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Increased Antigen Cross-Presentation but Impaired
Cross-Priming after Activation of Peroxisome
Proliferator-Activated Receptor y Is Mediated by
Up-Regulation of B7H1'

Luisa Klotz,>** Stephanie Hucke,?* Dominik Thimm,* Sabine Classen,” Andrea Gaarz,’

Joachim Schultze,” Frank Edenhofer,” Christian Kurts,* Thomas Klockgether,*
Andreas Limmer,* Percy Knolle,* and Sven Burgdorf**

Dendritic cells are able to take up exogenous Ags and present Ag-derived peptides on MHC class I molecules, a process termed
cross-presentation. The mannose receptor (MR), an endocytic receptor expressed on a variety of APCs, has been demonstrated to
target soluble Ags exclusively toward cross-presentation. In this study, we investigated the role of the murine nuclear receptor
peroxisome proliferator-activated receptor y (PPARY), a ligand-activated transcription factor with immunomodulatory proper-
ties, in MR-mediated endocytosis and cross-presentation of the model Ag OVA. We could demonstrate both in vitro and in vivo
that activation of PPARY resulted in increased MR expression, which in consequence led to enhanced MR-mediated endocytosis
and elevated cross-presentation of soluble OVA. Concomitantly, activation of PPARYy in dendritic cells induced up-regulation of
the coinhibitory molecule B7H1, which, despite enhanced cross-presentation, caused an impaired activation of naive OVA-specific
CD8™" T cells and the induction of T cell tolerance. These data provide a mechanistic basis for the immunomodulatory action of
PPARYy which might open new possibilities in the development of therapeutic approaches aimed at the control of excessive immune

responses, e.g., in T cell-mediated autoimmunity. The Journal of Immunology, 2009, 183: 129-136.

endritic cells (DCs)* are professional APCs which play
D an important role in the induction of adaptive immune

responses (1). DCs internalize extracellular Ags, process
them in specialized intracellular compartments, and present Ag-
derived peptides in the context of MHC molecules to T cells. In
classical Ag presentation, extracellular Ags are degraded in lyso-
somes by lysosomal proteases and loaded on MHC class II (MHC
II) molecules (1, 2). Recognition of these complexes by Ag-spe-
cific CD4™ Th cells is essential for full activation of macrophages,
B cells, and CD8™ T cells in vivo. In addition, DCs are capable of
presenting extracellular Ags on MHC class I (MHC I) molecules,
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a process termed cross-presentation (3, 4) that enables DCs to ac-
tivate Ag-specific cytotoxic CD8™ T cells. Cross-presentation has
been shown to be essential for a variety of processes, including the
induction of immune responses against viruses that do not infect
DCs or against nonhematopoietic tumors (4-7). Recently, our
group could demonstrate that the mechanism of Ag uptake by DCs
determines whether soluble extracellular Ag is presented on MHC
I or on MHC II molecules (8, 9). After pinocytosis or scavenger
receptor-mediated endocytosis, the model Ag OVA was targeted
rapidly toward lysosomal compartments where it was processed
and presented exclusively on MHC II molecules. However, when
OVA was taken up via the mannose receptor (MR), it was pro-
cessed exclusively for cross-presentation (§—10). The MR targeted
OVA into a distinct early endosomal compartment, which did not
mature further into lysosomes but in which Ag-derived peptides
were loaded on MHC I molecules (11). Because cross-presentation
was completely abolished in MR-deficient DCs (8), expression of
the MR is essential for cross-presentation of OVA-derived pep-
tides on MHC I molecules.

Ag recognition in the context of MHC molecules, commonly
referred to as signal 1, is an important prerequisite for T cell ac-
tivation. However, additional signals like the expression of co-
stimulatory molecules (signal 2) and the secretion of proinflam-
matory cytokines (signal 3) are required for the induction of a
potent adaptive immune response. These signals are provided by
DCs that have undergone a maturation process, €.g., upon recog-
nition of microbial substances (12). In the absence of costimula-
tory molecules or proinflammatory cytokines, naive T cells cannot
be activated properly but instead become tolerant. Additionally, T
cell tolerance cannot only be induced indirectly, i.e., by lack of
costimulatory signals, but also directly by APC-mediated signaling
via coinhibitory molecules such as B7H1 or B7DC (also referred
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to as PDL1 and PDL2). The interaction of these molecules with
PD1 expressed on T cells results in T cell inactivation (13). Hence,
DCs influence the outcome of a T cell response not only by pre-
sentation of the respective Ag, but also by signaling via costimu-
latory and coinhibitory molecules and by secretion of proinflam-
matory cytokines.

A transcription factor that is involved in cell-intrinsic control of
DC immunogenicity is the nuclear receptor peroxisome prolifera-
tor-activated receptor y (PPAR<y). Upon ligand binding, PPARYy
heterodimerizes with the retinoid X receptor and influences gene
transcription by binding to PPAR response elements in the pro-
moter region of target genes (14). Additionally, PPARYy can neg-
atively interfere with proinflammatory transcription factors like
NF-kB to inhibit transcription of proinflammatory cytokines (15—
17). PPARy agonists include endogenous ligands such as polyun-
saturated fatty acids and prostanoids as well as synthetic ligands
such as pioglitazone (Pio) (18-20). Due to their immunomodula-
tory effects, PPARy agonists have been postulated to be promising
agents for therapeutic strategies against autoimmune diseases such
as multiple sclerosis and rheumatoid arthritis (21).

Previously, we and others have shown that activation of PPAR~y
suppresses DC maturation (22, 23). Sustained activation of PPARy
in DCs prevented LPS-induced up-regulation of costimulatory
molecules and production of proinflammatory cytokines. In con-
sequence, decreased signaling via signals 2 and 3 resulted in se-
verely impaired priming of CD4™ T cells by PPARy-activated
DCs both in vitro and in vivo (23).

In the present study, we investigated the effect of PPARYy
activation on cross-presentation and subsequent activation of
cytotoxic CD8™" T cells. We demonstrated both in vitro and in
vivo that activation of PPARYy leads to increased uptake and
cross-presentation of OVA but concomitantly impaired activa-
tion of CD8" T cells due to increased signaling via the coin-
hibitory molecule B7H1.

Materials and Methods
Mice

C57BL/6 mice and PPARY"™ mice were purchased from Charles River
Laboratories. MR/~ mice on a C57BL/6 background were provided by
Dr. M. C. Nussenzweig (Rockefeller University, New York, NY), OT-I
Rag-17/~ mice by Dr. W. R. Heath (University of Melbourne, Melbourne,
Australia), and B7H1 ™/~ mice from Dr. L. Chen (Johns Hopkins Univer-
sity School of Medicine, Baltimore, MD). For all experiments, mice be-
tween 8 and 16 wk of age were bred under specific pathogen-free condi-
tions and used in accordance with local animal experimentation guidelines.

Abs and reagents

Fluorochrome-labeled Abs against CD11c, B7H1, CD40, CD80 CD86,
ICOSL, PD1, and CD8«a were obtained from eBioscience and anti-MR and
anti-B7DC from AbD Serotec. The PD1-specific blocking Ab (clone J43)
was obtained from eBioscience. All reagents, if not specified otherwise,
were purchased from Sigma-Aldrich.

Generation of bone marrow-derived DCs (BM-DCs)

BM-DCs were generated as described previously (10, 24). Pio (Axxora)
was added at a concentration of 10 uM during the whole differentiation
procedure as previously described (23).

Conditional PPARYy knockout in BM-DCs

Conditional knockout of PPARYy in BM-DCs was achieved by Cre-medi-
ated site-specific recombination of loxP sites integrated into the PPAR~y
locus of PPARY"™ mice as described previously (23). Briefly, bone mar-
row precursor cells derived from PPARY™ or wild-type mice were iso-
lated and incubated with 3 uM of a membrane-permeable His-TAT-NLS-
Cre (HTNCre) recombinase for 6 h, washed extensively, and cultured in
the absence of Cre. At day 3, the procedure was repeated and cells were
cultivated for another 4 days. During the differentiation procedure, 10 uM
Pio was added to the appropriate groups.
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Flow cytometry

Flow cytometry, including intracellular staining of the MR, was performed
as described previously (8) using a FACSCanto flow cytometer (BD Bio-
sciences). Results were analyzed using FlowJo software (Tree Star).

RNA preparation and microarray hybridization

MR* resp MR~ BM-DC (n = 3) were purified by FACS and lysed in
TRIzol reagent (Invitrogen Life Technologies). RNA isolation and quan-
tification were performed as described previously (25). cRNA (1.5 ug) was
hybridized to BeadChip Arrays (MouseWG-6 v2 Expression BeadChip;
Illumina) and scanned on Illumina BeadStation 500 X. Raw data collection
for Illumina BeadChip Arrays was performed using Illumina BeadStudio
software. Further statistical and bioinformatic analyses were performed
using R language (http://www.r-project.org) and packages from the Bio-
conductor project. For normalization of the data, we used quantile normal-
izations implemented in R. Microarray data are available at the Gene Ex-
pression Omnibus database (www.ncbi.nlm.nih.gov/geo; accession no.
GSE15616).

Uptake of soluble OVA

BM-DCs were incubated with 3 wg/ml Alexa Fluor 647-labeled OVA for
15 min at 37°C. Cells were harvested, washed, stained with an Ab against
CDlIc, and analyzed by flow cytometry.

Cross-presentation by BM-DCs monitored by the 25-D1.16 Ab

BM-DCs were incubated for 18 h with 10 mg/ml purified OVA. Afterward,
nonspecific binding sites were blocked by PBS containing 50 mg/ml milk
powder, 1% mouse serum, and 1% rat serum for 1 h. Subsequently, cells
were washed and surface staining was performed using the biotinylated
25D1.16 Ab (provided by R. Germain and J. Yewdell, Bethesda, MD).
After extensive washing, cells were incubated with Alexa Fluor 647-con-
jugated streptavidin for 15 min. Finally, cells were incubated with 1.2
mg/ml Hoechst 33342 to stain for living cells. Cells were examined using
an IX81 microscope (Olympus) and analyzed by Scan”R Software
(Olympus).

Coculture assays of DCs with B3Z or OT-1 T cells

For in vitro experiments, BM-DCs were incubated with 0.5 mg/ml OVA
for 2 h and subsequently cocultured with B3Z or OT-I T cells. To deter-
mine B3Z activation, the medium was removed after 24 h of coculture and
cells were incubated with 0.1 mM chlorophenol red-3-p-galactopyranoside
(CPRG). After another 24 h, B3Z activation was analyzed by spectropho-
tometry (26). OT-I T cell activation was determined by measuring the
IFN-vy concentration in the supernatant 48 h after coculture initiation by
ELISA. For restimulation, viable CD8" T cells were harvested at day 5 by
density gradient centrifugation and cultured for another 24 h in the pres-
ence of 10 pg/ml anti-CD3 as described before (23). Cytokine concentra-
tions in the supernatants were analyzed by ELISA. To analyze prolifera-
tion, OT-I T cells were labeled for 10 min with 2.5 uM CFSE and
cocultured with BM-DCs for 3 days; proliferation was assessed by flow
cytometric analysis of the CFSE dilution.

For experiments using splenic DCs, mice were administered 30 mg/kg
body weight Pio (Actos; Takeda Pharmaceuticals) in 0.5% carboxymeth-
ylcellulose or the vehicle only by daily oral gavage for 7 days. Forty-five
minutes before analysis of MR expression and OVA uptake by splenic
DCs, mice were injected with Alexa Fluor 647-labeled OVA (5 pg/g body
weight). For coculture assays ex vivo with B3Z cells, mice were injected
with 100 ug/g body weight OVA. Forty-five minutes after injection,
splenic DCs were isolated using an AutoMACS System (Miltenyi Biotec),
cocultured with B3Z cells, and analyzed as described above. For OT-1 T
cell activation assays, splenic DCs were incubated with 0.5 mg/ml OVA
for 2 h before coculture with OT-I T cells as described above. If not in-
dicated differently, cross-priming assays were performed using a DC:T cell
ratio of 1:2.

Cytotoxicity assays

In vivo cytotoxicity assays were performed as described previously (27).
Briefly, Pio-treated or vehicle-treated wild-type mice were immunized with
10° Pio-treated or untreated OVA-loaded BM-DCs s.c. Five days later, tar-
get cells were prepared to assess in vivo cytotoxic activity. As target cells,
splenocytes were either pulsed with SIINFEKL peptide (1 ug/ml, 15 min at
37°C) and labeled with a high concentration of CFSE (1 uM, 15 min at 37°C;
CFSE"2" cells) or were mock treated and labeled with a low concentration of
CFSE (0.1 uM; CFSE™ cells). Cells were washed twice with PBS and equal
numbers of cells from each population were injected i.v. (107 target cells).
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Animals were sacrificed after 18 h and the presence of target cells in the
draining lymph nodes was determined by flow cytometry.

For in vitro cytotoxicity assays, RMA target cells were loaded with the
OVA-derived peptide SIINFEKL (1 uM) and labeled with a high concen-
tration of CFSE (1 uM; CFSE""). Nonloaded, low CFSE-labeled (0.1
uM; CFSE') RMA cells served as a control. Cells were washed twice
with PBS and equal numbers of cells from each population were mixed.
Five X 10? cells were cocultured along with different numbers of OT-1 T
cells (primed) or without T cells (control) that had been primed by Pio-
treated or untreated BM-DCs for 5 days.

To calculate the specific lysis of the cytotoxicity assays, the following
formula was used: percent OVA-specific cytotoxicity = 100 — [100 X
(CFSE"#"/CFSE'Y) primed/(CFSE"¢"/CFSE'"") control].

Analysis of reactivation of memory T cells

For induction of an OVA-specific CD8" T cell memory response in vivo,
CD8" T cells derived from OT-I mice carrying the congenic marker
CD90.2 were transferred i.v. into C57BL/6 mice with the congenic marker
CD90.1. After 24 h, the mice were immunized with OV A-expressing adeno-
viruses (1.107 PFU/mouse) i.v. After another 30 days, OV A-specific CD8" T
cells were isolated by immunomagnetic separation using a CD8" T cell iso-
lation kit (Miltenyi Biotec) followed by further purification using magnetic
beads labeled with an Ab directed against CD90.2. These T cells were restim-
ulated in vitro by either Pio-treated or untreated OVA-loaded BM-DCs as
described above. After 36 h, production of IFN-y was assessed by ELISA.

Statistical analysis

Statistical analysis was performed using Student’s # test. Significant values
are indicated as follows: *, p < 0.05; **, p < 0.01; and *#*, p < 0.001.

Results
Activation of PPARYy leads to increased MR expression
in BM-DCs

Cross-presentation of soluble OVA by murine BM-DC:s is strictly
dependent on the expression of the MR (8, 10), which is only
expressed by a subset of these cells (8). To identify cell-intrinsic
factors that may influence MR-mediated endocytosis and hence
cross-presentation, we separated MR BM-DCs from MR~ BM-
DCs and assessed their genome-wide transcriptional profile using
BeadChip Arrays. We observed that PPARy was preferentially
expressed in MR™ BM-DCs (fold change of 2.74; p = 0.0015).
Since activation of PPAR~y has been shown to increase levels of
MR-encoding mRNA (28), we investigated whether PPARy acti-
vation results in increased MR expression in BM-DCs. Sustained
activation of PPARy by the agonist Pio during DC differentiation
from bone marrow precursor cells resulted in a significant increase
in the proportion of MR-expressing DCs when compared with un-
treated DCs (Fig. 1, A and B). To exclude that this up-regulation
was due to PPARy-independent effects of Pio, we used conditional
PPARYy knockout BM-DCs that were generated by treatment of
bone marrow precursor cells from PPARY"" mice with a mem-
brane-permeable Cre-recombinase (HTNCre). In these cells,
HTNCre treatment led to a site-specific recombination resulting in
deletion of exon 1 and exon 2 of the PPARy gene in ~70-80% of
all cells as described previously (23, 29). Pio-induced up-regula-
tion of MR expression was strongly reduced in conditional PPARy
knockout DCs compared with wild-type DCs (Fig. 1, C and D),
demonstrating that the effect of Pio on MR expression was indeed
mediated by PPARY.

Activation of PPARY increases MR-mediated OVA uptake

To investigate whether the enhanced expression of the MR results
in increased uptake of soluble OVA, we incubated Pio-treated and
untreated wild-type BM-DCs with fluorescently labeled OVA and
analyzed OVA uptake by flow-cytometry. In Pio-treated DCs, we
observed a significantly increased uptake of OVA compared with
untreated DCs (Fig. 2, A and B). This effect of Pio was not ob-
served in MR-deficient DCs, demonstrating that increased OVA-
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FIGURE 1. Increased MR expression after activation of PPAR7y. A, MR
expression in Pio-treated and untreated wild-type (wt) or MR-deficient
BM-DCs was monitored by intracellular MR staining and analyzed by flow
cytometry. B, Statistical analysis of cells treated as in A. Graphs show
average percentage of MR-expressing cells (upper panel) and average
mean fluorescence intensity (MFI) of MR expression (lower panel) *
SEM. C and D, Untreated (left) or HTNCre-treated (right) wild-type and
PPARY™" cells were stained for MR expression. Graphs depict average
percentage of MR-expressing cells = SEM (C) or average mean fluores-
cence intensity of MR expression = SEM (D). All experiments were per-
formed at least three times. Data of one representative experiment are
shown. Within one experiment, n = 3. *, p < 0.05 and #**, p < 0.001.

uptake induced by Pio was mediated by increased expression of
the MR (Fig. 2, A and B). Again, to exclude PPARy-independent
effects of Pio, we performed these experiments in conditional
PPARYy knockout BM-DCs. Upon Cre-mediated PPARy ablation,
Pio did not affect the uptake of OVA in DCs (Fig. 2, C and D),
confirming that enhanced MR-mediated OVA uptake by Pio was
mediated by PPARY.

Activation of PPARYy enhances cross-presentation of OVA

Since MR-internalized OVA is exclusively cross-presented on
MHC I molecules (8), we investigated whether the increased MR-
mediated uptake of OVA would result in increased cross-presen-
tation. To this end, we incubated untreated and Pio-treated BM-
DCs with OVA and monitored cross-presentation. BM-DCs were
stained using the 25-D1.16 Ab which recognizes the OV A-derived
SIINFEKL epitope when bound to the MHC I molecule Kb (30),
hence detecting cross-presented OVA on APCs (8, 11, 31, 32).
After incubation with OVA, cross-presentation was significantly
enhanced in Pio-treated DCs when compared with untreated DCs
(Fig. 3A). To test whether the increase in cross-presentation was
relevant for activation of OV A-specific T cells, we incubated Pio-
treated or untreated BM-DCs with OVA and subsequently cocul-
tured them with the T cell hybridoma B3Z (33). Upon recognition
of the OVA-derived SIINFEKL epitope complexed to the MHC 1
molecule Kb (i.e., cross-presented OVA), these hybridoma cells
become activated and synthesize (-galactosidase under control of
the IL-2 promoter. Importantly, since the activation of B3Z cells
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FIGURE 2. Increased MR-mediated uptake of OVA after activation of
PPARY. A, Pio-treated and untreated wild-type (wt) or MR-deficient DCs
were incubated with fluorochrome-labeled OVA. Uptake was analyzed by
flow cytometry. B, Statistical analysis of cells treated as in A. Graphs show
average percentage of OV A-positive cells (upper panel) and average mean
fluorescence intensity (MFI) of OVA uptake (lower panel) = SEM. C and
D, Untreated (leff) or HTNCre-treated (right) wild-type and PPARy""
cells were incubated with fluorochrome-labeled OVA. Graphs depict per-
centage of OVA-positive DCs = SEM (C) or average mean fluorescence
intensity of OVA uptake = SEM (D). All experiments were performed at
least three times. Data of one representative experiment are shown. Within
one experiment, n = 3. **, p < 0.01 and **x, p < 0.001.

does not depend on costimulatory signals (26, 33, 34), B-galacto-
sidase activity directly correlates with the amount of peptide-
loaded MHC I molecules on the DC surface. Activation of B3Z
cells by Pio-treated BM-DCs was significantly enhanced compared
with untreated DCs (Fig. 3B). Taken together, these data show that
Pio-mediated activation of PPARy in BM-DCs up-regulates ex-
pression of the MR, which in turn results in enhanced uptake and
cross-presentation of soluble OVA.

Activation of PPARYy in BM-DCs impairs Ag-specific activation
of CD8™ T cells

Next, we asked whether enhanced cross-presentation by Pio-
treated BM-DCs may also influence Ag-specific priming of naive
OVA-specific CD8" T cells derived from TCR-transgenic OT-I
mice. Apart from signal 1, namely, cross-presented OVA, these
primary T cells depend on signal 2 and signal 3 for full activation
(35). Priming of OT-I T cells by Pio-treated BM-DCs was clearly
decreased as demonstrated by a severely diminished production of
IFN-v, which was observed for a range of DC:T cell ratios (Fig.
4A). Likewise, CD8™ T cell proliferation, as monitored by analysis
of the CFSE dilution profiles by flow cytometry, was also clearly
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FIGURE 3. Increased cross-presentation after activation of PPARYy. A,
Pio-treated or untreated BM-DCs were incubated with OVA. Cross-pre-
sentation of OVA was monitored by staining with the 25-D1.16 Ab and
fluorescence was analyzed using the Scan”R Software. Graphs depict av-
erage mean fluorescence intensity (MFI) = SEM. B, Pio-treated or un-
treated BM-DCs were incubated with OVA and cocultured with B3Z cells.
Activation of B3Z cells was measured by spectrophotometric analysis of
CPRG conversion at 595 nm. Graphs depict average ODso5 = SEM. All
experiments were performed at least three times. Data of one representative
experiment are shown. Within one experiment, n = 3. #xx, p < 0.001.

impaired in those T cells that had been cocultured with Pio-treated
BM-DCs (Fig. 4B). Additionally, we tested CD8" T cell effector
functions, i.e., their ability to kill peptide-loaded target cells in an
in vitro cytotoxicity assay. Importantly, T cells primed by Pio-
treated DCs showed a markedly reduced cytotoxic activity when
compared with T cells stimulated by untreated DCs (Fig. 4C),
demonstrating that activation of PPARy in BM-DCs indeed im-
paired their capacity to fully activate naive CD8 " T cells despite
enhanced cross-presentation.

Furthermore, we tested the ability of Pio-treated DCs to reacti-
vate OVA-specific memory T cells that had been generated in
response to an adenoviral infection in vivo. Interestingly, no in-
fluence of PPARy on the capacity of BM-DCs to reactivate these
CD8™ memory T cells ex vivo was observed (Fig. 4D), suggesting
that the effect of Pio is restricted to the modulation of primary T
cell responses.

Activation of PPARYy in BM-DCs enhances expression of B7HI,
thereby restricting CD8™ T cell priming

To investigate whether the impaired activation of naive CD8" T
cells was due to altered expression of either coinhibitory molecules
or costimulatory molecules, we analyzed their expression in Pio-
treated and untreated BM-DCs. Importantly, treatment of BM-DCs
with Pio significantly increased the expression of B7H1 when
compared with untreated cells (Fig. 5A). This up-regulation of
B7HI strictly correlated to the expression of the MR, as DCs in-
ternalizing large amounts of OVA via the MR showed a strongly
enhanced expression of B7H1 (Fig. 5B). In contrast to the strong
up-regulation of B7HI1, expression of costimulatory molecules
CD40, CD80, CD86, and ICOSL on immature BM-DCs changed
only marginally after Pio treatment (supplemental Fig. 1A%).
B7DC was only expressed at low levels and its expression was not
altered due to the treatment with Pio (supplemental Fig. 1B).

> The online version of this article contains supplemental material.
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FIGURE 4. Impaired stimulation of primary T cells after activation of

PPARY. A, Untreated or Pio-treated BM-DCs were incubated with OVA
and cocultured with naive OVA-specific CD8" T cells (OT-I) using the
indicated DC:T cell ratios. T cell activation was determined by analyzing
the concentration of IFN-vy in the supernatant using ELISA. Graph depicts
average concentration of IFN-y = SEM. B, Untreated or Pio-treated BM-
DCs were incubated with OVA and cocultured with CFSE-labeled OT-I T
cells. T cell proliferation was determined by flow cytometric analysis of
CFSE dilution. Numbers above the graph indicate average percentage of
cells within one cycle, numbers on the left indicate the division index (DI)
and percentage of divided cells (% div) = SEM. C, OT-I T cells primed by
Pio-treated or untreated OV A-loaded BM-DCs were incubated with pep-
tide-loaded or unloaded fluorochrome-labeled target cells. The specific kill
of peptide-loaded target cells was determined by flow cytometry. Graphs
depict average proportion of specific kill = SEM. D, Pio-treated or un-
treated BM-DCs were incubated with OVA and cocultured with OVA-
specific memory T cells. Reactivation of these T cells was determined after
18 h by analyzing the concentration of IFN-y in the supernatant using
ELISA. Graph depicts average concentration of IFN-y = SEM. *, p <
0.05 and =*x*, p < 0.01. All experiments were performed at least two
times. Data of one representative experiment are shown. Within one
experiment, n = 3.

To investigate whether PPARy-mediated impairment of DC
priming capacity was due to enhanced expression of B7HI1, we
analyzed the capacity of PPARy-activated B7H1-deficient DCs to
prime OT-I T cells. In contrast to wild-type DCs, which had an
impaired capacity to activate CD8" T cells after activation of
PPARY, B7H1-deficient DCs activated OT-I T cells even more
efficiently after Pio treatment as indicated by strongly enhanced
production of IFN-vy (Fig. 5C). Furthermore, T cell proliferation
was clearly increased after coincubation with Pio-treated B7H1-
deficient BM-DCs compared with nontreated BM-DCs from
B7H1-deficient mice (Fig. 5D). These results indicate that the im-
paired T cell activation observed in cocultures with Pio-treated
wild-type BM-DCs was mediated by the up-regulation of B7H1, as
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FIGURE 5. Impaired T cell stimulation after PPARy activation is due to

up-regulation of B7H1. A, Expression of B7H1 by Pio-treated or untreated
BM-DCs was analyzed by flow cytometry. Graph shows mean fluorescence
intensity of B7H1 staining and depicts average mean fluorescence intensity
(MFI) = SEM. B, Expression of B7H1 on Pio-treated or untreated BM-
DCs after internalization of fluorochrome-labeled OVA. Numbers depict
average percentage of B7THI "TOVA™ BM-DCs + SEM. C, Pio-treated or
untreated BM-DCs from B7H1-deficient mice were incubated with OVA
and cocultured with OVA-specific CD8" T cells (OT-I). T cell activation
was determined by analyzing the concentration of IFN-vy in the supernatant
using ELISA. Graph depicts average concentration of IFN-y = SEM. D,
Untreated or Pio-treated BM-DCs from B7HI-deficient mice were incu-
bated with OVA and cocultured with CFSE-labeled OT-I1 T cells. T cell
proliferation was determined by flow cytometric analysis of the CFSE di-
lution. Numbers indicate average percentage of cells within one cycle,
division index (DI), and percentage of divided cells (% div) = SEM. E,
Pio-treated or untreated OVA-loaded BM-DCs were cocultured with OT-I
T cells in the presence of a PD1-specific blocking Ab (20 wg/ml) or the
appropriate isotype control. T cell activation was determined by measuring
the IFN-vy concentrations in the supernatant after 18 h using ELISA.
Graphs depict average concentration of IFN-y = SEM. All experiments
were performed at least two times. Data of one representative experiment
are shown. Within one experiment, n = 3. *, p < 0.05.

in the absence of B7H1, a PPARy-induced increase in cross-pre-
sentation results in enhanced activation of CD8" T cells by Pio-
treated BM-DCs in vitro.
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To further prove that reduced cross-priming after Pio treatment
was due to the interaction of B7H1 expressed by DCs with PD1 on
the surface of OT-I T cells (supplemental Fig. 2), we performed
the cross-priming experiment in the presence of a PDI1-specific
blocking Ab, which prevents interaction of PD1 with B7H1 (36).
Indeed, the reduced cross-priming capacity of PPARy-activated
BM-DCs was overcome in the presence of the blocking Ab, dem-
onstrating that the effect of PPARy on T cell priming depended on
the interaction of B7H1 on BM-DCs with PD1 on T cells (Fig. 5E).

PPARYy activation in vivo results in impaired CD8" T cell
priming by up-regulation of B7H1

Finally, we investigated whether the effect of PPARy activation on
cross-presentation and on T cell activation can also be observed in
vivo. To this end, mice were treated for 7 days with Pio or the
vehicle only by daily oral gavage before they were injected with
fluorochrome-labeled OVA. After 45 min, splenic DCs were iso-
lated and analyzed for uptake of OVA and expression of the MR.
Confirming our results obtained from Pio-treated BM-DCs, splenic
DCs from Pio-treated mice also showed an increase in the propor-
tion of MR-expressing DCs, which in turn resulted in an increased
uptake of OVA in vivo (Fig. 6A).

To determine whether the increased uptake of OVA in vivo also
resulted in enhanced cross-presentation of OV A-derived peptides,
splenic DCs from OVA-injected Pio-treated or vehicle-treated
mice were isolated and incubated with the costimulatory-indepen-
dent B3Z T cell hybridoma ex vivo. Splenic DCs from Pio-treated
mice showed a clearly enhanced activation of B3Z cells (Fig. 6B),
demonstrating that cross-presentation in Pio-treated mice was in-
deed enhanced.

Next, we cocultured OV A-pulsed splenic DCs from Pio-treated
or vehicle-treated mice ex vivo with naive CD8" T cells from
OT-I mice. CD8™ T cell activation by Pio-treated splenic DCs was
impaired when compared with untreated DCs as demonstrated by
a decreased production of IL-2 and IFN-vy (Fig. 6C). This differ-
ence in T cell activation was also observed after restimulation of
equal numbers of OVA-specific CD8* T cells with anti-CD3 after
5 days of priming by Pio-treated splenic DCs (Fig. 6C), which
suggests that naive T cells primed by Pio-treated DCs did not
undergo proper functional differentiation and exhibit impaired ef-
fector functions upon reactivation.

Additionally, we analyzed the cytotoxic activity of activated
Ag-specific T cells in vivo (27). To this end, we immunized Pio-
treated or vehicle-treated wild-type mice with either Pio-treated or
untreated BM-DCs loaded with OVA. After 5 days, these mice
were injected with nonloaded and peptide-loaded fluorochrome-
labeled target cells and the specific elimination of the peptide-
loaded target cells in vivo was monitored by flow cytometry. Im-
portantly, no cytotoxic activity of OVA-specific T cells was
detectable in Pio-treated mice in contrast to vehicle-treated ani-
mals (Fig. 6D), demonstrating that activation of PPARvy clearly
diminished CD8™ T cell priming in vivo.

To analyze whether the impaired T cell activation by Pio-treated
splenic DCs was also mediated by B7H1, we cocultured OVA-
loaded splenic DCs from Pio-treated or untreated B7H1-deficient
mice with OT-I T cells. Importantly, T cell activation was no
longer impaired when T cells were cocultured with splenic DCs
isolated from Pio-treated B7H1-deficient mice (Fig. 6E), indicat-
ing that the impairment of cross-priming by splenic DCs after
PPARYy activation in vivo was also mediated by up-regulation
of B7HI.
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FIGURE 6. Also in splenic DCs, activation of PPARy increased cross-
presentation but impaired T cell activation due to up-regulation of B7H]1.
A, Pio- or vehicle-treated mice were injected with fluorochrome-labeled
OVA. CDI11c" splenic DCs were isolated by magnetic purification; OVA
uptake and MR expression were determined by flow cytometry. Graphs
depict average percentage of MR "OVA™ splenic DCs = SEM. B, CD11c*
splenic DCs from Pio-treated or untreated OV A-challenged mice were iso-
lated by magnetic purification, and cocultured with B3Z cells. Activation
of B3Z cells was determined by spectrophotometric analysis of CPRG
conversion at 595 nm. Graph depicts average ODso5 = SEM. C, Splenic
DCs from Pio- or vehicle-treated wild-type mice were isolated by magnetic
purification, and cocultured with OT-I T cells. T cell activation was de-
termined by secretion of IL-2 and IFN-y (priming). After 5 days of cocul-
tivation, T cells were restimulated with an anti-CD3 Ab and IL-2 and
IFN-v secretion was determined by ELISA (restimulation). Graphs depict
average concentration of IL-2 and IFN-y = SEM. D, Pio-treated or vehi-
cle-treated mice were immunized with Pio-treated or untreated OVA-
loaded BM-DCs. After 5 days, peptide-loaded or nonloaded fluorochrome-
labeled target cells were transferred into these mice. The specific
elimination of peptide-loaded target cells was monitored by flow cytom-
etry. Graphs depict average percentage of specific kill £ SEM. E, Splenic
DCs from Pio- or vehicle-treated B7H1-deficient mice were isolated by
magnetic purification, incubated with OVA, and cocultured with OT-I T
cells. T cell activation before (priming) and after restimulation was deter-
mined by secretion of IL-2 and IFN-vy. Graphs depict average concentration
of IL-2 and IFN-y = SEM. All experiments were performed at least two
times. Data of one representative experiment are shown. Within one ex-
periment, n = 3. *, p < 0.05 and **, p < 0.01.
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Discussion

In this study, we investigated the effect of PPARYy activation in
DCs on cross-presentation of soluble OVA and on cross-priming
of OVA-specific CD8" T cells. We demonstrated that Pio treat-
ment both in vitro and in vivo increased MR-mediated uptake and
cross-presentation of OVA. Concurrently, PPAR+y strongly en-
hanced the expression of the coinhibitory molecule B7H1 in DCs.
Increased cross-presentation combined with enhanced coinhibitory
signaling resulted in impaired activation of naive OVA-specific
CD8™" T cells.

In BM-DCs, MR-bearing DCs have been shown to be respon-
sible for cross-presentation of OVA (8). Activation of PPARvy by
its agonist Pio increased the proportion of MR-bearing DCs and, in
consequence, increased cross-presentation of OVA. In conditional
PPARY knockout BM-DCs, Pio-mediated up-regulation of MR ex-
pression and OVA uptake was nearly abolished, demonstrating
that the effects of Pio treatment were indeed mediated by PPARy.
The conditional PPAR+y knockout was achieved by treatment of
bone marrow precursor cells with a membrane-permeable Cre re-
combinase, an approach that has been demonstrated to impede
~70-80% of PPARy expression (23). Since the reduction of MR
expression in the conditional PPARy knockout cells was 66.7% of
the total Pio effect (Fig. 1D) and the reduction of OVA uptake in
these cells was 79.2% of the total Pio effect (Fig. 2D), the residual
activation is likely to be due to the incomplete ablation of PPARYy
activity. In untreated PPAR<y knockout DCs, MR expression re-
mained unaltered (Fig. 1C), indicating that the baseline expression
of the MR is PPARvy independent and activation of PPARy leads
to an additional increase in MR-bearing DCs.

For splenic DCs, it has been shown extensively that cross-pre-
sentation occurs preferentially in a subset of DCs, namely, in those
bearing the surrogate marker CD8« (37). In a previous study, we
demonstrated that a subpopulation of CD8a-bearing DCs ex-
presses the MR, which directs OVA specifically toward cross-pre-
sentation, whereas MR expression was absent in CD8a-negative
DCs (8). In this study, we demonstrated that PPAR"y activation
increased MR expression, but it did not alter the proportion of
CD8a DCs (data not shown), indicating that the proportion of
MR-bearing DCs within the CD8a™ DCs had increased.

The observed increase in MR expression resulted in increased
uptake and cross-presentation of OVA both by BM-DCs and by
splenic DCs. Cross-priming of CD8" T cells, however, not only
depends on strong cross-presentation, but requires additional sig-
naling via costimulatory molecules and proinflammatory cytokines
and can be impeded by the expression of coinhibitory molecules.
Impaired DC signaling via costimulatory molecules and proin-
flammatory cytokines mediated by PPARy has already been dem-
onstrated (22, 23). We now demonstrate that in immature DCs,
activation of PPARYy leads to up-regulation of B7H1. Importantly,
PPAR<y-mediated up-regulation of B7H1 seemed to be the domi-
nant signal for PPARy-mediated impairment of CD8™ T cell ac-
tivation by DCs; as in the absence of B7H1, CD8" T cell activa-
tion was restored. The combined action of PPARy on DCs by
increasing cross-presentation and by simultaneously enhancing
B7H1 expression enables a very potent inhibitory interaction of
DCs with Ag-specific CD8" T cells and depicts a novel mecha-
nism of CD8™" T cell inactivation. Up-regulation of B7H1 might
also explain the strongly reduced effector function of CD8™ T cells
primed by PPARy-activated DCs in vitro and in vivo, as demon-
strated by their reduced cytotoxicity both in the murine system
(Fig. 6D) and in the human system as previously described (22). In
vivo, this mechanism of tolerance induction might be used by en-
dogenous PPARy ligands under physiological conditions. One fac-
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tor that might induce such effects could be IL-4, a Th2 cytokine
with anti-inflammatory properties (38—40). IL-4 has been shown
to induce expression of both PPARy and its endogenous ligands in
macrophages (41). Following this line, the PPARy-mediated in-
duction of CD8" T cell tolerance described in this study might
help to explain some of the anti-inflammatory effects induced
by IL-4.

Remarkably, the inhibitory effect of Pio on CD8" T cell acti-
vation seems to be restricted to the activation of primary CTLs, as
Pio-treated DCs did not exhibit an impaired capacity to reactivate
OVA-specific memory T cells in vitro when compared with un-
treated DCs. These findings extend previous observations of other
groups demonstrating that activation of memory T cells by pro-
fessional APCs primarily depends on Ag presentation (signal 1)
and has been shown to be largely independent of the expression of
costimulatory molecules (signal 2) in vitro (42, 43). Our data now
suggest, that the activation of memory T cells by professional
APCs might also be independent of inhibitory signaling mediated
by up-regulation of B7H1.

Taken together, our data provide a new molecular mechanism
for PPARYy-induced CD8™ T cell tolerance, which is mediated by
the combined action of increased cross-presentation and enhanced
signaling via the coinhibitory molecule B7H1. This mechanism
provides new insights into the molecular mechanisms of T cell
inactivation and might thus open new opportunities for therapeutic
intervention in CD8* T cell-mediated autoimmune diseases.
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