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cells were fixed with 4% paraformaldehyde in phosphate buffer for 15 min, Sema4B, through PCR-based cloning using degenerate oligonu-
attached to coverslips by cytospin, stained with FITC-anti-CD3e, PE-anti~ ¢Jeotide primers derived from motifs that are conserved across the
I-A/I-E, and aqn-ScmaftB—bx.otm plx{.s s.treptavxdm—CyS, and then examined semaphorin family. RT-PCR analyses showed that SemadB was
by confocal microscopy (Zeiss Exciter). X ;

abundantly expressed in the spleen (Fig. 14). Sema4B has been
reported to play arole in assembling the postsynaptic specialization
BM-derived basophils were starved for 16 h and then stimulated with at glutamatergic and GABAergic synapses in the nervous system
IL-3 (30 ng/ml) in the presence of rSema4B- or higG-coated Dynabeads (34). However, the involvement of Sema4B in immune cell regu-

(Invitrogen). The cells were lysed at the indicated times with lysis buffer lation has not been determined, and this led us to investigate the
containing 1% Nonidet P40, 10 mM Tris-HCI, 150 mM NaCl, | mM EDTA,

10 mM Na;Vog, 0.5 mM PMSE, 5 pg/ml leupeptin, 5 pg/ml aprotinin, | immunological function of Sema4B. To examine the expression of
3 ¥YU4, U s » y

Western blot analysis

mM sodium orthovanadate, and a protease inhibitor mixture (Roche). Semad4B in more detail, we generated an anti-Sema4B mAb tl}at
Whole-cell lysates were separated by SDS-PAGE and then electrophoreti- specifically recognizes Sema4B and does not cross-react with
cally transferred to nitrocellulose membranes. The membranes were immu- Sema4A or Sema4D (Fig. 1B). As shown in Fig. 1C, Sema4B is
noblotted with various Abs. constitutively expressed in B and T cells, but not in DCs or baso-
Statistical analysis phils. To investigate the physiological role of Sema4B, we gener-
—f— . . . . .
Data are presented as mean * SD. The p values were calculated with the ated Sema4B .mlce by deleting the_fi_fth FO eighth exons in the
two-tailed Student 7 test after the data were confirmed to fulfill the criteria. Sema4B gene (Fig. 1D-F). Sema4B mice were born at the
Otherwise, Mann-Whitney U test was performed. expected Mendelian ratio and were fertile. There were no apparent
abnormalities based on gross macroscopic or histological exami-
nations of all the tissues that express Sema4B transcripts.
Results P ’
Semad4B is expressed in T and B cells Sema4B ™"~ mice have increased serum IgE levels
In a screen to identify semaphorins in the immune system, we Immune cell populations, such as T cells, B cells, DCs, NK cells,
isolated a ¢cDNA fragment encoding a class IV semaphorin, and subpopulations of T cells, were normal in SemadB ™™ mice
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FIGURE 1. SemadB is expressed in immune cells, especially T and B cells. A, Expression profiles of Sema4B. SemadB transcripts were examined by RT-
PCR using a panel of multiple mouse tissue cDNAs. GAPDH transcripts were used as controls. B, The anti-SemadB Ab specifically binds to Sema4B.
COS7 cells transfected with Sema4B, SemadA, SemadD expression constructs, or the control vector were stained with a biotinylated anti-SemadB Ab
(thick lines) or the isotype-matched control Ab (thin lines) followed by streptavidin-FITC. C, Sema4B is constitutively expressed in T and B cells. Mouse
splenocytes, as well as BM-derived or fully differentiated Th1 or Th2 cells, were stained with anti-Sema4B (thick lines) or isotype-matched control (thin
lines) Abs. D, Disruption of the Sema4B gene. The gene structures of the WT Sema4B allele (fop), Sema4B-targeting construct (middle), and Sema4B
mutant allele (bottom) are shown. Filled boxes denote the coding sequences. Exons 5 to 8 were replaced with a Neo cassette. The HSV thymidine kinase
gene was added to select against random integration. E, Genomic typing analyses. Genomic DNA was isolated from the tails of WT (+/+), Sema4B
heterozygous (+/—), and homozygous mutant mice (—/—), and the genotype was determined by PCR using the indicated primers. Arrowheads indicate the
1.1- and 0.85-kbp fragments that represent the WT allele and the targeted allele, respectively. F, Splenocytes from WT (+/+) and Semad4B ™~ (—/—) mice
were stained with FITC-anti-CD3 and biotinylated anti-Sema4B mAbs (thick lines) or isotype-matched controls (thin lines) plus streptavidin-allophy-
cocyanin. The CD3" cells were gated and analyzed for Sema4B expression by flow cytometry.
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(Supplemental Fig. ). In vitro T cell-, B cell-, and DC-proliferative
responses and cytokine production and T cell-DC interactions
were not affected by the absence of Sema4B (Supplemental Fig. 2).
However, Sema4B ™'~ mice had considerably increased serum IgE
levels at steady-state, and these concentrations gradually increased
as the mutant mice aged (Fig. 24). We next examined T cell-
dependent Ab responses in vivo, in which WT and Sema4B ™/~
mice were immunized with NP-CGG in alum and then boosted 2
wk after the first immunization. Interestingly, SemadB ™"~ mice
had considerably greater serum levels of IgE than WT mice, al-
though the serum titers of NP-specific IgM, IgG1, and 1gG2a were
comparable between WT and SemadB ™'~ mice (Fig. 2B). IgE
production is tightly regulated by cell-cell interactions among
T cells, B cells, and DCs (35). To explore the involvement of in-
trinsic Sema4B in IgE production by B cells, we examined Ab
production from Sema4B ™'~ B cells. However, IgM, IgG1, and IgE
production was comparable between WT and Sema4B ™'~ B cells
(Fig. 2C) that were cultured with anti-CD40 and IL-4 in vitro. We
then performed in vivo priming experiments by immunizing WT
and Sema4B ™~ mice in the hind footpads with KLH with CFA or
alum. As shown in Fig. 2D and 2E, there were no differences in the
generation of Ag-specific T cells in terms of proliferation and cy-
tokine production between WT and Sema4B ™~ mice. Further-
more, rSemadB had no effect on B cells, T cells, DCs, and T cell—
DC interactions (Supplemental Fig. 3). These results strongly im-
ply that non-B cell, non-T cell, and non-DC populations are re-
sponsible for the enhanced IgE production in Sema4B ™'~ mice.

Sema4B inhibits cytokine production from basophils

We then analyzed the basophil populations in the spleen and BM
because basophil numbers have been shown to be critical for Th2

Semad4B NEGATIVELY REGULATES BASOPHIL FUNCTIONS

polarization and IgE production (5, 6). The proportion of basophils
in WT and Sema4B™/~ mice was comparable (Fig. 3A). We next
examined whether rSema4B affects basophil responses. As shown
in Fig. 3B, rSema4B bound to BM-derived basophils and signifi-
cantly inhibited the ability of these cells to produce IL-4 and IL-6
in response to IL-3 stimulation (Fig. 3C), and these inhibitory
effects were proportional to the rSemadB concentrations (Sup-
plemental Fig. 4). It was previously reported that the FcRy-me-
diated ITAM-spleen tyrosine kinase and its downstream mediator,
ERK, are involved in IL-3-induced IL-4 production (30). In ad-
dition, IL-3RBc-mediated JAK-STATS pathways are crucial for
IL-3-induced proliferation (36, 37). As shown in Fig. 3D, ERK
phosphorylation was inhibited by rSema4B, and similarly, STAT5
phosphorylation was inhibited by rSema4B (Fig. 3E). Basophils
produce large amounts of IL-4 and IL-6 after being stimulated
with cysteine proteases such as papain (9) or cross-linking of their
surface IgE (12). rSema4B also inhibited IL-4 and IL-6 production
from BM-derived basophils that were stimulated with papain or
IgE anti-DNP and DNP-HSA (Fig. 3F, 3G). These results indicate
that Sema4B negatively regulates cytokine production from
basophils.

Sema4B suppresses basophil-mediated Th2 skewing

We examined whether rSema4B suppressed basophil-mediated Ag-
specific Th2 skewing because basophils have been reported to
promote Th2 polarization by functioning as APCs (38). To clarify
this point, we cocultured OVA-TCR Tg-derived naive CD4*
T cells with OVA peptide-pulsed BM-derived basophils for 5 d in
the presence of rSema4B or higG. Interestingly, rSemadB sig-
nificantly suppressed IL-4 but not IFN~y production from T cells
(Fig. 4A). Furthermore, when the basophil-T cell cocultures were
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FIGURE 2. Sema4B™'" mice have increased serum IgE levels. A, Serum IgE levels in WT (open circles) and SemadB ™~ (closed circles) mice were
measured at 6 and 12 wk by ELISA. *p < 0.05 (Mann-Whitney U test). B, WT (open circles) and Sema4B ™/~ (closed circles) mice were immunized i.p.

with NP-CGG as an alum-precipitated complex on days 0 and 14, and bled at the indicated times. The anti-NP Ab titers were determined using NP-BSA~
coated ELISA plates. The total IgE levels were determined by ELISA. **p < 0.01, ***p < 0.005 (Mann-Whitney U test). C, Purified splenic B cells from
WT (open bars) or SemadB ™'~ (closed bars) mice were stimulated with anti-CD40 and the indicated concentrations of IL-4. After 7 d, the 1gM, IgGl, and
IgE titers in the culture supernatants were measured by ELISA. D and E, WT (open circles) and SemadB ™" (closed circles) mice were immunized in the
hind footpads with KLH in CFA (D) or alum (E). Five days after priming, CD4™ T cells prepared from the draining lymph nodes were restimulated with
various concentrations of KLH and then examined for proliferation and cytokine production. Data are representative of two (A) or three (B~ E) independent

experiments.
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FIGURE 3. rSemad4B inhibits cytokine production from basophils. A, Frequency of basophils in WT (+/+) and SemadB™'~ (~/~) mice. The numbers
above the outlined areas indicate the percentages of FceRIa'DX5™ cells in the spleen or BM. B, BM-derived basophils were stained with biotinylated
rSema4B (thick lines) or hlgG (thin lines) plus streptavidin-allophycocyanin. C, c-Kit—depleted and starved BM-derived basophils were stimulated with IL-
3 in the presence of rSema4B (closed bars) or higG (open bars) for 16 h. The cytokine concentrations in the culture supernatants were measured by ELISA.
D and E, c-Kit-depleted and starved BM-derived basophils were stimulated with IL-3 in the presence of rSema4B- or hIgG-coated beads. Cell lysates were
prepared at the indicated times. The same amounts of protein extracts were immunoblotted using Abs against phospho-ERK and total ERK (D), or phospho-
STATS and total STATS (E). F and G, c-Kit-depleted, BM-derived basophils were stimulated with papain (F) or IgE anti-DNP and various concentrations
of DNP-HSA (G) for 16 h in the presence of rSema4B (closed bars) or hlgG (open bars). The cytokine concentrations in the culture supernatants were
measured by ELISA. ¥p < 0.05, **¥p < 0.005 (Student ¢ test). Data are representative of at least three independent experiments.

treated with papain and OVA or IgE cross-linking with IgE
anti-DNP and DNP-OVA, Sema4B. also significantly inhibited
basophil-mediated Th2 skewing (Fig. 4B, 4C). Collectively, these
findings suggest that Sema4B inhibits IL-4 production by baso-
phils, resulting in suppression of basophil-mediated Th2 skewing.

Semad4B is highly expressed in CD4™ T cells (Fig. 1C). How-
ever, intrinsic Sema4B did not affect Th1 and Th2 differentiation
in vitro (Supplemental Fig. 2C). To analyze whether T cell-derived
Sema4B is critical for regulating basophil-mediated Th2 skewing,
we cultured WT or Sema4B ™'~ OVA-TCR Tg-derived naive CD4*
T cells with BM-derived basophils and OVA peptide or DNP-OVA
and IgE anti-DNP for 5 d. Sema4B ™'~ T cells showed consider-
ably enhanced Th2 skewing (Fig. 4D, 4F). Next, to examine
basophil-mediated Th2 skewing in vivo, we adoptively transferred
WT or SemadB ™'~ OVA-TCR Tg-derived naive CD4™ T cells into
nude mice; then BM-derived basophils pulsed with DNP-OVA and
IgE anti-DNP were intravenously transferred into these recipients.
Four days later, we isolated CD4" T cells from the spleen and
examined the in vivo Th2 skewing of these CD4" T cells. As
shown in Fig. 4F, SemadB ™~ T cells had more T1/ST2" Th2 cells
and enhanced IL-4 production after being stimulated with DNP-
OVA and BMDC (Fig. 4G). These results suggest that T cell-
derived Sema4B is important for basophil-mediated Th2 skewing.

Basophils have been shown to form an immunological synapse
with cognate T cells (11). The cytoplasmic tail of Sema4B con-
tains a PDZ-binding motif and binds to postsynaptic density
(PSD)-95 (39) that accumulates at contact sites between thymo-
cytes and DCs (40). Thus, we next examined the localization of
Sema4B during basophil and T cell interactions. Consistent with
previous reports, papain-activated BM-derived basophils formed
an immunological synapse with OVA-TCR Tg-derived CD4*

T cells in the presence of OVA peptide. Of note, Sema4B in
T cells colocalized with CD3 and clustered at T cell-basophil
contact sites (Fig. 4H). These results suggest that SemadB in
T cells accumulates at the immunological synapse and suppresses
basophil functions in a cell-cell contact-dependent manner.

Semad4B™'" mice have enhanced IgE memory responses

During secondary Ag exposure, Ag-specific, IgE-bearing basophils
capture Ag, become activated, and secrete cytokines, which sub-
sequently facilitates memory B cell responses (7, 41). Although
WT and SemadB ™' basophils produced comparable levels of IL-
4 and IL-6 on FceRI cross-linking (Supplemental Fig. 5), the se-
rum IgE concentrations increased with age in Sema4B™'~ mice
(Fig. 24). We hypothesized that this phenomenon can be caused
not only by basophil-mediated priming responses but by basophil-
mediated memory responses. To determine whether Sema4B is
involved in immunological memory responses, we immunized
WT and Semad4B ™'~ mice with OVA proteins and then boosted
them with OVA proteins. Semad4B ™'~ mice had significantly
greater levels of serum OVA-specific IgG1 and IgE than WT mice
(Fig. 5A). Furthermore, the increased IgG1 and IgE responses in
Semad4B '~ mice were suppressed when basophils were depleted
before the secondary immunization (Fig. 5B), which suggests that
basophils are responsible for the enhanced memory responses in
Sema4B™'” mice. Taken together, these results indicate that
Sema4B also negatively regulates basophil-mediated humoral mem-
ory responses.

Discussion
Semaphorins have been shown to play crucial roles in the immune
system (21). In this study, we performed a screen to identify novel
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FIGURE 4. Sema4B negatively regulates basophil-mediated Th2 skewing. A-C, OVA-TCR Tg-derived naive CD4*CD62L" T cells and irradiated BM-
derived basophils (CD11c™¢-Kit " FeeRIa™) were cultured with OVA peptide (A), papain and OVA (B), or IgE anti-DNP and DNP-OVA (C) in the presence
of rSema4B (closed circles) or hIgG (open circles) for 5 d. Then the CD4™ T cells isolated by anti-CD4—conjugated magnetic beads were restimulated with
various concentrations of immobilized anti-CD3 for 24 h. The cytokine concentrations in the culture supernatants were measured by ELISA. D and E, WT
(open circles) or SemadB ™™ (closed circles) OVA-TCR Tg-derived naive CD4"CD62L" T cells and irradiated BM-derived basophils (CD11¢™¢c-Kit™
FceRle™) were cultured with OVA peptide (D) or IgE anti-DNP and DNP-OVA (E) for 5 d. Then the CD4* T cells isolated by anti-CD4~conjugated
magnetic beads were restimulated with various concentrations of immobilized anti-CD3 for 24 h. The cytokine concentrations in the culture supernatants
were measured by ELISA. F and G, WT (+/+ or open bars) or Sema4B I~ (~/— or closed bars) OVA-TCR Tg-derived naive CD4"CD62L* T cells were i.v.
transferred into nude mice. The next day, BM-derived basophils (CD11c™c-Kit™FceRIa™) pulsed with IgE anti-DNP and DNP-OVA were i.v. transferred
into these recipients. Four days later, CD4" T cells isolated from these mice were stained with anti-CD4 and anti-T1/ST2 (#), and cultured with BMDC and
DNP-OVA for 36 h (G). The cytokine concentrations in the culture supernatants were measured by ELISA. #**#*p < 0.005 (Student ¢ test). H, Papain-
activated, BM-derived basophils (CD11¢™¢c-Kit " DX5%) and OVA TCR Tg-derived CD4" T cells were cocultured with OVA peptide for 1 h and then fixed in
4% paraformaldehyde phosphate buffer. Then the cells were attached to coverslips by cytospin and stained with FITC-anti-CD3e (green), PE-anti-I-A/I-E
(red) and anti-Sema4B-biotin plus streptavidin-CyS5 (blue). The localization of SemadB was evaluated by confocal microscopy. Scale bar, 10 pwm.

immune semaphorins that function in the immune system and the homeostatic Th1/Th2 balance and immunological memory
determined that Sema4B, which is abundantly expressed in lym- responses. Our findings identified not only a novel immune sem-
phocytes, suppresses the functions of basophils and regulates both aphorin but also an important regulatory mechanism for basophils.

In this article, we show that Sema4B significantly inhibited

A s s o IL-4 and IL-6 production by basophils in response to various
g™ o o T8 ° stimuli, including IL-3, papain, and FceRI cross-linking. Because
?8‘ 2e g8 22 R :i’ of the fact that Sema4B regulates cytokine production, baso-
7% BERPLEARI B9 B B phil-mediated Th2 skewing was also inhibited. In addition, we
8 ol o ° $ 0 e showed that a Sema4B deficiency in T cells results in increased

0 Sl ° LA Th2 responses, suggesting that Sema4B negatively regulates
basophils. Basophils are shown to facilitate Th2 skewing and IgE

B g4s hhs “—i ;‘—S. 2 % 5% b NS production, and serve as a cellular source for IL-4 and IL-6 (4). In
2, o, .8 E] 8888 o oum addition, recent reports have shown that Ag-capturing basophils
g °: - o2 2* b can function as APCs and induce Th2 responses in an IL-4—de-
% " 29 ° § . ° pendent manner (12). In contrast, several reports have claimed that
s ° o s 7 9 basophils only minimally function as APCs during in vivo in-

days days

flammatory conditions such as helminthic infections (15) and al-
FIGURE 5. SemadB™'~ mice exhibit eﬂhf}‘_ced humoral ‘memory Jergic responses induced by the house dust mite allergen (13), in
responses. A, WT (open circles) and SemadB™"" (closed circles) mice which DCs played vital roles in Th2 development. In addition,
were immunized i.p. with OVA without adjuvant and then rechallenged i.v. CD11¢*FeeRIa™ DCs have been detected in IL-3—conditioned BM
with OVA after 4 wk. OVA-specific 1gG1 and IgE in the serum were cultures (13), which raise a possibility that a subpopulation of

measured at the indicated times by ELISA. B, WT (open circles) and . R . . . A
SemadB ™'~ (closed circles) mice were primarily immunized as described DCs remained in the basophil fraction. To exclude this possi-

earlier and then depleted of basophils. Two days after the final injection of bilit.y,_we prepared BM-derived basophils by soning fs)r the CD1 lf:—
anti-FceRla, the mice were rechallenged with OVA. The OVA-specific c-Kit"FeeRIo™ fraction. However, these cells still induced naive
IgG1 and IgE levels were measured by ELISA. *p < 0.05, #*p < 0.01 CD4" T cells to become Th2 cells. In addition, rSema4B did
(Mann-Whitney U test). not affect DCs in terms of cytokine production and cognate T cell
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activation. Although we cannot completely exclude a possible in-
volvement of endogenous DCs, our findings indicate that the ef-
fects of T cell-derived SemadB on basophils would be primarily
responsible for in vivo Th2 skewing in our adoptive transfer
experiments. In addition, we found that Sema4B expression on
T cells was upregulated by anti-CD3 stimulation (data not shown),
and that Sema4B localized at the contact sites between basophils
and CD4™ T cells. It was reported that the PDZ-binding motif in
the C terminus of Sema4B binds to PSD-95 (39), and that PSD-95
in T cells preferentially localizes at contact sites during cell-cell
interactions (40). In this context, our data strongly imply that
basophils are regulated through cell-cell contact, in which Sema4B
negatively regulates basophil functions.

It has been thought that basophils are predominant Ag-capturing
cells (41), and that Ag and Ag-specific IgE complexes activate
basophils to produce IL-4 and IL-6, leading to enhanced humoral
memory immune responses (7). However, a recent report showed
that basophil-deficient mice still have efficient humoral immune
responses (14). It has been reported that DCs have a considerably
greater potential to function as APCs than basophils (13, 15, 16),
suggesting that DCs overcome basophil functions depending on
the experimental conditions, including the Ag dose and the use of
adjuvants. However, Sema4B ™'~ mice that were immunized with
Ag without adjuvant and administered small amounts of Ag i.v.
displayed enhanced Ag-specific IgE production. In addition, de-
pleting basophils with an anti-FceRIew Ab abolished the enhanced
IgE production in Sema4B ™'~ mice. It thus appears that the im-
paired negative regulation on basophils is responsible for en-
hanced humoral memory responses in Sema4B ™/~ mice.

Sema4B not only suppressed FceRI cross-linking-induced cy-
tokine production by basophils (Fig. 3G) but negatively regulated
Th2 skewing in a cell-cell contact-dependent manner (Fig. 4D,
4E). Therefore, it is plausible that enhanced humoral memory
responses in Sema4B-deficient mice are due to soluble cytokines,
as well as cell-cell contact-dependent mechanisms, although fur-
ther studies would be required to determine the definitive Sema4B
mode. Of note, recent reports have shown that more basophils
enhanced steady-state Th2 polarization and increased serum IgE
levels (5, 6), suggesting that basophils control the homeostatic Th1/
Th2 balance even in the steady-state conditions. In this context, it
appears that the defects in the regulatory effects of Sema4B on
basophils during both priming and memory phases can contribute
to the increased serum IgE levels in SemadB ™'~ mice as they aged.

Regarding the signaling mechanism for Sema4B-mediated ba-
sophil functions, we showed that Sema4B suppressed the IL-3~
induced phosphorylation of ERK and STATS, suggesting that
Sema4B regulates IL-3 signaling. IL-3~mediated signals in baso-
phils are reportedly involved in the ITAM in the FcRy-spleen
tyrosine kinase-ERK pathway to produce IL-4 and the IL-3RBc—
JAK-STATS pathway to promote proliferation and differentiation
(30, 36, 37). Recently, it was shown that SHIP inhibited IL-4
production from basophils (42). In addition, Src homology 2
domain-containing protein tyrosine-phosphatase 1 (SHP-1) can
interact with and inhibit the phosphorylation of STATS (43, 44).
These inhibitory molecules are phosphatases that are mainly
recruited to ITIM-containing receptors (45). Although it remains
unclear whether ITIM-containing receptor is directly involved in
IL-3-mediated signals in basophils, it is possible that Sema4B
may regulate basophil functions through ITIM-containing mole-
cules. Regarding the receptors for class IV semaphorins, several
molecules such as plexin-Bs (B1, B2, B3) (46), plexin-D1 (47),
T cell Ig and mucin domain-containing molecule-2 (Tim2) (24),
and CD72 (23) have been shown to bind to class IV semaphorins.
In fact, many of these molecules are expressed by basophils as
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determined by RT-PCR (data not shown). Additional investi-
gations, including the identification of the SemadB receptor, are
required to further examine these mechanisms.

In conclusion, we demonstrated that Sema4B suppressed IL-4
production from basophils, in which T cell-derived Sema4B in-
hibited basophil-mediated Th2 skewing. In addition, a Sema4B
deficiency significantly affected Ag-specific IgE memory respon-
ses, possibly in a cell-cell contact-dependent manner. Thus,
Sema4B negatively regulates basophil functions during both pri-
mary and memory responses. These findings not only provide new
insight into mechanisms that regulate basophils but identify a
novel therapeutic target for allergic diseases.
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Steady state migratory RelB™ langerin™ dermal dendritic
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Tolerance to self-antigens expressed in peripheral organs is maintained by CD4" CD25"
Foxp3™ Treg cells, which are generated as a result of thymic selection or peripheral induction.
Here, we demonstrate that steady-state migratory DCs from the skin mediated Treg conver-
sion in draining lymph nodes of mice. These DCs displayed a partially mature MHC ™
CD86™ CD40™ CCR7™ phenotype, used endogenous TGF-p for conversion and showed
nuclear RelB translocation. Deficiency of the alternative NF-«B signaling pathway (RelB/p52)
reduced steady-state migration of DCs. These DCs transported and directly presented soluble
OVA provided by s.c. implanted osmotic minipumps, as well as cell-associated epidermal
OVA in transgenic K5-mOVA mice to CD4" OVA-specific TCR-transgenic OT-II T cells. The
langerin® dermal DC subset, but not epidermal Langerhans cells, mediated conversion of
naive OT-II x RAG-1"/~ T cells into proliferating CD4* CD25" Foxp3™ Tregs. Thus, our data
suggest that steady-state migratory RelB™ TGF-§" langerin® dermal DCs mediate peripheral
Treg conversion in response to epidermal antigen in skin-draining lymph nodes.

Keywords: Cell trafficking - DCs - Immune regulation - Tolerance - Treg cells
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Introduction then initiates DC maturation and migration to draining lymph

nodes for induction of immunity against the transported
Immature DCs reside in peripheral tissues where they capture  pathogens [1]. Also, under steady-state conditions immature
antigens of various types. Recognition of pathogenic structures  DCs capture and present antigens in secondary lymphoid organs,
presumably to induce tolerance [2, 3]. These immature DCs are
attached to the lymph node reticular conduit system where small
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antigens drained from peripheral tissues can be taken up from the
fluid phase for presentation to T cells under steady-state
conditions [4]. Recently, it has been reported that continuous
peripheral antigen delivery can induce Treg conversion in
draining lymph nodes. This suggests that the reticular conduit
system delivers exogenous peptides under non-immunogenic
conditions, which can be mimicked by implanted osmotic pumps,
to lymph node-resident immature DCs, which then present these
peptides to induce Tregs in vivo [5].

Such mechanisms of antigen delivery may explain the induc-
tion of CD4* T-cell anergy as shown for antigen presentation
by immature DCs expressing only low levels of MHC II and
costimulatory molecules [6]. However, it does not explain how
immature DCs may induce CD4" Treg since B7-1/B7-2™/~ and
CD287/~ mice lack CD4% CD25" Tregs despite the presence of
immature DCs [7]. Splenic DCs converted Treg better than
B cells, and CD80/86-deficiency of the DCs further increases the
conversion. These conversion experiments were either in vitro
studies or under a pathological situation (tumor) but not steady
state [8]. Later, the splenic CD8«™ DC subset was identified as
mediating conversion after injection of a DEC205-targeting
antibody [9]. The physiological relevance of splenic DCs or
DEC205 for Treg conversion with self-antigens remains open. A
CD103* DC population has been isolated from mesenteric lymph
nodes that mediated TGF-B-dependent Treg conversion in
culture, but the maturation stage of the DC has not been analyzed
[10]. In contrast, a CD103™ DC subset within skin-draining
lymph nodes was responsible for Treg conversion in vitro [11].
This indicates that CD103 expression by DCs is not correlated
with their capacity to convert Tregs and a specific phenotype for
DCs inducing Tregs under steady-state conditions and in vivo
remains to be identified [12].

Fluid phase soluble antigen transport also does not explain
how lymph node T cells can be tolerized against cell-associated
antigens. Therefore, the presentation of self-antigens by migra-
tory DCs has been suggested as a mechanism of peripheral
tolerance since these cells can be observed in draining lymph
nodes of various organs [13, 14]. The mature CCR7-expressing
DC fraction within peripheral skin-draining lymph nodes of mice
has been identified as consisting of migrated Langerhans cells
(LCs) and dermal DCs [14, 15].

We have shown previously that in vitro generated and TNF-
matured DCs differentiated into a semi-mature phenotype could
tolerogenic [16] and, in other systems such as inflammation-
mediated DC maturation, were unable to differentiate immuno-
genic CD4™ T helper cells [17]. Therefore, semi-mature DCs with
tolerogenic potential can be distinguished from fully matured
DCs with immunogenic functions [13]. The demonstration of the
presence and function of such a partially mature and tolerogenic
DC phenotype in vivo, however, remained open.

Three subsets of migratory DCs have been identified in skin-
draining lymph nodes of mice, which consist of epidermal
langerin™ LCs and two subsets of langerin™ and langerin~ dermal
DCs [18-20]. Recent evidence suggests that in the K5-mOVA
mouse model cross-tolerance of OVA-specific CD8" OT-I

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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T cells to this epidermal neo-self-antigen is mediated predomi-
nantly by the CD103™ langerin®™ dermal DCs but not the other
subtypes [21, 22].

Here, we found no clear correlation for CD103 as a marker
for steady-state migratory DCs but that extrathymic self-
antigen presentation by skin-derived RelB* langerin®™ dermal
DCs results in the de novo generation of Foxp3™ Tregs in the
periphery.

Results

‘Skin-draining lymph nodes contain resident immature

and migratory semi-mature DCs in the steady state

As reported by others before [14, 23] skin-draining lymph nodes
of WT but not CCR7™ = mice contained CD11c* DCs expressing
high levels of CD40 (CD40™) as a sign of maturity. This was not
observed in mesenteric lymph nodes or spleen, whereas DCs
expressing low levels of CD40 (CD40°") were found in all three
organs (Fig. 1A). Consequently, only CD40™ DCs but not CD40'°%
DCs expressed the lymph node homing receptor CCR7 on their
surface (Fig. 1B). Also, in agreement with previous findings
[14, 24], CCR7™/~ mice showed smaller lymph nodes (Support-
ing Information. Fig. 1). The CD103 marker has been used to
identify tolerogenic, Tregs-converting DCs in the mesenteric
lymph nodes and lamina propria [10, 25]. We found similar
proportions of CD103 expression by both resident CD40™" and
migratory CD40™ DC subsets (Supporting Information Fig. 2).

Steady-state and immunogenic migratory DCs show
different maturation stages

It is under debate how tolerogenic antigen uptake and presenta-
tion of self-antigens by DCs are handled during infections. To
investigate how steady-state migratory DCs might be influenced
under inflammatory conditions, we compared their surface
profiles of MHC II, CD80 and CD86 with migratory DCs that
have been matured by FITC-painting, known to induce contact
hypersensitivity responses. After 1 day, FITC was detected
transiently until day 6 in a fraction of CD40™ migratory DCs
but not in CD40™¥ resident DCs, suggesting that the hapten was
transported from the skin to the draining lymph nodes by CD40"
migratory DCs. In the same lymph node CD40™ FITC™ DCs,
representing steady-state migratory DCs, were also constantly
present throughout the sensitization phase (Fig. 2). Interestingly,
the steady-state migratory DCs retained their partially mature
phenotype during sensitization, while the FITC™ migratory DC
fraction expressed transiently much higher levels of CD86, CD80
and MHC II molecules (Fig. 2 and Supporting Information
Fig. 3). These findings support the concept that two different
maturation stages of DCs can migrate in parallel to
provide steady-state and inflammatory/pathogen-derived antigen
transport.
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Figure 1. Characterization of steady-state migratory and resident DCs. (A) Cells from skin-draining or mesenteric lymph nodes and spleen of WT
or CCR7~/~ mice were stained with CD11c and CD40. The contour plots shown represent cells within an FSC/SSC gate for live cells. Dead cells were
excluded by DAPI staining. Migratory and resident DCs in the skin-draining lymph nodes were detected as CD40™ and CD40'" populations (oval
gates), respectively. (B) CCR7 (black lines) was expressed on CD11c* CD40™ migratory DCs in peripheral lymph nodes but absent on the CD11c*
CD40°¥ population. Isotype control stainings are overlayed (gray lines). Each figure shows one representative result of at least two experiments.
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Figure 2. In vivo activation of skin DCs by skin sensitizing reveals an intermediate maturation phenotype of steady-state migratory DCs. The
kinetics of FITC expression of migratory and non-migratory DCs in the skin draining lymph nodes of FITC painted mice is shown as contour plots
stained against their CD40™ or CD40™" expression. Skin-draining lymph nodes were isolated from mice at 0-6 days after FITC painting on the
abdomen. Histograms show the CD86 (straight lines) or isotype stainings (dotted lines) on FITC™ resident DCs (left panel). The CD86 expression of
CD40™ migratory DC is shown separately within gates for FITC™ or FITC® cells. MFIs are indicated in histograms. Percentages of FITC™ cells are
indicated within the contour plot gates. Data are representative of three independent experiments.

Steady-state migratory CD40™ DC express RelB, which

identified as the constitutively active xB-binding activity in
is translocated into the nucleus

lymphoid tissues under steady-state conditions [26], we investi-
gated expression levels and subcellular distribution of RelB in

sorted DC subsets. Analyses of peripheral lymph node DCs
and inducible members have been described. Since RelB was  revealed that only the CD11c* CD40™ migratory DCs expressed

Within the Rel/NF-xB transcription factor family, tissue-specific
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intracellular RelB (Fig. 3A). This expression was equally strong in ~ nuclear RelA (p65) staining appeared in all four subsets (Fig. 3C
EpCAM™ DCs, which represent epidermal LC and langerin®  and Supporting Information Fig. 4). Thus, nuclear translocation
dermal DC subsets [22], and EpCAM™" DCs, reported to be  of RelB is observed not only under immunogenic conditions but
langerin™ dermal DCs [22], but was not restricted to CD103™  also in migratory DCs during the steady state.

DCs that represent a cross-tolerizing DC subtype [21] (Fig. 3B). We then asked whether nuclear RelB is of functional relevance
Thus, steady-state migration of DCs correlates with RelB  for the appearance of steady-state migratory DCs in the lymph
expression but not with a specific skin DC subset. nodes. Since homozygous RelB-deficient mice lack lymph nodes

When the intracellular distribution of RelB was determined by ~ [27], we tested heterozygous relB*/~ mice for their proportions
confocal microscopy only very low levels of RelB were detected in  of DC subsets in peripheral lymph nodes. Although lymph nodes
the cytoplasm of resident DCs, but RelB expression was increased  from relB™/~ mice appeared to be slightly smaller than their WT
in steady-state migratory DCs. A substantial amount localized to  counterparts, the relative number of resident CD40°% DCs
the nucleus, similar to what we observed for FITC™ DCs of remained unchanged whereas the frequency of steady-state
contact-sensitized mice, which represent steady-state migratory = migratory CD40" DCs was significantly decreased within relB*™/~
DCs under FITC treatment (Fig. 3C and Supporting Information  skin-draining lymph nodes (Fig. 3D). To further confirm a
Fig. 4). In FITC™ DCs RelB expression in the nuclei remained  specific role of the alternative NF-kB pathway, the RelB-binding
high. In contrast, c-Rel could not be detected in the nuclei of  partner p52 was investigated. The lymph nodes of p52~/" mice
resident, steady-state migratory, FITC™ or FITC* DCs, while  were much smaller th~ those of WT or p50~/"~ mice (Fig. 3E)
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Figure 3. Steady-state migratory DCs show nuclear translocation of RelB and selectively decreased percentages in relB*/~ and p52~/~ mice.
(A) Steady-state migratory DCs from peripheral lymph nodes were stained for CD11c, CD40 and intracellular RelB. Histograms show RelB
expression (black line) as compared to isotype control stainings (filled gray) in CD40™ steady-state migratory DCs (upper histograms) or CD40'¥
resident DCs (lower histograms). (B) CD1lc* CD40™ steady-state migratory DCs from peripheral lymph nodes were additionally stained for
intracellular RelB and surface EpCAM or CD103. For the EpCAM dot plot, different quadrants were set according to isotype control stainings {dotted
lines) or to calculate the statistics (black lines). (C) Inflammation-induced migratory DCs (CD40™ FITC*), steady-state migratory DCs under
inflammatory conditions (CD40™ FITC™), steady-state migratory CD40™ DCs from untreated mice and resident CD40°% CD11c* DCs were isolated
from skin-draining lymph nodes by flow cytometric cell sorting (purity >95%) from skin-draining lymph nodes of mice 2 days after FITC painting.
Cytospin preparations of cells were stained for DAPI and RelB, RelA or c-Rel. Scale bar, 5pm. (D) Peripheral lymph nodes of WT (n=5) and relB*/~
mice (n=5) or () WT (n=4), p50~'~ (n=4) and p52™/~ mice (n = 4) were isolated and single-cell suspensions compared for their total cell numbers
and the proportions of CD11c* CD40™ migratory and CD11c* CD40™Y resident DCs within a FSC/SSC gate for large cells, i.e. largely excluding
lymphocytes. Error bars indicate standard deviations analyzing individual mice. Statistical analyses using the paired Student’s t-test are shown
(NS = not significant). Bars marked with white asterisks indicate normalization to specific B-cell deficits in p52~/~ mice
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due to a known specific loss of B220" B cells in these mice [28].
Peripheral lymph nodes of p527/~ mice showed a dramatic
reduction in the frequency of migratory but only partial effects on
resident DCs (Fig. 3E). To investigate whether the classical NF-xB
pathway through RelA/p50 would contribute to steady-state DC
migration, we analyzed p50~/~ mice. The binding partner RelA
could not be screened this way since relA™~ mice die at the
embryonic stage [27]. Peripheral lymph nodes of p50™~~ mice
showed equally reduced numbers of resident and migratory DCs.
This indicates that p50 affects DCs at the immature stage but this
defect is not enhanced upon partial maturation as observed for
the steady-state migratory DCs (Fig. 3E). Thus, activation of the
alternative NF-xB pathway through RelB/p52 correlated with the
partial maturation state of DCs and was required for a normal
frequency of steady-state migratory DCs in skin-draining lymph
nodes.

Only migratory DCs transport and present epidermal
OVA

K5-mOVA transgenic mice express membrane-bound (cell-asso-
ciated) OVA in epidermal keratinocytes as well as in epithelial
cells within the thymus and esophagus under the control of the
keratin-5 promoter [29]. Recently, we reported that the
epidermal neo-self-antigen OVA was transported and cross-
presented in K5-mOVA mice by migratory DCs into skin-draining
lymph nodes leading to deletion of OVA-specific OT-I CD8"
T cells [30]. To investigate which populations within peripheral
lymph nodes were able to present OVA to CD4™ T cells we sorted
CD11c*™ and CD11c™ cells prom peripheral lymph nodes of K5-
mOVA WT mice or crossed with CCR7™~ mice in which
migratory DCs are missing. The different DCs were then cultured
with BO97 OVA-specific hybridoma T cells. The results indicated
that BO97 cells only responded to CD1lc* cells from mice
containing migratory DCs and mice heterozygous for CCR7 show
intermediate responses (Fig. 4A). Then resident CD40%" or
migratory CD40™8" expressing CD11c™ DCs from peripheral
lymph nodes of K5-mOVA mice were cultured with BO97 cells.
While resident DCs could not stimulate the BO97 cells, migratory
DCs were able to present OVA (Fig. 4B).

We further investigated whether DCs from skin-draining
lymph nodes of K5-mOVA mice would also stimulate fresh OVA-
specific CD4™" T cells. Migratory CD40™ and resident CD40'"
DCs were sorted from pooled skin-draining lymph nodes of either
K5-mOVA or WT mice. These DCs were incubated with anti-CD40
and LPS to achieve full maturation and with either purified CD4™
OT-Il x RAG-1""~ or CD8" OT-I T cells. After 60 h, OVA-specific
responses of CD4™ or CD8™ T cells were detected only by steady-
state migratory CD40™ DCs from K5-mOVA mice but not
with CD40'°% DCs from K5-mOVA mice or DCs from WT controls
(Fig. 4C). While cell division of OT-I cells was low but readily
detectable, OT-II cells showed clear CD69 but little CD25
upregulation and the proliferation remained very low (Fig. 4C).
Thus, in vitro steady-state migratory DCs but not resident DCs
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contained low amounts of endogenous OVA. The transported
epidermal self-antigen OVA allowed substantial cross-presenta-
tion but hardly conventional MHC II presentation. Importantly,
resident DCs could not present or cross-present OVA under
steady-state conditions, ruling out transfer from migratory to
resident DC subtypes.

Steady-state migratory DCs mediate Treg conversion in
vitro by using endogenous TGF-§

To address whether OT-II cell activation by steady-state
migratory DCs would enable TGF-B-dependent Treg conversion,
the differential DC subsets were first stained on their surface for
the TGF-B-associated molecule latency-associated peptide (LAP),
which has been shown to correlate with Treg conversion by
human DCs [31]. The highest expression was found on CD40hish
DCs, while it was lower on CD40™" DCs both from peripheral
lymph nodes and at intermediate levels on CD11c* DCs from
mesenteric lymph nodes (Fig. 5A). To test whether this
differential LAP expression would reflect different Treg conver-
sion rates, in vitro co-cultures of WT DCs and purified CD4*
CD257 OT-II cells in the presence of OVA were performed
for 5 days and then tested for CD25 and Foxp3 expression.
While all conditions led to CD25 upregulation, only CD40™8" DCs
showed a substantial conversion that could be blocked by
anti-TGF-B (Fig. 5B). Resident CD40°Y DCs were unable
to generate Foxp3™ cells, but addition of exogenous TGF-p
allowed some Foxp3® Treg induction (Fig. 5B). Total
CD11c* DCs from mesenteric lymph nodes were similarly able
to perform this in vitro conversion (data not shown) as reported
before [10]. Addition of exogenous porcine TGF-B did not further
increase the conversion rate of CD40™8" DCs but rather seemed
to compete with the endogenous TGF-B, leading to lower
conversion rates.

Thus, steady-state migratory DCs but not lymph node resident
DCs have the capacity to convert CD4™ T cells into Tregs by using
endogenous TGF-B/LAP complexes on their surface.

Treg conversion in vivo occurs through langerin®
dermal DCs

The minipump system was used before to show Treg conversion
in vivo [5]. To investigate whether steady-state migratory DCs
can transport and present soluble self-antigen to T cells in vivo
also in our system, we transferred CFSE™ OVA-specific transgenic
OT-II cells into mice implanted with an osmotic minipump
secreting continuously low amounts of OVAs,; 330 peptide.
Activated CD4™ CD25" Foxp3~ and CD4" CD25* Foxp3™ Tregs
of OT-II origin accumulated in the skin-draining lymph nodes of
OVA peptide pump-implanted mice similarly as described before
[5]. Control mice implanted with a PBS pump accumulated
neither activated nor regulatory OT-II T cells (Fig. 6A, upper
row).
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Figure 4. Low levels of epidermal self-antigen are presented and cross-presented in vitro only by migratory DCs isolated from K5-mOVA mice.
(A) CD11c* or CD11c™ cells or (B) migratory CD11c™ CD40™ or resident CD11c* CD40'¥ DCs from peripheral lymph nodes (PLN) of the indicated
mice were enriched and cultured with OVA-specific BO97 hybridoma T cells. T-cell responses were measured as IL-2 production. (C) CD11c* CD40M
or CD11c* CD40°™ DCs were sorted from skin-draining lymph nodes of WT or K5-mOVA mice by flow cytometry (purity >93%). CD8" OT-I T cells
and CD4" OT-II x RAG-17/~ T cells were purified by magnetic cell sorting (purity >90%) and labeled with CFSE. In total, 3 x 10? DCs, LPS, anti-CD40
and T cells were mixed at a 1:1 ratio and cultured for 60 h. As a positive control, OVAgs_ass OT OVA32;.335 peptides were added to cultures of CD11c*
CD40™ DCs from WT mice with OT-I or OT-II x RAG1™~ cells, respectively. CFSE dilution, CD69 and CD25 expressions are shown as histograms.
Dotted overlays represent stainings of unstimlated OT-II cells. Percentages indicate dividing or activated populations, respectively. All experiments
were performed three times with similar results.

Moreover, K5-mOVA mice that received OT-II cells for the
same period of time presented cell-associated self-antigens in skin-
draining lymph nodes as indicated by the appearance of activated

of OVAs,y_330 peptide. In both WT and CCR7™/~ mice OT-II cells
proliferated dose-dependently, indicating an intact conduit
system and antigen presentation by the resident DC subset in

CD25" Foxp3~ and regulatory CD25% Foxp3™ OT-I cells. To
clarify whether activation and Treg induction in both systems was
dependent on migratory DCs, OT-1I cells were transferred into
OVA peptide pump-implanted mice or K5-mOVA mice lacking
CCR7, the chemokine receptor known to be required for DC
migration to lymph nodes [14]. In the absence of migratory DCs in
CCR7™/~ mice, both activation and Treg induction were
completely aborted (Fig. 6A, lower row). This suggests that low
doses of soluble and cell-associated antigens require transport by
DCs to draining lymph nodes to accumulate activated and Tregs.

To control whether fluid phase transport of antigen is intact in
CCR7™/~ mice, CFSE-labeled OT-II cells were transferred into
CCR7™/~ mice that were then injected s.c. with titrated amounts

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

CCR7™~ mice (Supporting Information Fig. 5). The proliferation
rates of OT-II cells were slightly reduced in CCR7~/~ mice, which
may reflect the contribution of migratory DCs to the antigen
presentation in the lymph node.

The skin is populated by epidermal LCs and two subsets of
langerin® and langerin~ dermal DCs [18-20], which are all
migratory and may transport antigens from osmotic pumps or
cell-associated epidermal OVA in K5-mOVA mice. To test whether
langerin™ DCs were involved in the transport of keratinocyte-
associated epidermal OVA, we crossed K5-mOVA mice with mice
expressing the diphtheria toxin receptor (DTR) under the
langerin promoter (langerin-DTR mice), which allows ablation of
LCs and langerin™ dermal DCs by diphtheria toxin injection [19].
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Figure 5. Steady-state migratory DCs express high levels of surface LAP and mediate Treg conversion in vitro by endogenous TGF-. (A) DC were
analyzed by flow cytometry from peripheral lymph nodes (PLN) or mesenteric lymph nodes (MLN) for their surface expression of CD11c, CD40 and
LAP. Numbers indicate the percentages of cells within the indicated gates. Black line indicates LAP stainings and gray filled line the isotype
controls. These experiments were performed two times with similar results. (B) FACS-sorted CD40"#" steady-state migratory DCs or GD40'%
resident DCs from skin-draining lymph nodes of WT mice were cocultured with CD4™ CD25~ OT-II T cells in the presence of OVA peptide. A
blocking TGF-p antibody, isotype control antibody or recombinant TGF-B1 was added. Foxp3 and CD25 expression was analyzed at day 5. All dot
plots were gated on CD4™ V5™ cells. These experiments were performed four times with similar results.

Analysis of transferred ©7  cells in these mice showed no acti-
;. 6B). These results indicate that
migratory langerin ' dermal DCs or LCs transport epidermal self-
antigen to the lymph nodes.

To further discriminate between these two DC subtypes bone
marrow chimera experiments were performed. K5-mOVA mice
were irradiated and reconstituted with MHC 11/~ bone marrow
cells. In the skin of these mice only the radioresistant LCs remain
MHC II" while both dermal DC subsets appear MHGC I~
(Supporting Information Fig. 6). Transfer of OT-II cells into these
chimeras abrogated VB5* OT-II cell proliferation and their
conversion into Foxp3™ Tregs whereas WT chimeras remained
unaffected (Fig. 6C). Thus, only the langerin™ dermal DC subset

vation or Treg ir’

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

appears competent for Treg appearance in K5-mOVA mice. These
data are consistent with findings that OVA cross-presentation to
CD8" OT-I cells in K5-mOVA mice is also performed by this DC
subset [21, 22].

Steady-state migratory DCs induce naive T-cell
conversion, expansion and regulation of Tregs

In the previous experiments bulk OT-II cells were adoptively
transferred, which contained both naive conventional CD4*
T cells and Treg. To determine whether the appearance of CD4™
CD25" Foxp3™ OT-II Tregs in peripheral lymph nodes from
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Eur. J. Immunol. 2011. 41: 1420-1434 Immunomodulation 1427 &6

A PBS«pump QVA pump

B  KsmOVAxiLengDTR (O WT > K5 MHCI > K5

e 2 y ]
105 0.16
CCRTH+ oT- §
& w
o ‘ q »
°© 0.38 & 1.0 T
|/
CCR74- : fi 505 .
DT+ 3y \
1
i
‘ b By N fe
Foxp3 v Foxp3d Foxp3 B

Figure 6. Treg conversion in the draining lymph node requires migratory langerin® dermal DCs. (A) CFSE-labeled bulk OT-II lymph node and
spleen cells (3 x 107) were transferred into mice implanted under the skin with a PBS-loaded or OVAsz;_sss peptide-loaded pump or into K5-mOVA
mice. Dot plots shown in the upper and lower rows indicate whether these mice were on a WT CCR7*/* or CCR7~/~ background, respectively. The
osmotic pumps were implanted 2 days before OT-1I cell transfer. Thirteen days after adoptive transfer, mice were sacrificed and the skin-draining
lymph nodes were removed to perform FACS analysis. Contour plots show surface CD25 and intracellular Foxp3 expression of CD4" CFSE™ cells.

(B) Migratory langerin® cells are required to induce CD25" Foxp3* Tregs to epidermal cell-associated antigen. CFSE-labeled bulk OT-1l lymph node
and spleen cells (3 x 10”) were transferred into K5-mOVA x langerin-DTR mice (DT-). To ablate LCs in these mice, 1 pg diphtheria toxin was injected
at days -7, 0 and 7 (DT+). (C} K5-mOVA mice were irradiated and reconstituted with WT or MHC 11"/~ bone marrow and CD4* CD25~ OT-II cells
were transferred to follow their proliferation of transgenic VB5™ cells. Foxp3 expression was detected 13 days after transfer. Displayed cells are

gated for CD4* VB5*. Percentages of cells are indicated within the quadrants or gates. The experiments are representative of four and two
experiments with similar results.

K5-mOVA mice was due to the trapping or expansion of pre- Discussion

existing Tregs or due to peripheral conversion of naive T cells, we )

used purified CD4™ T cells from OT-II x RAG-1"/~ mice for the Immature DCs and CD4* CD25" Foxp3™ Tregs represent major
adoptive transfer into K5-mOVA mice. In OT-II mice on a RAG-  tolerogenic immune cells [32-34]. Therefore, immature DCs
deficient background only naive conventional CD4* T cells were  were also believed to be major interaction partners and inducers
released from the thymus but not Foxp3™ Tregs (Supporting of Tregs [12, 35]. However, for Treg homeostasis CD28
Information Fig. 7). Analysis of skin-draining and mesenteric  costimulation is required [7], which cannot be provided
lymph nodes as well as the spleen indicated that after 13 days by immature DCs. Mature DCs highly express costimulatory
CD4" CD25" Foxp3™ Tregs appeared predominantly in periph-  molecules but mainly act immunogenic [32]. Surprisingly,
eral lymph nodes (Fig. 7A). Since the adoptively transferred cells  mature DCs have also been shown to be superior to immature
were also labeled with CFSE, we were able to follow their  DCs in the expansion of pre-formed Tregs in mice [36-39]. It
proliferation. Analysis of the CD4* CFSE™ population indicated  remained unclear, however, which DC maturation stage was
that these cells clearly divided and, among those, the proportion  responsible for conversion of naive CD4" T cells into Foxp3*
of CD25" Foxp3™ cells was higher in dividing than non-dividing  Tregs under steady-state conditions in vivo. We and others
cells (Fig. 7B). Although expression of Foxp3 in murine CD4*  proposed earlier that a semi-mature DC stage, such as after
T cells is strictly linked to functional suppression, the regulatory  stimulation with TNF or E-cadherin disruption, may lead to
capacity of induced OT-II Tregs was tested by OVA injection into  optimal induction of Foxp3™ IL-10% T cells [13, 40, 41]. For
WT or K5-mOVA mice that were either adoptively transferred by ~ human thymic “more mature” DCs the conversion into Foxp3™
CD25~ OT-II cells 10 days before to allow their Treg conversion  Tregs has been shown [42]. Thus, a certain extent of DC
or were left untreated. Then, CFSE-labeled CD25~ OT-II  maturation but not immature DCs may induce de novo Treg
responder cells were transferred into all mice at the day of  conversion under physiological conditions.

OVA-injection. The proliferative capacity of the CFSE*™ OT-II Here we showed that steady-state migratory DCs in peripheral
responder cells was inhibited in WT mice by 18%, most likely due  lymph nodes display a semi-mature DC phenotype, characterized
to the activity of CD4" CD25~ Foxp3™ Tregs that have been by intermediate surface expression of MHC II, CD80, CD86,
transferred (data not shown). The inhibition of proliferation in ~ CD40, nuclear RelB and surface LAP/TGF-B complexes. Func-
K5-mOVA mice was clearly higher by 30%, indicating an tionally they transport CCR7-dependent peripheral self-antigens
increased regulatory activity (Fig. 7C). These data suggest that to the draining lymph nodes and present them with some
conversion of naive CD4" OT-II cells into 2-3% proliferating  costimulation. They convert naive CD4™ T cells into Tregs. In the
Tregs by steady-state migratory DCs that could be observed after  case of cell-associated epidermal OVA, the langerin® dermal DC
14 days in the draining lymph nodes of K5-mOVA mice led almost  subset was required to mediate this effect.

to a doubling in the suppressive capacity from 18 to 30% within Several authors observed that peripheral lymph nodes of mice
the same time period. contain a fraction of mature CD40™ DCs [14, 43-45]. Here steady-
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state migratory DCs already show nuclear activity of RelB but have
only a partially mature phenotype since costimulatory molecule
expression on FITC™ DCs was still higher. Our data suggest that
nuclear activity of RelB and p52 are needed for inducing or
maintaining the phenotype of the steady-state migratory DCs. RelB
has previously been described to be expressed in the T-cell areas of
lymph nodes [46]. RelB-deficient mice lack peripheral lymph
nodes and the CD8x¢"*® myeloid DC lineage, indicating that this
transcription factor is important for organogenesis of certain
secondary lymphoid organs and myeloid DC development [47,
48]. These mice also develop T-cell-dependent multi-organ
inflammation, which further points to a role of RelB as an anti-
inflammatory factor in the steady state [49]. RelB may bind to its
partner p52, since the p52™~ mice also showed a severe reduction
of migratory DCs. In contrast, p50~~ mice displayed no specific
effect on migratory DCs and both resident and migratory DC
populations of the peripheral lymph nodes were equally affected.
This points to a role of p50 already at the immature DC stage since
the effect was not further increased after maturation into steady-
state migratory DCs. Together, our data suggest that steady-state
migratory DCs partially depend on the alternative NF-xB pathway,
mediated through RelB/p52, whereas inflammatory DC matura-
tion may occur through the classical NF-kB pathway as suggested
by the requirement of p50 for IL-12p70 and c-Rel for IL-27
production by DCs [50, 51].

Naturally occurring Tregs, which develop in the thymus, play
a major role for the maintenance of peripheral tolerance.
However, peripherally induced Tregs have been reported only
recently. The chronic delivery of peptides by implantation of
osmotic pumps led to de novo induction of Tregs in the pump-
draining peripheral lymph nodes after 2wk [5]. Also targeting
the DC receptor DEC205 but not 33D1 of splenic DCs induced
Foxp3™* Tregs in the steady state in vivo [9]. In models of oral
tolerance, it was shown that a population of CD103* DCs isolated
from mesenteric lymph nodes [10] mediated Treg conversion in
vitro. Similarly, a CD103" DC was identified in the lamina
propria to mediate Treg conversion in vitro or under lymphopenic
conditions in vivo [25]. Since exogenous peptide or anti-CD3 had
to be added to demonstrate Treg conversion, it remained unclear
whether these DCs could transport orally administered antigens
from the gut to mesenteric lymph nodes or lamina propria. In
skin-draining lymph nodes CD103~ DCs were responsible for
Treg conversion in vitro [52]. In vivo Treg conversion data for a
skin-derived self-antigen are still lacking. We found similar
CD103 levels on a subpopulation (~20%) of migratory and
resident DCs from peripheral or mesenteric lymph nodes,
suggesting that this marker may not generally serve to identify
CCR7™ migratory DCs with the ability to transport self-antigens
and convert Tregs. Comparing the efficiency of CD4™ T-cell
activation and Treg conversion in vitro by exogenously added
peptide or in vivo by endogenous OVA from the DCs it appears
that the in vitro and in vivo response to endogenous OVA is rather
low. The poor efficacy of Treg conversion in our system may
reflect the physiological situation where only small amounts of
self-antigens are presented by few steady-state migratory DCs. It
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is of note that our system only relies on endogenous antigen, and
not high doses of orally applied OVA, lymphopenic conditions or
antibody targeting. The OVA pump control experiments and in
vitro Treg conversion rates showed a poor Foxp3™ Treg induc-
tion, which may also indicate an intrinsically poor capacity of the
OT-II TCR to be activated/converted in this system.

We found that besides Treg conversion also a substantial
activation of conventional T cells occurred, appearing as a CD4™
CD25" Foxp3™~ subset. This was not observed by others using the
same minipump system but different TCR-transgenic T cells [5].
We cannot explain the differential behavior of the transgenic
T cells but the activated conventional T cells in our system may
produce IL-2 and thus explain the proliferation of Tregs.

Treg conversion requires TGF-B to induce the transcription
factor Foxp3 and retinoic acid counteracts costimulation on the
converting APCs [8, 10, 53]. Our data indicate that steady-state
migratory but not resident DCs of peripheral lymph nodes
directly activate naive CD4" T cells and use endogenous TGF-B
for Treg conversion, which was detectable by LAP staining at the
cell surface, similar as described for splenic CD8«™ DEC205™ DCs
ex vivo [54] or by in vivo targeting to DEC205 [9, 55]. However,
a contribution of splenic DCs to the repertoire of peripherally
induced Tregs remains to be shown. Although successful
antibody targeting of DEC205 has been shown for all three skin
DC subsets [56] and this pathway opens a wide array of ther-
apeutical implications [57], physiological ligands of this receptor
and its contribution for tolerance induction are not known.
Whether the TGF-§ is produced by the DC itself or captured
form environmental sources such as shown for intestinal epithe-
lial cells remains open [58]. Although we tested retinoic acid
inhibitors our results remained unclear and require further
investigations, since retinoic acid can also be produced by
epithelia [58].

It has been shown that CD80/86 costimulation by DCs coun-
teracts Treg conversion and therefore suppression of CD80/86
expression by retinoic acid may favor DC immaturity and thereby
Treg conversion [8, 54]. In contrast, in vitro conversion stimulated
through antibodies instead of APCs requires also CD28 antibodies
in conjunction with anti-CD3 and TGF-§ [59], indicating that some
CD80/86 costimulation may be required or it can be substituted by
other molecules expressed on DCs such as PD-L1 or GITR [54].
DCs also needed to express CD80/CD86 to convert Tregs efficiently
in vitro by using splenic DC subsets because this costimulation
induced conventional T cells to produce IL-2, which was required
for the conversion [39, 60]. Our data suggest that the semi-mature
phenotype of steady-state migratory DCs provides endogenous
TGF-f, detected as LAP on their surface, and an intermediate
optimal dose of CD80/86 for Treg conversion.

One would expect that epidermal LCs in K5-mOVA mice
capture epidermal cell-associated OVA antigen much better than
dermal DCs. However, we did not observe Treg induction in
draining lymph nodes from bone marrow chimeric mice in which
only radioresistant LCs remained capable of MHC II presentation
to OT-II cells. The results from K5-mOVA x langerin-DTR mice,
where both epidermal LCs and langerin® dermal DCs were
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Figure 7. De novo induction, proliferation and suppressor activity of CD25" Foxp3* Tregs in K5-mOVA mice. CFSE-labeled purified CD4" T cells
from OT-11 x RAG-1"/~ mice (9 x 10% were transferred into mice expressing no OVA (control) and into K5-mOVA mice on OT-II transgenic
background. After 13 days, the spleen, skin-draining and mesenteric lymph nodes were analyzed by FACS. Contour plots show surface CD25 and
intracellular Foxp3 expression on CD4" CFSE™ cells. Percentages of CD25" Foxp3™ and CD25" Foxp3™* cells are indicated in the quadrants. Related
isoytpe stainings are shown in the right column. (B) Proliferation of OT-Il x RAG-1~/~ cells measured as CFSE dilution of CD4" cells. Inserted
contour plots show activated CD25" Foxp3~ and CD25" Foxp3™ Treg fractions of dividing and non-dividing cells. Numbers above gates and within
quadrants indicate the respective percentages. (C) Increased OVA-specific suppressor activity in K5-mOVA mice as compared to WT mice. WT or
K5-mOVA mice were injected i.v. with 6 x 10° OT-I cells or remained untreated. After 10 days all mice were injected with 2 x 10° CFSE* CD25~ OT-I
responder cells and immunized with OVA peptide. Three days later the CFSE-dilution of the CD4" Vo2* OT-1I responder cells in peripheral lymph

nodes was measured by flow cytometry. The experiments are representative of three experiments with similar results.

depleted, provide strong evidence that steady-state migratory
langerin® dermal DCs represent the major responsible DC
population for OVA transport and presentation in our system.
Similar data were obtained for the induction of cross-tolerance in
K5-mOVA mice [21, 22], although a minor role for cross-
presentation by LCs could not be fully excluded in other experi-
mental settings. When OVA-specific CD8" OT-I T cells were
transferred into LC-ablated K5-mOVA mice they still proliferated,
indicating that epidermal self-antigen was transported and cross-
presented by both LCs and dermal DCs in the skin-draining lymph
node [30] (and data not shown). Models of how dermal DCs may
access epidermal antigens are discussed elsewhere [15].

After adoptive transfer of TCR-transgenic Tregs their prolif-
eration could be observed in lymph nodes draining the immuni-
zation site with mature DCs or adjuvant [60-62]. However, in
situations where Treg induction was followed under steady-state
conditions, as s.c. installed osmotic pumps, proliferation of Tregs
has not been reported [5]. Here, we found that transgenic OVA
that was transported by steady-state migratory DCs not only
converted naive CD4™ T cells into Tregs, but also stimulated their
proliferation, although to a moderate extent of three to four
divisions in 2 wk. Despite proliferation their suppressive potential
was maintained and the proportion of Foxp3™* cells was
increasing with the number of cell divisions. Suppression of
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secondarily transferred OT-II cells was stronger in K5-mOVA mice
than WT controls. Since we hardly observed proliferation of OT-1I
cells after implantation of OVA-secreting pumps (data not
shown), proliferation of Tregs may be induced only by cell-
associated but not by soluble antigens under steady-state condi-
tions. By comparing directly the osmotic pump system with the
K5-mOVA mice providing cell-associated antigens, we found a
similar rate of Treg conversion in WT but not in CCR7™/™ mice,
which lack migratory DCs. The functionality of the reticular
conduit system in CCR7 ™/~ mice was shown by the presence of
WT OT-II T cells in T-cell areas by OT-II cell proliferation after
injection of high doses of soluble peptides. For very low doses of
soluble antigen in the peripheral tissue, as provided by the pump
system, transport by CCR7* migratory DC was required.

In conclusion, our data indicate that low levels of soluble or
cell-associated neo-self-antigens in the skin require transport and
presentation by CCR7™ RelB* steady-state migratory DCs and
cannot be mediated by fluid phase transport to immature lymph
node-resident DCs. In K5-mOVA mice steady-state migratory
langerin®™ dermal DCs are the major subset in converting adop-
tively transferred naive CD4™ T cells into proliferating Foxp3-
expressing Tregs. Only migratory but not resident DCs can
mediate Treg conversion by endogenous TGF-B. Thus, we iden-
tified and characterized the antigen presenting cell type, which is
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responsible for the de novo Treg induction under physiological
conditions in skin-draining lymph nodes in vivo.

Mice

All mice were bred and maintained at the Universities of Erlangen
and Wiirzburg. K5-mOVA mice were obtained from Department of
Dermatology, Osaka University [29]; and OT-I and OT-II mice
were kindly provided by Francis Carbone, Melbourne, Australia.
OT-II mice were crossed with RAG-1"/" mice (gifted from Thomas
Winkler, Erlangen, Germany). CCR7™/~ mice [24] and langerin-
DTR-EGFP transgenic mice [63], each on a C57BL/6 background,
were crossed with K5-mOVA. C57BL/6 and 129 mice were
purchased from Charles River. MHC II"/~ mice by Horst
Bluethmann, F. Hoffmann-La Roche, Basel, Switzerland.

For bone marrow chimera experiments K5-mOVA mice were
irradiated with two doses of 4.5 Gy each with an interval of 4 h.
After another 4h mice were reconstituted with 5 x 10° bone
marrow cells from MHC II™/~ or WT mice as a control. All animal
experiments were performed in accordance with institutional
guidelines and permission (Regierung von Unterfranken
55.2-2531.01-73/07) with age- and sex-matched animals.

Preparation and cell sorting of DCs from lymph nodes

Skin-draining lymph nodes (cervical, axillar, brachial and inguinal)
were cut into small pieces and digested for 20min at room
temperature with 1mg/mL DNase I (Sigma) and 1mg/mL
collagenase type III (Worthington) in RPMI 1640 containing 10%
FCS, 50 uM 2-ME, 2 mM r-glutamine, 100 U/mL Penicillin (Sigma)
and Streptomycin 100 pg/ml (Sigma). Lymph node tissue was then
incubated in the same media for another 5 min at room temperature
by adding 0.01 M EDTA to disrupt T cell-DC complexes. Then, the
suspensions were passed through a 70 um cell strainer to remove
debris and cells were resuspended in PBS containing 5% FCS and
1 mM EDTA. From this step onwards, cells were always kept on ice
or 4°C. Cells were stained with mAB against CD11c (HL-3) and
CDA40 (3.23). Cells were washed and resuspended in PBS containing
2% FCS, 1mM EDTA and 1pg/mL DAPIL CD40™ and CD40'" cells
from CD11c™ DAPI™ population were sorted with a MoFlo high-
speed sorter (Cytomation).

Implantation of osmotic pumps secreting OVAsy7_339
peptide

Osmotic minipumps (Alzet #1002) were filled with an OVAzs7_as0
peptide solution in PBS to secrete 10 pg/day for 14 days or PBS
only, as previously described [5]. The pump was inserted into the
s.c. cavity of recipient mice after a small incision in the back, and
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the wound was closed by the AUTOCLIP system (Becton
Dickinson, BD). Two days after implantation, OT-II cells were
adoptively transferred.

FACS analysis of DCs

Surface staining was performed using the following mAbs
purchased from BD if not otherwise indicated: CD11c-FITC, -PE
or -eFlour450 (eBioscience), CD40-biotin, -FITC or -APC (Miltenyi),
CCR7-biotin (eBioscience), EpCAM-PE (eBioscience), CD103-
biotin, MHC II-FITC or -PE, CD80-FITC, CD86-FITC, CD205
(Serotec), CD4-PE and CD8-PerCP and LAP-PE (R&D Systems).
Biotinylated antibodies were detected by incubation with either
PerCP- or APC-conjugated streptavidin (BD). As isotype controls the
following fluorochrom-conjugated or biotinylated mAbs were used
(all BD): mouse IgG1, rat IgG1, rat IgG2a, rat IgG2b, armenian
hamster IgG2 and armenian hamster IgGl. Intracellular RelB
staining (polyclonal rabbit IgG, Santa Cruz), was performed after
2% formaldehyde fixation and ice cold 90% methanol permeabi-
lization. For detection a secondary goat-anti-rabbit IgG F(ab),
FITC-conjugate (Dianova) was used. Cells were measured with a
FACSScan, FACSCalibur or FACSCanto II (BD) and analyzed with
CellQuest (BD) or FlowJo software (Stanford University).

Adoptive transfer of OT-II cells

Cervical, axillary, brachial, inguinal and mesenteric lymph
nodes and spleens were isolated from conventional OT-II or
OT-II x RAG-1~~ mice and single-cell suspensions prepared.
CD4” cells were enriched by using the “CD4 negative isolation
kit” (purity >90%, Dynal). Briefly, cells were labeled with rat-
anti-CD8, -CD11b, -CD16/32 (2.4G2), -CD45R (B220), -TER119
mAbs, followed by magnetic depletion with sheep-anti-rat Ig-
Dynabeads conjugates (Dynal Biotech/Invitrogen). The
untouched fraction was collected, and labeled with 5uM CFSE
(CFDA SE, Molecular Probes/Invitrogen) at 37°C for 10 min.
Cells were washed with PBS and injected into the tail vein of
recipient mice. After 3-13 days, recipient mice were sacrificed
and cell suspensions were prepared from lymph nodes and
spleen. Extracellular staining was performed using CD4-PerCP
and CD25-APC mAbs (BD). Intracellular Foxp3 staining was
conducted with the murine Foxp3-PE staining kit (eBioscience)
following the manufactor’s instructions. Isotype control stainings
included the monoclonal rat IgG1-APC and rat 1gG2a-PE (BD).

Immunization of mice with converted Tregs

K5-mOVA or WT control mice were left untreated or recon-
stituted with 6 x 10° CD4* CD25~ OT-II cells. After 10 days all
mice were adoptively transferred with 2 x 10° CFSE™ CD4"
CD257 OT-II cells and injected with 100 pg OVA peptide s.c. into
the foot pads. Three days later the popliteal and inguinal lymph
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nodes were removed and the single-cell suspension tested by
FACS analysis for CD4, VB5 and CFSE.

In vitro Treg conversion assay

Naive CD25~ CD4" T cells from lymph nodes and spleen of OT-II
mice were separated using first a mouse CD4™ T Cell Enrichment
Kit (CD4" purity >90%, StemCells) and second CD25 MACS
Micro Beads (CD25° CD4* purity >90%, Miltenyi). CD40"s"
CD11c* and CD40"" CD11c* DC from skin-draining lymph nodes
were isolated and sorted as described above. A total of 20000
CD25” CD4% OT-II T cells were cultured in round bottom 96-well
plates with 6000 DCs for 5 days in the presence of 100 ng/mL
OVAgz37.330 peptide with or without 2 ng/mL porcine TGF-8 (R&D
Systems) as described previously . A blocking anti-TGF-B (clone
1D11, R&D Systems) or mouse IgG1 control (clone 11711, R&D
Systems) was added at a final concentration of 20 pg/mL. After 5
days cultures were stained with CD4-PacificBlue, VB5-FITC, CD25-
APC (BD) and Foxp3-PE (eBioscience) and analyzed by FACS.

Coculture of DC subpopulations with T cells in vitro

As indicated in the respective figure legends total CD11c* or
CD1lc™ cells or sorted migratory CD11c* CD40M or resident
CD11c¢” CD40'°" DCs were sorted from skin-draining lymph nodes
of WT or K5-mOVA mice or the indicated homozygous or
heterozygous crossings with CCR7™/~ mice. The sorted cell
populations were matured with LPS (1 pg/mL, SIGMA) plus anti-
CD40 (3/23, 5pg/ml, BD) and cultured at titrated amounts with
OVAsz3_330-specific 5 x 10* BO97 hybridoma T cells (B097.10.5,
OVA-specific and I-Ab-restricted, was a gift from Philippa Marrack,
Jewish Medical Center, Denver, CO, USA). After 24h the culture
supernatants were collected and tested for their IL-2 content by
ELISA (BD). OT-1 CD8™ T cells and OT-II x RAG-17/~ CD4* T cells
were purified by magnetic cell sorting (Dynal) and labeled with
CFSE. In total, 30000 DCs and T cells were mixed at a 1:1 ratio in
the presence of anti-CD40 (5ug/mlL, BD) and LPS (1ug/ml,
Sigma) to achieve full DC maturation and cultured for 60h at
37°C, 5% CO,. As a positive control, OVAyss_seq 0r OVA357.339
peptides were added to the T-cell cultures with WT migratory DCs.
FACS staining included counterstainings for CD69 and CD25 (BD).

Visualization of FITC-transporting migratory DCs

FITC isomer I (Sigma) was dissolved in DMSO (Stock concentra-
tion 0.5mg/mL) and mixed with 1:1 acetone/dibutylphtalate
(Sigma) to a final FITC concentration of 0.5% w/v as described
[45] and modified [64]. A volume of 100 uL of this 0.5% FITC
solution was painted on the shaved abdomen of the mice. After 1,
2, 4 or 6 days, the draining axillary, brachial and inguinal lymph
nodes were colleted from those mice. Cells were digested and
separated as described above. For FACS analysis, cells were
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stained with CD11c-APC (HL-3) and CD40-biotin (3.23) followed
by streptavidine-PerCP (BD) for 30 min on ice.

Immunofluorescence and confocal microscopy

To detect nuclear translocation of Rel/NF-xB transcription factors,
DCs were isolated from peripheral lymph nodes of untreated or
FITC-painted mice as described above and FACS-sorted according
their expression of CD11lc and CD40™" or CD40™#". Cytospin
preparations of the isolated DCs were dried overnight at room
temperature, fixed in 4% formaldehyde and permeabilized with
0.2% Triton X-100 followed by blocking in 1:20 diluted donkey
serum for 20 min. For immunofluorescence staining anti-mouse
RelB Ab (Santa Cruz, rabbit polyclonal, 1:50 dilution), anti-mouse
RelA Ab (Santa Cruz, rabbit polyclonal, 1:50 dilution) or anti-mouse
cRel (Santa Cruz, rabbit polyclonal, 1:50 dilution) were used,
followed by an anti-rabbit Cy3 Ab (1:500, Jackson Immunore-
search), each 30min at room temperature. Slides were mounted
with Fluoromount-G (Southern Biotechnology Associates) contain-
ing DAPI and images were taken with a confocal microscope (Leica
TCS SP2, Wetzlar, Germany). To determine the MFI of nuclear
RelB, RelA and cRel, a distinct area of the nuclei (40—47 um?) from
20-30 cells per condition was analyzed by Leica LCS software.

Immunohistochemistry

To detect MHC II in skin sections from the indicated bone marrow
chimeras or WT control mice anti-MHC II staining was combined
with hematoxylin staining. Briefly, cryostat sections (9 pm) were
fixed with 4% paraformaldehyde, incubated with 10% BSA/PBS to
block unspecific binding of immunoglobulins and stained with a
pure rat MHC II (clone 2G9, BD) or a rat 1gG2a isotype control
mAb (BD) followed by an rat IgG-biotin mAb (BA-4001, Vector,
U.S.), a streptavidin~AB complex (DAKO) and development with
3,3-diaminobenzidine substrate (Fluka). Sections were counter-
stained with hematoxylin, dehydrated in a graded series of ethanol
(76-100%) and embedded with permanent mounting medium
(Eukitt, Merck).

Statistical analysis

The paired Student’s t-test (Microsoft Excel software) was used
for determining the significance of experiments. p<0.05 were
considered as statistically significant.
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