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Abstract

Langerhans cells (LCs) are known as “sentinels” of the immune system that function as
professional antigen-presenting cells (APCs) after migration to draining lymph node. LCs are
proposed to have a role in tolerance and the resolution of cutaneous immune responses. The
Programmed Death-1 (PD-1) receptor and its ligands, PD-L1 and PD-L2, are a co-inhibitory
pathway that contributes to the negative regulation of T-lymphocyte activation and peripheral
tolerance. Surprisingly, we found PD-1 to be expressed on immature LCs (iLCs) in situ. PD-1
engagement on iLCs reduced IL-6 and macrophage inflammatory protein (MIP)-1a cytokine
production in response to TLR2 signals but had no effect on LC maturation. PD-L1 and PD-L2
were expressed at very low levels on iLCs. Maturation of LCs upon migration from epidermis led
to loss of PD-I expression and gain of high expression of PD-L1 and PD-L2 as well as co-
stimulatory molecules. Blockade of PD-L1 and/or PD-L2 on migratory LCs (mLCs) and DDCs
enhanced T-cell activation, as has been reported for other APCs. Thus the PD-1 pathway is active
in iLCs and inhibits iLC activities, but expression of receptor and ligands reverses upon
maturation and PD-L1 and PD-L2 on mLC function to inhibit T-cell responses.

INTRODUCTION

Langerhans cells (LCs) are myeloid-derived dendritic cells (DCs) distributed along the
stratified epithelia of tissues exposed to the environment such as skin and mucosa. LCs are
known as “sentinels” of the immune system and form a network in the epidermis where they
actively take up antigen by extending and retracting their dendrites. During migration to
draining lymph nodes, LCs process antigen and upregulate the level of co-stimulatory
molecules. In the lymph node, LCs function as professional antigen-presenting cells (APCs)
(Merad et al., 2008). In the steady state, LCs are proposed to have a role in tolerance and the
resolution of cutaneous immune responses.
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Although DCs can function as inducers of T-cell activation, they also have a role in
peripheral tolerance (Banchereau and Steinman, 1998; Steinman et al., 2003). In murine
models when DCs present antigen in the absence of inflammation and pathogenic stimulus,
they can induce peripheral tolerance (Hawiger et al., 2001; Bonifaz et al., 2002). There is
increasing evidence for a role of LCs in tolerance (Merad et al., 2008); however, most of
these studies have been conducted using mouse models and the results are controversial. For
instance, it has been suggested that epidermal LCs induce tolerance through stimulation of
regulatory T cell development (Loser et al., 2006). However, Langerin® cells that have
migrated to the lymph node express high levels of CD80, CD86, CD40, and major
histocompatibility complex class-I1, as well as PD-1 ligand (PD-L)1 and PD-L2, suggesting
that the function of these LCs in mice is not tolerogenic (Stoitzner et al., 2005).

Here we explore the expression and function of a co-inhibitory pathway, PD-1 and PD-1
ligands, on LCs. PD-1 (CD279) is a CD28 family member expressed on activated T and B
cells, as well as some myeloid cells (Okazaki and Honjo, 2007). PD-1 delivers a co-
inhibitory signal upon binding to either of its two ligands PD-L1 (B7-H1; CD274) or PD-L2
(B7-DC; CD273) (Greenwald et al., 2005). The PD-1 pathway has a role in peripheral
tolerance and deficiency of either PD-1 or PD-L1 results in accelerated development of
diabetes in NOD mice (Wang et al., 2005; Keir et al., 2006). The PD-1 pathway also
functions to limit immune-mediated damage. Tumors and chronic infections have exploited
the PD-1 pathway to evade eradication by the immune system (Greenwald et al., 2005;
Freeman et al., 2006; Zou and Chen, 2008).

PD-L2 is expressed mainly on activated DCs and macrophages (Ishida et al., 2002;
Yamazaki et al., 2002; Liang et al., 2003) whereas PD-L1 is broadly expressed on many cell
types. PD-L1 is upregulated after activation of B cells, T cells, DCs, and macrophages
(Ishida et al., 2002; Yamazaki et al., 2002; Brown et al., 2003; Liang et al., 2003), and also
expressed on various parenchymal cells (Freeman et al., 2000; Ansari et al., 2003; Brown et
al., 2003; Iwai et al., 2003; Liang et al., 2003; Salama et al., 2003; Wiendl et al., 2003).
Blockade of PD-1 ligands on human DCs derived from monocytes enhances T-cell
activation (Brown et al., 2003).

Here we explore the expression of the immunoinhibitory PD-1/PD-L pathway in human
epidermal LCs. Our studies show that PD-1 is expressed on immature (iLCs) in situ and that
this expression is functionally significant. PD-1 on iLCs reduces IL-6 and macrophage
inflammatory protein (MIP)-1a cytokine production in response to Toll-like receptor-2
(TLR2) signals. Expression of PD-1 declines on LCs with maturation, whereas expression of
PD-1 ligands increases. PD-L1 and PD-L2 on migratory LCs (mLC) function to inhibit T-
cell responses.

Phenotypic differences between iLCs and mLCs

Our goal was to compare the phenotype and function of iLCs and mLCs. As shown in
Figure 1a, both iLCs and mLCs expressed the typical LC markers CD1a and CD207
(Langerin). The maturation marker, CD83, was not expressed on iLCs but was upregulated
in mLCs (Figure 1b). The co-stimulatory protein, CD80, was not expressed on iLCs but
strongly expressed on mLCs (Figure 1c). The co-stimulatory protein, CD86, was weakly
expressed on a subpopulation of iLCs but strongly expressed on all mLCs (Figure 1d). These
results show clear changes in surface marker expression after migration of LCs and suggest
important differences in genetic program and function between iLCs and mLCs.
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PD-1 expression on human LCs

As expression of co-stimulatory proteins changes with LC maturation, we examined the
expression of co-inhibitory receptors and ligands. Flow cytometric analysis showed that the
co-inhibitory receptor, PD-1, is present at moderate levels on the cell surface of iLCs but
expression is much lower on mLCs (Figure 2a). To confirm this unexpected finding,
expression of PD-1 was examined by reverse transcription-PCR (RT-PCR). Two
preparations of iLCs expressed PD-1 mRNA as did the positive control of Jurkat cells
transfected with PD-1 cDNA, but expression was not detected on mLCs or keratinocytes
(Figure 2b). Localization of PD-1 on iLCs was examined by immunofluorescence using
confocal microscopy. Both PD-1 and CD1a were primarily located on the cell surface
(Figure 2c). Immunohistochemical analysis of serial sections of human skin showed
expression of PD-1 together with CD207 on iLCs in the basal epidermis (Figure 2d). Double
staining of frozen sections of skin with PD-1 and CD1a showed co-expression on LCs.
These results indicate that PD-1 is expressed on iLCs and declines with LC migration due to
decrease in gene expression.

PD-1 engagement on iLCs reduces TLR-mediated cytokine production

In T cells, PD-1 engagement by PD-1 ligands diminishes T-cell receptor (TCR)/CD28
signaling and PD-1 is described as a co-inhibitory receptor. However, the role of PD-1
signaling in iLCs is unknown and it is unclear whether PD-1 in iLCs signals directly or
modifies the signal from another receptor. As TLR signals promote cytokine production by
LCs, we examined whether PD-1 engagement affected the levels of TLR-induced LC
cytokine production. We stimulated iLCs with a TLR2 agonist, Pam3Cys (Niebuhr et al.,
2009), as LCs are known to express TLR2 (Peiser et al., 2008). To engage PD-1 on iLCs,
we cultured the iLCs with beads coated with PD-L1-lg, PD-L2-1g, or an isotype 1gG2a as
control. We examined the production of 11 cytokines that have been reported to be produced
by LCs after various treatments (Wang et al., 1999). Pam3Cys induced the production of
IL-6, IL-10, MIP-1a, and MIP-1B. PD-1 engagement significantly reduced Pam3Cys-
induced production of IL-6 and MIP-1a in three separate experiments (Figure 3c). PD-1
engagement reduced the production of MIP-1p and IL-10, but this result did not reach
statistical significance (data not shown). Other cytokines assayed, including IL-1a, IL-18,
tumor necrosis factor-a, 1L-12p40, IL-15, IL-18, and RANTES were expressed at low/
undetectable levels after treatment with Pam3Cys and levels were not significantly affected
by PD-1 engagement. These results suggest that PD-1 can act as a co-inhibitory receptor in
iLCs, attenuating TLR-mediated signals.

PD-1 engagement on iLCs does not affect the expression of the maturation markers CD83,
CD80, and CD86

PD-1 engagement did not affect LC maturation, as judged by a high percentage and mean
fluorescence intensity of CD83, CD80, and CD86 cell-surface maturation markers (Figure
3aand b, and Table 1). In addition, TLR2 engagement by Pam3Cys did not affect LC
maturation and was not affected by PD-1 engagement. These results suggest PD-1-mediated
co-inhibition is specific and not global.

PD-1 ligands are upregulated after migration of LCs

iLCs expressed low levels of PD-L1 and PD-L2; however, mLCs expressed high levels of
both PD-L1 and PD-L2 (Figure 4). Quantitation of mMRNA expression levels in iLCs and
mLCs showed upregulation of PD-1 ligands in mLCs was due to an increase in mMRNA
levels (Figure 4e and f). Unstimulated keratinocytes did not express PD-L1 or PD-L.2
MRNAs.
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Blockade of the PD-1 pathway upregulates T-cell alloresponses to mLCs

As LC maturation results in the upregulation of both co-stimulatory (CD80, CD86) and co-
inhibitory (PD-L1, PD-L2) molecules, we examined the effects of blockade of the PD-1
pathway on a CD4 T-cell alloresponse to mLCs in 6 day and in 40 hours cultures. Blockade
of PD-L1 on mLCs significantly augmented CD4 T-cell alloresponses (Figure 4g and h).
Blockade of PD-L2 significantly increased responses in the 40 hours culture, but the effect
was not significant in the 6-day culture. Blockade of both together was more effective than
either alone. Blockade of PD-1 on T cells also significantly augmented T-cell alloresponses.
T cells or mLCs alone did not proliferate significantly. These results indicate that PD-L1 and
PD-L2 on mLCs can engage PD-1 on T cells and downregulate T-cell responses.

Blockade of the PD-1 pathway upregulates T-cell alloresponses to DDCs and mLCs

We compared the effects of PD-1 pathway blockade on the capacity of mLCs and dermal
dendritic cells (DDCs) to stimulate a T-cell alloresponse. DDCs were characterized as
CD11c*CD14™ cells with low levels of CD1a (Figure 5a). DDCs expressed high levels of
PD-L1 and PD-L2 mRNA (Figures 5b). Blockade of PD-L1 or PD-1 significantly
augmented CD4 T-cell alloresponses to both mLC and DDC (Figure 5c and d). Blockade of
PD-L2 alone did not significantly increase alloresponses. Blockade of PD-L1 and PD-L2
together was more effective than blockade of either alone. These results show that PD-1
ligand expression is significant in both populations of skin APCs.

DISCUSSION

Our work with human LCs shows constitutive expression of PD-1 on iLCs in human skin.
PD-1 expression has been extensively studied in T cells and has recently been described in
stimulated murine DCs but has not been examined in LCs. PD-1 expression can be induced
on mouse splenic DC by inflammatory stimuli, including Listeria monocytogenes infection
or TLR2, TLR3, TLR4, or NOD signaling (Yao et al., 2009). PD-1-deficient DCs were
more effective than wild-type DCs in innate protection of mice against L. monocytogenes
lethal infection. PD-1 engagement on PD-1* splenic DCs downregulated IL-12 and tumor
necrosis factor-a production. These results show an emerging role for PD-1 in the negative
regulation of DC function during innate immune responses. Our results with human LCs
contrast with the mouse DCs results in showing constitutive expression of PD-1 in situ
rather than induced expression, underscoring the importance of our findings for immune
responses in human skin.

In T cells, engagement of PD-1 by PD-L1 or PD-L2 results in phosphorylation of tyrosines
in the PD-1 cytoplasmic domain and recruitment of phosphatases, particularly SHP2
(Latchman et al., 2001; Chemnitz et al., 2004; Sheppard et al., 2004), resulting in
attenuation of the TCR signal. This reduction in TCR signals also reduces the TCR-induced
stop signal, resulting in briefer engagement of the T cell with the APCs (Fife et al., 2009).
On the basis of this co-inhibitory mechanism in T cells, we examined whether PD-1
engagement could inhibit the the consequences of TLR2 signaling in iLCs, as LCs express
TLR2 and the TLR2 pathway is known to involve tyrosine phosphorylation (Gray et al.,
2006; Medvedev et al., 2007; MacLeod et al., 2008). We used a TLR2 agonist, Pam3Cys
(Niebuhr et al., 2009), to stimulate iLCs in the presence or absence of PD-L1-lg or PD-L2-
Ig. Pam3Cys induced the production of IL-6 and MIP-1a in iLCs; furthermore, engagement
of PD-1 reduced the production of these cytokines. These results indicate that PD-1 in iLCs
can act in a co-inhibitory manner. PD-1 did not globally inhibit LC maturation and had no
effect on the expression of CD83, CD80, or CD86.
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Cytokine production by LCs may regulate tolerance and immune responses. PD-1
engagement downregulated IL-6 and MIP-1a production by iLCs. IL-6 is a pleiotropic
cytokine known to be involved in inflammatory and autoimmune diseases, and T-cell subset
differentiation (Blanco et al., 2008). MIP-1a is important for T-cell chemotaxis from the
circulation to inflamed tissue. These results suggest that PD-1 on iLCs can regulate LC
function and suggest a wider analysis of PD-1 function on LCs in vivo.

The cells that would naturally provide a PD-L1 or PD-L2 signal to PD-1 on iLCs remain to
be determined. Previous work has shown high levels of PD-L1 and PD-L2 on keratinocytes
during chronic inflammation (Freeman et al., 2000; Youngnak-Piboonratanakit et al., 2004).
IFN-y potently upregulates PD-L1 expression on keratinocytes.

Here we show that as LCs migrate from the epidermis and mature, expression of PD-1
declines and expression of PD-L1 and PD-L2 increases. This “reversal” of receptor/ligand
expression during cell maturation is also seen for some other co-stimulatory pathways such
as LIGHT/HVEM (Morel et al., 2000; Tamada et al., 2000). As seen with other types of
APCs, we showed that blockade of either PD-L1 or PD-L2 on mLCs enhanced T-cell
activation. Dual blockade of PD-L1 and PD-L2 led to the greatest increases indicating that
both ligands were active.

Maturation of LCs leads to high-level expression of major histocompatibility complex class-
I1, co-stimulatory molecules such as CD80, CD86, CD40, and CD83, as well as co-
inhibitory PD-L1 and PD-L2. This dual expression of co-stimulatory and co-inhibitory
molecules on APCs seems paradoxical; however, T-cell populations differentially express
receptors for co-stimulatory and co-inhibitory signals and will respond differently. For
instance, naive T cells express CD28 but not cytotoxic T lymphocyte antigen-4 or PD-1
(Greenwald et al., 2005), whereas “exhausted” CD8 T cells or regulatory T cells express
high levels of cytotoxic T lymphocyte antigen-4 and PD-1 (Barber et al., 2006; Day et al.,
2006; Raimondi et al., 2006). Expression of both types of ligand on an APC may permit
fine-tuning of the T-cell response and expression of the co-inhibitory ligands would raise the
threshold of TCR signal needed for T-cell activation. This would reduce the response to
weak antigens and focus the response on antigens that deliver a strong TCR signal
(Latchman et al., 2001). Studies of the role of LCs in vivo in mice show a role in the
resolution of cutaneous immune responses and inhibition of contact hypersensitivity and
responses against skin commensal microorganisms and innocuous environmental antigens,
and are reviewed by Kaplan et al. (2008); Obhrai et al. (2008); and Igyarto et al. (2009).

Consistent with previous studies showing that PD-1 engagement downregulates TCR or B-
cell receptor signals in lymphocytes, our results show that PD-1 engagement can attenuate
TLR signaling and downregulate cytokine production in iLCs. Our experiments have
identified one function of PD-1 in LCs and further in vivo experiments are needed to identify
the complete function of PD-1 in LCs. On the basis of our in vitro results, we speculate that
PD-1 expression on iLCs in human skin could have a role in reducing the APC functions of
LCs before migration and maintaining hyporesponsiveness in the steady state (Kaplan et al.,
2005; Obhrai et al., 2008; Vesely et al., 2009). The role of PD-1 on APCs is just beginning
to emerge and recent work suggests that PD-1 on APCs has an important regulatory role.

MATERIALS AND METHODS
LC and DDC preparation

Normal human skin from reduction mammoplasties was acquired as discarded material from
Brigham and Women’s Hospital (Boston, Massachusetts) after institutional IRB approval.
LC extraction was performed following our published method (Pena-Cruz et al., 2001).

J Invest Dermatol. Author manuscript; available in PMC 2011 March 1.
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After removing adipose tissue, skin was incubated in dispase grade-Il (Boehringer-
Mannheim, Indianapolis, IN) overnight. The epidermis was manually detached from the
dermis. A single-cell suspension was prepared by digestion with 2.5 pg ml~1 trypsin
(Sigma, St Louis, MO) and 100 U mI~1 DNase-1 (Roche, Indianapolis, IN) in phosphate-
buffered saline (PBS) at 37 °C for 30 minutes. Cells were separated through an OptiPrep
density gradient (Accurate Chemical & Scientific Corp., Westbury, NY) (Pena-Cruz et al.,
2001). iLCs were enriched at 1.057 and 1.068 gml~1 densities, with purity of 75% as judged
by CD1a expression, and viability was >95%. The primary contaminating cells were
keratinocytes. Purified keratinocytes were obtained from the 1.090-g ml~1 density fraction.
mLCs and DDCs were obtained by incubating the epidermis or dermis, respectively, for 48—
72 hours in RPMI-1640 (Mediatech, Herndon, VA) with 10% fetal bovine serum, 100 U
ml~1 penicillin, and 100 pg mi~1 streptomycin. Cells that had migrated out of the epidermis
were further purified by density gradient as above. mLCs were enriched at 1.057 g ml~1 and
purity was >90% and viability >95%. DDCs were enriched at 1.057 gml~1 and purity was
>90% as judged by CD11c expression and viability >95%.

Confocal microscopy

iLCs were placed on 12-mm-diameter glass coverslips previously treated with polylysine
(Sigma, St Louis, MQ). The attached cells were fixed in 3.9% paraformaldehyde,
permeabilized using 0.05% saponin (Sigma, St Louis, MO), and stained using CD1a
(OKT6-FITC) and PD-1 (EH12-PE) for 1 hour (Diaz-Griffero et al., 2002). Preparations
were mounted using the Prolong Antifade kit (Invitrogen, Los Angeles, CA). Images were
obtained using a Bio-Rad Radiance 2000 laser-scanning confocal microscope with Nikon x
60 1.4 numerical aperture optics.

Immunohistochemistry

Human skin was fixed in formalin, paraffin-embedded, and sectioned at 5 um thickness. For
single-color immunohistochemistry, deparaffinized sections were incubated with mAbs
against CD207 (Immunotech, Marseille, France) or PD-1 (EH12) (Dorfman et al., 2006),
and then with biotinylated goat anti-mouse 1gG followed by treatment with streptavidin—
peroxidase complex (Vector Laboratories, Burlingame, CA) and counter-stained with
Giemsa. For double staining, frozen sections were fixed with acetone and methanol (1:1).
After washing with PBS and incubation in 3% BSA, tissue was incubated with PD-1 mAb
(EH12) overnight at 4 °C. After washing with PBS, sections were incubated with goat anti-
mouse IgG conjugated with Texas Red (Invitrogen, Eugene, OR) for 1 hour at room
temperature, washed twice with PBS, and incubated with CD1a (OKT6-FITC) for 2 hours at
4 °C. After washing, the slide was mounted with Vectashield with 4’-6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA). A Nikon Eclipse E800 microsope and
a MetaVue imaging system were used for fluorescence microscopy (Molecular Devices,
Madison, WI).

Flow cytometry

iLCs and mLCs were analyzed for cell-surface protein expression using the following

mAbs: CD1a, OKT6-FITC (Ortho-mune, Raritan, NJ): Langerin, CD207-PE, and CD86-PE
(Immunotech, Marseille, France), CD80-PE, CD80-V450, CD83-PE, and CD86-APC (BD
Biosciences, San Diego, CA). mAbs against PD-1 (EH12, IgG1) (Dorfman et al., 2006),
PD-L1 (29E.2A3, 1gG2b), and PD-L2 (24F.10C12, 1gG2a) have been described by Brown et
al. (2003). MOPC31C (1gG1), MPC11 (1gG2b), and C1.18.4 (IgG2a) were used as isotype
controls (Bio-X-Cell, West Lebanon, NH). Phycoerythrin (PE)-conjugated goat anti-mouse
1gG1, 1gG2a, and 1gG2b were used as secondary antibodies (Southern Biotech, Birmingham,
AL). Flow cytometry was performed using BD FACSCanto Il and analyzed using the BD

J Invest Dermatol. Author manuscript; available in PMC 2011 March 1.
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FACSDiva software (Becton Dickinson, San Jose, CA); and on a Cytomics FC500
(Beckman Coulter, Fullerton, CA) and using the FlowJo software (Tree Star, Ashland, OR).

Cytokine assay

Cell culture supernatants were collected at 24 hours and assayed by multiplex ELISA
(Aushon Biosystems, Billerica, MA).

Preparation of coated beads and stimulation of LCs

RT-PCR

Approximately 10 x 10 sulfate latex beads (5 um diameter) (Invitrogen, Eugene, OR) in
1ml PBS were incubated with 10 pug ml~1 PD-L1-1g or PD-L2-Ig fusion protein (murine
IgG2a Fc) (Latchman et al., 2001), or the migG2a mAb, for 90 minutes at 37°C. The
endotoxin levels of all proteins were less than 2 EU mg™2. Fetal bovine serum was then
added to 1% and beads were washed. iLCs in a round-bottomed, 96-well (1 x 10° but in one
experiment, 1.7 x 10°) were incubated with coated beads (5 x 105/well) in the presence or
absence of 400 ng mI~1 of the TLR2 agonist, Pam3Cys (EMC Microcollections, Tiibingen,
Germany). Supernatants were harvested after 24 hours and assayed for cytokine production.

Total RNA was extracted from iLCs, mLCs, and human keratinocytes using Trizol
(Invitrogen, Carlsbad, CA). cDNA was prepared from 100 ng of total RNA according to the
manufacturer’s protocol (Applied Biosystems, Foster City, CA) and one-tenth of the
reaction mixture was used for PCR using Tagman reagents (Applied Biosystems, Foster
City, CA). PCR consisted of the following steps: initiation at 95 °C for 10 minutes, then 40
cycles of 95 °C, 15 seconds, and 60 °C, 1 minute. The primer/probe sets for qRT-PCR were
from Applied Biosystems and were the following: PD-1 (PDCD1 Hs00169472_m1), PD-L1
(CD274 Hs00204257_m1), PD-L2 (PDCD1LG2 Hs00228839_m1), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Hs99999905_m1). PCR was performed using the
Tagman Universal PCR Master Mix and the 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA) and relative PD-L1 and PD-L2 expression was calculated
using the formula 27ACT (Kobayashi et al., 2007).

For semi-quantitative PCR, PCR products of PD-1 and GAPDH were separated by
electrophoresis on agarose gel (Cambrex, Rockland, ME) and ethidium bromide-stained
DNA bands were photographed under UV light. Jurkat hPD-1, a cell line transfected with
human PD-1 cDNA, was used as a PD-1-positive control (Latchman et al., 2001).

Mixed leukocyte reaction

Blood from human normal donors was obtained with DFCI IRB approval and centrifuged on
Ficoll-Hypaque. CD4 T cells were purified by negative selection according to the
manufacturer’s protocol (Miltenyi Biotec, Auburn, CA). To induce PD-1 expression, 10 x
10% CD4 T cells were stimulated in media with 1 ug mlI~1 CD28 mAb (37407; R&D
Systems, Minneapolis, MN) in a 10 cm tissue culture plate coated with 1 ug mi~1 CD3 mAb
(OKTS3; eBioscience, San Diego, CA). T cells were harvested after 24 hours, washed, and 1
x 10° CD4 T cells were incubated with 1 x 102 allogeneic mLCs per well, and proliferation
measured by [3H]-thymidine incorporation (0.5 pCi well~1; New England Nuclear, Boston,
MA) for the last 16 hours of a 6-day culture. Where indicated, mLCs were incubated with 20
ug mi~1 PD-L1, PD-L2, or isotype control mAb(s) for 1 hour and washed once before
culture with T cells. One group of T cells was incubated with PD-1 mAb for 1 hour and
washed once before culture with mLCs. Wells were done in quadruplicate.
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Statistical analysis

Statistical analysis was performed using Excel (Microsoft, Redmond, WA). Paired
experimental groups were compared using a two-tailed Student’s t-test.

Abbreviations

APCs antigen-presenting cells
DCs dendritic cells

DDCs dermal DCs

i immature

LCs Langerhans cells

m migratory

MIP macrophage inflammatory protein
PBS phosphate-buffered saline
PD-1 Programmed Death-1
PD-L1 and PD-L2 PD-1 ligands

PE phycoerythrin

TLR Toll-like receptor

Acknowledgments

We thank Dr Branch D. Moody for providing us with the Pam3Cys. This work was supported by NIH grants
A108080192, A1056299, and BAA-05-11.

REFERENCES

Ansari MJ, Salama AD, Chitnis T, et al. The programmed death-1 (PD-1) pathway regulates
autoimmune diabetes in nonobese diabetic (NOD) mice. J Exp Med 2003;198:63-69. [PubMed:
12847137]

Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature 1998;392:245-252.
[PubMed: 9521319]

Barber DL, Wherry EJ, Masopust D, et al. Restoring function in exhausted CD8 T cells during chronic
viral infection. Nature 2006;439:682—-687. [PubMed: 16382236]

Blanco P, Palucka AK, Pascual V, et al. Dendritic cells and cytokines in human inflammatory and
autoimmune diseases. Cytokine Growth Factor Rev 2008;19:41-52. [PubMed: 18258476]

Bonifaz L, Bonnyay D, Mahnke K, et al. Efficient targeting of protein antigen to the dendritic cell
receptor DEC-205 in the steady state leads to antigen presentation on major histocompatibility
complex class | products and peripheral CD8+ T cell tolerance. J Exp Med 2002;196:1627-1638.
[PubMed: 12486105]

Brown JA, Dorfman DM, Ma FR, et al. Blockade of programmed death-1 ligands on dendritic cells
enhances T cell activation and cytokine production. J Immunol 2003;170:1257-1266. [PubMed:
12538684]

Chemnitz JM, Parry RV, Nichols KE, et al. SHP-1 and SHP-2 associate with immunoreceptor
tyrosine-based switch motif of programmed death 1 upon primary human T cell stimulation, but
only receptor ligation prevents T cell activation. J Immunol 2004;173:945-954. [PubMed:
15240681]

Day CL, Kaufmann DE, Kiepiela P, et al. PD-1 expression on HIV-specific T cells is associated with
T-cell exhaustion and disease progression. Nature 2006;443:350-354. [PubMed: 16921384]

J Invest Dermatol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pefia-Cruz et al.

Page 9

Diaz-Griffero F, Hoschander SA, Brojatsch J. Endocytosis is a critical step in entry of subgroup B
avian leukosis viruses. J Virol 2002;76:12866-12876. [PubMed: 12438612]

Dorfman DM, Brown JA, Shahsafaei A, et al. Programmed death-1 (PD-1) is a marker of germinal
center-associated T cells and angioimmunoblastic T-cell lymphoma. Am J Surg Pathol
2006;30:802-810. [PubMed: 16819321]

Fife BT, Pauken KE, Eagar TN, et al. Interactions between PD-1 and PD-L1 promote tolerance by
blocking the TCR-induced stop signal. Nat Immunol 2009;10:1185-1192. [PubMed: 19783989]

Freeman GJ, Long AJ, lwai Y, et al. Engagement of the PD-1 immunoinhibitory receptor by a novel
B7 family member leads to negative regulation of lymphocyte activation. J Exp Med
2000;192:1027-1034. [PubMed: 11015443]

Freeman GJ, Wherry EJ, Ahmed R, et al. Reinvigorating exhausted HIV-specific T cells via PD-1-
PD-1 ligand blockade. J Exp Med 2006;203:2223-2227. [PubMed: 17000870]

Gray P, Dunne A, Brikos C, et al. MyD88 adapter-like (Mal) is phosphorylated by Bruton’s tyrosine
kinase during TLR2 and TLR4 signal transduction. J Biol Chem 2006;281:10489-10495.
[PubMed: 16439361]

Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited. Annu Rev Immunol 2005;23:515-
548. [PubMed: 15771580]

Hawiger D, Inaba K, Dorsett Y, et al. Dendritic cells induce peripheral T cell unresponsiveness under
steady state conditions in vivo. J Exp Med 2001;194:769-779. [PubMed: 11560993]

Igyarto BZ, Jenison MC, Dudda JC, et al. Langerhans cells suppress contact hypersensitivity responses
via cognate CD4 interaction and Langerhans cell-derived 1L-10. J Immunol 2009;183:5085-5093.
[PubMed: 19801524]

Ishida M, Iwai Y, Tanaka Y, et al. Differential expression of PD-L1 and PD-L2, ligands for an
inhibitory receptor PD-1, in the cells of lymphohematopoietic tissues. Immunol Lett 2002;84:57—
62. [PubMed: 12161284]

Iwai Y, Terawaki S, Ikegawa M, et al. PD-1 inhibits antiviral immunity at the effector phase in the
liver. J Exp Med 2003;198:39-50. [PubMed: 12847136]

Kaplan DH, Jenison MC, Saeland S, et al. Epidermal Langerhans cell-deficient mice develop enhanced
contact hypersensitivity. Immunity 2005;23:611-620. [PubMed: 16356859]

Kaplan DH, Kissenpfennig A, Clausen BE. Insights into Langerhans cell function from Langerhans
cell ablation models. Eur J Immunol 2008;38:2369-2376. [PubMed: 18792030]

Keir ME, Liang SC, Guleria I, et al. Tissue expression of PD-L1 mediates peripheral T cell tolerance. J
Exp Med 2006;203:883-895. [PubMed: 16606670]

Kobayashi N, Karisola P, Pena-Cruz V, et al. TIM-1 and TIM-4 glycoproteins bind phosphatidylserine
and mediate uptake of apoptotic cells. Immunity 2007;27:927-940. [PubMed: 18082433]

Latchman Y, Wood CR, Chernova T, et al. PD-L2 is a second ligand for PD-1 and inhibits T cell
activation. Nat Immunol 2001;2:261-268. [PubMed: 11224527]

Liang SC, Latchman YE, Buhlmann JE, et al. Regulation of PD-1, PD-L1, and PD-L2 expression
during normal and autoimmune responses. Eur J Immunol 2003;33:2706-2716. [PubMed:
14515254]

Loser K, Mehling A, Loeser S, et al. Epidermal RANKL controls regulatory T-cell numbers via
activation of dendritic cells. Nat Med 2006;12:1372-1379. [PubMed: 17143276]

MacLeod H, Bhasin N, Wetzler LM. Role of protein tyrosine kinase and Erk1/2 activities in the Toll-
like receptor 2-induced cellular activation of murine B cells by neisserial porin. Clin Vaccine
Immunol 2008;15:630-637. [PubMed: 18287580]

Medvedev AE, Piao W, Shoenfelt J, et al. Role of TLR4 tyrosine phosphorylation in signal
transduction and endotoxin tolerance. J Biol Chem 2007;282:16042-16053. [PubMed: 17392283]

Merad M, Ginhoux F, Collin M. Origin, homeostasis and function of Langerhans cells and other
langerin-expressing dendritic cells. Nat Rev Immunol 2008;8:935-947. [PubMed: 19029989]

Morel Y, Schiano de Colella JM, Harrop J, et al. Reciprocal expression of the TNF family receptor
herpes virus entry mediator and its ligand LIGHT on activated T cells: LIGHT downregulates its
own receptor. J Immunol 2000;165:4397-4404. [PubMed: 11035077]

J Invest Dermatol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pefia-Cruz et al.

Page 10

Niebuhr M, Lutat C, Sigel S, et al. Impaired TLR-2 expression and TLR-2-mediated cytokine secretion
in macrophages from patients with atopic dermatitis. Allergy 2009;64:1580-1587. [PubMed:
19392987]

Obhrai JS, Oberbarnscheidt M, Zhang N, et al. Langerhans cells are not required for efficient skin graft
rejection. J Invest Dermatol 2008;128:1950-1955. [PubMed: 18337832]

Okazaki T, Honjo T. PD-1 and PD-1 ligands: from discovery to clinical application. Int Immunol
2007;19:813-824. [PubMed: 17606980]

Peiser M, Koeck J, Kirschning CJ, et al. Human Langerhans cells selectively activated via Toll-like
receptor 2 agonists acquire migratory and CD4+T cell stimulatory capacity. J Leukoc Biol
2008;83:1118-1127. [PubMed: 18252867]

Pena-Cruz V, Ito S, Oukka M, et al. Extraction of human Langerhans cells: a method for isolation of
epidermis-resident dendritic cells. J Immunol Methods 2001;255:83-91. [PubMed: 11470289]

Raimondi G, Shufesky WJ, Tokita D, et al. Regulated compartmentalization of programmed cell
death-1 discriminates CD4+CD25+ resting regulatory T cells from activated T cells. J Immunol
2006;176:2808-2816. [PubMed: 16493037]

Salama AD, Chitnis T, Imitola J, et al. Critical role of the programmed death-1 (PD-1) pathway in
regulation of experimental autoimmune encephalomyelitis. J Exp Med 2003;198:71-78. [PubMed:
12847138]

Sheppard KA, Fitz LJ, Lee JM, et al. PD-1 inhibits T-cell receptor induced phosphorylation of the
ZAP70/CD3zeta signalosome and downstream signaling to PKCtheta. FEBS Lett 2004;574:37-41.
[PubMed: 15358536]

Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic cells. Annu Rev Immunol
2003;21:685-711. [PubMed: 12615891]

Stoitzner P, Tripp CH, Douillard P, et al. Migratory Langerhans cells in mouse lymph nodes in steady
state and inflammation. J Invest Dermatol 2005;125:116-125. [PubMed: 15982311]

Tamada K, Shimozaki K, Chapoval Al, et al. LIGHT, a TNF-like molecule, costimulates T cell
proliferation and is required for dendritic cell-mediated allogeneic T cell response. J Immunol
2000;164:4105-4110. [PubMed: 10754304]

Vesely DL, Fish D, Shlomchik MJ, et al. Langerhans cell deficiency impairs Ixodes scapularis
suppression of Thl responses in mice. Infect Immun 2009;77:1881-1887. [PubMed: 19273564]

Wang B, Amerio P, Sauder DN. Role of cytokines in epidermal Langerhans cell migration. J Leukoc
Biol 1999;66:33-39. [PubMed: 10410987]

Wang J, Yoshida T, Nakaki F, et al. Establishment of NOD-Pdcd1—/— mice as an efficient animal
model of type | diabetes. Proc Natl Acad Sci USA 2005;102:11823-11828. [PubMed: 16087865]

Wiendl H, Mitsdoerffer M, Schneider D, et al. Human muscle cells express a B7-related molecule, B7-
H1, with strong negative immune regulatory potential: a novel mechanism of counterbalancing the
immune attack in idiopathic inflammatory myopathies. FASEB J 2003;17:1892-1894. [PubMed:
12923066]

Yamazaki T, Akiba H, Iwai H, et al. Expression of programmed death 1 ligands by murine T cells and
APC. J Immunol 2002;169:5538-5545. [PubMed: 12421930]

Yao S, Wang S, Zhu Y, et al. PD-1 on dendritic cells impedes innate immunity against bacterial
infection. Blood 2009;113:5811-5818. [PubMed: 19339692]

Youngnak-Piboonratanakit P, Tsushima F, Otsuki N, et al. The expression of B7-H1 on keratinocytes
in chronic inflammatory mucocutaneous disease and its regulatory role. Immunol Lett
2004;94:215-222. [PubMed: 15275969]

Zou W, Chen L. Inhibitory B7-family molecules in the tumour microenvironment. Nat Rev Immunol
2008;8:467-477. [PubMed: 18500231]

J Invest Dermatol. Author manuscript; available in PMC 2011 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Pefia-Cruz et al.

a iLCs mLCs
3
10 J07% 84.6% 0.1% 98.7%
102 2
© 103
L
8 ]
10°3
. s 2
] " N 10° 3
13.6% 1.1% 0.5% 0.7%
Bk IR i IR R TR A LR AEL.L S a0 e e L e L
0 1 2 3
10 10 10 CD2187 102 10°  10°  10f
—
b 10° - - - =
278.9% 3.6% S 147% 91.1%
] 1077
102
I ] 10* 3
©10'3
~— = 3
[a) ] 10 E
O 004
- B 102 4
116.2% 1.4% e 0.5%
10° 10 102 10° 2 3 4 5
10 10 10 10
CcD83 —
C
381.8% 0.6% , Joi% 98.8%
7 10° 3
1023 &
I 10° 3
© 10" 3
a3 5
o 10
10°y 228
q L2508 102 3
117.5% 0.0% 0.6% 0.5%
rre e ,,,.%.03 0.8% ol O
10 10 10 CD80 10? 10° 10* 10°
dicr—— = S 5
260.3% 241%| 10.0% 96.1%
3 10° % 2
i A 10" 4 I
10" 3
- 3 .
8 1 107 %
10° 3
s 102 3
115.5% 0.1% 3% 0.5%
”...:E,)O, ."1..2,)1 .1,";.82. e~ i e,
CD86 10? 10° 10* 10°

Figure 1. Phenotypic differences between iLCs and mLCs
iLCs and mLCs were prepared as described under Materials and Methods and phenotyped
using CD1a-FITC and the indicated PE-conjugated mAbs by flow cytometry: CD207 (a);

CD83 (b); CD80 (c);and CD86 (d). Similar results were seen in three independent

experiments.
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Figure 2. PD-1 expression on LCs
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(a) Purified iLCs and mLCs were phenotyped by flow cytometry using the PD-1-PE mAD,
gating on CD1a-FITC* cells. Jurkat cells transfected with PD-1 were included as positive
control. The results are representative of three independent experiments. (b) RNA was
prepared from the indicated cells and examined for PD-1 mRNA expression by RT-PCR
and gel electrophoresis of PCR products. (c) iLCs were stained with CD1a-FITC and PD-1-
PE and expression was localized by confocal microscopy. (d) Sequential histological
sections of normal human skin were stained using PD-1 and CD207 mAbs. (e) A frozen
section of human skin was sequentially stained for PD-1 and CD1a as described under
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Materials and Methods. 4'-6-Diamidino-2-phenylindole was used to visualize nuclei and the
three images were merged to judge co-expression. Bar = 20 pm (c—e).

J Invest Dermatol. Author manuscript; available in PMC 2011 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Pefia-Cruz et al.

—Pam3Cys
52.2% 39.1%
66% | 20%

102 10° 10" 10°
58.9% 28.3%
105% | ~ 23%
102 10°  10*  10°
48.5% 41.1%
78% | ‘ 2.6%
102 10° 10" 10°
CD83 —

40.4%

10?
8.5%

o 140.6%

1

10*

1021

153%

102
105 | 43.6%

10* ]
10%.

107+

(5.5%

10°

+Pam3Cys
49.2%

e
1.9%
10 10*  10°
T 52.4%
o 1B%
10°  10*  10°
58.8%
| 2.1%
10 10*  10°

CcD83 —

120 4

1004

+lsotype
| Control
IgG2a

% CD1a+CD83+

20 4

C 160
140
120

', 100

g 60

| +PD-L2-Ig

80 1

60 A

40

0 No Pam3Cys

m Pam3Cys
% MFI %  MFI
lgG2a PD-L1-Ig
IL-6 30
P=0.017 2
P=0.056
- 20
)
R E 15
g
/\\,\ 10
-
BEADS IgG2a PD-L1lg PD-L21g
MIP1o 450
P=0.017 400
= 350
/ P=0.055_4 - 300
g 250
€
o 200
sy Q 150
s 100
Sk 50
0
BEADS IgG2a PD-L1lg PD-L21g

Page 14

+ 25,000
1 20,000
[42]
115,000 &
a
O
110,000
=
1 5,000
0
%  MFI
PD-L2-Ig
IL-10

/A N\P=0.035

A
\
h
\ %

BEADS IgG2a PD-L1lg PD-L2Ig

MIP1B

P=0.225 p_o.127
Ve

BEADS

lgG2a PD-L1lg PD-L21g

Figure 3. PD-1 engagement reduces TLR2-induced cytokine production by iLCs but does not
affect expression of CD83
iLCs were incubated with the TLR2 agonist, Pam3Cys, and beads were coated with control
1gG2a, PD-L1-1g, or PD-L2-1g. (a) After 24 hours, CD83 expression was evaluated by flow
cytometry; (b) the percentage and mean fluorescence intensity (MFI) of CD83 expression
(mean £ SD of three experiments) is shown. The open bars represent cells treated with the
indicated Ig fusion proteins and the filled bars represent cells treated with Ig fusion protein
plus Pam3Cys. (c) Supernatants were harvested at 24 hours and assayed for IL-6 and
MIP-1a levels. Results from three experiments are shown with the statistical significance, P-
values, shown on each graph.
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Figure 4. PD-1 ligands are upregulated after migration of LCs and blockade of the PD-1
pathway upregulates CD4 T-cell alloresponses to mLCs
(a—d) iLCs and mLCs were stained using PD-L1 or PD-L2 mAbs and analyzed by flow
cytometry. RNA from iLCs, mLCs, and keratinocytes was analyzed for (e) PD-L1 and (f)
PD-L2 mRNA expression by qRT-PCR. (g, h) mLCs were incubated with 20 pg ml~1 of the
indicated mAb(s) for 1 hour and washed once. One group of CD4 T cells was incubated with
PD-1 mAb for 1 hour and washed once. 1 x 102 mLCs and 1 x 10° previously activated
allogeneic CD4 T cells were cultured together and proliferation was measured by [3H]-
thymidine incorporation for the last 16 hours of a (g) 6-day culture or (h) 40-hour culture.
Statistical analysis was performed using Student’s t-test. The experiments in panels a—d and
g were repeated 3-5 times and the experiment in panel h was repeated once.
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Figure 5. Blockade of the PD-1 pathway enhances alloresponses to both mLCs and DDCs

(a) DDCs were analyzed using CD11c, CD14, and CD1a mAbs, and flow cytometry. (b)
Expression of PD-L1 and PD-L2 mRNAs in DDCs and keratinocytes was determined by
gRT-PCR. (c, d) mLCs and DDCs from the same donor were treated with the indicated
mAbs and incubated with previously activated CD4 T cells as described in Figure 4 and
proliferation was measured by [3H]-thymidine incorporation for the last 16 hours of a 6-day

culture.
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