetramer™ thymic iNKT cells were further stained for VB2, VB7, V8.1 + 2, or VB8.3 (n = 3-4).
TCRPB* tetramer™ thymic iNKT cells were further stained for NK1.1 and CD44. Representative flow cytometry profiles (left) and the frequency among total iNKT cells
(right) of NK1.1-CD44~ (stage 0-1), NK1.1 CD44" (stage 2), or NK1.1*CD44" (stage 3) cells are shown (n = 3).
H  TCRB* tetramer® thymic iNKT cells were intracellularly stained for PLZF, T-bet, and RORyt. Representative flow cytometry profiles (left) and the frequency among
total iINKT cells (right) of T-bet*PLZF~ (NKT1), RORyt PLZF* (NKT2), or RORyt*PLZF~ (NKT17) cells are shown (WT, n = 4; tn/tn, n = 5).

Data information: Data represent more than three independent experiments. Each circle represents an individual mouse, and horizontal bars indicate the mean (A, B, C,
G, H). Mean + SEM (D, E, F). The statistical significance was calculated with an unpaired one-tailed Student’s t-test. *P < 0.05; **P < 0.01; NS, not significant.
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Figure 7. Altered y3T17 TCR repertoire in TN mice.
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Frequency (% of total thymocytes) and numbers (per mouse) of thymic y8T cells from indicated ages of WT or tn/tn mice (n = 4-9).

Frequency (% of total y8T cells) of Vy5*, Vy6* (17D1* Vy57), Vy4*, and Vy1* cells and their numbers (per mouse) from indicated ages of WT or tn/tn mice (n = 3-8).
Thymocytes from 5-week-old mice were cultured for 4 h with PMA, ionomycin, and brefeldin A and analyzed by flow cytometry.

Frequency of IL-17-producing cells in Vy6* or Vy4* cells and absolute numbers of IL-17-producing Vy6* and Vy4* cells in individual mice (n = 4-5).

Histograms show expression of CD27, CD44, and CCRé6 in total y8T (shaded) and Vy6" (red) cells from adult tn/tn mice.

Quantitative RT-PCR analysis of Sox13 in isolated Vy4" or Vy6" cells from WT or tn/tn mice (n = 4). Sox13 mRNA expression was normalized to Gapdh mRNA, and

G Thymic y3T cells from 4- to 5-week-old WT, tn/tn, B6-H-24b~'~B2m~/~ (MHC-KO), or Psmb11~/~ (B5t-KO) mice were analyzed for expression of Vy4 and Vy6

(n =3-7).

H Frequency of Viy4* or Vy6" 3T cells (% of total thymic y8T cells), CD205"UEAL ™ cTECs or CD205°UEAL* mTECs (% of total TECs), and MHC class 1" mTECs (% of
total mTECs) from 4- to 7-week-old WT, tn/tn, or tn/tn SRANKL transgenic (tg) mice (n = 3-12).

Data information: Data represent more than two independent experiments. Graphs indicate mean + SEM. The statistical significance between indicated groups was
calculated with an unpaired one-tailed Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

largely unchanged between wild-type and tn/tn mice throughout
ontogeny (Fig 7B), development of Vy6" and Vy4" cells was
dramatically altered in postnatal thymus from tn/tn mice. Vy6*
cells continued to expand after birth and their numbers exceeded
those from wild-type thymus at 5 weeks old. In contrast, Vy4™ cells
in tn/tn thymus did not show the robust postnatal increase that was
apparent in wild-type thymus. TCR sequencing analysis demon-
strated that Vy6" cells expressed an invariant TCR-Vy6-Jyl chain
and Vy4" 8T cells expressed a diverse TCR-Vy4-Jy1 repertoire, in
both wild-type and tn/tn mice, representing qualitatively equivalent
subpopulations (Supplementary Table S1).

Vy6" and Vy4" cells include an IL-17-producing subset, termed
v6T17, whose development is restricted to the thymus during late
embryonic and neonatal stages [32,33]; they also contribute to the
pathogenesis of inflammation in the periphery [18-20]. In adult tn/tn
mice, the proportion of IL-17-producing cells among ydT cells was
greatly increased (Fig 5C). Among these y8T17 cells, the Vy6"
subset vigorously increased, whereas the Vy4" subset substantially
decreased, resulting in the marked skewing from Vy4 to Vy6 in
TCR repertoire of y0T17 cells from tn/tn mice (Fig 7C and D). The
majority of thymic Vy6* cells in tn/tn mice were CD27~ and
expressed CD44 and CCRO, indicating that these are functionally
mature cells (called y5277) [34] (Fig 7E). Vy4" cells from tn/tn
mice exhibited reduced mRNA expression of Sox13 (Fig 7F), a key
transcription factor for development of Vy4* y3T17 cells [35,36].
These results indicate increased and prolonged production of
functional Vy6" y8T17 cells and restrained development of Vy4"
vdT17 cells in the thymus from tn/tn mice.

Proportions of Vy4* and Vy6* cells among thymic y8T cells was
unaffected in both B5t-deficient mice and MHC-deficient mice that
exhibit defective mTEC expansion (Fig 7G). Therefore, the altered
repertoire of YT cells was due to neither g5t deficiency nor reduced
mTEC development. To further examine the effect of mTECs on
v8T-cell repertoire, we utilized soluble RANKL (sRANKL) transgenic
mice, causing enhanced expansion of mTECs [37]. Although intro-
duction of sSRANKL transgene rescued substantial number of MHC
class II" mature mTECs in the thymus of tn/tn mice, altered reper-
toire of ydT cells was not rescued in mTEC-sufficient tn/tn sSRANKL
transgenic mice (Fig 7H and Supplementary Fig S5). These results
clearly exclude the responsibility of 5t deficiency and reduced
mTEC development to the altered repertoire of y3T cells observed in
tn/tn thymus.

To explore the significance of the alteration in thymic yoT cells,
we examined the distribution and function of peripheral yoT cells.

© 2015 The Authors

In adult tn/tn mice, Vy6"© cells in lung were robustly increased,
whereas Vy4" cells were markedly reduced in lung, skin, spleen,
and lymph nodes (Fig 8A). Lung Vy6" y8T17 cells have been
reported to trigger the inflammation induced by trehalose 6,6'-dimy-
colate (TDM), a cord factor of Mycobacterium tuberculosis [38].
Indeed, in response to TDM administration, tn/tn mice exhibited
enhanced acute inflammatory responses in lung, including the
production of IL-17 mRNA, organ swelling, and granuloma forma-
tion when compared with wild-type mice (Fig 8B-D), indicating that
increased lung Vy6" y8T17 cells are functionally normal. To the
contrary, in the skin, psoriasis-like dermatitis induced by imiquimod
(IMQ), in which Vy4" y8T17 cells that expand in lymph node and
home to inflamed skin play a crucial role [35,39,40], was signifi-
cantly attenuated in tn/tn mice (Fig 8E and F). These results indi-
cate that the ydT cells generated in the absence of mature cTECs
express an altered TCR repertoire that fails to properly mount
inflammatory responses.

Discussion

In the current study, we established a novel mouse model, desig-
nated TN mice, which intrinsically lacks mature cTECs. We identi-
fied the G220R mutation of B5t as being primarily responsible for
cTEC deficiency in TN mice. Thus, TN is a f5t-driven, mature cTEC-
deficient mouse strain, which will be useful to investigate the
physiological significance of cTECs.

It is interesting to note that in the thymus from tn/tn mice, the
compartmentalization of cortex and medulla is readily detectable,
despite the loss of mature cTECs. It was reported that outward
migration of developing thymocytes from the corticomedullary junc-
tion to the cortex requires CXCL12-CXCR4 and CCL25-CCR9 chemo-
kine signals [41,42]. However, the expression of CXCL12 and CCL25
in CD205'°UEA1~ TECs from tn/tn mice is very low, ~6 and 0.3%,
respectively, compared with that in wild-type mature cTECs.
Another thymic chemokine CCL21, which attracts mature CD4SP
and CDS8SP thymocytes from the cortex to the medulla [5], is
normally produced by mTECs in tn/tn mice. These results demon-
strate that the cortex/medulla compartmentalization in the thymus
does not require mature cTECs and can be mediated by
CD205'°UEA1~ immature TECs along with CCL21-expressing
mTECs. Further studies will be needed to dissect developmental
processes of cTECs and to better understand their nature and func-
tion.
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Figure 8. TN mice exhibited altered y3T-cell-mediated inflammatory responses.

A

Absolute numbers (per mouse) of indicated ydT-cell subsets in lung, skin, lymph nodes (inguinal, axillary, and submandibular), and spleen from 5-week-old WT or

tn/tn mice (n = 3). Each circle represents an individual mouse, and horizontal bars indicate the mean. The statistical significance was calculated with an unpaired

one-tailed Student’s t-test. *P < 0.05; **P < 0.01; NS, not significant.
B-D

WT or tn/tn mice were injected intravenously with an oil-in-water emulsion containing TDM (15 pg). Emulsion without TDM was injected as a vehicle control.

1117a mRNA levels in lungs at day 2 were examined by quantitative RT-PCR and normalized to Gapdh mRNA (n = 3-4, mean £ SEM) (B). Lung inflammation
intensity was measured by calculating the lung weight index (n = 3-5, mean + SEM) (C). The statistical significance between TDM-treated WT and tn/tn mice was
calculated with an unpaired one-tailed Student’s t-test. *P < 0.05. Lung sections at day 2 were stained for granulocyte marker Grl (D).

E F

WT or tn/tn mice were treated daily for 6 days with IMQ cream or control cream on the ears. Ear skin thickness at the days indicated (n = 3, mean + SEM) (E). The

statistical significance between IMQ-treated WT and tn/tn mice was calculated with an unpaired one-tailed Student’s t-test. *P < 0.05; **P < 0.01. HE staining of

the ear section at day 6 (F).

Although the thymic cortex is apparently formed, cortical T-cell
development without mature cTECs is obviously abnormal, as tn/tn
mice showed impairment of positive selection of afiT cells. tn/tn
mouse thymi showed diminished expression of cathepsin L, Prss16
(also called thymus-specific serine protease), and complete loss of
B5St-containing thymoproteasomes. Cathepsin L and Prssl6 are
endosomal/lysosomal proteases highly expressed by cTECs that
regulate positive selection of MHC class II-restricted CD4 T cells
[12,13]. Thymoproteasomes are essential for positive selection of
MHC class I-restricted CD8 T cells, likely by producing cTEC-specific
MHC class I-bound peptides [8,10,11]. Our results that tn/tn mice
have an altered TCR-Vo and TCR-Vf distribution of both CD4 and
CD8 T cells indicate that cTECs contribute not only to generate the
optimum cellularity of T cells but also to shape their afTCR reper-
toire, as suggested by previous reports. In addition to the lack of
such functional molecules in the cortex, it is also possible that a loss
of the cortical epithelial network per se impairs thymocyte develop-
ment through physical interference with intracortical migration or
cell—cell interactions of cortical thymocytes. Taken together, cortex-
resident, immature TECs in tn/tn thymus are incompetent for ofT-
cell repertoire formation, even though they are functional in forming
the thymic cortex and supporting development of a small fraction of

EMBO reports Vol 16 | No 5| 2015

afT cells, confirming the essential role for cTECs in development
and repertoire formation of conventional afiT cells.

To the contrary, negative selection of mtv superantigen-reactive
thymocytes occurred normally in tn/tn mice. Indeed, no signs of
systemic autoimmunity were detected in tn/tn mice (unpublished
observation), indicating that self-tolerance is established in the
absence of mature cTECs. Although a recent report indicated that
three quarters of negative selection occurs in the cortex [43], nega-
tive selection was not affected in the absence of mature cTECs.
Therefore, cortex-resident, immature TECs and/or dendritic cells
[44] may induce negative selection of self-reactive thymocytes.

The most unexpected finding from the current study was the
influence of mature cTEC deficiency on ydT-cell development. y6T
cells generated in the absence of mature cTECs were skewed toward
IL-17-producing (ydT17) lineage that expressed an altered y6TCR
repertoire. As the development of Vy5* and Vy1™ 8T cells (mostly
non-ydT17 cells) was normal in tn/tn thymus, the influence of
mature cTEC deficiency is specific to y6T17 lineage. It was shown
that development of ydT cells in the thymus is dependent on IL-7
[45], and expansion and development of y3T17 cells requires IL-7
[46] and DIl4-Notch signals [47], respectively. As tn/tn mice lack
mature cTECs that express high levels of IL-7 and DIl4, the increase

© 2015 The Authors
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of y8T17 cells seen in the tn/tn thymus could not be directly attrib-
uted to signaling on these molecules. It may be that relatively low
levels of expression of IL-7 and DIl4 by immature TECs and mTECs,
and also likely by other thymic stromal cells, are sufficient for
inducing development of y6T17 cells. Most interestingly, two major
subsets of y8T17 cells, Vy6* cells and Vy4™ cells, are reciprocally
differentiated in tn/tn mice. Increased and prolonged production of
Vy6" cells resulted in boosted Vy6" y8T17-mediated inflammatory
responses, and impaired production of Vy4" cells, which in turn
provided protection from Vy4* y8T17-dependent dermatitis. The
altered repertoire of ydT cells in tnn/tn mice was due to neither 5t
deficiency nor reduced mTEC development, as the distribution of
Vy4" and Vy6" cells was unaffected in B5St-deficient mice and
mTEC-reduced, MHC-deficient mice, and the altered ydT-cell reper-
toire in tn/tn mice was not restored by sSRANKL-mediated enhance-
ment of mTEC differentiation. These results suggest that mature
cTECs play roles in repressing the development of Vy6™ cells and
promoting that of Vy4" cells, although it is also possible that
cortex-resident, immature TECs in tn/tn mice have reciprocal
functions and that partly defective development of (likely RANKL-
independent) mTECs in tn/tn mice caused the ydT17 repertoire
alteration. A recent study showed a differential developmental
requirement for Vy4™ and Vy6" v8T17 cells; Vy6" y8T17 cells
absolutely require fetal thymus for their development, whereas
Vy4™ y8T17 cells can be generated in adult thymus [48]. Thus, it is
suggested that the thymus from adult tn/tn mice provides fetal
type microenvironment that supports predominant development of
Vy6" y8T17 cells.

Our results first reveal that cTECs determine the balance between
Vy4™ and Vy6" y8T-cell development, which is important for prop-
erly mounting inflammatory responses. The mechanisms by which
cTECs regulate the y3T17 TCR repertoire remain to be elucidated.
Mature cTECs and immature TECs may express different cell-surface
proteins, such as Skint family proteins [49], or as of yet unidentified
selecting ligand molecule(s), that mediate differentiation or deletion
of Vy4" or Vy6© y8T cells; for example, as mTECs support matura-
tion of Vy5" cells via expression of Skintl [17,50]. The conversion
of the Vy repertoire in tn/tn mice could be attributed to the alterna-
tion of interaction between the ydTCRs and its putative ligands on
TECs, because recent studies proposed that strength of ligand—
vOTCR interaction controls lineage commitment and specification of
effector fate of yoT cells [16,20,51]. It is also possible that restricted
access of developing ydT cells to ¢cTECs [52] or reduced negative
feedback of y6T17 development by offT cells [33] may be responsi-
ble for the repertoire conversion in tn/tn mice. We observed
reduced expression of the transcription factor Sox13 in Vy4" ydT
cells from cTEC-deficient tn/tn mice. Interestingly, deficiency of
Sox13 in mice resulted in the loss of Vy4™ y8T17 cell development
but a partial reduction of Vy4~ (likely to be Vy6") y8T17 cells
[35,36]. Therefore, the conversion of the y8T17 repertoire in tn/tn
mice could be partly explained by the decrease of Sox13, caused by
the absence of proper interaction with cTECs.

Taken together, the present study, utilizing a newly established
mouse strain that lacks mature cTECs, provides novel evidence for
voT-cell repertoire determination by thymic epithelium. cTECs are
required for the shaping of the TCR repertoire, not only of conven-
tional af3T-cell subsets, but also of an “innate-type” ydT-cell subset
programmed for IL-17 production. Future studies to clarify the
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molecular mechanisms should unveil developmental rules for yoT
cells that can be applied to y3T-cell-based immunotherapies.

Materials and Methods
Mice

C57BL/6, BALB/c, and C57BL/6x DBA/2F1 (BDF1) mice were
purchased from SLC Japan (Shizuoka, Japan). TN mice were
derived from an in-house breeding colony of a C57BL/6NCrSlc
strain originally derived from SLC Japan. B6.SJL-Ptprca (B6-CD45.1)
mice were purchased from Taconic Farm (NY, USA). Psmb11~/~
mice [8], OT-I TCR transgenic mice [53], OT-II TCR transgenic mice
[54], Rag2™/~ mice [55], H-2Ab™/~ mice [56], B2m ™/~ mice [57],
and sRANKL transgenic mice [58] were described previously. All
mice were bred and maintained under specific pathogen-free condi-
tions in our animal facility. All animal experiments were approved
by the Animal Care and Use Committee of the National Center
for Global Health Medicine (NCGM) Research Institute (number:
23-Tg-31) and conducted in accordance with institutional
procedures.

Flow cytometry and cell sorting

Flow cytometry analysis and cell sorting were performed with
FACSCantoll and FACSArialll (BD Bioscience) as previously
described [59]. Thymic stromal cells were prepared by digesting
thymic fragments with collagenase D (Roche) and DNase I (Roche),
as described [60]. For intracellular staining, cells were fixed with
2% paraformaldehyde for 30 min, permeabilized with 0.1% sapo-
nin, and stained with antibodies. Foxp3 staining was performed
using the Foxp3 staining kit (eBioscience) according to the manufac-
turer’s protocol.

Antibodies

Monoclonal antibodies specific for B220 (RA3-6B2), CD4 (GK1.5),
CD5 (53-7.3), CD8a (53-6.7), CD8B (CT-CD8b), CD25 (PC61.5),
CD69 (H1.2F3), CD205 (205yekta), NK1.1 (PK136), TCRpB (H57-
597), Vall (RR8-1), Aire (SH12), PLZF (Mags.21F7), and RORyt
(B2D) were purchased from eBioscience. Monoclonal antibodies
against CD3e (2C11), CD44 (IM7), CD45 (30-F11), CD45.1 (A20),
CD45.2 (104), EpCAM (G8.8), Ly51 (6C3), CCR6 (29-2L17), TCRyd
(GL3), TCR-Vyl (2.11), TCR-Vy4 (UC3-10A6), TCR-Vy5 (536),
IL-17 (TC11-18H10.1), and T-bet (4B10) were purchased from
BioLegend. Mouse VB TCR screening panel and anti-Vo2 (B20.1)
monoclonal antibody were purchased from BD PharMingen.
Anti-pan-keratin (C-11) and anti-FLAG (M2) monoclonal antibodies
were purchased from Sigma-Aldrich. UEA1 was purchased from
Vector Laboratories. Polyclonal antibodies for keratin 5 (Covance),
keratin 8 (Progen), keratin 14 (Covance), and CCL21 (R&D
Systems) were used. Monoclonal antibody 17D1 specific for
TCR-Vy6/V31l and TCR-Vy5/V41 was provided by Dr. Robert E.
Tigelaar (Yale University) and used as described previously [61].
Polyclonal antibody for P5t was described previously [8].
Anti-polyubiquitin monoclonal antibody (FK2) was purchased from
MBL.
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Bone marrow chimera

Bone marrow cells obtained from donor mice were depleted of T
cells using biotin-conjugated anti-CD4, anti-CD8, and anti-Thy1.2
antibodies and streptavidin-conjugated magnetic beads (Miltenyi
Biotec). Recipient mice were X-ray-irradiated (9.25 Gy) and injected
with T-cell-depleted bone marrow cells (4 x 107 cells) 1 day after
irradiation. Mice were analyzed 5 weeks after the injection.

Histological analysis

Frozen tissues embedded in OCT compound (Sakura Finetek) were
sliced into 5-um-thick sections by cryostat (Leica), air-dried, fixed
with acetone, and stained with hematoxylin and eosin, or with
specific antibodies as described previously [21]. Multi-color images
were obtained by BZ-9000 fluorescent microscope (Keyence).

Electron microscopy

Thymus lobes from 5-week-old mice were fixed and analyzed by
scanning electron microscopy at Tokai Electron Microscopy Analy-
sis (Aichi, Japan).

Fetal thymic organ culture

Thymic lobes isolated from E14.5 fetuses were cultured as previ-
ously described [62]. To induce mTEC development, recombinant
soluble RANKL (1 pg/ml) (Wako) was added to the medium.

Quantitative mRNA analysis

Total cellular RNA was reverse-transcribed with Superscript III first-
strand synthesis supermix for qRT-PCR (Life Technologies). Real-
time PCR was performed with SYBR Premix ExTaq (TaKaRa) and
StepOne real-time PCR system (Life Technologies). Primer
sequences are available upon request.

Identification of the responsible mutation of TN mice

For linkage analysis, TN mice originated from C57BL/6 background
were crossed with BALB/c mice. Seventy-seven mice (55%) out of
139 (TN x BALB/c) N2 mice exhibited thymic hypoplasia and naive
T lymphopenia, which confirmed that the trait of this mutation was
dominant. Genomic DNA was prepared from tail biopsies by the
standard method of SDS/proteinase K lysis followed by phenol/
chloroform. Information on microsatellite markers was obtained
from Mouse Genome Informatics (MGI; http://www.informat-
ics.jax.org/). For sequencing the candidate region, the SureSelect
Target Enrichment System (Agilent Technologies) was used to
enrich for 11.2-Mb genomic region between DI14Mitl21 and
D14Mit113. Enriched DNA fragments were sequenced by HiSeq
2000 (Illumina).

CRISPR/Cas9-mediated genome editing in mice
Single-guide (sg) RNA was designed for the target sequence (5'-T

GCTTATTCAAGGGGCTCAGTGG-3') and prepared as described
previously [63] with some modifications. Briefly, sgRNA expression
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vector for target sequence with a T7 promoter was synthesized
(Operon Biotechnologies, Tokyo, Japan), and transcribed in vitro
using MEGAshortscript kit (Life Technologies). hCas9 sequence was
removed from pX330 (http://www.addgene.org/42330) and placed
under the T7 promoter. hCas9 mRNA was synthesized using mMES-
SAGE mMACHINE T7 kit (Life Technologies) and was polyadeny-
lated with polyA tailing kit (Life Technologies). The sgRNAs and
hCas9 mRNAs were purified by phenol/chloroform/isoamylalchol
extraction and concentrated by ethanol precipitation. For injection
into one-cell embryos, fertilized eggs were obtained by in vitro fertil-
ization as described previously [64]. hCas9 mRNAs (100 ng/ul) and
sgRNAs (50 ng/ul) were co-injected into the cytoplasm of the
pronuclear stage eggs. For generating targeted mutant mice, WT
oligonucleotide (5'-GAAGCCTACACCCTGGCCCGCTGTGCTGTGGCC
CATGCCACCCACCGTGATGCTTATTCAGGGGGCTCAGTGGACCTCT
TCCACGTTCGGGAGAGCGGATGGGAGTATGTATCCCGCAGT-3')
(100 ng/pl) was co-injected. The eggs were transferred into the
oviducts of pseudopregnant ICR female mice. The efficiency of
targeted gene disruption and potential off-target effects are shown
in Supplementary Tables S2 and S3.

Cell culture and retrovirus infection

Mouse embryonic fibroblasts isolated from Psmb8 "/~ (BSi’/ ~) mice
[65], Swiss 3T3 cells (ATCC), and ST2 cells (kindly provided by Dr.
Meinrad Busslinger) were cultured in DMEM medium supplemented
with 10% fetal calf serum (FCS), penicillin, and streptomycin (Life
Technologies). DNA fragments encoding an open-reading frame of
mouse B5t™T or B5tS>2°R were cloned into the retrovirus vector
PMRX-IRES-EGFP [66]. Retrovirus supernatant was prepared as
described previously [62].

Proteasomal analysis

Glycerol density gradient was described previously [67]. For immuno-
precipitation, cells were lysed in an ice-cold lysis buffer (50 mM
Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 0.5% NP-40, and
protease inhibitor cocktail (Thermo)). Cell lysates were incubated
with agarose-bead-conjugated anti-FLAG M2 antibody or anti-f5t
antibody followed by sepharose bead-conjugated protein G (GE
Healthcare). The beads were then washed and boiled in Laemmli
gel-loading buffer. The proteins were separated by SDS-PAGE [15%
Bis-Tris gel (Life Technologies)] or native PAGE [7% Tris-acetate
gel (Life Technologies)], transferred onto PVDF membrane, and
detected with indicated antibodies.

Preparation of tissue-resident lymphocytes

IELs were prepared as described elsewhere with some modifications
[59]. Briefly, small intestine was isolated and Peyer’s patches were
completely removed prior to opening longitudinally. After six quick
rinses in PBS, the intestine was cut into 5-mm pieces, followed by
incubating twice in calcium/magnesium-free HBSS containing 2%
FCS and 2 mM EDTA at 37°C for 20 min. The cell suspension was
filtered through glass wool and the filtrate was centrifuged in 30%
Percoll (GE Healthcare) to remove mucus. Cell pellets were then
resuspended with 40% Percoll and further separated through a 40—
70% Percoll step gradient. The cells at the interface of the Percoll
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gradient were collected and used for further analysis. For isolation
of lymphocytes from skin or lung, ears or lungs from adult mice
were cut into small pieces and digested with 0.2% collagenase D
(Roche) and DNase I (Roche) at 37°C for 30 min. After digestion,
tissue fragments were mechanically disrupted using a syringe and
18-G needle, and cells were passed through 100-pm nylon mesh to
remove tissue clumps, collected by centrifugation, and resuspended
in PBS containing 2 mM EDTA and 2% FCS.

Inflammatory responses

Adult mice (6 to 12 week old) were injected intravenously with
100 pl of emulsion containing 15 ug TDM (Sigma) prepared as
described previously [68]. Lung weight index was calculated as
described previously [69]. Emulsion without TDM was injected as a
control. For testing psoriasis-like dermatitis, a daily dose of 5 mg of
Beselna cream (5% imiquimod; Mochida Pharmaceutical) or control
vaseline cream (Wako) was applied to each ear for 6 days. At the
days indicated, the ear thickness was measured using a micrometer.

Sequencing analysis of TCRy

Vya* or Vy6* (17D1% Vy57) thymic y8T cells were isolated from
3- to 4-week-old wild-type or tn/tn mice (pooled from three mice
per group). Total cellular RNA was extracted using RNeasy micro
kit (QIAGEN) and reverse-transcribed with oligo-dT primer and
Superscript III reverse transcriptase (Life Technologies). Vy4-Cyl
and Vy6-Cy1 cDNA fragments were PCR-amplified and cloned in the
pBluescript vector. DNA sequences of randomly picked clones were
determined. Primer sequences are as follows: Vy4 forward, 5-C
TTGCAACCCCTACCCATAT-3'; Vy6 forward, 5-TCAAGAGGAAAGG
AAATACGGC-3’; and Cyl reverse, 5-CTGGGAGTCCAGGATAGTA
TTG-3'.

Statistical analysis

The statistical significance was calculated with an unpaired one-
tailed Student’s t-test. When indicated, one-way ANOVA was used.
All calculations and justifications were done using the GraphPad
Prism software. No randomization or exclusion of samples was
used. For animal experiments, sample size was chosen based on
previous experience and preliminary experiments. No blinding of
investigators was done.

Supplementary information for this article is available online:
http://embor.embopress.org
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