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In this report we demonstrate that Notch signaling promotes
the development of novel Thyl-expressing DCs (Thyl*DCs) in
the thymus. Thyl*DCs express CD11c, Thyl, cIl, CD40, CD86,
CD80 and CD8« but not NK1.1 and B220. Thyl*DCs constitute
about 5% of thymic CD11c™#5cII* DCs and possess the ability to
delete CD4*CD8* double-positive thymocytes. These data indi-
cate that Notch controls a novel type of DC and suggest that
Notch signaling may regulate negative selection in the thymus
through Thyl* DC development.

Results

Notch signaling promotes the differentiation of Thy1™*
DCs

Culturing bone marrow cells (BMCs) in the presence of GM-CSF
promotes the differentiation of DCs. In order to investigate the
role of Notch in DC development, BMCs were cultured in the
presence of GM-CSF on OP9-DL1 cells, which are OP9 stromal
cells that overexpress Delta-like 1 (DL1) [13]. Culturing BMCs on
OP9-DL1 cells induces a greater differentiation of CD11c*cll*
cells compared with culture on control OP9-GFP cells (Fig. 1A).
The gating strategy for analyzing DCs is shown in the Supporting
Information Fig. 1. By examining a variety of cell surface markers
on CD11c*cll™ cells that were differentiated on OP9-GFP or OP9-
DL1 cells, we found that about 70% of CD11c*cll* cells cultured
on OP9-DL1 express Thyl.2, while only about 20% of cells
express Thyl.2 when differentiated on OP9-GFP cells (Fig. 1A).
The level of Thyl.2 on DCs cultured with OP9-GFP was lower
than that with OP9-DL1. The total number of Thyl-expressing
DCs was also increased by culturing BMCs on OP9-DL1 cells
compared with that on OP9-GFP (Fig. 1A). We hereafter
designate Thyl-expressing DCs as Thy1*DCs. In order to examine
the characteristics between Thyl*DCs and pDCs, we compared
their expression profiles for a number of lymphocytic and
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monocytic markers in in vitro differentiated Thyl*DCs and
pDCs. We cultured BMCs in the presence of FMS-like tyrosine
kinase 3-ligand (FIt3-L), which favors pDC development, in the
absence of OP9 cells [14]. We found that few Thyl*DCs
developed from BMCs in the presence of Flt3-L, and only a small
number of Thyl*DCs differentiated in the presence of GM-CSF
(Fig. 1A)(Supporting Information Fig. 2), suggesting that there
are distinct differentiation requirements for Thy1*DCs and pDCs.
Thyl1*DCs express CD11b, but not CD3s, CD4, CD8x, B220,
NK1.1 or PDCA-1, indicating that Thyl*DCs have a phenotype
distinct from T cells, NK cells and pDCs (Supporting Information
Fig. 3A). Thy1*DCs highly express CD80 and CD86, comparable
to Thyl-negative DCs (Thy1"“2DCs) differentiated from BMCs
cultured on OP9 cells in the presence of GM-CSF, and to DCs
differentiated from BMCs cultured in the presence of GM-CSF
without OP9 cells (GM DCs) (Supporting Information Fig. 3B).
CD80 and CD86 expression on Thyl*DCs was higher than on
DCs differentiated from BMCs cultured in the presence of Flt3-L
(FIt3-L DCs) (Supporting Information Fig. 3B). CD40 expression
was low on all DC types in our studies (Supporting Information
Fig. 3B). Furthermore, Thy1* DCs were smaller than Thy1"*2DCs,
but larger than Flt3-L DCs (Supporting Information Fig. 3C).
Thy1*DCs have a dendritic morphology similar to Thy1™*#DCs
(Fig. 1B).

Mastermind-like 1 (MamL1) is required for Notch signaling
[15]. We tested if Thyl*DC development depended on Notch
signaling by transducing a dominant negative form of MamL1
(MamL1-DN) into BMCs cultured on OP9-DL1. Transduction of
MamL1-DN into BMCs did not affect the development of DCs
cultured on OP9 cells but almost completely inhibited the
development of Thy1*DCs from BMCs cultured on OP9-DL1 cells
(Fig. 1C). These data show that Notch signaling in BMCs is
required for Thyl*DC development.

DCs are characterized by their ability to efficiently present
antigens to T cells. We tested if Thyl*DCs are able to present
exogenous protein antigens by co-culturing TCR transgenic
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< Figure 1. Differentiation of Thy1-expressing DCs requires Notch signaling. (A) Cell surface expression of Thy1.2 on DCs (CD11c*cll*) was assessed
by flow cytometry after gating cells as shown in Supporting Information Fig. 1. The percentage or absolute number of CD11c*cll* cells or CD11c*
cli*Thy1.2* cells (Thy1*DCs) was counted after culturing BMCs for 6 days on control OP9-GFP or OP9-DL1 cells in the presence of GM-CSF, or in the
presence of Flt3-L without OP9 stromal cells or GM-CSF without OP9 stromal cells. (B) Morphology of pDCs (PDCA-1*) from BMCs cultured with
Fit3-L, Thy1"™*8DCs (CD11c*clI*Thy1.27) cultured with OP9-GFP cells, or Thyl*DCs (CD11c*cIl*Thy1.2*) cultured with OP9-DL1 evaluated by
Giemsa staining. Original magnifications, x400. Scale bars = 10 ym. (C) BMCs were cultured on OP9-GFP or OP9-DL1 cells in the presence of
GM-CSF for 6 days after triple infection with a control virus (EV) or a retrovirus carrying MamL1-DN. Cells were stained with anti-CD11c, and
Thyl.2mAbs and analyzed gated on GFP* cells after exclusion of debris and OP9 stromal cells by gating on forward and side scatter and dead/
autofluorescent cells by gating out 7AAD* cells. Percentage of Thy1*DCs in total cells is shown in the lower bar graph. (D) Thy1™*28DCs or Thy1*DCs
were obtained by co-culture of BMCs with OP9-GFP or OP9-DL1 cells, respectively. Thy1™*8DCs or Thy1*DCs (2 x 10%) were cultured with CD4*
T cells (4 x 10%) from 5C.C7 TCR transgenic mice (left and middle graph) or CD8* T cells (4 x 109 from OT-I TCR transgenic mice (right graph) for 3
days with PCCa;-104 (left graph), PCC protein (middle graph) or SIINFEKL (right graph), respectively. [*H]-thymidine incorporation during the final 6h
was measured. NS, not significant. (E) Expression of Thy1, Ptcra, Ragl, Rag2, Cd2, Gata3, Pax5, Sfpil, E2-2, Spib, Dtx1 and Hes1 in total thymocytes
(Thy), total splenocytes (Spl), pDCs (PDCA-1* from Flt3-L DC), GM DGs (CD11c*cl"Thy1.27), Thy1"*8DCs from OP9 DCs (CD11c*cll*Thy1.27), and
Thy1*DCs from OP9-DL1 DCs (CD11c*cll* Thy1.2*) by real-time PCR. The expression of each gene was normalized to Actb mRNA and presented as
‘fold increase’ relative to the expression of each gene in total thymocytes RNA. The p value indicated in (E) is the data compared with expression
between DC samples. ND, not detected. (F) Western blotting of Hes1 protein in B3Z-EV (negative control), B3Z-N2IC where B32Z T-cell hybridoma
cells were transduced with intracellular domain of mouse Notch2 (positive control), total thymocytes (Thy), total splenocytes (Spl), pDCs (PDCA-1*
from FIt3-L DCs), GM DCs (CD11c*cli*Thy1.27), Thy1"*8DCs from OP9 DCs (CD11c*cll*Thy1.2™) and Thy1*DCs from OP9-DL1 DCs (CD11c*ell*
Thy1.2%). The filled and opened arrowheads indicate specific bands of Hes1 or Actin and non-specific bands (NS), respectively. The lower of the two
bands indicate expression of Hesl protein. Actin protein was used as an internal control. The data are representatives of at least three
independent experiments. *p<0.05, **p<0.01 and ***p<0.001. NS, not significant.
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5C.C7 T cells (specific to a pigeon cytochrome ¢ (PCC) peptide
(81-104) presented by IEY) with a PCC peptide (81-104) or
whole PCC protein. Thyl*DCs were able to stimulate CD4*
5C.C7 T cells when either PCC peptide or PCC protein was used
as an antigen although the ability to present protein antigens is
slightly lower than that of Thy1"™2DCs (Fig. 1D; left or middle
panel, respectively). Additionally, Thyl*DCs were able to
stimulate CD8" OT-1 T cells that express TCRs specific to OVA
peptide (SIINFEKL) presented by D® in the presence of SIINFEKL
peptide (Fig. 1D: right panel). These data demonstrate that
Thy1*DCs are able to stimulate CD8" and CD4* T cells when
mixed with MHC class I or class II peptides, as well as processing
and presenting exogenous antigens on cll.

We next investigated the expression of lineage-specific mole-
cules in Thyl*DCs by real-time PCR in order to analyze the
lineage relationship of Thy1*DCs with lymphocytes and other DC
subtypes (Fig. 1E). Thymocytes highly express Thy1, Ptcra, Ragl,
Rag2, Cd2, Gata3 and Pax5, whereas spleen cells express Thyl,
Cd2, Gata3 and Pax5, but not Ptcra, Ragl and Rag2. pDCs express
Ptcra, Sfpil, E2-2 (also known as Tc¢f4) and Spib, as previously
reported [16]. Thyl*DCs do not express Ptcra, Ragl, Rag2, Cd2,
Pax5, E2-2 or Spib, but do express Thyl, Gata3 and Sfpil
(Fig. 1E). Thyl*DCs highly expressed the Notch target genes
Dtx1 and Hes1 when compared with other DC types (Fig. 1E). We
found that Thyl*DCs expressed Hes1 protein, but that the other
DC types did not (Fig. 1F). The high expression of Thyl and
Gata3 in Thy1*DCs, but not other DCs, suggests that Thyl*DCs
express, at least partially, T-cell lineage-specific transcriptional
programs together with DC-specific genes, and that Thyl*DCs
have molecular signatures distinct from other DCs.

Thy1*DCs are present in the thymus and not in the
spleen or lymph nodes

We next determined if DCs possessing phenotypes similar to
those of in vitro-generated Thyl*DCs are present in spleen,
lymph nodes and thymus. We gated on cells negative for B220,
NK1.1 and TCR- and positive for CD11c and cll, and measured
Thy1-positive cells in the thymus, spleen, and inguinal/brachial
(pLNs) and mesenteric lymph nodes (mLNs) (Fig. 2A). The gating
strategy is described in detail in the Supporting Information
Fig. 4A. We found Thy1*DCs in the thymus, constituting about
5% of total thymic DCs; however, we observed few Thyl*DCs in
spleen and lymph nodes (Fig. 2A).

A previous paper indicated that DCs in the thymus capture CD4
or CD8 from thymocytes and express those molecules even though
the DCs themselves do not transcribe those particular mRNAs [17].
In order to determine if Thyl expressed on Thy1*DCs comes from
adjacent T cells, we cultured BMCs from B6 Thyl.1 and B6 Thyl.2
mice at a 1:1 ratio on OP9-GFP or OP9-DL1. Only about 1% of the
cultured cells were Thyl.1 and Thyl.2 double-positive, and most
of the Thyl-expressing DCs on OP9-DL1 were Thy1.1*Thyl.2™ or
Thy1.1"Thy1.2" cells (Fig. 2B). For a more stringent in vivo test of
the ability of DCs to capture Thyl, we co-transplanted BMCs from
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B6 Thyl.1 and RAG2-deficient (Thy1.2) mice into irradiated B6
Thy1.2 mice. If the Thyl*DCs from RAG2-deficient mice capture
Thy1.1 protein expressed on thymocytes, we would expect to see
Thyl.1 and Thyl.2 double-positive DCs in the recipient thymus.
We analyzed Thy1.1 and Thy1.2 expression on CD11cMcIl* cells in
the thymus 4wk after transplantation and found low numbers
(5-12%) of Thyl.1 and Thyl.2 double-positive DCs, with most
DCs (88-95%) expressing only Thyl.2 (Fig. 2C), which is not
consistent to Thy1 pick-up theory. The gating strategy is described
in detail in the Supporting Information Fig. 4B. We performed
short-term culture experiments in order to determine whether the
Thyl molecules present on Thyl*DCs are due to intrinsic
expression (Fig. 2D). If Thyl on DCs comes from adjacent T cells
or other Thyl expressers, the expression of Thyl on Thyl*DCs
themselves should decrease over time during short-term in vitro
culture. However, the population of Thy1*DCs and the intensity of
Thyl expression were constant throughout the culture period
(Fig. 2D). Furthermore, we found higher Thyl mRNA expression
in thymic Thyl*DCs compared to Thyl"*®DCs (Fig. 2E). Taken
together, these data indicate that the Thy1 expressed on Thy1*DCs
is mainly attributed to Thy1 transcription in Thy1*DCs.

Thymic Thyl*DCs express CD8x and some of Thyl*DCs
express CD11b (Fig. 3A), whereas about half of the thymic
Thy1"*#DCs were CD8u . Both Thy1*DCs and Thy1®*®DCs express
Notch2 and Notch3 at low levels, but not Notch1 (Fig. 3B). Thymic
pDCs do not express Notchl, Notch2 or Notch3 (Fig. 3B). Thyl*
DCs and thymic Thyl1"*®DCs express comparable levels of CD40,
CD80 and CD86 (Fig. 3C). These data demonstrate that DCs with a
phenotype similar to Thyl*DCs differentiated in vitro on OP9-DL1
cells are present in vivo in the thymus.

Thy1*DCs are able to present exogenous antigens
y P g g

In order to know if Thyl*DCs in the thymus are able to process
and present exogenous antigens, Alexa Flour 488-conjugated
OVA protein was injected into B6 mice and the uptake of OVA
protein by DCs was evaluated 18 h after injection. Thy1*DCs in
the thymus and Thy1"*8DCs took up OVA protein equally well,
and the OVA uptake ability of Thyl*DCs was higher than that of
pDCs (Fig. 4A).

We next tested if Thyl*DCs in the thymus are able to delete
immature CD4*CD8* T cells by co-culturing Thyl*DCs and
thymocytes from OT-II TCR (specific to OVA peptide presented
by IAP) transgenic mice in the presence of OVA protein or
peptide. Thymic Thyl*DCs were able to delete CD4*CD8* T cells
comparable to thymic Thy1"*8DCs, demonstrating that Thyl*DCs
are able to capture exogenous antigens in the thymus and delete
CD4*CD8* thymocytes (Fig. 4B).

RBP-] is required for Thy1*DC development in vivo

RBP-J is required for canonical Notch signaling [18]. In order to
determine if deletion of RBP-J impacts Thyl*DC development,
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Figure 2. Thyl*DCs are present in vivo. (A) CD11cMcll*Thy1.2* cells in the thymus, spleen, inguinal and brachial lymph nodes (pLNs), or
mesenteric lymph nodes (mLNs) were analyzed by gating cells negative for B220, NK1.1 and TCR-p as shown in Supporting Information Fig. 4A.
(B) BMCs from B6 mice (Thy1.2) and B6 Thy1.1 mice at a 1:1 ratio were cultured for 6 days in the presence of GM-CSF and OP9-GFP or OP9-DL1. The
expression of Thy1.1 and Thy1.2 on CD11c*clI* cells was analyzed after gating cells as shown in Supportmg Information Fig. 1. (C) Lin™ BMCs from
B6 Thyl.1 and Rag2-deficient mice (Thy1.2) were injected intravenously into 9-Gy-irradiated B6 mice. B220"NK1.1"TCR-p~CD1ic hicIl* cells were
analyzed for Thyl.1 and Thy1.2 expression 4 wk after transplantation using the gating strategy shown in Supporting Information Fig. 4B. Five
recipient mice were used in each group. The left graph shows the percentage of Thy1.1 " Thy1.2* cells (Thy1.2 SP) and Thy1.1*Thy1.2* cells (Thy1.1/
Thy1.2 DP) in CD11cMcll* DCs in each of five mice (NO. 1-5). The right graph indicates the ratio of Thy1.1/Thy1.2 DP per Thy1.2 SP in CD11cclI*
DCs in each of five mice. The FACS data shown in this figure are from mouse No. 1. (D) MACS-purified Thymic cli” cells were analyzed immediately
(left panel) or after culture (right panel) with GM-CSF (10ng/mL) and Flt3-L (10 ng/mL) for 18 h. Thy1¥DCs are indicated after gating on forward and
side scatter to exclude debris and 7AAD"NK1.1"B220"TCR-B~CD11cMcll* cells. (E) Real-time PCR analysis of Thyl mRNA from thymocytes sorted
thymic Thy1*DGs (220 NK1.1 TCR-p~CD11c™cll*Thy1.2*) and Thyl"egDCs (B220"NK1.1"TCR-$~CD11c c[I*Thyl 27). The expression of each
gene was normalized to Actb mRNA and presented as ‘fold increase’ relative to the expression of each gene in total thymocytes RNA. The data are
representative of three independent experiments.

we deleted RBP-J in CD11c” cells by crossing RBP-J°¥/ox [19]
mice with CD11c-Cre transgenic mice to generate RFF11c mice.
As previously reported [12], the number of CD87DCs in the
spleen was decreased in RFF1llc mice relative to control mice
(data not shown). In contrast, the number of Thyl*DCs in the
thymus of RFF11c mice was comparable to that of control mice
(Fig. 5A), suggesting that Notch signaling is required before the
Thy1¥DC progenitors express CD11c. In order to delete RBP-J at
an earlier stage of Thyl”DC development, we retrovirally
transduced the Cre recombinase (Cre) gene into Lin™ BMCs from
RBP-Jex/fox mice and transplanted those cells into irradiated B6

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mice (Fig. 5B). We found that the development of thymic Thyl™
DCs from RBP-J-deficient BMCs was impaired, although not
completely abolished, in the absence of RBP-J (Fig. 5B).
As previously reported, the number of splenic CD11c*cll* cells
and CD8 DCs was decreased by RBP-J deficiency in the
hematopoietic cells of the reconstituted mice (Supporting
Information Fig. 5A), although the number of thymic CD8 DCs
did not change in the context of RBP-J deficiency (Supporting
Information Fig. 5B) [12].

A previous paper demonstrated that a CD44"CD25" popula-
tion in thymus contains DC progenitors [20]. In order to assess
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Figure 3. In vivo Thy1*DC phenotypes. (A) The expression of CD11b and CD8x on thymic Thy1"*8DCs (B220"NK1.1 TCR-p~CD11c™clI*Thy1.27) or
Thy1*DCs (B220"NK1.1"TCR-B~CD11cPcll* Thyl.2*) was analyzed by flow cytometry. Expression of Notch1, Notch2 or Notch3 (B) or CD40, GD8O or
CD86 (C) on thymic Thy1*DCs, Thy1™&DCs or pDCs (CD11c'°clI'°CD11b"*8B220*) was analyzed by flow cytometry. The shaded histogram shows
each cell type stained with streptavidin-PE-Cy7 alone. The gating strategy is the same as in Fig. 2A. The data shown in this figure are representative

of three independent experiments.

which cells are the progenitors for thymic Thyl*DCs, we isolated
CD44*CD25~ (DN1) and CD447CD257 (DN2) cells from B6
mice and cultured each population on OP9-GFP or OP9-DL1 cells
in the presence of IL-7, TNF-o, SCF, IL-3 GM-CSF and Flt3-L. We
found that Thy1¥DCs are able to differentiate from both DN1 and
DN2 cells (Fig. 5C). The gating strategy for this experiment is
described in detail in the Supporting Information Fig. 6. We then
transferred DN1 or DN2 cells from B6 Thyl.1/Thyl.2 mice into
the thymus of B6 Thyl.2 mice and analyzed the development of
Thy1*DCs 2 wk after transfer. Similar to our in vitro experiments,
we found that thymic Thyl*DCs are able to differentiate from
DN1 and DN2 cells, although the efficiency of differentiation was
quite low with DN2 cells (Fig. 5D). These data demonstrate that
DN1 and DN2 cells both contain progenitors that are capable of
differentiating into thymic Thyl*DCs in vivo, although DN2 cells
are less capable of supporting Thy1*DC differentiation in vivo.

Discussion

DCs are classified into several subtypes depending on phenotypic
and functional differences [1]. However, it remains unclear if
differential transcription factor expression controis the develop-
ment of each DC subtype. In this report, we demonstrated that
overstimulation of BMCs with DL1 promotes Thyl*DC develop-
ment, and that deletion of RBP-J in Lin~ BMCs blocks Thyl*DC
development in the thymus. The expression pattern of lineage-
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specific transcription factors and a number of cell surface markers
is different among Thyl*DCs, pDCs and Thyl"*€DCs. For
instance, Thy1*DCs, but not other DC subtypes, express Gata3,
which is required for T-cell development [21]. Thyl¥DCs do not
express pDCs specific transcription factor E2-2, PDCA-1 and
B220, suggesting that Thy1*DCs population is not a part of pDCs.
Thy1*DCs are able to capture exogenous antigens in the thymus
and delete CD4*CD8" thymocytes. These data provide evidence
that the thymus possesses a novel type of DC, Thyl*DCs, that
their development is controlled by Notch signaling, and that this
novel cell type might have a role in promoting negative selection
in the thymus.

A previous paper indicated that DCs in the thymus are able to
differentiate from DN2 cells [20]. We found that both DN1 and
DN2 cells could support the differentiation of Thyl*DCs in vivo.
We also found that RBP-J deletion at a relatively late stage of
development when CD11c is expressed did not disturb Thy1*DC
development, whereas deletion of RBP-J at an earlier develop-
mental stage in Lin~ BMCs did suppress Thyl*DC development.
These data indicate that Notch signaling is required during an
early phase of Thyl*DC development, but is dispensable for the
maintenance of Thyl*DCs. However, we cannot rule out the
possibility that RBP-J-independent Notch signaling could control
the maintenance of Thyl*DGCs at later developmental stages,
such as after CD11c is expressed. It is noteworthy that a small
number of Thyl*DCs still developed even when RBP-J was
deleted in Lin~ BMCs. There are at least two possibilities to
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Figure 4. Thyl*DC function. (A) Alexa Flour 488-conjugated OVA (OVA-AF488) was injected into B6 mice and the uptake of the OVA-AF488 by
thymic Thy1"*8DCs, Thy1*DCs and pDCs was analyzed by flow cytometry 18h after injection. The shaded histogram shows the value of
thymocytes in mice injected with unconjugated OVA. Five mice were used for each group. The gating strategy is the same as described in Figs. 2A
and 3B. (B) CD4"CD8" thymocytes from OT-II TCR transgenic mice were cultured with sorted thymic Thy1*DCs or Thy1"*8DCs in the presence of
OVA peptide or OVA protein for 38h after which live cells were counted. The panels show the expression of CD4 and CD8x gated on live (JAAD™)
Va2*VB5™ cells. The lower bar graph indicates percent survival of Va2+¥VB5™ TCR CD4*CD8" cells (DP) based on the ratio of cell counts compared to
cultures without antigen. *p<0.05, **p<0.01 and ***p<0.001. The data shown are representative of four independent experiments.

explain this observation. The first is that Thyl™DCs are further
subdivided into multiple populations and the development of
only some subtypes of Thyl*DCs is dependent on Notch signal-
ing. The second is that the Lin~ BMCs are mixtures of cells at
different stages of differentiation and deletion of RBP-J in Thyl™
DC progenitors that have already passed some critical step
requiring Notch signaling allows such cells to support Thyl*DC
differentiation. In any case, it would be interesting to know at
which differentiation stage Notch signaling is required for Thyl*
DC development.

Notch signaling is an absolute requirement for T-cell devel-
opment, as evidenced by the lack of T cells in mice with genetic
deficiencies of Notchl or RBP-J in T-cell precursors [19, 22].
These data suggest that Notch signaling is crucial for expressing a

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

set of T-cell-specific genes, although it remains unclear which
Notch target genes are required for T-cell development. In this
report we demonstrated that Thyl*DGCs highly express Gata3,
which is necessary for T-cell development [21] and a known
target gene of Notch, suggesting that Thy1*DCs share some T-cell
lineage-specific genetic programs together with DC-specific
genes. The clarification of the roles of T-cell lineage genes
expressed in Thyl*DCs will contribute to understanding the
functional characteristics of Thy1*DCs. As for the roles of Thyl™
DCs, we found that Thyl*DCs were able to delete immature
CD4*CD8" thymocytes in the presence of specific antigens,
suggesting that Thy1*DCs contribute to negative selection in the
thymus. Considering the essential role of Notch in T-cell devel-
opment, these results suggest that Notch signaling plays a role
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Figure 5. Thy1*DC development. (A) Thymic Thy1*DCs from CD11c-Cre transgenic mice or CD11c-Cre transgenic mice crossed with RBp-jiox/flox

(RFF11) mice were analyzed after gating on B220"NK1.1"TCR-B~CD11cMcil* cells, as described in Fig. 2A. The lower bar graphs show the
percentage of Thyl*DCs in B220"NK1,1~TCR-B~CD1icMcil* cells. NS, not significant. (B) Thymic Thy1*DCs from 9-Gy-irradiated B6 mice
reconstituted with Lin~ BMCs from RBP-J1¥%°% mjce infected with a retrovirus carrying Cre or a control virus were analyzed 4wk after
transplantation. The cells were analyzed by gating on B220"NK1.1"TCR-B~CD11c™cIl* cells in the GFP* fraction, as described in Fig. 2A. The lower
bar graphs show the percentage of Thy1*DCs in GFP*NK1.1"B220 TCR-B~CD11cPicl* cells. *p<0.05. Five recipient mice were used in each group.
(C) Sorted DN1 or DN2 thymocytes from B6 mice were cultured on OP9 or OP9-DL1 cells for 6 days. The histogram shows Thy1.2 expression on
CD11cMiell* cells after gating on 7AAD~B220"NK1.1"TCR-B~GFP", as shown in Supporting Information Fig. 6. (D) Sorted DN1 or DN2 thymocytes
from B6 mice heterozygous for Thy1.1 and Thyl.2 were injected into the thymii of 5-Gy-irradiated B6 Thy1.2 mice. After 14 days, Thyl*DCs
expressing both Thy1.1 and Thy1.2 were analyzed by measuring Thy1.1*Thy1.2*B220"NK1.1 TCR-B~ cells, gated on forward and side scatter to
exclude debris and 7AAD™ to remove dead/autofluorescent cells. Five recipient mice were used in each group. The data are representative results

from four experiments.

not only in the cell-autonomous regulation of early T cells but
also in ensuring negative selection of T cells by promoting the
generation of Thyl*DCs. Unfortunately, we have not found
Thyl*DC-specific markers to delete Thyl*DCs in vivo, which
precludes a rigorous analysis of whether Thyl*DCs have roles
distinct from Thyl"®DCs in the thymus. We are currently
attempting to find molecules specifically expressed on Thyl*DCs.

Previous papers have shown that thymic DCs capture CD4
or Thyl from T cells and express those molecules on their
surface [17] by analyzing DCs gated on clI* cells. In order to
examine if Thyl expressed on Thyl*DCs comes from adjacent

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

T cells, we co-transplanted BMCs from RAG2-deficient (Thyl.2)
mice or Thyl.1 B6 mice into irradiated mice and analyzed Thyl.2
expression, which clearly distinguished T cells from DCs. We
identified Thyl.2 single-positive Thyl*DCs by gating on
B2207NKI1.1 TCR-B~CD11cMcll* cells, indicating that Thyl™®
DCs intrinsically express Thyl. However, we also observed
Thyl.2 and Thyl.1 double-positive DCs, which would be attrib-
uted to the capture of Thyl from adjacent Thyl-expressing cells.
The discrepancy between our results and previous results could
be due to using different flow cytometry gating strategies for
analyzing cells. We used more parameters to distinguish Thyl*
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DCs than previous studies, which might account for our success in
detecting about 5% of total thymic CD11c™"II* DCs as being
Thy1*DCs. Furthermore, we did not see any reduction in Thyl
expression during short-term cultures of Thyl*DCs. Taken
together, these data indicate that Thyl*DCs transcribe and
express Thyl intrinsically.

In this report we showed that Thyl*DCs highly express cll
and several costimulatory molecules and are able to delete CD4™
CD8” thymocytes in vitro. Thus far, we have not found any
functional characteristics of Thyl®™ DCs distinct from conven-
tional DCs. We are currently attempting to identify molecules
that are specifically expressed on Thyl*DCs to delete Thyl*DCs
in vivo in order to carefully analyze this novel cell type’s roles in
immune responses.

In conclusion, we have demonstrated that Notch signaling
controls the development of Thyl*DCs, a novel type of DC
located in the thymus. Thyl*DCs are able to capture exogenous
antigens and delete CD4"CD8" thymocytes. These data indicate
that Notch signaling controls not only the differentiation of
T cells but also DC development in the thymus.

Mice

C57BL/6 (B6) and B10.A mice were purchased from Japan SLC
(Hamamatsu, Japan). 5C.C7, OT-II and OT-I TCR transgenic and
RAG2-deficient mice were purchased from Taconic (German-
town, NY, USA). CD11c-Cre transgenic and B6 Thyl.1 mice were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
RBP-J1¥°x mice were described previously [19]. All mice were
maintained under specific pathogen-free conditions in the animal
research center of the University of Tokushima. All animal studies
were approved by the animal research committee of the
University of Tokushima.

Antibodies and flow cytometry

Fluorochrome-labeled anti-CD11c (N418), anti-CD4 (GK1.5),
anti-CD8«  (53-6.7), anti-Thyl.2 (53-2.1), anti-CD80
(16-10A1), anti-CD86 (GL1), anti-CD40 (1C10), anti-NK1.1
(PK136), anti-TCR-B (H57-597), anti-Thy1.1(HIS51), anti-CD25
(PC61.5) and anti-CD44 (1IM7) mAbs were from eBioscience
(San Diego, CA, USA). Anti-B220 (RA3-6B2), anti-cll (M5/
114.15.2) and anti-CD11b (M1/70) mAbs, streptavidin-PE-Cy7
and streptavidin-APC were from Biolegend (San Diego, CA,
USA). Anti-Va2 TCR (B20.1) and ant-VB5.1/5.2 TCR (MR9-4)
mAbs were from BD Biosciences (Mountain View, CA, USA). Fc
receptors were blocked with anti-Fc receptor mAb (2.4G2).
7-amino actinomycin D (7AAD; Sigma) was used to eliminate
dead/autofluorescent cells. Fluorescence intensity was evaluated
using a FACSCalibur or FACSCanto II (BD Biosciences). Flow
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cytometry data were analyzed by FlowJo (Tree Star) or FACSDiva
software (BD Biosciences). Anti-Notchl, 2 and 3 antibodies were
reported previously [9, 23].

Vectors and constructs

The ¢cDNA for Cre recombinase was cloned into the pKE004
retroviral vector [7]. MamL1-DN cloned into MSCViresGFP was
provided by Dr. Pear [15]. Retroviruses were generated by
transfecting each vector into Plat-E cells [24] using GeneJuice
(Novagen, Darmstadt, Germany).

Induction of BMC-derived Thy1l* DCs

BMCs were recovered after flushing the femurs and tibias of mice
with RPMI 1640 medium. After lysis of RBC with NH,CI, cells
were plated at 1.5 x 107 cells in HEPES modified RPMI complete
medium containing 10% fetal bovine serum, 2mM i-glutamine,
40U/mL of penicillin, 40 pg/mL of streptomycin and 55pM of
2-mercaptoethanol with 4 x 10° OP9-GFP or OP9-DL1 cells [13]
and 20% culture supernatant from GM-CSF-producing cells
(provided by T. lizuka, University of Minnesota, Minneapolis,
MN, USA) for 6 days. As a control for induction of ¢DCs or pDCs,
BMCs were cultured without OP9 cells in the presence of 20%
GM-CSF or Flt3-L (10 ng/mL) (Roche) for 6 days, respectively. In
some experiments, a retrovirus carrying MamL1-DN was used to
infect BMCs cultures three times (days 0, 1 and 2).

T-cell proliferation assay

Splenic CD4* or CD8* T cells were positively purified with
streptavidin microbeads (Miltenyi Biotec) after staining cells with
biotin-conjugated anti-CD4 or anti-CD8 mAb, respectively.
BMC-derived DCs were stained with anti-CD1lc and anti-
Thyl.2 mAb, and Thyl™®DCs (CD11lc*Thyl™) or Thyl*DCs
(CD11c*Thyl™) were sorted by a cell sorter (JSAN; Bay
Bioscience, Kobe, Japan). The purity of sorted cells was >95%.
T cells were cocultured with Thy1™#DCs or Thyl*DCs in the
presence of PCC protein (Sigma), PCCgy_104 Or SIINFEKL (both
from Biologica) for 3 days. To assess the proliferation of T cells,
1 uCi of [*H]-thymidine was added for the last 6 h of culture. The
incorporation of [*H] was analyzed by a B liquid scintillation
counter (Aloka, Tokyo, Japan)

Real-time PCR

BMC-derived pDCs were purified by using biotin-conjugated anti-
PDCA-1 mAb (eBioscience) followed with streptavidin microbe-
ads. The BMC-derived GM DCs, Thy1™DCs or Thyl*DCs were

purified using a cell sorter (FACSAriall, BD Biosciences) gated on
Thyl¥or Thy~, CD11c* and cII* cells. The purity of sorted cells
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was >95%. Thymii were digested with 400 U/mL Collagenase D
(Roche) and 0.5 mg/mL DNase I in complete RPMI 1640 medium
injected into several parts of the thymus, cut into small pieces,
and incubated for 1h at 37°C. The clI* cells were purified by
staining cells with biotin-conjugated anti-cIl mAb followed by
streptavidin  microbeads. Thyl*DCs  (NK1.1"B220~TCR-
p~CD11cMclI*Thyl.2*) and Thyl"™EDCs (NK1.1-B220 TCR-
B~CD11cMclI*Thyl.2™) were purified with a cell sorter. Total
RNA was extracted with TRIzol (Invitrogen) or RNeasy Plus
Micro Kits (Qiagen) and cDNA was synthesized using an
Omniscript RT Kit (Qiagen) after digestion of genomic DNA by
DNase (Promega). Gene expression was analyzed using SYBR
Premix Ex Taq Il (TAKARA) and primer sets (Supporting
Information Table 1).

Giemsa staining

For Giemsa staining, BMC-derived DCs were purified with
CD11lc microbeads (Miltenyi Biotec). The BMC-derived
Thy1™®DCs (Thyl.2"cli*), Thyl*DCs (Thyl.2*cli*) or GM
DCs (Thyl.2 clI*) were sorted using a cell sorter. The BMC-
derived Flt3-L DCs were purified using the PDCA-1* cell
purification protocol described above. Purified cells were cultured
on glass slides for 1 day. Adherent cells were dried and fixed for
5 min with ethanol. After drying the slides, cells were stained for
30min with Giemsa staining solution (Sigma) diluted twenty
times with phosphate buffer (pH6.4).

Western blotting

Cells were washed three times with cold PBS and then lysed with
lysis buffer (50 mM Tris HCl (pH 7), 1% NP-40, 150 mM NaCl,
1 mM EDTA and a protease inhibitor cocktail (Roche)) for 20 min
on ice. Cell lysates were collected after centrifugation at
10000 rpm for 3 min. Cell lysates (30 ug) were fractionated on
10% polyacrylamide gels by SDS-PAGE and transferred to
polyvinylidene fluoride membranes (ATTO, Tokyo, Japan). The
marker protein was from Precision Plus Protein Western C
Standards from Bio Rad Laboratories (CA, USA). Membranes
were incubated with rabbit anti-mouse Hesl Ab (H-140; Santa
Cruz Biotechnology, CA, USA) at 4°C for overnight after blocking
non-specific binding with TBST containing 3% gelatin (Sigma) at
room temperature (RT) for 1 h. Next, membranes were incubated
with HRP-conjugated anti-rabbit IgG Ab (Bio Rad) and HRP-
conjugated StrepTactin (Bio Rad) at room temperature for 1h.
An enhanced chemiluminescence HRP Substrate (Millipore,
Bedford, MA, USA) was used for detection. For analysis of
control protein by re-probing, Abs bound to membranes were
released with 100 mM 2-mercaptoethanol, 2% SDS and 6.25 mM
Tris HCl (pH6.7), washed with TBST, and incubated with anti-
actin Ab (Sigma) after blocking with TBST containing 5% BSA.
B3Z-EV and B3Z-N2IC, previously reported [9], were used as
negative or positive controls for detecting Hes1, respectively.
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In vivo antigen uptake

B6 mice were injected intravenously with 500 pg of Alexa Fluor
488-conjugated OVA (Invitrogen) or unconjugated OVA protein
(Sigma) dissolved in PBS. Thymii were collected 18h after
transfer and digested with Collagenase D and DNase I. Antigen
uptake by each DC subset was assessed by flow cytometry.

Clonal deletion assay

Thymic Thyl*DCs (NK1.1-B220 TCR-B~CD11cMcIl*Thyl.2%)
and Thyl"™®DCs (NK1.1"B220 TCR-B~CD11cMclI*Thyl.27)
were purified with a cell sorter. Thyl*DCs or Thyl™2DCs
(10* cells) were cultured with thymocytes from OT-II TCR
transgenic mice depleted of clI* cells with anti-cIl mAb followed
by rat IgG beads (BioMag; Qiagen) (10° cells) and 50 pg/ml of
OVA protein or 1uM of OVAgzy3 3390 (NH2-ISQAVHAAHAEI-
NEAGR-COOH; ABGENT) for 38h in 96-well round-bottom
plates after centrifugation.

BMCs chimera mice

Lin* cells were depleted from BMCs from RBP-J¥f°% mice,
RAG2-deficient mice or Thyl.l1 B6 mice using a Lineage cell
depletion kit (Miltenyi Biotec). Lin~ cells from RAG2-deficient
and Thyl.l1 B6 mice (1:1) were injected intravenously into
irradiated (9 Gy) B6 Thy1.2 recipient mice. In some experiments,
Lin~ cells were cultured in HEPES modified complete RPMI
medium containing SCF (25 ng/mL), IL-6 (10ng/mL), and IL-3
(6ng/ml) (Miltenyi Biotec) and infected three times with
retroviruses encoding Cre (days O, 1 and 2). Four days after
the initial culture, cells were injected intravenously into
9-Gy-irradiated B6 mice.

Short-term culture of thymic DCs

Thymii were digested with enzymes and clI* cells were purified
by staining cells with biotin-conjugated anti-cIl mAb followed by
streptavidin microbeads. The clI* cells were cultured in HEPES
modified complete RPMI medium containing GM-CSF (10ng/
mL) and Fit-3L (10 ng/mL) (Roche) for 18 h at a concentration of
5 x 10°/mL.

Induction of Thy1*DCs from T-cell precursors

CD4* and CD8" thymocytes from B6 mice were stained with
purified anti-CD4 and anti-CD8 mAbs and positive cells were
depleted using rat IgG beads. After staining cells with anti-CD25,
CD44 and CD3 mAbs, DN1 (CD3~CD4~CD8"CD25-CD44*) and
DN2 (CD3~CD4"CD87CD25%CD44") cells were sorted using a
cell sorter. The purity of sorted cells was >95%. DN1 or DN2
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cells (3 x 10* cells) were cultured on OP9-GFP or OP9-DL1 cells
(1 x 10* cells) in the presence of IL-7 (10 ng/mL) (Roche), TNF-o
(1ng/mL) (eBioscience), SCF (400ng/ml) (Roche), IL-3
(400 ng/mL) (Miltenyi Biotec), Flt-3L (100 ng/mL) and GM-CSF
(200 ng/mL) for 6 days.

Intrathymic injection

Sorted DN1 or DN2 (2.5 x 10%) cells from B6 Thy1.1/Thy1.2 mice
were injected into the left thymic lobes of B6 Thy1.2 mice in a
volume of 50 pL of PBS with a 26-G needle between the 1st and
2nd rib. Fourteen days after transfer, thymii were digested and
Thyl.1¥Thy1.2™ cells were analyzed by flow cytometry.

Statistical analysis

Distributed data from interval scales were analyzed with
Student’s t-test; a p value of less than 0.05 was considered
statistically significant.
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