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CD31 is a transhomophilic tyrosine-based inhibitory motif receptor
and is expressed by both dendritic cells (DCs) and T lymphocytes.
Previous studies have established that the engagement of CD31
drives immune-inhibitory signaling in T lymphocytes, but the effect
exerted by CD31 signaling in DCs remains elusive. Here, we show
that CD31 is a key coinhibitory receptor on stimulated DCs, favoring
the development of tolerogenic functions and finally resulting in
T-cell tolerance. The disruption of CD31 signaling favored the
immunogenic maturation and migration of resident DCs to the drain-
ing lymph nodes. In contrast, sustaining the CD31/SHP-1 signaling
during DC maturation resulted in reduced NF-xB nuclear translo-
cation, expression of costimulatory molecules, and production of
immunogenic cytokines (e.g., IL-12, IL-6), whereas the expression of
TGF-f and IL-10 were increased. More importantly, CD31-conditioned
DCs purified from the draining lymph nodes of ovalbumin-
immunized mice favored the generation of antigen-specific regu-
latory T cells (CD25* forkhead box P3*) at the expense of effector
(IFN-y*) cells upon coculture with naive ovalbumin-specific CD4* T
lymphocytes ex vivo. Finally, the adoptive transfer of CD31-
conditioned myelin oligodendrocyte glycoprotein-loaded DCs
carried immune tolerance against the subsequent development
of MOG-induced experimental autoimmune encephalomyelitis
in vivo. The key coinhibitory role exerted by CD31 on DCs high-
lighted by the present study may have important implications both
in settings where the immunogenic function of DCs is desirable, such
as infection and cancer, and in settings where tolerance-driving DCs
are preferred, such as autoimmune diseases and transplantation.
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endritic cells (DCs) have an essential function in initiating
CD4" T-cell responses by recognizing and presenting spe-
cific antigens associated with danger signals (1, 2). These signals
contribute to conferring a fully mature, immunogenic phenotype
to DCs, which is characterized by the up-regulation of MHC
costimulatory molecules (e.g., CD40, CD86, CD80). The ensuing
up-regulation of the chemokine (C-C motif) receptor type 7
(CCR7) receptor enables the migration of DCs to draining lymph
nodes following the chemokine (C-C) motif ligand 21 (CCL21)
gradient (3, 4). Finally, the fully matured DCs produce the proin-
flammatory cytokines IL-1f, TNF, IL-12, and IL-6 (5). Importantly,
DCs can also exert the opposite function by tolerizing T cells
against self-antigen—directed immune responses, which is nec-
essary to minimize autoimmune reactions. However, insufficient
DC immunogenicity and excessive tolerance would favor the de-
velopment of chronic infections and tumors. The immunogenic
function of DCs depends on the balance between activating and
inhibitory signals that occur at the time of DC maturation (2).
Elucidating the inhibitory receptors that are involved in the
control of DC maturation would facilitate new interventional
strategies to control autoimmune diseases. Despite intensive
work in this area (6), the coinhibitory receptors involved in the
control of DC immunogenic functions remain poorly understood.
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Ig-like immunoreceptor tyrosine-based inhibitory motif (ITIM)
receptors are thought to play an essential role in inhibiting the
maturation of DCs (7).

Among the Ig-like ITIM receptors, we propose that CD31
(8, 9) (also known as PECAM-1) may play an important role in
DC function because CD31 is constitutively expressed on these
cells (10). Moreover, CD31 is essentially engaged by homophilic
binding (11), which remarkably occurs between interacting cells
of the innate and adaptive immune system.

The low-affinity, transhomophilic engagement of CD31 (11)
triggers downstream inhibitory signaling (9), leads to the de-
tachment of CD31" lymphocytes from the cells of the innate
immune system (12), and raises the activation threshold of
lymphocytes via the phosphorylation of CD31 ITIMs and the
recruitment of SH2 domain-containing tyrosine phosphatase
(e.g., SHP-1, SHP-2) upon the engagement of the antigen receptor
(13-16). Nevertheless, the role played by CD31 in maturing DCs
remains to be elucidated.

Interestingly, it has been shown that during LPS-driven mat-
uration, CD31 expression is consistently reduced on human
monocyte-derived DCs (17-19) and endotoxin-induced septic
shock is exaggerated in CD317~ mice (20, 21). In addition, auto-
immune disease models dependent on antigen presentation are
accelerated in the absence of CD31 (22, 23), suggesting that the
effective presentation of the immunizing antigens involved in
specific adaptive immune responses is favored by the absence
of CD31.

Significance

Much is known about the costimulatory receptors that con-
tribute to the full maturation of DCs, whereas the coinhibitory
receptors that are involved in the control of DC maturation and
the maintenance of peripheral tolerance remain largely un-
known. This work reveals that CD31, a transhomophilic cor-
eceptor constitutively expressed by resting DCs, has a key
coinhibitory function. CD31 is lost by maturing DCs, and the
absence of CD31 favors immunogenic maturation. In contrast,
upholding CD31 signaling during maturation converts stimu-
lated DCs into tolerogenic cells. These findings will likely have
a substantial impact on immunology research, because knowl-
edge of the immune modulation of DCs is important in immune
homeostasis as well as in communicable and noncommunicable
diseases, including infection, autoimmunity, and cancer.
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Here, we demonstrate that the disruption of CD31 signaling
favors the maturation and subsequent migration of antigen-
loaded DCs to the draining lymphoid organs, driving more rapid
and effective antigen-specific T-cell responses. In contrast, up-
holding the CD31/SH2 domain-containing tyrosine phosphatase-
signaling pathway with an agonist peptide reduces the extent of
maturation of the DCs, which become tolerogenic toward recall
antigens both in vitro and in vivo.

Results

Disruption of CD31 Signaling Favors the Maturation and Accelerates
the Migration of Antigen-Loaded DCs to the Draining Lymph Nodes.
One of the canonical features of DCs is their transport of antigens
from tissues to draining lymph nodes. We therefore compared the
activation-induced mi%ration of DCs, using the FITC-painting
assay, between CD31** and CD31™"~ mice (Fig. 1). The number
of total leukocytes (CD45%) and DCs (CD45*CD11c*) was similar
in CD31*/* and CD317~ mice (Fig. 14). The maturation marker
CD80 was consistently expressed by FITC* DCs (Fig. 1B) re-
gardless of the presence of CD31, but the number of FITC* DCs
that had reached the draining lymph node was significantly higher
in the absence of CD31 (Fig. 1C), and this increase was not ex-
plained by the expansion of a particular DC subset (Fig. 1 D and E).
To assess whether the genetic deletion of CD31 affects DC mi-
gration, we evaluated the expression of CCR7 and the migratory
response to CCL21 of bone marrow-derived DCs (BMDCs) derived
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Fig. 1. Absence of CD31 favors DC migration to the draining lymph nodes.
DC migration to the lymph nodes was evaluated with the FITC-painting assay
in CD31** mice and CD317/~ littermates (n = 6 mice per group). (A) Absolute
numbers of leukocytes (CD45*) and DCs (CD45*CD11c”*) in lymph nodes were
similar in CD31** and CD31~~ mice at steady state. (B) Representative contour
plots show how the recent skin-derived and activated DCs were identified
(FITC*CD80") in the lymph nodes of CD31** and CD31~/~ mice. (C) Number of
FITC* DCs in the draining lymph nodes of the CD31** mice was significantly
lower than that in the CD317/~ mice. *P < 0.05 vs. CD31**. (D) Gating
strategy used to identify DC subsets in the lymph nodes: DCs (MHCII*CD11c*
cells) were identified as plasmacytoid by the expression of B220 [B220%,
plasmacytoid DCs (pDCs)]; CD11b*B220~ cells were further subdivided into
CD103* and CD103~ myeloid DCs, and the remaining CD11b'% (lymphoid)
DCs were classified as CD4* or CD8" single-positive DCs and CD4~CD8~
double-negative DCs. (E) Absolute number of the DC subsets described in D
among FITC* DGs. The analysis shows that FITC painting induces the recruitment
of myeloid CD103~ and CD4°CD8" double-negative lymphoid DCs in the
draining lymph node. The absence of CD31 was associated with a general-
ized increase in FITC* DCs, regardless of their subset. *P < 0.05 vs. CD31**.
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from CD31** and CD31~"~ mice in vitro. As shown in Fig. S1, the
expression of CCR7, as well as the magnitude of CCL21-induced
migration of CD317~ DCs, was similar to that of CD31*/* control
DCs, regardless of the maturation state. Thus, the absence of CD31
does not increase the response of DCs to the CCL21 gradient but,
rather, promotes DC migration indirectly via more efficient mat-
uration upon LPS stimulation.

Indeed, the maturation of BMDCs [as detected by the ac-
quisition of MHC class II (MHCII) and CD80 surface expres-
sion] was accompanied by a consistent reduction in CD31 surface
expression (Fig. 24). The extent of the maturation achieved by
BMDCs was greater in the absence of CD31, as detected by
an increased frequency of mature (CD86"CD80") DCs upon
stimulation with a suboptimal (100 ng/mL) amount of LPS (Fig.
2B). The expression level of additional maturation markers, such
as MHCII and CD40, on the surfaces of mature (CD80*CD86™)
DCs was higher in the absence of CD31 (Fig. 2C), and all four
markers were consistently expressed at higher densities on CD317/~
LPS-stimulated BMDCs (Fig. 2D). More striking was the pro-
duction of inflammatory cytokines, which was enhanced three- to
sixfold in the absence of CD31 in both unstimulated and LPS-
stimulated BMDC:s (Fig. 2E).

Maintenance of CD31 Signaling Thwarts DC Immunogenic Maturation.
CD31 signaling, which is triggered by transhomophilic inter-
actions, depends on the establishment of membrane-proximal,
cis-homophilic interactions (11) (e.g., CD31-molecule clusteri-
zation). CD31 signaling was thus artificially upheld in LPS-
stimulated DCs by using a synthetic peptide derived from the
membrane-proximal extracellular sequence of the molecule (16).
This peptide was able to prevent the internalization of endoge-
nous CD31 molecules, which was promptly observed upon LPS
stimulation, and concomitantly favored the formation of stable
CD31 clusters on the surface of the stimulated DCs (Fig. 34 and
Fig. S2). Furthermore, the engagement of CD31 molecules at the
DC surface by the peptide promoted CD31 signaling, as detected
by the tyrosine phosphorylation of SHP-2 (24-26), to the same
extent as antibody-mediated cross-linking of the endogenous
CD31 molecules (Fig. 3B). Upholding the CD31/SH2 phospha-
tase signaling with this peptide modified DC maturation both
quantitatively and qualitatively. The expression of the cos-
timulatory molecules MHCII, CD86, CD40, and CD80 (Fig. 3C)
and of the immunogenic cytokines IL-12 and IL-6 (Fig. 3D) was
significantly reduced, whereas that of TGF-p1 and IL-10 was
increased. The measure of soluble cytokines in the culture su-
pernatant confirmed the dichotomy between the effects exerted
by CD31 signaling on the production of proinflammatory and
anti-inflammatory cytokines (Fig. 3E).

Intracellular Coinhibitory Signaling Driven by CD31 Involves SHP-1
and Reduces NF-kB Nuclear Translocation. The CD31-dependent
coinhibition of T cells involves the action of SHP-2 (24). To
identify whether the activation of SHP-2 that accompanies CD31
signaling also plays a functional role in the CD31-dependent
coinhibition of DCs, we examined the effect of phenylhydra-
zonopyrazolone sulfonate (PHPS1). High doses of PHPS1 were
necessary to prevent the inhibitory effect of CD31 signaling on
LPS-driven IL-6 production by BMDCs (Fig. 44), suggesting
that another SH2 domain-containing tyrosine phosphatase was
involved in the coinhibitory signaling pathway downstream of
CD31 in DCs. In addition to SHP-2, the ITIMs of CD31 can
recruit and activate SHP-1 (13). Our data show that the CD31
coinhibition of DCs is indeed mediated by the activity of SHP-1,
because low doses of sodium stibogluconate (SSG), which spe-
cifically inhibits SHP-1, were able to abolish the negative effect
of CD31 signaling on IL-6 production (Fig. 44). In addition, the
peptide was ineffective in reducing IL-6 production by SHP-17~
BMDC:s (Fig. 4B). SHP-1 has recently been highlighted as a key
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Fig. 2. CD31 expression on DCs is reduced in mature DCs, and a loss of
surface CD31 favors DC maturation in response to LPS. BMDCs were obtained
as described in Materials and Methods. (A) CD11ct BMDCs were used for
analysis upon stimulation with LPS (100 ng/mL, overnight). The expression of
CD31 at the surface of mature (red lines, MHCI"'9"CD80""9") CD31** BMDCs
was consistently reduced compared with that of immature (blue lines,
MHCI4™CD80™) CD31** BMDCs. The filled gray histogram represents CD31
staining on CD31~~ BMDCs. %Max, percentage of maximum. (B) Stimulation
with suboptimal LPS (100 ng/mL, overnight) led to a significantly greater
percentage of mature (identified as CD86™"CD80O"" or MHCIIM"CD40M9M)
BMDGs in the absence of CD31. *P < 0.05, **P < 0.01 vs. CD31**. (C) Repre-
sentative cytometry profile overlays show that the density of MHCIlI and
CD40 was consistently higher in CD80"9"CD86"9" (mature) BMDCs
(CD45*CD11*) derived from CD317"~ mice compared with those from CD31**
mice. (D) Quantification of the differences in the expression of MHCII, CD40,
CD86, and CD80 by BMDCs (CD11c*) in response to LPS stimulation. All of the
markers were significantly more abundant on LPS-stimulated CD317~ cells
than on CD31** cells. *P < 0.05, **P < 0.01 vs. CD31**. (E) In agreement
with a greater expression of costimulatory molecules, CD31~"~ BMDCs also
released greater amounts of soluble (in the supernatant) proinflammatory
cytokines in response to LPS. Regarding surface costimulatory molecule ex-
pression, no differences were observed in terms of cytokine production be-
tween the two strains in basal (unstimulated) culture conditions. *P < 0.05,
**P < 0.01 vs. CD31**. The data are expressed as the average + SEM of the
MFI of each parameter obtained from five independent experiments (n > 3
mice per strain in all experiments); individual data were used for analysis.

molecule in the regulation of DC function (27), notably through
the inhibition of the signaling pathway leading to the nuclear
translocation of NF-kB, a fundamental activation step down-
stream of LPS stimulation (28). The pharmacological inhibition
of NF-kB effectively blocked the phenotypic maturation of DCs
(Fig. 4C), as expected. In agreement with its inhibitory function,
the absence of CD31 resulted in an eightfold increased production
of IL-6 compared with CD31*/* cells. The effective inhibition of
IL-6 production in these cells by the NK-kB inhibitors suggested
that CD31 coinhibitory signaling involves a regulatory step on
NF«B translocation. Immunohistochemistry and cytometric anal-
yses of nuclei preparations supported this hypothesis by show-
ing that the CD31 peptide effectively reduces the extent of NF-xB
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p65 translocation to the DC nucleus during LPS stimulation
(Fig. 4 D-F). This process can explain, at least in part, why CD31
signaling results in the reduction of DC proinflammatory cyto-
kines and costimulatory molecules.

Engagement of CD31 on DCs Affects Their Migration in Vivoe. To as-
sess whether CD31 engagement affects DC function in vivo, we
first tracked the CD31 agonist in situ, after a single s.c. injection,
by using a fluorescein-conjugated peptide (FAM-CD31 peptide)
and immunofluorescence confocal microscopy. These experi-
ments showed that the CD31 peptide effectively targets the
CD11c* cells (DCs) of the skin (Fig. 54). Cytometric analysis of
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Fig. 3. CD31-driven inhibitory functions can be upheld in LPS-stimulated
DCs using a homotypic CD31 peptide. (A) Representative images of confocal
images of CD31 immunofluorescent staining on cultured BMDCs. Without
LPS stimulation and in the absence of cell permeabilization, CD31 staining is
exclusively detectable at the cell surface. LPS stimulation (1 pg/mL) induces
a rapid internalization of surface CD31 molecules, as detected after only
5 min of stimulation. CD31 molecule internalization is further evident and
associated with the formation of intracellular vesicles (white arrow) after
20 min. The presence of the homotypic CD31 peptide prevents the inter-
nalization of endogenous CD31 molecules and, instead, favors their clus-
tering at the cell surface (agglomerated red staining) on stimulated BMDCs.
(Scale bar, 5 pm.) (B) SHP-2 phosphorylation (pSHP-2ys45), which is typically
associated with CD31 outside-in signaling (25), was evaluated in BMDCs
briefly stimulated with LPS (200 ng/mL for 15 min) in which CD31 signaling
was either enhanced (LPS + CD31 cross-link and LPS + CD31 peptide) or in-
validated (CD317/"). Of note, pSHP-2ys4> Was consistently reduced in CD317/~
DGs, whereas it was significantly increased upon antibody-mediated cross-
linking as well as by the CD31 peptide only in CD31** cells. These data in-
dicate that the CD31 peptide 551-574 is a CD31 receptor agonist. **P < 0.01.
(C) Cytometric analysis of MHCIl, CD40, CD86, and CD80 expression on
BMDGCs incubated overnight with LPS (1 pg/mL) revealed that upholding
CD31 signaling with the CD31 agonist peptide (50 pg/mL) results in reduced
DC maturation, as detected by the reduction of costimulatory molecule ex-
pression levels. Filled histogram, no LPS; black line, LPS; red line, LPS + CD31
peptide. FSC, forward side scatter; NS, not significant. **P < 0.01. (D) Time
course of proinflammatory and anti-inflammatory cytokine gene expression
by real-time PCR showed that the CD31 agonist peptide significantly reduced
the expression of IL-12 and IL-6, whereas it increased the expression of TGF-B1
and IL-10 by LPS-stimulated BMDCs. The data are expressed as 22" (43). (E)
LPS-induced production of proinflammatory cytokines, but not of IL-10, by
BMDCs was consistently reduced in the presence of the CD31 peptide. **P <
0.01. The data are from three separate preparations per condition. All of the
experiments were repeated at least twice and provided similar results.
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inhibitors (10 pM PHPS1, which specifically inhibits SHP-2; 100 pM PHPS1, which
inhibits both SHP-1 and SHP-2; and 10 uM SSG, which specifically inhibits SHP-1)
and subsequently supplemented with LPS (1 pg/mL) and the CD31 peptide
(50 pg/mL) or vehicle. Unstimulated (Unstim) cells were used as a control. CBA
analysis of IL-6 concentration in the supernatant of the different experimental
conditions (expressed as a percentage of the mean values obtained in LPS-
stimulated BMDGs) showed that CD31-driven signaling in DCs is mediated by
SHP-1, because only low doses of SSG abolished the inhibitory effect of the
CD31-agonist peptide on IL-6 production. *P < 0.05. (B) BMDCs derived from
WT and SHP-17~ mice were stimulated with LPS (1 pg/mL) with or without the
CD31 peptide at the indicated concentration overnight. Analysis of IL-6 con-
tent in the supernatant of these experiments indicated that SHP-1 is essential
for CD31 peptide activity. *P < 0.05. (C) Use of the NF-kB inhibitors [20 uM Bay
11, 50 pM ammonium pyrrolidinedithiocarbamate (PDTC)] completely inhibi-
ted the production of IL-6 by both CD31** and CD317/~ LPS-stimulated BMDCs.
NF-B inhibitors completely blocked IL-6 production by CD317~ cells despite
the fact that these cells produced significantly greater amounts of the cytokine
compared with CD31** LPS-stimulated BMDCs, suggesting that CD31 may
exert its coinhibitory effects on DCs by having an impact on NF-xB activation.
*P < 0.05. (D) Representative example of intracellular NF-xB p65 immunofluo-
rescent staining of fixed-permeabilized DCs based on confocal microscopic
analysis. Phalloidin (green) and Hoechst (blue) counterstaining was used to
localize the cell surface and the nuclei, respectively. NF-kB p65 staining was
concentrated in the nucleus of LPS-stimulated DCs, whereas the staining was
only visible in the cytoplasm of unstimulated cells. Interestingly, the presence
of the CD31-agonist peptide prevented this phenomenon; NF-kB p65 distri-
bution appeared diffuse in this condition. (Scale bar: 10 um.) (E) Maximal
fluorescence intensity was evaluated for Hoechst (blue) and NF-xB p65 (red)
across the dotted white line. The percentage of maximal fluorescence intensity
along the dotted lines traced in the “merge” images is displayed. (Scale bar,
5 um.) (F) Example of the cytometric analysis and gating strategy used for the
cytometric analysis. Nuclear singlets were identified in the FSC-A/FSC-H and
FSC-A/SSC-A scatter plots. GO/G1 nuclei were gated in the Hoechst fluorescence
histogram and analyzed for NF-xB p65 fluorescence signal. As shown in the
histogram, the NF-xB fluorescence profile of the nuclei derived from the LPS +
CD31 peptide condition (red, open histogram) overlapped with that of the
nuclei derived from unstimulated DCs (gray, filled histogram) and was shifted
to the left compared with the fluorescence profile of LPS-stimulated DCs
(black, open histogram). The statistical comparison of the maximal fluores-
cence intensity in the three conditions is shown on the right (the data are from
three separate experiments). *P < 0.05.
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the skin and draining lymph node cells 1 h after the injection
showed that the CD31 peptide targets virtually all skin DCs and
a small portion of lymph node DCs (Fig. 5B). The CD31 peptide
mainly bound to the myeloid CD103™ and lymphoid CD8"CD4"~
DC subsets in the skin. A small percentage (~20%) of DCs
within draining lymph nodes, mostly lymphoid DCs, were also
positive for the presence of the FAM-CD31 peptide (Fig. 5C).
To evaluate the effect of CD31 signaling on DCs involved in
active immunization protocols, we evaluated the subsets of skin
and draining lymph node DCs before and after immunization
with complete Freund’s adjuvant (CFA). As shown in Fig. 5D,
CFA immunization induced the migration of myeloid CD103~
DCs from the skin to the draining lymph nodes. Of note, plas-
macytoid DCs were enriched in the skin upon immunization, and
this DC subset was particularly targeted by the fluorescent CD31
peptide, as shown in Fig. 5E. Interestingly, the FITC-painting
assay was mainly associated with the migration of myeloid
CD11b*CD103~ and lymphoid CD4~CD8~ DCs from the skin
to the draining lymph node, and upholding CD31 signaling with
the agonist peptide actually reduced the percentage of migrating
DCs in both of these main subsets (Fig. 5F).

Taken together, these findings suggest that CD31 signaling
acts as a coinhibitory receptor that impairs the maturation and
subsequent migration of DCs.

CD31-Conditioned DCs Redirect the Differentiation of Cognate CD4* T
Cells Toward a Regulatory Phenotype. To assess whether the modifi-
cation of the maturation phenotype and migration of the DCs
obtained in the presence of the agonist CD31 peptide can affect
subsequent DC function in eliciting antigen-specific T-cell re-
sponses, we evaluated the proliferation and intracellular cytokine
production of naive ovalbumin (OVA)-specific CD4™ T cells
cocultured with BMDCs that had been stimulated overnight with
LPS and OVA in the presence of the CD31 peptide or the vehicle.
The production of IL-2 by OT-II cells was considerably reduced in
the presence of CD31-conditioned BMDCs compared with control
BMDCs (Fig. 64). In addition, CD31-conditioned BMDCs pre-
vented the production of the effector cytokine by the OT-II cells
(IFN-y, as detected by intracellular cytokine staining; Fig. 6B).
We next aimed to evaluate whether similar modulatory effects
of CD31 could affect the development of antigen-elicited im-
munogenic DCs in vivo. Toward this aim, we used ex vivo FACS-
purified DCs derived from EGFP-transgenic (Tg) mice that were
pretreated or not pretreated with the CD31 agonist peptide
(termed “CD31 DC” henceforth) before OVA immunization in
vivo. The FACS-purified DCs from the pooled draining lymph
nodes (axillary and inguinal) were cocultured with purified naive
(CD44~CD25"CD62L"e") OT-II CD4* T cells that were pre-
stained with a violet cell-proliferation tracker [CellTrace Violet
(CTV) Cell Proliferation Kit; Life Technologies]. The protocol is
schematized in Fig. 6C. As shown in Fig. 6D, the proliferative
response of OT-II CD4™ T cells was significantly reduced if the
OVA antigen was presented by CD31 DCs. Interestingly, whereas
the production of soluble IL-2, IFN-y, and IL-17A followed the
same trend as the proliferative response, IL-10 levels were un-
altered in the supernatants of OT-II CD4* T cells stimulated
with CD31 DCs. Furthermore, the percentage and proliferation
rate of regulatory T cells (Tregs), detected as CD25"€"FoxP3™*
OT-1I CD4* T cells, elicited by CD31 DCs were significantly
increased (Fig. 6F). These results suggest that CD31 DCs can
drive a tolerogenic T-cell response by skewing the differentiation
of the cognate antigen-specific T cells toward a regulatory phe-
notype. The functional suppressive nature of CD31 DC-elicited
Tregs was directly assessed in “cascade” experiments in which
CD4"CD25"e" cells were purified from CD31 DC/OT-II T-cell
cocultures and transferred to fresh cocultures of freshly purified
spleen DCs with OT-II cells and OVA. As shown in Fig. 6F, CD31
DC-elicited CD4*CD25"" cells suppressed the production of
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IFN-y and increased that of IL-10, supporting a functional
regulatory phenotype acquired by antigen-specific T cells stim-
ulated by CD31 DCs.

Adoptive Transfer of CD31-Conditioned DCs Significantly Delays
the Development of Myelin Oligodendrocyte Glycoprotein-Driven
Autoimmune Encephalomyelitis in Mice. We next used the BMDC
adoptive transfer strategy with the myelin oligodendrocyte glycopro-
tein (MOG) peptides 35-55 to assess the effect of CD31-conditioned
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Fig. 5. CD31 peptide targets s.c. DCs. The potential targeting of resident
DCs by the CD31 peptide injected in the s.c. space was tracked by confocal
analysis and flow cytometry. (A) After the injection of a fluorescein-labeled
(FAM, green) CD31 peptide by immunofluorescent staining of CD11c (red),
s.c. DCs were identified in skin whole mounts. Several DCs were decorated
with the CD31 peptide. The cell indicated by the arrowhead is displayed at
a greater magnification. (Scale bars: 10 um.) (B) Flow cytometric analysis of
FAM-CD31 peptide binding to DCs (CD11c*MHCII*) in the lymph node and
skin of mice after s.c. injection. (C) Quantification, in the skin and draining
lymph nodes, of the DC subsets that are targeted by the FAM-CD31 peptide
1 h after s.c. injection. A small number of lymph node DCs were positive for
the FAM-CD31 peptide, mostly within the lymphoid subset. More impor-
tantly, virtually all of the skin DCs derived from the site of injection were
targeted by the peptide. The main subsets of these DCs were myeloid
CD103~ and lymphoid CD4CD8". *P < 0.05. (D) DC subsets in the skin and
draining lymph node before (no CFA) and 16 h after CFA immunization. CFA
induced the migration of myeloid CD103~ DCs from the skin to the lymph
nodes. *P < 0.05. (E) Tracking of FAM-CD31 peptide-targeted DCs 16 h after
CFA immunization in the skin and draining lymph nodes. In the draining
lymph node, the percentage of FAM* DCs was increased upon CFA immu-
nization, including the enriched myeloid CD103~ DCs. In the skin, CFA im-
munization mainly induced the enrichment of pDCs (as shown in D); skin
pDCs were targeted by FAM-CD31 peptide. *P < 0.05. (F) Injection of the
CD31 agonist peptide before FITC-painting assays reduced the number of
FITC* DCs reaching the draining lymph node. *P < 0.05.
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Fig. 6. CD31 signaling favors the development of tolerogenic DCs. (A)
BMDCs (1 x 10°) were matured overnight with LPS (100 ng/mL) in the
presence of the CD31 peptide (25 or 50 pug/mL). OVA peptide (10 or 100
ng/mL) was added during the last 4 h of LPS stimulation. The DCs were then
washed and cocultured with naive (CD62L*) OT-Il CD4* T cells (5 x 10°) for
4 d. A dose-dependent inhibition of IL-2 production by OT-Il CD4* T was
exerted by CD31 peptide-conditioned DCs on cognate T cells. *P < 0.05. (B)
Representative dot plots display cytometric data of intracellular IFN-y and
IL-17A cytokine staining. Intracellular IFN-y, which was readily increased in
OT-Il CD4* T cells stimulated with OVA-loaded DCs, was reduced in a dose-
dependent manner when the antigen was presented by CD31-conditioned
DCs (DCs that had loaded the OVA antigen in the presence of the CD31
peptide). (C-F) Evaluation of the effect of CD31 signaling on DCs in vivo. (C)
Experimental strategy (n = 3-5 per group). (D) Evaluation of CTV dilution
showed that CD31 conditioning reduces the ability of DCs to elicit the pro-
liferation of T cells. These results were confirmed by the lower production of
IL-2, IFN-y, and IL-17A, but not of IL-10. **P < 0.01. (E) CD31-conditioned DCs
favored the differentiation and proliferation (CTV dilution) of CD4* Tregs
(CD25*FoxP3*) from naive OT-1l CD4* T cells. (F) Newly generated Tregs were
fully competent in suppressing the production of effector cytokines by OT-II
cells at a ratio of 1:10. Of note, the presence of these Tregs induced an in-
crease in the amount of soluble IL-10. *P < 0.05.

DCs on the development of autoimmune responses in vivo in the
MOG-induced experimental autoimmune encephalomyelitis
(EAE) model (Fig. 7). MOG-specific CD4™ T-cell clones that were
elicited in mice receiving CD31 BMDCs produced less I1L-2,
IFN-y, IL-17A, and IL-6 cytokines upon MOG-recall challenge
in vitro, whereas the soluble levels of IL-4 and IL-10 in culture
supernatants were not affected (Fig. 74). In vivo tracking showed
that CD31 BMDCs adoptively transferred by s.c. injection in the
flanks of mice do reach the draining lymph nodes (axillary and
inguinal), but in fewer numbers (Fig. 7B).

However, the blunted immune response observed following
the transfer of CD31-conditioned DCs is not due merely to the
lower number of DCs that reach the lymph node. Indeed, the
adoptive transfer of either immature BMDCs or MOG-ac-
tivated BMDCs did not affect the development of experi-
mental EAE induced by MOG immunization in vivo. Instead,
the clinical manifestations of the autoimmune response were
consistently delayed in mice that had been adoptively transferred
with CD31 DCs (Fig. 7C), which displayed significantly milder
clinical signs of EAE than any other study groups for at least 3 d,
suggesting that the DCs exerted a different effect than the
endogenous cells. This issue was directly assessed in titration
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Fig. 7. CD31-conditioned BMDCs confer tolerance against autoimmune
responses in vivo. (A) BMDCs and CD31-conditioned BMDCs (CD31 BMDCs)
were stimulated with LPS overnight as described above, and MOG peptide
35-55 was added during the last 4 h. The cells were injected s.c. (total of 5 x
108 cells per mouse) in C57BL/6 mice. The draining lymph node cells of the
recipient mice were harvested 10 d later and stimulated with increasing
concentrations of the MOG peptide for 5 d in vitro. Cytokine release, ana-
lyzed by CBA in the supernatant, showed that CD31-conditioned BMDCs
were not able to induce the production of IL-2, IFN-y, IL-17A, and IL-6 by
MOG-specific CD4* T cells. Intriguingly, the production of IL-4 and IL-10 was
similarly abundant in the two conditions. *P < 0.05. (B) Flow cytometry
tracking of adoptively transferred CTV* BMDGs, identified as CD11c*, showed
that fewer CD31 BMDC, MOG cells reached the draining lymph nodes com-
pared with BMDC, MOG cells. **P < 0.01. (C) Potential tolerogenic properties
of CD31 BMDC, MOG cells were evaluated in vivo by active MOG immunization
10 d after the adoptive transfer. The transfer of CD31 BMDC, MOG cells
delayed the development of EAE. A minimum of three mice per group were
used in each condition, and the experiments were repeated twice, with
similar results. *P < 0.05.

experiments in which lower numbers of antigen-loaded BMDCs
were adoptively transferred to experimental mice (Fig. 84). As
expected, reducing the number of injected antigen-loaded
BMDC:s results in milder antigen-specific T-cell proliferative
and effector cytokine responses (Fig. 8 B and C). However, only
CD31-conditioned BMDCs concomitantly favored the enrichment
of antigen-specific Tregs in the draining lymph node; the number
of Tregs remained low in the lymph nodes of mice receiving OVA-
loaded BMDC: at all of the tested cell dilutions (Fig. 8D). Finally,
we observed that the adoptively transferred BMDCs exerted their
effect directly, as detected with CTV-labeled BMDCs in GFP-Tg
mice and with subsequent DC purification and functional testing
in vitro (Fig. 8D). As expected, only exogenous BMDCs were
able to elicit the production of effector cytokines in functional
tests, provided that they had not been conditioned with CD31.

Discussion

CD31 is an important, yet neglected, immune inhibitory receptor
(8, 9, 29). Because of its extracellular Ig-like domains and lo-
calization in the lateral junctions between endothelial cells in the
vasculature (30), CD31 was initially viewed as a putative cell-
adhesion molecule, and the ability of CD31-targeting antibodies
or recombinant proteins (31, 32) to inhibit leukocyte transmigration
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has long supported this perception. However, the absence of
CD31 does not reduce the transmigration of blood leukocytes
(33) but, rather, promotes CD4" T-cell recruitment at inflam-
matory sites (23).

Several subsequent experimental studies have clearly demon-
strated that CD31 plays important inhibitory signaling roles
in effector-adaptive immune cells, such as T and B lymphocytes
(14, 15, 24, 34-37). More recent studies have suggested that the
homophilic engagement of CD31 between DCs and cognate T
cells may establish the threshold for T-cell activation and toler-
ance (35), but the role played by this ITIM receptor in DC func-
tion has remained elusive.

In this study, we show that CD31 acts as a key coinhibitory
receptor and dramatically modulates the function of DCs, in-
dependent of its already known regulatory function on other
immune effectors. Whereas the reduction of CD31 molecules at
the cell surface is a prerequisite for the immunogenic potential
of DCs because it favors their maturation, accelerates their mi-
gration to the lymph nodes, and increases their production of
proinflammatory cytokines, upholding CD31 signaling thwarts
the immunogenic functions of DCs, instead favoring the gener-
ation and expansion of regulatory cognate T cells at the expense
of the effector phenotype.

Interestingly, our data suggest that the engagement of surface
CD31 on DCs is a key trigger for the regulatory signaling cascade
that is mediated by SHP-1 and modulates NF-xB activation and
cytokine production (27).

The identification of the role played by CD31 during DC
maturation in this study may thus have a broad impact in several
research fields in immunobiology, wherever the immunogenic
function of DCs is desirable or unwanted. For instance, the fact
that CD31 surface expression is reduced on human DCs upon
their interaction with LPS (17-19) and/or bacterial proteolytic
enzymes (38) suggests that the invalidation of this coinhibitory
receptor is necessary for the development of protective adaptive
immune responses against bacteria. Similarly, interventional
tools able to invalidate CD31 signaling may enhance the success
of vaccination therapies in cancer. Indeed, the acquisition of
CD31 by tumoral cells (39) might be one mechanism by which
tumor cells can engage the CD31 molecules of DCs, leading
to a blunted immunogenic potential of DCs and, consequently, a
flawed immune defense against cancer.

Materials and Methods

Mice. C57BL/6J (CD31**) and OT-II [C57BL/6-Tg(TcraTcrb)425Cbn/Crl] mice
were purchased from Charles River France Laboratories. Breeding pairs of
GFP-Tg mice [C57BL/6-Tg(ACTbEGFP)10sb/J] were kindly provided by R. Golub
(Institut Pasteur, Paris) and maintained in a heterozygous state in our fa-
cility. Breeding pairs of CD317"~ mice (33) on the C57BL/6J background were
kindly provided by D. K. Newman (Milwaukee Blood Center, Milwaukee,
WI). Homozygous SHP-1"~ mice, generated and maintained in a colony as
previously described (40), were a kind gift from Renato Monteiro (Inserm
U699, Paris). The mice were maintained in our facility under an alternating
12-h light/12-h dark cycle in microisolator cages (four or fewer mice per
cage) under specific pathogen-free conditions with free access to food and
water. All investigations conformed to Directive 2010/63/EU of the European
Parliament, and formal approval was granted by the local animal ethics
committee (Comité d’'éthique Bichat-Debré, Paris).

FITC-Painting Assay. The draining lymph node DCs were analyzed after FITC
skin painting as described previously (41). Briefly, FITC (isomer 1; Sigma-
Aldrich) was dissolved (8 mg/mL) in a 50:50 (vol/vol) acetone-dibutyl phthalate
mixture just before application. This FITC solution was distributed in six spots
(25 pL per spot) on the shaved back skin of anesthetized mice. Mice treated
with the CD31 peptide were injected s.c. with 100 ug per mouse in four spots
1 h before FITC painting. Twenty hours later, the draining lymph nodes
(inguinal, brachial, and axillary) and nondraining lymph nodes (popliteal)
were removed (the left and right lymph nodes from each mouse were ana-
lyzed separately) and placed in a collagenase D (Roche) solution (1 mg/mL in
RPMI) for 30 min. The enzymatic digestion was stopped by the addition of
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Fig. 8. Tolerance carried by CD31-conditioned BMDGs is supported by the in-
duction of CD4* Tregs in vivo. (A) CTV-labeled CD4* naive OT-II (CTV* OT-lI) cells
were transferred to C57BL/6 mice. On the following day, recipient mice re-
ceived OVA-loaded BMDCs or CD31-conditioned BMDCs at the indicated
number. Five days later, lymph nodes were harvested and processed for CTV
dilution (proliferation) and T helper 1 (Th1)/Treg analysis by intracellular
cytometry. O/N, overnight. (B) Proliferation of CTV*CD4"* cells is dependent
on the number of adoptively transferred antigen-loaded BMDCs. Administra-
tion of CD31-conditioned BMDGs results in a low-magnitude, antigen-specific,
T-cell proliferative response, regardless of the number of injected cells.
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100 mM EDTA. The lymph nodes were then meshed through a 70-um filter.
The cells were washed, pelleted, and stained before data acquisition and
analysis by flow cytometry.

Induction and Maturation of BMDCs. BMDCs were induced from bone marrow
cells of CD31**, CD317~, or SHP1™~ mice by flushing the femurs of 6- to
10-wk-old mice with PBS (42). Pooled cells from six to eight femurs were
washed in Iscove’s modified Dulbecco’s medium (IMDM; Life Technologies)
and plated in 10-cm @ Petri dishes (2 x 10° cells per dish) with IMDM sup-
plemented with 15% (vol/vol) FCS, 10> M g-mercaptoethanol, 2 mM t-glu-
tamine, 1x antibiotic/antimycotic solution, and supernatant from a GM-CSF-
expressing cell line (J558-GM-CSF, a kind gift from S. Amigorena, Institut
Curie, Paris; GM-CSF final concentration of 30 ng/mL). The supplemented
medium was replaced every 3 d. Maturation assays were performed with
nonadherent and loosely adherent cells, which were harvested between the
eighth and 12th days of the culture and plated in 24-well plates overnight in
the presence of LPS (from Escherichia coli O55:B5; Sigma) with or without
CD31 peptide [amino acids 551-574, molecular weight of 2,606.0, provided
as >95% pure by Genosphere or Mimotopes, with low endotoxin (<0.01
ng/ug, based on the limulus amebocyte lysate test) and dissolved at 1 mg/mL
in sterile 0.5% PBS/DMSQO] at the indicated concentrations. Cells at the in-
dicated densities were preincubated with inhibitors [NF-«B inhibitors (20 pM
Bay 11-7821 and 50 pM PDTC) from TOCRIS Bioscience and PTP Inhibitor V
(PHPS1, to inhibit SHP-2) and SSG (to block SHP-1) from Merck Millipore] for
30 min before LPS stimulation.

Cytokine Quantification. Cytokines were quantified using cytometric bead
array (CBA) mouse kits and flex sets (IL-2, IL-4, IL-6, IFN-y, TNF, IL-17A, IL-
10, IL-1B, IL-12, and MCP-1) following the manufacturer’s protocols (BD
Biosciences).

Analysis of Gene Expression by Real-Time PCR. BMDCs were seeded on 96-well,
round-bottom plates at 1 x 10° cells per well. CD31 peptide and LPS were
added at different time points as indicated. Total RNAs were extracted using
TRIzol (Life Technologies), and mRNA reverse transcription was performed
using iScript reverse transcriptase (Bio-Rad). Real-time PCR was performed
on a CFX 100 (Bio-Rad) cycler using the primers listed in Table 1, 1 ng of
cDNA from each sample in a total volume of 22 pL containing the forward
and reverse primers (250 nM each), and SYBR Green Master Mix (Bio-Rad).
The amplification program was as follows: one cycle at 50 °C for 2 min, one
cycle at 95 °C for 15 min, and 50 cycles at 95 °C for 40 s and 60 °C for 1 min.
Dissociation curves were analyzed at the end of the amplification, and data
concerning the genes of interest were normalized by the expression of the
B-actin gene in the same condition and were expressed compared with a
control condition with no LPS and no CD31 peptide. The 222t formula de-
scribed by Pfaffl (43) was applied, where threshold cycle (Ct) values corre-
spond to the cycle at which the PCR enters the exponential phase.

Immunofluorescence Microscopy. CD31. BMDCs were harvested 8 d after their
differentiation, plated on Ibidi eight-well p-Slides (2 x 10° cells per well), and
allowed to adhere overnight. After careful washing, adherent cells were
precooled on ice for 30 min and stained with an anti-mouse CD31 antibody
[clone Mec13.3, directly coupled to phycoerythrin (PE)] for 30 min on ice.
Thereafter, the cells were washed in ice-cold PBS and warmed up to 37 °C
with complete medium containing or not containing LPS (1 pg/mL) and the
CD31 peptide (100 pg/mL). The cells were allowed to stabilize for 5 min
before image acquisition.

*P < 0.05. (C) Number of CTV*CD4*IFN-y* (#Th1) cells elicited by the adoptive
transfer of 1 x 10° CD31 BMDC, OVA cells was significantly lower than that
elicited by BMDC, OVA cells at the same cell dilution. *P < 0.05. (D) Number
of CTV*CD4*CD25* FoxP3* (#Treg) elicited by the adoptive transfer of 1 x 10°
CD31 BMDC, OVA cells was significantly higher than that elicited by BMDC,
OVA cells at all tested cell dilutions. *P < 0.05. (E) Evaluation of the direct
and indirect effects of CTV-labeled BMDCs adoptively transferred to GFP-Tg
mice was performed by assessing the properties of FACS-purified DCs.
Adoptively transferred BMDCs (CTV*) were able to elicit an antigen-specific
immune response (production of IL-2, IFN-y, and TNF), whereas endogenous
DCs (GFP*) were ineffective, regardless of their positivity for CTV (possibly
indicating the phagocytosis of exogenous BMDCs). As before, CD31 BMDCs
did not elicit an antigen-specific response in terms of effector cytokine
production. At least three mice per group were used in these experiments,
which were repeated twice, with similar results. **P < 0.01.
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Table 1. Primers used to analyze the expression of cytokine and
housekeeping genes

Gene Forward primer Reverse primer

mlL-6 AGTTGCCTTCTTGGGACTGA TTCTGCAAGTGCATCATCGT

miL-12 ATGACCCTGTGCCTTGGTAG CAGATAGCCCATCACCCTGT

miL-10 TGCCAAGCCTTATCGGAAAT TTTTCACAGGGGAGAAATCG

mTGF-B1 TGCGCTTGCAGAGATTAAAA CTGCCGTACAACTCCAGTGA

m[}-Actin TGTTACCAACTGGGACGACA GCTGGGGTGTTGAAGGTCTC
m, murine.

NF-xB. BMDCs (2 x 10°) were carefully washed, resuspended, and stimulated
for 30 min at 37 °C in FCS-free medium with LPS (250 ng/mL) with or without
the CD31 peptide (50 pg/mL). Unstimulated cells were used as a control. At
the end of the stimulation, the cell suspensions were layered onto poly-
lysine-coated coverslips and allowed to adhere for 30 min at 37 °C. The
coverslips were then washed twice with warm FCS-free medium, and the
adherent cells were fixed with PBS/4% (wt/vol) paraformaldehyde (PFA; 15
min at room temperature) and incubated for 10 min with glycine (100 mM in
PBS, pH 7.4) to quench residual aldehydes. The cell and nuclear membranes
were then permeabilized with PBS/0.5% Triton X-100 for 10 min and ex-
tensively washed in PBS/0.5% Triton X-100/1% BSA before incubation with
purified polyclonal rabbit anti-mouse NF-xB p65 antibody (no. ab16502,
Abcam; diluted at 5 pg/mL in PBS/0.5% Triton X-100/1% BSA) for 90 min at
room temperature. The coverslips were then extensively washed with PBS/
0.5% Triton X-100/1% BSA and incubated for 30 min with 7.5 pg/mL
TRITC-conjugated AffiniPure F(ab’)2 Fragment Rabbit Anti-Goat IgG, Fc
Fragment-Specific (no. 305-026-008; Jackson ImmunoResearch Laboratories)
and 1 unit of Alexa Fluor 488 Phalloidin (Life Technologies) diluted in the
same buffer. After extensive washing, the cells were incubated for 5 min
with 1 pg/mL Hoechst 33342 (Life Technologies) in PBS, washed twice in PBS,
and cover-mounted with ProLong Gold Antifade Reagent (Life Technolo-
gies) before image acquisition.

Digital images were acquired using AxioVision software and a Zeiss Axio
Observer Z1 microscope equipped with an ApoTome. Fluorescence-intensity
analysis of the digital images was performed using ImageJ (National Institutes
of Health).

Immunogenic Function of BMDCs. BMDCs (1 x 10°) were incubated overnight
with LPS (1 pg/mL) with or without the CD31 peptide at the indicated con-
centration and loaded with increasing doses of OVA 323-339 peptide
(AnaSpec) during the last 4 h. After the incubation period, the cells were
thoroughly washed and cocultured with 5 x 10° naive OT-Il CD4* T cells
(isolated from spleen and lymph node single-cell suspensions by magnetic
cell sorting using a CD4*CD62L* T Cell Isolation Kit II; Miltenyi Biotech). Four
days later, the supernatant was collected for IL-2 analysis (CBA), and the cells
were detached and subjected to intracellular flow cytometry analysis using
a Mouse Th1/Th2/Th17 Phenotyping Kit (BD Biosciences).

In separate experiments, GFP-Tg mice were adoptively transferred with
CTV-labeled BMDCs (5 x 10° per mouse by intradermal injection). To achieve
this aim, BMDCs were prepared as previously described and stimulated
overnight with LPS (1 pg/mL) in the presence of OVA protein (30 pg/mL, no.
A5503; Sigma) and with or without the CD31 peptide (100 pg/mL). The mice
were euthanized after an overnight period, and the lymph nodes draining
the site of injection were harvested and digested in collagenase D (1 mg/mL
final concentration; Roche). Single-cell suspensions were washed and in-
cubated with an anti-mouse CD11c antibody (clone HL3, PE-CF594; BD Bio-
sciences) for 30 min on ice in PBS. The cells were then washed and submitted
for FACS purification, yielding three populations of CD11c* DCs: GFP*CTV™,
GFP*CTV*, and GFP™CTV*. Naive (CD62L*CD257) CD4* T cells were FACS-
purified from the spleens of OT-Il mice. FACS-purified DCs and T cells were
extensively washed and cocultured in V-bottom, 96-well plates (5 x 10° DCs
and 50 x 10> CD4* T cells, 1:10 ratio) for 5 d. At the end of the coculture, the
supernatant was harvested and processed for cytokine content analysis us-
ing CBA technology.

Fluorescent Tracking of the CD31 Peptide. A total of 50 pg of 5,6-FAM-conjugated
CD31 peptide in 50 pL of PBS was injected s.c. into the shaved abdomen of
C57BL/6 mice. For whole-mount confocal analysis, the mice were killed un-
der anesthesia 1 h later and skin coupons around the injection site (1 cm @)
were excised, rinsed in ice-cold PBS (2 mL for 20 min with orbital shaking
repeated three times), and fixed in ice-cold PFA (2 mL for 20 min with orbital
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shaking). The samples were then permeabilized in PBS/2% (vol/vol) Triton
X-100/20% (vol/vol) DMSO/2% (vol/vol) BSA on ice for 1 h. The samples were
then incubated for 48 h with the primary antibodies (Armenian hamster
anti-mouse CD11c antibody, clone N418, Abcam; Syrian hamster anti-mouse
podoplanin antibody, clone 11-033, AngioBio) and diluted in the same
buffer at a final concentration of 20 pg/mL each. After three washes (30 min
each) in PBS/2% (vol/vol) Triton X-100/20% (vol/vol) DMSO, secondary anti-
bodies [AffiniPure F(ab’)2 fragments, TRITC-conjugated anti-Armenian
hamster IgG and DL649-conjugated anti-Syrian hamster IgG; both from Jackson
ImmunoResearch) were diluted at 2 pg/mL in PBS/2% (vol/vol) Triton X-100/20%
(vol/vol) DMSO/2% (vol/vol) BSA and incubated with the samples overnight.
Finally, the samples were extensively washed in in PBS/2% (vol/vol) Triton X-100/
20% (vol/ivol) DMSO, cleared, and mounted as previously described for whole-
mount mouse embryos (44). Digital images were acquired using AxioVision
software and a Zeiss Axio Observer Z1 microscope equipped with an ApoTome.
Fluorescence-intensity analysis of the digital images was performed using
ImageJ software. In separate experiments, flow cytometry was used to eval-
uate the DC subsets that were bound to the fluorescent peptide. To achieve
this aim, the fluorescent CD31 peptide (100 pg in four dots per mouse) was
injected s.c. 1 h before immunization with CFA (Sigma) emulsified in PBS
(1:1 vol/vol, 200 pL in four dots per mouse) at the same skin site. Control
mice did not receive CFA immunization. Skin and draining lymph nodes
were harvested 1 h and 16 h after the injection of the CD31 peptide and
digested in collagenase D (1 mg/mL) diluted in complete medium for
45 min at 37 °C under agitation. The cells were extensively washed with
FACS-staining buffer before flow cytometric analysis of DC subsets.

Upholding CD31 During DC Priming with OVA in Vivo. EGFP-Tg mice were
injected subcutaneously with 100 pg of the peptide or the same volume of
saline alone, in both flanks, 1 h before subcutaneous immunization, at the
same site, with 100 pg OVA protein (InvivoGen) emulsified in complete
Freund’s adjuvant. After an overnight period, pooled draining lymph nodes
(axillary, brachial, and inguinal) were harvested and digested in collagenase
D (1 mg/mL in RPMI; Roche) for 30 min, followed by the addition of 100 mM
EDTA and meshing through a 70-um filter. The cells were washed, counted,
and stained with an allophycocyanin (APC)-conjugated anti-CD11c antibody
(clone HL3; BD Biosciences). CD11c"9" cells from each group of mice were
sorted on a BD Biosciences FACSAria lll cell sorter in parallel with naive OT-II
CD4* T cells (CD4*CD62L*CD257) and were stained with CTV before being
cocultured with sorted OVA-primed DCs (1:10 DUT cell ratio). Five days later,
the culture supernatants were harvested for cytokine analysis by CBA, and
the cells were analyzed for proliferation by CTV dilution and for the Treg
phenotype (surface CD4/CD25 and intracellular FoxP3 staining, as described
below) by flow cytometry. To assess the suppressive functions associated
with this phenotype, CD4*CD25M9" cells were FACS-purified from CD31-
conditioned OVA-loaded DCs/OT Il T-cell cocultures and transferred (2 x 103
CcD4*CD25M9" cells per well) in fresh cocultures of CD1 1c"9" and naive OT-II
CD4* T cells (1:5 ratio, V-bottom, 96-well plates) in the presence of OVA
protein (50 pg/mL). After 5 d of incubation at 37 °C, the supernatant was
harvested and analyzed for the content of IFN-y and IL-10 (CBA).

Adoptive Transfer of CD31-Conditioned DCs. Migration from the skin to draining
lymph nodes. BMDCs from C57BL/6 mice were left untouched or stimulated
overnight with LPS (1 ug/mL) with or without CD31 peptide (50 pg/mL). The
cells were then washed and stained with CTV (5 pM). Recipient mice (three
groups: “BMDC"; “BMDC, MOG"; and “CD31 BMDC, MOG") received 100 pL
(administered s.c.) of the appropriate cell suspension (5 x 10° BMDCs per
mouse). On the next day, the mice were killed under anesthesia and cell
suspensions were prepared from the draining lymph nodes as described
previously. The CTV* cells were analyzed by cytometry among the DCs (iden-
tified by staining with PE-conjugated anti-CD11c antibody).

Immune function upon antigenic recall challenge in vitro. BMDCs from C57BL/6
mice were either left untouched or incubated with 50 pg/mL MOG 35-55
peptide (amino acids 35-55, MEVGWYRSPFSRVVHLYRNGK; PolyPeptide
Laboratories) during an overnight stimulation with LPS (1 pg/mL) with or
without CD31 peptide (50 pg/mL), yielding two types of DCs: MOG-loaded
mature DCs (BMDC, MOG) and MOG-loaded mature and CD31-conditioned
DCs (CD31 BMDC, MOG). Five million cells from each condition were adop-
tively transferred s.c. into the flanks of C57BL/6 recipient mice, as described
above. Ten days after the BMDC adoptive transfer, the draining lymph
nodes were harvested, digested, and meshed, and the cells were counted
and incubated at 5 x 10° cells per well in 96-well, round-bottom plates with
complete medium containing increasing concentrations of MOG 35-55
peptide (up to 200 pg/mL) for 5 d at 37 °C. The supernatants were thereafter
harvested for cytokine analysis.
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Immune function upon antigenic recall challenge in vivo (EAE model). Five million
each of BMDC; BMDC, MOG; and CD31 BMDC, MOG DCs were adoptively
transferred to recipient C57BL/6 mice as described above. A fourth group of
mice (no DCs) did not receive exogenous cells (n = 5 mice per group, female,
8-10 wk of age). Ten days after DC transfer, EAE was actively induced by
immunization with 200 pg of MOG peptide in an emulsion (1:1 by volume)
with CFA containing 10 mg/mL heat-inactivated Mycobacterium tuberculosis
H37RA (Difco Laboratories). A volume of 200 pL of this emulsion was injec-
ted s.c. at four sites across the flanks. In addition, 300 ng of pertussis toxin
(List Biological Laboratories) was administered to the mice on the same day
and again 2 d later. The grid used to monitor the clinical progression of EAE
was adapted from Stromnes and Goverman (45). The clinical scores were as
follows: 0, no signs; 0.5, partially limp tail; 1, paralyzed tail; 2, hind-limb pa-
resis; 3, one hind limb paralyzed; 4, both hind limbs paralyzed; 5, moribund.
Comparison of immunogenic/tolerogenic properties of untreated and CD31-
conditioned BMDCs. BMDCs were prepared as described above, washed, and
incubated overnight in complete medium containing LPS (1 pg/mL) and OVA
protein (50 pg/mL) and supplemented or not supplemented with the CD31
peptide (100 ug/mL) at a density of 5 x 10 cells per milliliter. Antigen-loaded
DCs were thereafter extensively washed with ice-cold PBS, diluted at the
indicated concentration, and s.c. injected into C57BL/6 mice that had received,
an i.v. bulk of 5 x 10° FACS-purified naive OT-II cells (CD4*CD62L*CD25~CTV™)
24 h before the injection of the DCs. Five days later, the mice were eutha-
nized and the draining lymph nodes were harvested, meshed, and processed
for flow cytometry (CTV dilution, Treg analysis).

Flow Cytometry. Single-cell suspensions (from cultured cells or from freshly
harvested lymph nodes) were washed in staining buffer [PBS/1% BSA/2 mM
EDTA/0.05% NaNs (pH 7.4), 0.22 pm-filtered], incubated with mouse BD Fc
block (anti-CD16/32 purified antibodies, 1 pg/mL) for 15 min at 4 °C, and
stained with various combinations of fluorescently labeled antibodies di-
rected against CD45 (clone 30-F11, APC), CD4 (clone GK1.5, APC-H7), CD31
(clone MEC 13.3, PE), CD25 (clone PC61, APC), I-A® (MHCII, clone AF6-120.1,
FITC), CD80 (clone 16-10A1, peridinin-chlorophyll protein-Cy 5.5), CD86
(clone GL-1, V450), CD40 (clone 3/23, P APC), CD11c (clone HL3, PE-CF594),
CD11b (clone M1/70, PE), CD8 (clone 53-6.7, PerCP), and B220 (clone RA3-682,
Alexa700) (all from BD Biosciences); Ly6C PE-Cy7 (clone HK1.4, PE-Cy7;
Biolegend); MHCIl BV421 (clone M5/114.15.2, BV421; Biolegend); CD11c
(clone N418, Pacific blue; Invitrogen); and CD103 (clone 2E7, APC; eBiosciences).

Intracellular staining of FoxP3 (PE-conjugated, clone PE-FJK-16s; eBio-
sciences) was performed according to the manufacturer’s instructions after
the cell surface was stained for CD4 and CD25.

Intracellular IFN-y and IL-17A were assessed using a Mouse Th1/Th2/Th17
Phenotyping Kit (BD Biosciences) following the manufacturer’s instructions.

Intracellular phosphorylation of SHP-2 was assessed in BMDCs incubated at
37 °C with 200 ng/mL LPS for 15 min in the presence or absence of the CD31
peptide (5 x 10° BMDCs in 100 uL of IMDM per condition). The positive
control for CD31-driven SHP-2 phosphorylation was obtained using a rat
anti-mouse CD31 antibody (10 pg/mL, clone MEC13.3; BD Biosciences) and
goat anti-rat IgG (Fab’), fragments (100 pg/mL; Jackson Laboratories).
CD317~ cells were used as the negative control. Intracellular staining with
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an anti-SHP-2 (pY542)-PE antibody (clone L99-921; BD Biosciences) or iso-
type control was performed on fixed/permeabilized cells (BD Phosflow Perm
Buffer IV; BD Biosciences) following the manufacturer’s instructions.
Cytometric analysis of nuclear NF-xB in LPS-stimulated BMDCs was per-
formed on purified nuclei obtained as described online by the Telford lab-
oratory (http:/home.ccr.cancer.gov/med/flowcore/nuclei.pdf). Briefly, BMDCs
were harvested from the Petri dish and resuspended at a density of 5 x 10°
cells per milliliter in IMDM supplemented with 107> M p-mercaptoethanol,
2 mM L-glutamine, and 1x antibiotic/antimycotic solution. The cell suspen-
sions (200 pL) were stimulated with LPS (250 ng/mL) with or without CD31
peptide (50 pg/mL) for 45 min at 37 °C. The cells were then pelleted at 4 °C
(500 x g for 5 min), washed twice with cold PBS, gently resuspended, and
incubated for 10 min on ice in 1 mL of cold nuclear extraction buffer [320 mM
sucrose, 5 mM MgCl,, 10 mM Hepes, 1% Triton X-100 (pH 7.4)]. Next, the
nuclei were pelleted (2,000 x g for 10 min) and washed twice with cold
nuclear wash buffer [320 mM sucrose, 5 mM MgCl,, 10 mM Hepes (pH 7.4)].
This extraction procedure provided >98% nuclear purity without any
clumping. The nuclei were then incubated for 2 min at room temperature
with RNase A (100 U/mL; Qiagen) in nuclear wash buffer, washed, fixed in
PBS/4% (wt/vol) PFA for 10 min, and washed twice with nuclear wash buffer.
The fixed nuclei were then resuspended in nuclear extraction buffer con-
taining 5 pg/mL purified polyclonal rabbit anti-mouse NF-xB p65 (no.
ab16502; Abcam) and incubated overnight at 4 °C. After two washes in
nuclear wash buffer, the secondary antibody (goat anti-rabbit IgG conju-
gated to Dylight 649, Jackson ImmunoResearch) was added to nuclear
extraction buffer supplemented with 0.5% BSA and incubated with the
samples for 1 h at room temperature. The nuclei were then washed with
nuclear extraction buffer and again with the nuclear wash buffer. Nuclear
counterstaining was performed with 1 pg/mL DAPI in wash buffer supple-
mented with 0.5% BSA for 5 min. Thereafter, the nuclei were washed ex-
tensively, resuspended in wash buffer supplemented with 0.5% BSA, and
analyzed. The cytometric acquisition and analysis were performed with an
LSRII flow cytometer equipped with three lasers (405, 488, and 633 nm) and
BD FACSDiva Software 6.0 (both from BD Biosciences), respectively. Figure-
displayed dot plots were obtained using FlowJo software (TreeStar). The data
are expressed as arbitrary units [median fluorescence intensity (MFI) nor-
malized against the MFI obtained using the appropriate isotype control].

Statistical Analysis. The results are expressed as the mean + SEM. The dif-
ferences between the groups were evaluated by one-way ANOVA with
Fischer’s post hoc tests or by Mann-Whitney nonparametric tests as appro-
priate. Any differences between the groups were considered to be signifi-
cant when the P value was <0.05 (*P < 0.05; **P < 0.01). The analysis was
performed with JMP 6.0 Software (SAS Institute, Inc.).
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