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Abstract

Classically, HLA-DR expressed on antigen presenting cells (APC) initiates lymphocyte activation via presentation of peptides to
TCR bearing CD4+ T-Cells. Here we demonstrate that HLA-DR alpha 2 domain (sHLA-DR«2) also induces negative signals by
engaging TIRC7 on lymphocytes. This interaction inhibits proliferation and induces apoptosis in CD4+ and CD8+ T-cells via
activation of the intrinsic pathway. Proliferation inhibition is associated with SHP-1 recruitment by TIRC7, decreased
phosphorylation of STAT4, TCR-{ chain & ZAP70, and inhibition of IFN-y and FasL expression. HLA-DR«2 and TIRC7 co-localize at
the APC-T cell interaction site. Triggering HLA-DR - TIRC7 pathway demonstrates that sHLA-DRx2 treatment inhibits
proinflammatory-inflammatory cytokine expression in APC & T cells after lipopolysaccaride (LPS) stimulation in vitro and induces
apoptosis in vivo. These results suggest a novel antiproliferative role for HLA-DR mediated via TIRC7, revise the notion of an
exclusive stimulatory interaction of HLA-DR with CD4+ T cells and highlights a novel physiologically relevant regulatory pathway.
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Introduction

TIRC7 (TCIRGI) is a seven transmembrane protein induced
early after allo-activation of human lymphocytes [1,2]. Targeting
of TIRC7 with antibodies decreased IL-2 transcription and
inhibited the release of IFN-y, but not IL-10 in vitro and in vivo
[1-3]. Cell surface expression profiles and results obtained from
antibody blocking studies suggested that TIRC7 interacts with a
ligand at the cell surface. Here we report that the HLA-DR alpha
2 domain is a ligand for TIRC7. HLA-DR molecule consists of an
alpha and beta chain expressed on antigen presenting cells and
activated T cells. Binding of HLA-DR to T cell receptor on CD4+
T cells is known to initiate immune activation and accordingly
HLA-DR molecules are considered to be immune stimulatory.

We extend this view by providing evidence for an important
novel negative regulatory role of HLA-DR executed via binding
with its non-polymorphic alpha 2 domain to TIRC7, a negative
regulator of immune activation expressed on activated lympho-
cytes. Binding of HLA-DR alpha 2 to TIRC7 delivers antipro-
liferative signals to lymphocytes which is not solely restricted to
CD4+ cells. Induction of the HLA-DR alpha 2 - TIRC7 pathway
leads to activation of the intrinsic apoptotic pathway resulting in
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apoptosis of CD4+ and CD8+ lymphocytes. The downregulatory
mechanism of the immune response is associated with SHP-1
recruitment and include the inhibition IFN-y expression, phos-
phorylation of STAT4, TCR-{ chain, ZAP70 and expression of
FasL in T cells. Ligation of TIRC7 using soluble HLA-DRo2
(sHLA-DRa2) causes apoptosis in lymphocytes via activation of
caspase 9 and 7. TIRC7 and HLA-DR are co-localized at the site
of T cell - APC interaction. Accordingly, targeting of TIRC7 with
sHLA-DRa2 controls proinflammatory cytokine release in APC
and T cells in vitro. Physiological relevance of TIRC7 and HLA-
DR «2 binding is shown in acute inflammatory setting in vivo after
LPS. Treatment of mice with sHLA-DRo2 inhibits APC and T
cell cytokine expression and induces apoptosis in vivo underlining
the physiological importance of TIRC7-HLA-DR alpha 2
binding. Notably, the modulation of the HLA-DR alpha 2 -
TIRC7 pathway in vivo allows to reduce significantly the
inflammatory response and cytokine release induced by APC-T
cell interaction during immune activation. Thus, our results
demonstrate that binding of HLA-DR alpha 2 to TIRC7 at the
APC-T cell interaction side provides negative signalling events
during immune activation leading to downregulation of the
Immune response.
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Results
TIRC7 protein binds to the alpha 2 domain of HLA-DR
molecule

To investigate the ligand(s) interacting with TIRC7 we
established a yeast two-hybrid screen using a ¢cDNA library of
allo-activated human peripheral blood lymphocytes (PBL). Con-
structs of the N-terminal, C-terminal sequence stretch, and large
extracellular loop of TIRC7 were fused to a Gal4-binding domain
and used as bait. While there were no interactions found with the
N-terminal or C-terminal domains of TIRC7, a clone interacting
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with the large extracellular loop of TIRC7 was identified which
contained the sequence of human HLA-DR alpha 2 (Figure 1A).
This binding was confirmed by an anti-TIRC7 mAb co-
precipitating HLA-DR alpha 2 from lysates obtained from allo-
activated PBL, using specific anti-HLA-DR mAb for immuno-
blotting. In contrast, in lysates of the Jurkat cell line which is not
expressing HLA-DR anti-TTRC7 mAb only TIRC7 was precip-
itated (Figure 1B). Similar results were obtained utilizing a
polyclonal antibody recognizing TIRC7 [1] which also co-
precipitated HLA-DR alpha chain as confirmed by protein
sequencing (data not shown).
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Figure 1. HLA-DR alpha 2 domain interacts with TIRC7 protein. A. Strain AH109 carrying GAL4 activation domain, fused to cDNA containing
HLA-DR, was tested for interaction with indicated domains of TIRC7 (N-terminus aa 1-173, large extracellular domain aa 438-512 or C-terminus aa 586-
614) as bait. The growth of combined clones on Histidine-negative agar plates indicate a specific interaction between the HLA-DR alpha 2 and TIRC7
extracellular domain whereas no interaction between HLA-DR alpha 2 to the C - terminal or N- terminal domain of TIRC7 was observed. The growth
of colonies on Histidine positive agar plates which represents a positive control, is shown in the left panel. B. Lysates were prepared from 1 h allo-
activated PBL and Jurkat cells. Lysates were immunoprecipitated (IP) with anti-TIRC7 mAb and immunoblotted (IB) with specific antibody against
HLA-DR protein or TIRC7 in denaturing conditions. Co-precipitation of TIRC7 and HLA-DR is observed in PBL whereas only TIRC7 was precipitated in
HLA-DR negative Jurkat cells. C. COS7 cells were transiently transfected with a TIRC7-myc fusion protein vector construct, incubated with sHLA-DRo2
and stained with secondary anti-human Fc protein-Cy3 conjugated mAb. Flow cytometry analysis revealed that sHLA-DRx2 solely binds to TIRC7
transfected COS7 cells and fail to bind to non-transfected COS7 control cells. Shown is one experiment out of four. D. COS7 cells transfected with
TIRC7-myc fusion protein showed concentration-dependent binding of sHLA-DRx2 (0, 25, 50, 150 pg/ml) using direct immunofluorescence method.
No binding of control protein was observed in transfected COS7 cells. Shown is one experiment out of three. E and F. TIRC7 deficient and wild-type
mouse splenocytes were isolated and either stimulated with PHA for 48 h or remained unstimulated. Cells were incubated with either human HLA-DR
alpha 2 or human control protein prior to flow cytometry (E) or confocal microscopic analysis (F) using anti-human Fc-specific Cy3 as secondary
antibody. The results show that HLA-DR alpha 2 solely binds to stimulated WT cells in flow cytometric and microscopic analyses. Shown is one
experiment out of three, respectively.

doi:10.1371/journal.pone.0001576.g001
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Soluble HLA-DR alpha 2 specifically binds to TIRC7 and of sHLA-DRa2. Flow cytometry and microscopy revealed that
the interaction modulates IFN-y expression and STAT4 sHLA-DRa2 binds solely to splenocytes from wild type mice
signaling whereas no binding was observed on splenocytes from TIRC7
deficient mice (Figure 1E and F).

To examine whether interaction of HLA-DR alpha 2 and TIRC7
results in modulation of cellular responses upon cell activation we
studied the effect of sSHLA-DRa2 on cytokine expression in PBL
activated for 48h with PHA. Incubation of lymphocytes with sHLA-
DRo2 resulted in significant inhibition of IFN-y (Figure 2A). In
contrast, IL-10 expression was not affected (Figure 2B). The IFN-y
response 1is regulated by transcription factors of the STAT (signal
transducers and activators of transcription) family [4]. Specifically,
using an anti-Fc protein antibody revealed that human sHLA- STAT4 regulates IFN-y responses whereas STAT6 has been
DRo2 exclusively bound to the surface of TIRC7-expressing demonstrated to be involved in the regulation of I1L-10 or IL-4
COS7 cells whereas no binding was observed in non-transfected expression [5]. To examine whether the inhibitory response induced
control COS7 cells (Figure 1C). The binding of sHLA-DRa2 to by sHLA-DRoa?2 crosslinking to TIRC7 involves STAT4 and
TIRC7 expressed in CGOS7 cells was shown to be concentration- STAT6, human PBL were stimulated with allo-antigen, cultured
dependent (Figure 1D). The binding specificity was confirmed with sHLA-DRa2 and lysates were analyzed for phosphorylation of
when splenocytes of wild-type and TIRC7 deficient mice were STAT4 and STAT6 proteins by Western blot analysis. Indeed,
stimulated with PHA and incubated in the presence and absence STAT4 phosphorylation was decreased in the presence of sHLA-

The ability of HLA-DR alpha 2 to interact with TIRC7 was
further analysed in binding studies using a soluble HLA-DR alpha
2 fusion protein consisting of the entire human HLA-DR alpha 2
domain linked to an IgG1 Fc protein and expressed in COS7 cells.
The ability of sHLA-DRa2 to bind to TIRC7 expressed on the cell
membrane was tested in COS7 cells which were transiently
transfected with a TIRC7 ¢cDNA fused to a myc-tagged expression
vector at the extracellular carboxy terminus [1]. Flow cytometry
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Figure 2. Soluble HLA-DR alpha 2 domain inhibits IFN-y cytokine expression and phosphorylation of STAT4, but not STAT6. A.
Human PBL were activated with PHA for 48 h and co-cultured with either sHLA-DR«2 or control protein. Supernatants were subjected to quantitative
sandwich ELISA. sHLA-DR«2 at a concentration of 50 ug/ml significantly inhibited the IFN-y expression of stimulated PBL, whereas control protein
exhibited no significant effect. B. No inhibition of IL-10 expression was observed. The results shown represent the means of five independent
experiments, respectively. C. Human PBL were allo-activated for 4 h in the presence of anti-TIRC7 mAb and subjected to Western blot analysis. Equal
volume of cells were fractionated by SDS-PAGE, and the phosphorylation status of STAT4 and STAT6 was determined by Western blot analysis. STAT4
phosphorylation was decreased in the presence of sHLA-DRx2 whereas pSTAT6 remained unchanged. No changes were observed using STAT4, and
anti-Tubulin mAb. Shown is one representative experiment out of three independent experiments. D. Human PBL were isolated using standard Ficoll
gradient centrifugation protocol. Cells were activated with PHA, anti-CD3/CD28 mAb, and MLR, respectively, and co-cultured with either sHLA-DRx2
or control protein in varying concentrations (50, 100, and 150 pg/ml). Cells were subjected to CFSE proliferation assays. A significant inhibition of
proliferation was observed using sHLA-DR«2 in all proliferation assays whereas the control protein did not show any inhibition. The results shown
represent the means of four independent experiments, respectively. E. The inhibition of proliferation of 48 h anti-CD3/CD28 stimulated human PBL
by sHLA-DRx2 (100 pg/ml) was prevented by co-incubation of the anti-TIRC7 mAb 136 (100 pg/ml). F. Cell lysates were prepared from 1 h allo-
activated PBL and immunoprecipitated (IP) with anti-TIRC7 mAb and subjected to western blot analysis. The immunoblot (IB) with anti-TIRC7 and
anti-SHP-1 mAb showed the co-precipitation of SHP-1 and TIRC7. G. The phosphorylation of TCR-{ chain and ZAP70 induced by IL-2 is inhibited by
sHLA-DRx2. Human PBL were isolated and activated using anti-CD3/CD28 mAb for 18 h in the presence and absence of sHLA-DRx2. In the presence
of sHLA-DRx2 (50 pg/ml) the phosphorylation of TCR-{ chain and ZAP70 in stimulated cells (right lane) was reduced to a level similar to that of non-
stimulated cells (left lane) while in stimulated cells without sHLA-DRx2 (middle lane) substantial phosphorylation of both proteins was observed.
doi:10.1371/journal.pone.0001576.g002
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DRo2 whereas pSTAT6 remained unchanged after 4 h of
allostimulation of human lymphocytes (Figure 2C).

Interaction of sHLA-DRx2 and TIRC7 inhibits proliferation
and results in decreased phosphorylation of TCR
associated signaling molecules

To further examine cellular responses induced by the interaction
of HLA-DR alpha 2 and TIRC7, we studied the effect of sHLA-
DRa2 on proliferation of human lymphocytes stimulated by PHA,
anti-CD3/CD28, and alloactivation (mixed lymphocyte culture,
MLR), respectively. As determined by BrdU incorporation,
incubation of lymphocytes with sHLA-DRo2 resulted in a
concentration-dependent inhibition of proliferation in these prolif-
eration assays (Figure 2D). To demonstrate the specificity of HLA-
DRe2 binding to TIRC7 a displacement ELISA was performed
using an anti-TTRC7 monoclonal antibody (mAb136) which was
generated by immunization of mice with TIRC7 protein. This
antibody binds specifically to TIRC7 and prevents binding between
TIRC7 and HLA-DR as observed in Elisa assays (data not shown).
The antiproliferative signals induced by binding of sHLA-DRa2 to
TIRC7 in human lymphocytes were prevented by blocking the
binding of sHLA-DRa?2 to TIRC7 using mAb 136 (Figure 2E). The
inhibitory effects induced by TIRC7 ligation could be mediated by
the recruitment of the phosphotyrosine phosphatase SHP-1 which
plays an important negative regulator role on lymphocyte signaling
pathways for a variety of receptors involved in lymphocyte activation
[6-9]. SHP-1 was shown to bind via the ITIM (immunoreceptor
tyrosine-based inhibitory motif) motif to cell surface molecules with
signaling capacity resulting in the down-regulation or termination of
signal transduction events [8,9]. The hypothesis that SHP-1 might
be involved in TIRC7 signaling was based on the fact that an I'TIM
motif (VIYKWL, aa 371-377) was identified within the TIRC7
protein which would potentially allow for the recruitment of SHP-1.
Using an anti-TIRC7 mAb, immune precipitation of lysates from
allo-activated PBL revealed co-precipitation of TIRC7 and SHP-1
(Figure 2F). Thus, the recruitment of SHP-1 by TIRC7 upon cell
activation is a possible mechanism for the down-regulation of
signaling events. SHP-1 was previously demonstrated to induce the
dephosphorylation of ZAP70 causing an inhibition of proximal
TCR-induced signaling events [10,11]. To examine whether the
interaction of HLA-DR alpha 2 and TIRC7 affects the phosphor-
ylation of ZAP70 and the TCR-{ chain, freshly isolated human PBL
were alloactivated in the presence or absence of sHLA-DR «2 and
subjected to immunoblot analysis. Indeed, the phosphorylation of
TCR-{ chain and ZAP70 were found to be decreased to a level
similar to that of non-activated cells, whereas the expected
phosphorylation was observed in activated lymphocytes not treated
with sHLA-DRa2 (Figure 2G). These results indicate that the
mechanisms which lead to an inhibition of cell proliferation by the
interaction of HLA-DR alpha 2 and TIRC?7 involve proximal TCR-
induced signaling events.

Interaction of sHLA-DR«2 with TIRC7 expressed in CD4+
and CD8+ T cells results in cell cycle arrest and apoptosis
in lymphocytes

In addition to the induction of anergy and inhibition of
proliferative response, cell cycle arrest as well as apoptosis are
further important mechanisms to control the activation of
lymphocytes [12]. To examine whether the antiproliferative effect
induced by sHLA-DRa2 crosslinking to TIRC7 involve these
mechanisms as well human PBL were stimulated with anti-CD3/
CD28 antibodies in the presence of sHLA-DRo2 or control
protein, and analyzed for cell cycle arrest and apoptosis using flow
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cytometric analysis. Flow cytometry profiles of PBL illustrate that,
as a result of stimulation, 25% of the lymphocytes proceeded into
the G2/S phase (Figure 3A). In contrast, targeting of TIRC7 with
sHLA-DR o2 led to a dramatic reduction of the cell number in
G2/S phase as most of the cells prevailed in GO/G1 cell cycle
phase (89%) (Figure 3A) which is indicative for cell cycle arrest.
Moreover, 72 h after incubation of the cells with sHLA-DRa2 an
increased number of cells (46,4%) belonged to the subdiploid
population, indicating that cells were apoptotic and died as a
consequence of TIRC7 engagement (Figure 3B).

It is well known that HLA-DR molecules interact with CD4 + T
cells. Yet from the above results we concluded that HLA-DR
protein, especially the alpha 2 domain may induce apoptosis also
in CD8+ cells. To examine this hypothesis CD4+ and CD8+ cells
were separated by magnetic beads and stimulated 72 h by anti-
CD3/CD28 antibodies in the presence and absence of sHLA-DR
o2. The results illustrate that compared with non-treated controls
sHLA-DR«2 binding leads to induction of apoptosis in both,
CD4+ (51%) and CD8+ (54%) cells (Figure 3C).

Since interaction of HLA-DR especially with CD8+ T cells has
not been described so far, we analyzed the HLA-DR 2 binding to
CD8+ and CD4+ T cells. Confocal microscopy illustrates that
sHLA-DRo2 exhibits a similar binding pattern on CD4+ (30—
40%) and CD8+ (40-50%) cells (Figure 4) as was observed with
anti-TTRC7 antibody [1]. No binding was observed in any control
experiments, thus, sHLA-DRo2 binds specifically to CD4+ and
CD8+ T cells leading to apoptosis in both subsets.

Targeting of TIRC7 leads to apoptosis via the activation
of the intrinsic apoptotic pathway in lymphocytes

Proteins central to apoptosis are members of the caspase family
which can be divided into initiator (caspase 8 and 9) and effector
(caspase 7 and 3) caspases [13]. In the intrinsic pathway the apoptosis
is mediated by mitochondria whereas the extracellular death
receptor, FasL,, mediates the extrinsic pathway [13,14]. To analyze
the mechanistic details, human PBL was used to test the caspase
activity after 5 h of TIRC7 targeting using sHLA-DRa2. Caspase 9
was activated as was indicated by an increase of the cleaved product
in the presence of sHLA-DRa2 whereas no activation of caspase 8
was observed in PBL (Figure 5A). Analysis of caspase 7 showed an
increase of the cleaved product of 20kDa size upon TIRC7 ligation,
while an activation of caspase 3 was not observed (Figure 5A). To
analyze whether TIRC7-dependent apoptosis can be reversed by
adding inhibitor of caspase 9 to the cultures, incubation of cells with
the caspase 9 inhibitor z-LEH-fmk reduced TIRC7-dependent
apoptosis to normal levels (data not shown). Although no activation
of caspase 8 was observed after sHLA-DR«?2 ligation, modulation of
the FasL expression on T cells was analyzed. Flow cytometry analysis
of PBL activated with anti-CD3/CD28 antibody for 24 h in the
presence of the sHLA-DRo2 revealed a remarkably reduced
expression of FasL at the cell surface of human T cells (Figure 5B, d).

These results are in agreement with a down-regulatory effect of
TIRC7 on ZAP70 activity, since ZAP70 was shown to be essential
for the regulation of FasL expression on the surface of activated T
cells [11] and indicate that TIRC7 mediated modulation of the
proliferative response in PBL involves the intrinsic, mitochondrial
pathway via caspase 9.

HLA-DR co-localizes with TIRC7 at the APC-T cell interface
and soluble HLA-DRa2 prevents APC mediated T cell
cytokine release in vitro and in vivo

Upon activation of T lymphocytes both, HLA proteins [15] and
TIRC7 [16] cluster at the site of T cell/APC junction. To examine
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Figure 3. TIRC7 targeting leads to cell cycle arrest and apoptosis. A. Human PBL were activated with anti-CD3/CD28 antibodies for 48 h in
the presence of sHLA-DR«2 or control protein (50 pg/ml). The cells were then fixed with 70% ethanol and stained with propidium iodine for cell cycle
analysis using flow cytometry. Incubation with sHLA-DR o2 resulted in a GO/G1 arrest (live cell gate) in comparison to control protein. Shown are
resting cells, PBL activated with anti-CD3/CD28 for 48 h, activated PBL incubated with control protein, and activated PBL incubated with sHLA-DRe:2.
B. Human PBL activated with anti-CD3/CD28 were incubated with sHLA-DRx2 or control protein (50 pg/ml) for 48 h and then stained with Annexin V
for the analysis of apoptosis using flow cytometry. When incubated with sHLA-DR o2, human PBL showed a strong increase of Annexin V positive
cells in comparison to control protein. Apoptosis in stimulated cells prior to the administration of either control protein or sHLA-DRa2 protein was
similar in both reactions indicating that the effect on cell cycle distribution and apoptosis was specific. C. Human CD4 and CD8 positive lymphocytes
were separated by magnetic beads and activated with anti-CD3/CD28 antibody for 72 h in the presence of either 50 pg/ml sHLA-DR«2 or Fc control
protein. The cells were subjected to flow cytometry analysis and stained with Annexin V for the detection of apoptosis. Both, CD4+ and CD8+ cell

populations exhibited substantial apoptosis. Shown is one representative experiment out of four independent experiments.

doi:10.1371/journal.pone.0001576.g003

the distribution of both molecules at the site of cell — cell
interaction, human PBL were activated with recall antigens for
72 h. Confocal microscopy showed that in recall antigen activated
human lymphocytes both, TIRC7 (green) and HLA-DR (red),
concentrated at the site of the cell — cell interaction. An overlay of
both immunostains suggested a co-localization of both molecules
(yellow) (Figure 5C).

Functional importance of T cell activation through crosslinking
with MHC class II molecules bearing APC is the induction of IL-
12 expression which leads to an increased IFN-y expression in T
cells [4]. IFN-y acts itself as an activator of APC which in turn
induces IL-12 subsequently resulting in inflammation. Data
obtained from our studies indicates that TIRC7 and HLA DR
alpha 2 interaction controls APC - T cell interaction by induction
of negative regulatory signals and prevents an excess of APC - T
cell interaction during immune activation. We therefore hypoth-
esize that triggering TIRC7 signals via sHLA-DRo2 should
suppress the APC - T cell interaction and prevent associated
cytokine release upon stimulation. To prove this hypothesis in
vitro, we used the model of LPS induced APC activation.
Macrophages exposed 48 h to either sHLA-DRa2 or control
protein in the presence of LPS and subsequently subjected to
analysis of cytokine expression via real time PCR method. The
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results show a profound reduction of cytokines such as IFN-y,
TNF-alpha, IL-12. Interestingly, chemokines such as MCP-1 and
Rantes were also inhibited indicating that TIRC7-HLA-DR
pathway is controlling T cell and APC specific cytokines after
immune activation (Figure 6A).

Lipopolysaccaride application in mice is characterized by rapid
activation of APC which induces IL-12, endoxinemia and
enhanced cytokine induction such as IFN-y. Of particular
relevance are previous studies in which in vivo neutralization of
IFN-y prevented lethal hypersensitivity reactions to LPS and
reduced IFN-y-dependent lethality [17]. Also, lymphocytes from
mice deficient for IFN-y have been shown to release markedly
reduced amounts of proinflammatory cytokines [18].

Due to immediate activation of APC and T cells, we utilized the
LPS induction model in mice to prove the physiological relevance
of the sHLA-DRo2 targeting of TIRC7 in vivo. First, cross-
reactivity studies were performed using mouse splenocytes and
demonstrated that human sHLA-DRo2 specifically binds to
TIRC7 in mice as shown in microscopic analysis whereas control
Fec did not exhibit any binding (Figure 6B, left panel). Immediately
after the LPS application in vivo, mice were treated with either
sHLA-DR«®2 or control protein and splenocytes were subjected to
cytokine analysis. In this study, as assessed by PCR analysis,

February 2008 | Volume 3 | Issue 2 | e1576



CD&+ CD4+

Figure 4. sHLA-DR o2 binds to TIRC7 expressed in CD4 and CD8
T cells. CD4+ and CD8+ T cells were separated by magnetic beads,
stimulated with anti-CD3/CD28 mAb for 48 h, and incubated with
either sHLA-DR «2 or control protein for 30 min prior to confocal
microscopic analysis. Using anti-human Fc-Cy3 mAb as secondary
antibody, binding of sHLA-DRx«2 or control protein to TIRC7 protein was
analyzed. The results show a binding in CD4+ and CD8+ human T cells
co-incubated with sHLA-DRo2 (upper panel) whereas no binding was
observed in various control experiments using either control protein
(lower panel) or anti-Fc-Cy3 conjugated secondary mAb only. Shown is
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splenocytes of mice treated with a single dose of sHLA-DRo2 at
the time of intravenous immune challenge with lipopolysaccaride
showed substantially reduced IFN-y, TNF-o, Rantes and IL-6
production 24 h after activation compared with control mice
(Fig 6B, right panel). Thus, treatment with sHLA-DRo2 resulted
in inhibition of inflammation induced via activation of APC and T
cells. Splenocytes of mice were also subjected to western blots for
the analysis of caspase activation. As demonstrated in Figure 6C,
splenocytes exposed to sHLA-DRw«2 treatment showed an
increased activation of caspase 7 whereas controls do not exhibit
any activation of caspase 7, indicating that treatment with sHLA-
DRo2 is able to mediate apoptosis in vivo.

Discussion

The beta-2 domain of the conserved HLA-DR alpha molecule
encoded by the HLA-DRAI locus interacts with the CD4 molecule
in human lymphocytes [19]. The T-cell receptor binds to
polymorphic beta 1 domains of HLA-DR with associated peptide
antigen [20]. Other molecules which bind to HLA-DR include super
antigens such as staphylococcus enterotoxin B (SEB) [21-23], and
toxic shock syndrome toxin (T'SST-1) [24-26]. These molecules bind
to the alpha 1 and beta 1 domains of HLA-DR molecules,
respectively [26]. The ability of SEB to bind many different DR

one experiment out of three.

alleles can be explained by its interaction with the DR alpha 1 chain,
doi:10.1371/journal.pone.0001576.g004

which is conserved in all DR molecules [23]. TSST-1 extends over
nearly half of the binding groove and contacts the alpha helix of the
alpha 1 domain of DR protein [25-27]. The HLA-DR alpha 2

5A 5B
A
o
3
"4
e o
£ < Immunobloting
Ka | § - antibodies
Q [}
2
49 T —— — c
= || anti-caspase 9 a 401%
| 1S5 A
= 3
W0 q . cleaved caspase 7 a i e N e i
- {1/ LI T T U CHT LT T T
20 cleaved caspase 3
.
FASL
48 anti-caspase 8
19 — e 5C
TIRC7

Figure 5. Targeting of TIRC7 in lymphocytes induces apoptosis via the mitochondrial intrinsic pathway. A. PBL were co-incubated
50 pg/ml sHLA-DRa2 or control protein for 5 h, and immunobloting using mAb against caspase 9, caspase 8, caspase 7 and caspase 3 was performed.
Activation of caspase 9 and caspase 7 is indicated by the appearance of cleaved fragments with a size of 37 and 20 kDa, respectively. No activation of
caspase 8 and 3 was observed. B. Human PBL were isolated, activated with anti-CD3/CD28 antibodies (a) cultured in the presence of 50 ug/ml sHLA-
DRo2 (d), and subjected to flow cytometric analysis. In comparison to non-treated controls (b,c) stimulated human T cells incubated with 50 ug/ml
sHLA-DRx2 (d) demonstrated a remarkably reduced expression of FasL as detected by FITC labeled anti-FasL mAb. C. Human PBL were recall antigen
stimulated for 6 days and incubated with FITC labeled anti-TIRC7 mAb. A monocyte cell line, THP-1, was incubated with anti-HLA-DR mAb and
secondary stained with Cy3-conjugate. To increase cell interaction, PBL and THP-1 cells were mixed and incubated at 37°C for 20 min and subjected
to confocal microscopic analysis. The data show that HLA-DR (red color) and TIRC7 (green color) co-localize (merge, yellow color) at the physical site
of T cell/APC interaction. Shown is one experiment out of three.

doi:10.1371/journal.pone.0001576.9005
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Figure 6. TIRC7 signals triggering prevents T cell - APC interaction reflected in inhibition of several cytokines. A. Human PBL were
isolated using standard Ficoll gradient centrifugation protocol and culture 14 days to induce monocyte differentiation. Either sHLA-DRo:2 (50 ug/ml)
or control (50 ng/ml) were co-incubated and subjected to cytokine release assays. Cytokine levels were measured by quantitative real time PCR which
revealed a profound inhibition of MCP-1, IL-12, IFN-y, TNF-o and Rantes expression compared with the control. B. Human sHLA-DRx2 showed specific
cross-reactivity on balb/c mice splenocytes (left side). For the in vivo functional analysis balb/c splenocytes were isolated and further subjected to
microscopic analysis for cross-reactivity of human sHLA-DRx2 to mouse TIRC7 which resulted in significant binding on activated splenocytes. C. In
balb/c mice (n=14) LPS was administered followed by a single dose (100 pg/mice, i.p.) of human sHLA-DRx2 (200 pg/day, i.p.). Human sHLA-DRo2
resulted in a significant down-regulation of IFN-y, TNF-a and Rantes after 24 h treatment. sHLA-DRo2 or control protein treated splenocytes were
subjected to immunobloting using mAb against caspase 7. Activation of caspase 7 is indicated by the appearance of cleaved fragments with a size of
20 kDa in sHLA-DRx2 treated animals (a1 and a2) whereas no activation of caspase 7 was observed in controls. Shown are two examples out of five.

doi:10.1371/journal.pone.0001576.g006

domain, which is highly conserved in humans, has not been
heretofore recognized as a ligand for other molecules.

Several conclusions can be drawn from our work. The first
novel aspect of the work presented here is the identification of the
interaction between HLA-DRa2 and TIRC7, and the demon-
stration of functional relevance of this binding. Soluble HLA-
DRo?2 delivers distinct and selective signals via inhibition of IFN-y,
but not ILIO response, strong inhibition of proliferation and
induction of apoptosis. The inhibitory effect observed in the
lymphocyte cultures is solely due to binding between HLA-DR
alpha 2 and TIRC7 as the specific anti-TIRC7 mAb prevents the
inhibition of immune activation.

The second novel aspect of our work relates to the finding that
the HLA-DR protein, beyond its well-known role in initiating
lymphocyte activation by presenting peptides to the TCR
(Figure 4F, left panel) is also able to induce negative signals via
binding of its non-polymorphic alpha 2 domain to TIRC7
(Figure 4F, left panel). This binding is not restricted to CD4+
cells but also includes CD8+ cells and B cells. The findings of
dampening effects on cell activation provided by the HLA-DR
protein and its binding to cell surface molecules other than CD4
and TCR substantially extends the understanding of the regulation
of the immune activation process and the interactions involved. It
is unclear whether the co-localization of both molecules at the site
of cell interaction, as is shown in the present manuscript, may
indicate also cis-acting ligation of TIRC7 and HLA-DR on the
same cell and whether such interaction bears functional relevance.

@ PLoS ONE | www.plosone.org

Our data, however, demonstrate unanimously that the trans-
acting ligation between both molecules induces strong antiprolif-
erative effects in various lymphocyte populations.

The third aspect of this work relates to the finding that the
strong antiproliferative response triggered by TIRC7 ligation is
induced on at least two levels of interference. On the one hand, the
antiproliferative effect is induced by dephosphorylation of early
signaling molecules such as TCR-{ and ZAP70 which is associated
with down-regulation of FasL. This result is in accordance with the
fast upregulation of TIRC7 at the cell membrane upon
lymphocyte activation and the clustering of the molecule at the
cell — cell adhesion site [16] where the immunological synapse is
formed [15]. Thus, TIRC7 mediates antiproliferative signals early
in the activation process. On the other hand, the induction of
apoptosis via caspase 9 indicates that the pro-apoptotic pathways
include additional important mechanisms which are orchestrated,
at least in part, by the TIRC7 engagement with HLA-DR alpha 2.
In accordance with this FasL which is the extracellular receptor of
the extrinsic apoptotic pathway via caspase 8 was shown to be
downregulated. After stimulation, in splenocytes obtained from
TIRC7 deficient mice apoptosis was decreased in comparison to
WT splenocytes (unpublished observation) indicating that TIRC7
is central to the induction of apoptosis in lymphocytes. These
results also support the agonistic effect of the compounds used in
this study on the TIRC7-HLA-DR«2 pathway.

The fourth aspect of our work relates to the observation that
binding between HLA-DR«2 and TIRC7 is functional in T cells
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and APC. Crosslinking of TIRC7 with HLA-DRo2 in T cells and
macrophages demonstrates that TIRC7-HLA-DR interaction
mediated signals control the expression of proinflammatory
cytokines such as IL-12 which naturally potentiates inflammation
via the induction of IFN-y expression. The data obtained from the
LPS induction in vivo demonstrate that the anti-inflammatory and
apoptotic mode of action of sHLA-DRa2 is physiologically
relevant. The reduction of cytokines such as IL-6, Rantes and
IFN-y in cells obtained from mice treated with HLA-DRo2
indicates that TIRC7 targeting might be potentially translated into
clinical use to prevent acute inflammatory response.

The clinical data and cytokine expression results obtained from
acute inflammatory disease, LPS induction, in mice demonstrate
that treatment with sHLA-DRo2 can control inflammatory
conditions supporting the anti-inflammatory mode of action of
the protein. Accordingly, a substitution of the signal to modulate
TIRC7 pathway using sHLA-DRa2 might lead to a therapeutic
approach unifying both, T cell and APC therapeutic targeting as
TIRC7 is expressed in 30% of all lymphocytes.

In summary, this work provides novel data for the interaction
between HLA-DR alpha 2 and TIRC7 and the functional
relevance of this binding in lymphocytes in vitro and in vivo after
immune activation. For the first time, it is here reported that the
HLA-DR molecule, which is classically described to initiate the
cellular immune response also mediates inhibitory signals and
apoptosis via binding to TIRC7 in lymphocytes, thereby
modulating the decisive first phase of the immune response
(Figure 7). This work introduces HLA-DR as a molecule with a
dual regulatory function in lymphocytes which might have the
potential for the development of novel therapeutic approaches to
treat immune mediated diseases.

7A-B
A. Positive Signaling

Initiation of T cell activation

HLA-DR Alpha 2

Methods

Yeast two-hybrid screen

For bait construction, DNA fragments of TIRC7 containing the
N-terminus (aa 1-173), large extracellular domain (aa 438-512)
and C-terminus (aa 586-614) were amplified by PCR and cloned
into the pBD-GAL4 Cam vector, thereby generating an in-frame
fusion with the GAL4-DNA binding domain. A human PBL
c¢DNA library was constructed using HybriZAP 2.1 Two-Hybrid
c¢DNA Library Kit (Stratagene). Standard yeast techniques were
used to manipulate strains. To confirm the observed interaction
the obtained plasmids were tested in MATCHMAKER GAL4-
Two-Hybrid System3 (Clontech).

Immunoprecipitation, Western blot

Lysates from allo-activated PBL and Jurkat cells were incubated
with anti-TIRC7 mAb (20 pg) and mouse IgG as control
(Calbiochem) followed by Western blot analysis using anti-HLA-
DR mAb (CBL120, Cymbus Biotechnology) or anti-TIRC7 mAb.
To analyze phosphorylation of STAT proteins, alloactivated PBL
were incubated with 50 pg sHLA-DR o2 for 4 h. Lysates were
subjected to Western blot analysis using mAb against either anti-
phospho-STAT4 (Ser 721) or (p-STAT4 Santa Cruz, dilution 1/
1000 in 5% BSA/PBS) or STAT4 or STAT6 (Santa Cruz,
dilution 171000 in 5% BSA/PBS). To analyze phosphorylation of
TCR-{ (Santa Cruz) and ZAP70 (Cell Signaling) PBL were
stimulated with with 100 U/ml IL-2 for 18 h. Western blots were
performed by incubation with a mouse anti-human p-TCR-{
antibody or p-ZAP70. An anti-mouse POD antibody was used for
final analysis in an ECL detection system. For immunoprecipita-
tion studies with SHP1, lysates were incubated for 6h at 4°C with
anti-TIRC7 mAb (20 pg), in the presence of followed by

B. Negative Signaling

Inhibition of T cell activation

APC

CD4 or CD8 T cell

CD4 or CD8 T cell

Figure 7. Scheme of proposed model of regulation of immune activation via TIRC7-HLA-DR alpha 2 binding. TIRC7 serves as ligand for
HLA-DR alpha 2 upon TCR activation in the early phase of immune activation. After positive signals were received and immune cells are activated,
TIRC7 is expressed on the cell surface (A) and its binding to HLA-DR alpha 2 transduces negative signals to lymphocytes (B).

doi:10.1371/journal.pone.0001576.g007
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incubation with protein-A/protein-G Sepharose beads (Calbio-
chem) overnight, at 4°C. Immunoprecipitates were analyzed by
immunoblotting with anti-TIRC7 mAb or anti-SHP1 diluted of
1:200 in 5% milk/PBS and were subjected to chemiluminescent
detection (Amersham Pharmacia). For caspase assays PBL were
seceded at a density of 1,5x10E7 cells. sHLA-DR a2 or control
protein were added at a concentration of 50 pg/ml. Cells were
incubated for 6 h, harvested, washed and frozen in liquid nitrogen.
Clell lysis was performed with 50 mM Pipes-HCI, pH 6,5, 2 mM
EDTA, 0,1% CHAPS, 10 mM NaF, 5 mM DTT and protease
inhibitors. Supernatants were boiled with Laemmli-buffer and
subjected to SDS-PAGE. Gels were blotted onto PVDF mem-
branes and analysed using specific antibodies (anti-caspase 8, 9, 3
and 7) (Cell Signaling).

Proliferation and apoptosis assay

For proliferation assay, PBL were obtained from healthy
volunteers after written and informed consent had been obtained.
PBL were i1solated according to the Ficoll-Paque density
centrifugation protocol. PBL were labeled by incubation with
CFSE (Carboxyfluorescein succinimidyl ester). The CFSE-labeled
PBL were stimulated with PHA (1 pg/ml, Sigma) or anti-CD3/
CD28 mAb (10 pg/ml) and incubated for 3 days at 5% CO,, at
37°C in the presence of sHLA-DR a2 or control protein,
respectively, at a concentration ranging between 50-150 pg/ml.
For alloactivation, mixed lymphocytes culture reaction was
performed using donor cells which were inactivated and incubated
with equal cell number of recipient lymphocytes (200.000 total
cells/well) for 72 h at 5% COy, at 37°C. These cultures were
incubated with either with sHLA-DR o2 or control protein at a
concentration of 50 and 100 pg/ml. The proliferation rate of PBL
was determined by FACS analysis. For proliferation assays,
various human T- and B- cell lines were incubated for 48 h at
37°C, 5% COy, in the presence of chimeric anti-TIRC7 mAb or
control mAb (50 pg/ml), labelled with 10 pl/well BrdU labelling
solution and incubated for 16 h at 37°C. Cell Proliferation ELISA
BrdU-Kit (Roche Diagnostics GmbH) was used. The measure-
ment of the samples was performed 10-30 minutes after substrate
addition at 370 nm (reference wavelength: 492 nm) in an ELISA
reader. For detection of apoptosis detection, human PBL or cell
lines were stained with 7-AAD for 20 minutes at RT. Samples
were measured and analyzed by flow cytometry.

ELISA cytokine analysis

PBL of human healthy donors isolated according to the Ficoll-
Paque density centrifugation protocol were incubated with 1 pg/
ml PHA (Sigma) in 5% COy, at 37°C for 48 h in the presence of
sHLA-DR«2 and control protein, respectively. IFN-y or IL-10 was
quantified in supernatants of PHA stimulated cells. Samples were
run in triplicates on 96-well microtiter plates. Cytokine level was
determined using the Cytoscreen® ELISA Kit (Biosource).

Flow cytometry and confocal microscopy

Splenocytes from wild type (WT) and TIRC7(-/-) mice were
isolated with a cell strainer and transferred to 15 ml tubes. Cells
were stimulated with 4 pug/ml ConA (Sigma) for 14-16 h and
permeabilized with Perm-solution2 (BD biosciences) and Fc-
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PBS) or human Fc as control (200 pg in PBS), respectively. After
24 h, spleens were removed for further cytokine analysis via

FACS.

Acknowledgments

The authors wish to thank Prof. Rolf M. Zinkernagel (ETH, Zurich) and
Prof. Chris Rudd (Imperial College, London) for valuable comments.

Author Contributions

Conceived and designed the experiments: NU WH GK JL. Performed the
experiments: GB SW MS AS WK. Analyzed the data: NU HV WH GB
SW MS TH AS GK WK PF JL. EM. Contributed reagents/materials/
analysis tools: NU HV WH TH GK WK PF EM. Wrote the paper: NU
GB JL EM.

2. Kumamoto Y, Tomschegg A, Bennai-Sanfourche F, Boerner A, Kaser A, et al.
(2004) Monoclonal antibody specific for TIRC7 induces donor-specific anergy
and prevents rejection of cardiac allografts in mice. Am J Transplant 4: 505-514.

February 2008 | Volume 3 | Issue 2 | e1576



. Utku N, Heinemann T, Winter M, Bulwin G-C, Schlawinsky M, et al. (2006)

Antibody targeting of TIRC7 results in significant therapeutic effects on in
collagen-induced arthritis in mice. Clin Exp Immunol 144: 142-151.
Szabo SJ, Sullivan BM, Peng SL, Glimcher LH (2003) Molecular mechanisms

regulating TH1 immune responses. Annu Rev Immunol 21: 713-58.

. Wang LH, Kirken RA, Erwin RA, Yu CR, Farrar WL (1999) JAK3, STAT, and

MAPK signaling pathways as novel molecular targets for the tyrphostin AG-490
regulation of IL-2-mediated T cell response. J Immunol 162: 3897-3904.

. Watanabe N, Gavrieli M, Sedy JR, Yang J, Fallarino F, et al. (2003) BTLA is a

lymphocyte inhibitory receptor with similarities to CTLA-4 and PD-1. Nat
Immunol 4: 670-679.

. Zhang Q), Raghunath PN, Vonderheid E, @dum N, Wasik MA (2000) Lack of

phosphotyrosine phosphatase SHP-1 expression in malignant T-cell lymphoma
cells results from methylation of the SHP-1 promoter. Am J Pathol 157:
1137-1146.

. Hsu H-C, Shultz LD, Su X, Shi J, Yang P-A, et al. (2001) Mutation of the

hematopoietic cell phosphatase (Hcph) gene is associated with resistance to )-
irradiation-induced apoptosis in Src homology protein tyrosine phosphatase
(SHP)-1-deficient “motheaten” mutant mice. J Immunol 166: 772-780.

. Han Y, Amin HM, Franko B, Frantz C, Shi X, et al. (2006) Loss of SHP1

enhances JAK3/STATS3 signaling and decreases proteosome degradation of
JAK3 and NPM-ALK in ALK" anaplastic large-cell lymphoma. Blood 108:
2796-2803.

. Brockdorff J, Williams S, Couture C, Mustelin T (1999) Dephosphorylation of

ZAP-70 and inhibition of T cell activation by activated SHP1. Eur J Immunol
29: 2539-2550.

. Kovacs B, Liossis S-NC, Gist ID, Tsokos GC (1999) Crosslinking of Fas/CD95

suppresses the CD3-mediated signaling events in Jurkat T cells by inhibiting the
association of the T-cell receptor ¢ chain with sre-protein tyrosine kinases and

ZAP70. Apoptosis 4: 327-334.

. Rathmell JC, Thompson CB (2002) Pathways of apoptosis in lymphocyte

development, homeostasis, and disease. Cell 109: 97-107.

. Riedl SJ, Shi Y (2004) Molecular mechanisms of caspase regulation during

apoptosis. Nat Rev Mol Cell Biol 5: 897-907.

@ PLoS ONE | www.plosone.org

10

23.

24.

26.

27.

HLA-DR Alpha 2

. Hipfner DR, Cohen SM (2004) Connecting proliferation and apoptosis in

development and disease. Nat Rev Mol Cell Biol 5: 805-815.

Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen PM, Dustin ML
(1999) The immunological synapse: A molecular machine controlling T cell
activation. Science 285: 221-227.

. Bulwin G-C, Heinemann T, Bugge V, Winter M, Lohan A, et al. (2006) TIRC7

inhibits T cell proliferation by modulation of CTLA-4 expression. ] Immunol 15:
6833-6841.

. Dinges M, Schlievert P (2001) Role of T cells and gamma interferon during

induction of hypersensitivity to lipopolysaccharide by toxic shock syndrome
toxin 1 in mice. Infect Immun 69: 1256-1264.

. Frederick P, Heinzel RM, Rerko FA, Hujer AM (1996) IFN-p-independent

production of IL-12 during murine endotoxemia. J Immunol 157: 4521-4528.

. Paul WE (1993) Fundamental Immunology, 3rd edition.

. Marsh SGE, Parham P, Barber LD (2000) The HLA Facts Book.

. Parham P (1999) Virtual reality in the MHC. Immunol Rev 167: 5-15.

. Herman A, Kappler JW, Marrack P, Pullen AM (1991) Superantigens:

mechanism of T-cell stimulation and role in immune responses. Annu Rev
Immunol 9: 745-772.

Irwin MJ, Hudson KR, Ames KT, Fraser JD, Gascoigne NR (1993) T-cell
receptor beta chain binding to enterotoxin superantigen. Immunol Rev 131:
61-78.

Li H, Liera A, Malchiodi EL, Mariuzza RA (1999) The structural basis of T cell
activation by superantigens. Annu Rev Immunol 17: 435-466.

. Jardetzky TS, Brown JH, Gorga JC, Stern L], Urban RG, et al. (1994) Three-

dimensional structure of a human class II histocompatibility molecule complexed
with superantigen. Nature 368: 711-718.

Karp DR, Teletski CL, Scholl P, Geha R, Long EO (1990) The 1 domain of the
HLA-DR molecule is essential for affinity binding of the toxic shock syndrome
toxin-1. Nature 346: 474-476.

Kim J, Urban RG, Strominger JL, Wiley DC (1994) Toxic shock syndrome
toxin-1 complexed with a class II major histocompatibility molecule HLA-DR1.
Science 266: 1870-1874.

February 2008 | Volume 3 | Issue 2 | e1576



