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The thymic microenvironment is a three -dimensional cellular architecture composed of a set of stromal cells,
including thymic epithelial cells (TECs), which guide the development and repertoire formation of T cells. In
the thymus, there are two anatomically discrete environments, the cortex and medulla, that contain
phenotypically and functionally different TEC subsets called cortical TECs (cTECs) and medullary TECs
(mTECs), respectively. cTECs form a cortical meshwork densely filled with CD4'CDS8" thymocytes undergoing
repertoire selection. Positively selected CD4 ' CD8™ and CD4 CDS8" thymocytes migrate into the medulla, where
mTEC:s filter out self reactive SP thymocytes by negative selection. This stepwise developmental process across
the distinct microenvironments achieves the development of afiT 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, but the
physiological significance of cTECs has been less addressed, partly because of a few reports on cTEC -deficient
mice. Thus, whether and how cTECs contribute to the development and function of the immune system, other
than in the context of positive selection of afT cells, remains to be elucidated. In addition to the conventional
and unconventional afT -cell lineages, the thymus also supports the development of 3T cells. In fact,
development of Vy5" y8T cells was shown to be dependent on Skintl expressed on mTECs. Recent studies have
paid particular attention to a subpopulation of y8T cells as an important source of interleukin (IL) -17 in various
infections or inflammatory disorders, although regulation of the development of IL -17 -producing ydT cells in

the thymus remains largely unclear.

We have found that a spontaneous mutant mouse line that exhibited a T lymphopenia in our in -house
breeding colony of C57BL/6 mice. These mice showed a significant reduction of CD3'CD44'" naive T cells in
peripheral blood, with no apparent defects in growth or reproduction. We named this mouse strain “7"
Iymphopenia of naive population (TN)”. After several generations of in - and outbreeding, we found that the
T lymphopenia was inherited as an autosomal dominant trait. Compared with wild -type, 7N mice had strikingly
smaller thymi and markedly reduced numbers of total thymocytes. The frequency of CD4SP and CD8SP mature
thymocytes was significantly reduced in 7N mice, whereas the frequency of DP thymocytes was unchanged.
Bone marrow cells from £n/tn mice readily reconstituted thymocyte development in irradiated wild -type mice,
whereas +/¢n and ¢n/tn host mice did not support thymocyte development of wild -type bone marrow cells,
indicating that non -hematopoietic stromal cells, likely thymic stromal cells, are responsible for the impaired
T -cell development in 7N mice. In the thymus from £n/¢n 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. However, CD205"UEA1" ¢TECs were nearly complete loss in ¢1/¢n
thymus, whearas CD205'°UEA1" mTECs were detectable. Development of cTECs also failed in in vitro organ
culture of E14.5 fetal thymus, indicating that this defect was thymus -intrinsic. The most prominent population
of TECs from tn/tn mice was CD205°UEA1" cells that showed low surface expression of MHC class II. As the

expression of MHC class II gradually increases along the maturation process of TECs, our results indicate that
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CD205°UEAI ™ cells in ¢7/tn mice are immature progenitors and that £77/ £ mice are defective in the generation
of mature cTECs from immature TEC progenitors.

By linkage analysis followed by deep sequencing of the entire 11 -Mb candidate region on chromosome 14,
we identified a homozygous missense mutation in £z/¢n mice in the Psmb11 gene, the gene that encodes the
cTEC -specific proteasome subunit B5t. This mutation is a G to A nucleotide substitution, which causes a codon
change (G220R). To confirm that the Psmb11°*°® mutation was primarily responsible for the 7NV phenotypes,
we performed CRISPR/Cas9 -mediated genome editing in mice. A single nucleotide reversion from
Psmb11°® to Psmb11"" in +/tn mice completely restored thymocyte cellularity and development of mature
¢TECs up to wild type levels. These results clearly indicate that the Psmb11°7*™® is the causative mutation
responsible for the 7N phenotype. B5t is a proteasome subunit exclusively expressed in ¢cTECs that forms an
atypical type of proteasome, termed the “thymoproteasome”. It was quite unexpected that the single amino acid
substitution of B5t could account for such severe defects, because mice lacking 5t showed normal cTEC
development by the redundant complementation with another subunit f5i. Along with the fact that
heterozygous +/£n mice also exhibited the 72V 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, we utilized retroviral expression of 5t in B5i -deficient mouse embryonic fibroblast (MEF)

G220R

cells. The mutant B5t protein was not proteolytically processed to its mature form, nor was it assembled with

other subunits. Its expression resulted in the accumulation of proteasome assembly intermediates. These results

G220R

indicate that the p5t mutant protein disturbs normal proteasome assembly in cTECs. In fact, impaired

thymoproteasome assembly was observed in vivoin fetal thymus from Zz/¢n mice. Consistent with an absolute

G220R induced cell death in

requirement of proteasome activity for cell survival, exogenous expression of 5t
different cell types in a dose -dependent manner. Indeed, in ¢72/¢n neonatal thymus, mature 5t" cTECs were
specifically absent, while immature p5t™¥'° TEC populations remained. Finally, residual cTECs in fetal thymus
from ¢n/tn mice exhibited higher accumulation of polyubiquitinated proteins and a higher occurrence of cell

death than those from wild -type mice. Collectively, we concluded that p5t“22°%

mutant protein inhibits normal
proteasome assembly and thus induces cell death in mature cTECs that highly express 5t. Thus, 7V mice
represent a 5t -driven, novel mouse model of cTEC deficiency.

The findings described above prompted us to utilize 7Vmice to study the significance of cTECs in T —cell
development and the immune system 1n vivo. First, we observed that thymic cellularity was associated with the
expansion of mature cTECs during ontogeny. In E14.5 fetal thymus, there were no differences in thymic
cellularity or epithelial architecture between wild -type and £n/¢Zn mice. After E16.5, £n/tn mice exhibited
reduced thymic cellularity, which coincided with the impaired maturation of cTECs. These results indicate the
requirement of mature cTECs for maximizing the size of the thymus. We next examined affT -cell development.
In mice expressing either polyclonal or monoclonal TCRs (OT I and OT -II), TCRB"CD69" post -selected DP
thymocytes and CD4SP or CD8SP thymocytes were markedly reduced, indicating that positive selection of afT
cells was impaired in £n/¢Zn mice. The ofiT cells that developed in £n/tn mice carried an altered TCR repertoire,
as the distribution of TCR -Va and TCR -V in splenic T cells and SP thymocytes was significantly different
between wild -type and £n2/£n mice. By contrast, negative selection mediated by mammary tumor virus
(mtv) -encoded superantigen was not affected in £n/¢n mice. These results indicate that mature cTECs are

required for positive selection and repertoire formation, but dispensable for negative selection, of afT cells,
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which is consistent with previous findings. We also found a significant reduction of iNKT cells in the thymus,
liver, and spleen from ¢z/¢n mice. The ratio of thymic iNKT to DP cells was markedly reduced in £n/¢n mice,
indicating that development of iNKT cells from DP thymocytes is impaired in the absence of mature cTECs. The
frequency of Foxp3 'CD25" Tregs in CD4SP thymocytes and their distribution in the thymic medulla were
similar between wild -type and Zn/¢n mice. We also found no significant reduction in the frequencies of
TCRB'CDS" thymic CD8oo.” IEL precursors or IEL subpopulations, including CD8aa TCRaf IELs, isolated
from small intestine. These results indicate that the thymic development of Tregs and IELs does not require
mature cTECs.

Lastly, we addressed ST -cell development in #7/£nmice. Although the proportion of Vy5" and Vy1™ cells
among thymic ydT cells was largely unchanged between wild -type and tn/tn mice throughout ontogeny,
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. Vy6" and Vy4" cells include an IL -17 producing subset, termed y5T17, whose development is
restricted to the thymus during late embryonic and neonatal stages; they also contribute to the pathogenesis of
inflammation in the periphery. In adult £z/£n mice, the proportion of IL -17 -producing cells among yoT cells
was greatly increased. Among these y3T17 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 ydT17 cells from
tn/tn mice. The altered repertoire of YT cells in £n/¢n mice was due to neither B5t deficiency nor reduced mTEC
development, as the proportion of Vy4" and Vy6" cells was unaffected in B5t -deficient mice and
mTEC -reduced, MHC -deficient mice, and the altered ydT -cell repertoire in Zn/¢n mice was not restored by
sRANKL -mediated enhancement of mTEC differentiation. To explore the significance of the alteration in
thymic y3T cells, we examined the distribution and function of peripheral y3T cells. In adult £/ ¢n mice, Vy6"
cells in lung were robustly increased, whereas Vy4 " cells were markedly reduced in lung, skin, spleen, and
lymph nodes. Lung Vy6" y8T17 cells have been reported to trigger the inflammation induced by trehalose
6,6’ -dimycolate, a cord factor of Mycobacterium tuberculosis. 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 formation. 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, was significantly attenuated in tn/tn mice. These results indicate that the y5T cells generated in the

absence of mature cTECs express an altered TCR repertoire that fails to properly mount inflammatory responses.

In this study, we established a novel mouse model, designated 7N mice, which intrinsically lacks mature
cTECs. We identified the G220R mutation of B5t as being primarily responsible for cTEC deficiency in TN
mice. Thus, 7N is a 5t -driven, mature cTEC -deficient mouse strain, which will be useful to investigate the
physiological significance of cTECs, leading to unveil developmental rules for y3T cells that can be applied to

vOT -cell -based immunotherapies.
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