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Abstract

Human leukocyte antigen G (HLA-G) is involved in regulating T-cell responses through its interaction with inhibitory
receptors belonging to the immunoglobulin-like transcript family (ILT). In this context, we investigated the pathways
involved in the control of cell-cycle entry of T cells following HLA-G interaction with its inhibitory receptor. We show that
HLA-G acts through its interaction with the LILRB1 receptor expressed on T lymphocytes. Both HLA-G and LILRB1 antibodies
block the inhibitory effect of HLA-G and restore T-cell proliferation. The interaction of HLA-G with T lymphocytes is
associated with phosphorylation of SHP-2 phosphatase, but not SHP-1. In addition, in activated T cells, their incubation with
HLA-G is not associated with a decrease in the TCR or CD28 downstream pathways, but is associated with
dephosphorylation of the mTOR molecule and p70S6K. In contrast, Akt, which acts upstream of mTOR, is not affected
by HLA-G. The inhibition of SHP-2 by NSC-87877(5 mM), a chemical inhibitor of SHP-2, or the use of siRNA, abrogates
dephosphorylation of mTOR and impairs the overexpression of p27kip in the presence of HLA-G. Together, these results
indicate that HLA-G is associated with activation of phosphatase SHP-2, which inhibits the mTOR pathway and favors the
inhibition of the cell-cycle entry of human-activated T cells.
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Introduction

Human leukocyte antigen G (HLA-G) participates in graft

tolerance and inhibits proliferation of allogenic T cells. HLA-G is

a non-classical MHC class I molecule with a limited polymor-

phism and has restricted tissue distribution: it is only expressed in

physiological conditions in medullary thymic epithelial cells [1], in

the cornea [2], and in extra-embryonic tissues. During pregnancy,

HLA-G is expressed on the cytotrophoblast and is believed to

inhibit maternal NK cell cytotoxicity, thus allowing development

of the embryo [3]. During human-organ transplantation, HLA-G

expression correlates with improved allograft acceptance [4–7] in

cardiac, lung, combined liver–kidney, or kidney transplantations.

In vitro, HLA-G modulates the function of several immune

effectors: it acts on natural killer cells (NK) by inhibiting their

cytotoxicity [8–10] and their transendothelial-migration properties

[11]. HLA-G also inhibits antigen-specific CD8+ T cell cytolytic

function [12,13], interacts with CD4 T cells and dendritic cells

(DC), which are involved in the initiation of the CD4-cell

activation cascade during the alloimmune response and favor

the expansion of regulatory T cells [14]. HLA-G suppresses CD4+

T cell proliferation in response to allogeneic stimulation [15–17]

and promotes (Th2)-type responses. It also inhibits DC maturation

[18,19], thus increasing allogeneic skin-graft survival.

The inhibitory mechanism of HLA-G on activated T cells

remains controversial. HLA-G has been demonstrated to induced

apoptosis of T cells activated by phytohemagglutinin (PHA) [20]

and a fraction of PHA-activated CD8 cells through the Fas

pathway, leading to activation of caspases [13,21]. In contrast, we

have observed that T cells activated through engagement of their

T-cell receptor (TCR) are inhibited by HLA-G, but do not

undergo apoptosis. This process is associated with inhibition of

cell-cycle entry.

HLA-G receptors on immune cells belong to the killer

immunoglobulin-like receptor (KIR) [22] and immunoglobulin-

like transcript (ILT) families [23,24]. LILRB1 is mostly expressed

on NK cells, and is also expressed intracellularly by most CD4 and

CD8 T cells, and by a significant fraction at their surface [25],

whereas LILRB4 is expressed on dendritic cells. This suggests that

HLA-G can regulate their functions through its interaction with

these receptors. In vitro, we have shown that the inhibitory properties

of HLA-G depend on its interaction with LILRB1 at the cell surface

of lymphocytes whereas the regulatory effect of HLA-G on DC is

mediated by LILRB2 and LILRB1. CD85j (LILRB1) is a 110-kDa

surface glycoprotein detected on the surface of NK and T-cell

subsets, B cells, dendritic cells, and monocytes [1,2]. CD85j includes

four Ig-like C2 domains in its extracellular region, which interact

with the alpha domain of HLA-G and with UL18, a human

cytomegalovirus (HCMV) protein homologous to HLA class I

molecules [26,27]. Its intracellular domain contains four ITIM-like

sequences [4] that have been demonstrated in Jurkat cells to interact

with phosphatase SHP-1 and thereby inhibit the phosphorylation of

MAP kinases [28]. In addition, crosslinking of LILRB1 is associated

with dephosphorylation of several proteins activated downstream of
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the FccR-dependant pathway in monocytes, and leads to the

hypothesis that a phosphatase is activated to inhibit T-cell activation

[29]. In DC, HLA-G has been demonstrated to activate SHP-2

through its interaction with LILRB4 and thereby limit the

activation of DC.

In this report, we have analyzed the pathways affected during

the incubation of HLA-G with activated T cells. We show that

HLA-G, by interacting with CD85j, does not activate SHP-1 but

activates another phosphatase, SHP-2, and inhibits the mTOR

pathway.

Materials and Methods

Cell culture
Peripheral blood leukocytes were isolated from blood-bank

leukophoresis packs obtained from healthy volunteers (EFS, Saint

Louis Hospital, France). After Ficoll-Isopaque density (Eurobio)

gradient centrifugation, adherent cells were removed by incubat-

ing cells on plastic dishes. T cells were stimulated for 3 days with

0.25 mg/ml OKT3 and 100 U/ml IL-2 in RPMI 1640 medium

with 10% decomplemented fetal bovine serum (FBS).

Proliferation assays
Proliferation responses were evaluated by culturing 105 T

lymphocytes in the presence of 56104 M8 cells pretreated with

mitomycin in 0.150 ml of complete medium, or by directly

activating T lymphocytes with OKT3 and IL-2, in 96-well flat-

bottom plates.

Cultures were pulsed with 1 mCi [3H]thymidine (Amersham,

San Francisco, CA) on day 3 or 5, and harvested 18 h later. The

dry filters were counted in a beta counter with scintillation fluid.

Results are given as mean values of triplicate cultures.

Cell lines
The HLA class I-positive M8 melanoma cell line was kindly

provided by F. Jotereau (INSERM U211, Nantes, France) and was

transfected with full-length HLA-G5 cDNA (without the trans-

membrane sequence) (M8-HLA-G5) subcloned in vector pcDNA

(Invitrogen, San Diego, CA). Stable cell lines were selected with

geneticin 418 (0.5 mg/ml) (Invitrogen, San Diego, CA) in

complete medium as previously described [8,30]. The M8-HLA-

G5 transfectant and control cells (M8 melanoma transfected with

the vector alone) (M8-pcDNA) were used, respectively, as positive

and negative controls [31]. HELA cells were purchased from

ATCC.

Reagents and antibodies
Antibodies against ILT-2 (sc-20065), SHP-2 (sc-280), p27kip (sc-

527), p-p70S6 kinase (Thr421/Ser424)-R and HLA-G (4H84

mAb) (Figure S1) were purchased from Santa Cruz Biotechnology.

Phospho-mTOR (Ser2448), phospho-SHP-2(Tyr542), phosphor-

p44/42MAPK (ERK1/2) (Thr2002/Tyr204) (197G2), and phos-

pho-Akt (Ser473) were obtained from Cell Signaling. Anti-actin

(A2668) was obtained from Sigma Aldrich, and anti-human

CD247 (CD3jchain) was purchased from BD Pharmingen.

The monoclonal antibody to HLA-G (87G) was purchased from

EXBIO (Czech Republic).

SHP-1 was obtained from Exalpha Biologicals, and phospho-

SHP-1 (phosphor Y536) from Abcam.

For western-blot analysis, immunoreactive proteins were

visualized with HRP-coupled goat anti-mouse IgG (Amersham

Biosciences, Buckinghamshire, UK) or HRP-conjugated sheep

anti-rabbit IgG (Biotest, BUC, France) using an ECL detection

system (ECL kit, Amersham Biosciences, Buckinghamshire, UK).

Anti-CD3 mAb (OKT3) was obtained from Orthoclone. For

immunofluorescence, phycoerythrine-coupled donkey anti-mouse

IgG and fluorescein-coupled goat anti-rabbit IgG were purchased

from Jackson ImmunoResearch.

HLA-G5 production by M8 melanoma cell lines and
immune-purification of HLA-G with magnetic beads

Recombinant HLA-G5 protein was produced in a HLA class I-

positive M8 melanoma cell line transfected with HLA-G5 cDNA.

Supernatant from M8-HLA-G5 cells was used as a source of HLA-

G5 and was filtered (0.22 mm) before HLA-G5 could be

immunopurified with magnetic beads. The beads were coated

covalently on their surfaces with anti-mouse IgG (Bio-Adembeads

goat anti-mouse antibodies, Ademtech, France), and then

incubated with anti-HLA-G antibody (4H84) [32]. After washing

in RPMI, the 4H84 coated beads were incubated overnight at 4uC
with M8-HLA-G5 supernatant. The beads were then washed and

suspended in culture medium. Control beads were incubated with

supernatant of M8 melanoma transfected with the pcDNA empty

vector.

Biochemistry and western blot analysis
Cells were activated for 3 days with OKT3 and IL-2, and

incubated in the absence or presence of 30 ml of HLA-G5-beads.

Then, cells were washed three times with ice-cold PBS and lysed

with buffer containing 1% Triton X-100, 50 mM Tris (pH = 7.4),

150 Mm NaCl, 2 mM EDTA, 1% Nonidet-P40, Benzonase

0.5 U/ml, 1 mM Orthovanadate, and 1% protease inhibitors

256(Complete; Boehringer Mannheim). the cells were then boiled

in Laemmli buffer 26with 10% b2-mercaptoethanol.

Total protein was extracted and quantified using the BCA

protein assay kit (Pierce). Proteins were then resolved on 7.5%

SDS–PAGE and transferred onto polyvinylidene difluoride

(PVDF) membranes.

After blocking non-specific binding with 5% bovine serum

albumin (BSA) in PBS-0.1%Tween for 1 h at room temperature,

the membranes were immunoblotted using primary antibodies.

Immunoreactive proteins were visualized with horseradish perox-

idase-coupled HRP-conjugated goat anti-mouse IgG or HRP-

conjugated sheep anti-rabbit IgG, and enhanced using a

chemiluminescence detection system.

Immuno-precipitation and immunoblotting
Cells were stimulated with OKT3 and IL-2 for 3 days, and

incubated in the absence or presence of 30 ml of HLA-G5-beads

for 15 min, 30 min, and 1 h at 37uC. Afterwards, the cells were

washed and lysed at 4uC with a buffer solution containing 1%

TritonX100, 5 mM EDTA, 100 mM NaCl, 50 mM Tris–HCl

(pH = 7.4), 1 mM orthovanadate, 1 mM PMSF (phenylmethylsul-

phonyl fluoride), and 1% protease inhibitors 256 (Complete;

Boehringer Mannheim) for 10 min. The lysates were then

centrifuged (2000 rpm) and the supernatant was incubated

overnight at 4uC with specific antibodies, and then with magnetic

beads coated with goat anti-mouse IgG for 2 h at 4uC. After

washing with lysed buffer, the protein–antibody-bead complexes

were boiled in a Laemmli buffer 26, resolved on 8% SDS–PAGE,

and were analyzed using western-blot methodology.

Inhibition of SHP-2
In order to interfere with the function of SHP-2, stimulated T

cells were pre-treated with a specific chemical inhibitor, NSC-

87877 (5 mM), for 3 h [33]. To inactivate the SHP-2 gene, cells

were transfected with anti-SHP-2-siRNA (75 ng) or control siRNA

HLA-G Inhibits mTOR via SHP-2
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(75 ng) (Dharmacon) with HIPerfect Transfection reagent (Qia-

gen). Cells were transfected with 75 ng of siRNA and HIPerfect

for 48 h. T cells were stimulated with OKT3 and IL2 for 24 h in

the absence or presence of 30 ml of HLA-G5-beads for 1 h. Total

protein extracts then underwent western-blot analysis.

Immunofluorescence
Cells were activated for 3 days, and incubated with HLA-G5-

beads for 15 min, 30 min, 1 h, and 2 h. Afterwards, cells were

washed twice with ice-cold PBS and fixed with 3% paraformal-

dehyde (PFA) in PBS for 30 min at 4uC. Cells were then incubated

with NH4Cl 100 mM in PBS for 10 min. Cells were permeabi-

lyzed with PBS containing 0.05% Triton X100 for 5 min and

stained with primary antibodies for 1 h, followed by secondary

antibodies conjugated with a specific fluorochrome for 1 h at room

temperature.

For primary antibodies, anti-SHP-2 was diluted at 1:100 and

anti-ILT-2 was diluted at 1:25. Nuclei were stained with DAPI

(1:5000). The secondary antibodies used were goat anti-rabbit IgG

coupled with FITC (1:100; Jackson Immuno Research), and

donkey anti-mouse IgG coupled with PE (1:25; Jackson Immuno

Research).

Results

LILRB1 is required for the inhibitory effect of HLA-G on T
lymphocytes

In the presence of soluble HLA-G, proliferation of activated T

cells is inhibited. This inhibition is dramatically reduced in the

presence of the HLA-G blocking antibody (87G) and/or the

presence of the anti-LILRB1 antibody, indicating a requirement

for LILRB1 in the inhibitory function of HLA-G (Figure 1A, B).

To determine which phosphatase is associated with LILRB1,

LILRB1 was immune-precipitated and submitted to gel electro-

phoresis. Co-precipitated SHP-1 or SHP-2 phosphatases were

detected by western-blot analyses. In human-activated T lympho-

cytes, SHP-2, and to a less extend SHP-1, was associated with

LILRB1 (Figure 2). This was confirmed by immuno-precipitating

Figure 1. Inhibition of proliferation of T cells stimulated with OKT3/IL2 in the presence or absence of HLA-G, and with or without
HLA-G- or LILRB1-blocking antibodies. A: Scheme of the interaction between 4H84 coated beads with HLA-G5. B: Cell surface expression of
LILRB1 on lymphocytes analyzed by FASC using the CD85J mAb. The isotype control mAb was tested on resting T cells (Iso). LILRB1 is expressed both
on resting and activated T cells. C: Thymidine incorporation into T cells stimulated with OKT3/IL2 and incubated or not with HLA-G- or LILRB1-
blocking antibodies or the HLA-G-blocking antibody (87G) D: The inhibition of T-cell proliferation associated with HLA-G5 was dramatically reduced
when the HLA-G-inhibitory mAb(87G)- or LILRB1-blocking antibody were added to T cells in the presence of HLA-G.
doi:10.1371/journal.pone.0022776.g001
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SHP1 or SHP-2, and subsequently detecting LILRB1 by western

blotting. SHP-2 and to a less extend SHP-1 were associated with

LILRB1 (Figure 2).

After incubation with HLA-G, the amount of SHP-2 that co-

precipitated with LILRB1 was slightly decreased. SHP-1 remained

not associated with LILRB1. We also searched for the phosphor-

ylated status of SHP-1 and SHP-2. We found that the incubation of

activated T cells with HLA-G was not correlated with the rapid

phosphorylation of SHP-1 (Figure 3A), but was with SHP-2

(Figure 4A). The phosphorylation of SHP-2 was observed at 1

and 2 h after incubating the cells with HLA-G and then decreased

after 4 h. In addition, the amount of SHP-2 was increased as shown

Figure 4A, but was delayed compared to its phosphorylation. In

contrast, the amount of SHP-1 was not modified. By immunoflu-

orescence, the distribution of SHP-2 was rapidly modified following

the interaction of HLA-G with its receptor. SHP-2, which was

distributed in the cytoplasm and also in the nucleus at a steady state,

will thus be relocated intracellularly and partially co-distributed with

LILRB1 when they have been incubated with HLA-G (Figure 5).

HLA-G is associated with inhibition of the m-TOR
pathway, but not the TCR-dependent pathway

To investigate which pathways of activated T cells were affected

by phosphatase SHP-2, we first tested whether the TCR-

dependent pathway could be modified by incubating T cells with

HLA-G. In activated T cells, the phosphorylated zeta chains of the

CD3 complex remained phosphorylated (Figure S2). Both ERK

and JNK, which are phosphorylated following TCR activation,

Figure 2. Immuno-precipitation of ILT-2, SHP-1, or SHP-2 in T cells in the presence or absence of HLA-G. T cells were stimulated with
OKT3/IL2, and were incubated with HLA-G5-coated beads for 0, 15 or 30 min. After cell lysis, LILRB1, SHP-1, or SHP-2 were immuno-purified and the
co-precipitated molecules were submitted to gel electrophoresis and then transferred to a PVDF membrane. SHP-1, SHP-2, and LILRB1 were detected
by western-blot analysis. A: Immunoprecipitation of LILRB1. LILRB1, SHP-1 and SHP-2 were detected by western blot. The ratio of SHP-1 or SHP-2/
LILRB1 have been determined by densitometry. B: Immunoprecipitation of SHP-1. LILRB1 and SHP-1 were detected by western blot. The ratio of
LILRB1/SHP-1 has been determined by densitometry. C Immunoprecipitation of SHP-2. LILRB1 and SHP-2 were detected by western blot. The ratio of
LILRB1/SHP-2 has been determined by densitometry.
doi:10.1371/journal.pone.0022776.g002

HLA-G Inhibits mTOR via SHP-2
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Figure 3. Determination by Western Blot of the expression of SHP-1, p-SHP-1 (A), and p-CD3j, p-ERK, p-JNK, and p-P38 (B)
following incubation of activated T cells with OKT3/IL2 in the presence of HLA-G5-coated beads.
doi:10.1371/journal.pone.0022776.g003

Figure 4. A: Time-course modification of pSHP-2, p-Akt, p-mTOR, and p70S6K on activated T cells incubated with HLA-G5-coated
beads. T lymphocytes were activated before incubation with OKT3/IL-2 for 72 h. In the presence of HLA-G, p-mTOR and p70S6K were transiently
dephosphorylated, but Akt was not. This result correlates with SHP-2 phosphorylation. B: Intracellular distribution of ILT-2 and SHP-2 in the presence
of HLA-G as assessed by immunofluorescence. In stimulated T cells incubated with HLA-G5-coated beads, SHP-2 was redistributed intracellularly and
translocated from the nucleus to the cytoplasm, whereas it was only partially redistributed after 1 h with LILRB1.
doi:10.1371/journal.pone.0022776.g004

HLA-G Inhibits mTOR via SHP-2
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were not modified and remained phosphorylated. Only p38

phosphorylation was increased after 1 h of HLA-G incubation

(Figure 3B).

Because the proliferation of T cells depends on IL2, which in

turn activates the PI3K/Akt/mTOR pathway (the third signal for

the activation of T cells), we determined the status of these proteins

(Figure 4A). In activated T cells, both Akt and mTOR were

phosphorylated. In the presence of HLA-G, phospho-Akt was

increased but phospho-mTOR was dramatically reduced, whereas

the quantity of mTOR was not modified: this suggests that HLA-

G impairs the phosphorylated status of mTOR. Moreover, p70-

S6K, which acts downstream of mTOR, was also dephosphory-

lated in a time-dependent manner, indicating that mTOR was not

functional any longer.

SHP-2 control of the phosphorylated status of mTOR
To demonstrate the interaction between the activation of SHP-2

and inhibition of the mTOR pathway, the function of SHP-2 was

inhibited, firstly, by using a specific inhibitor of SHP-2 (NSC-

87877) and, secondly, by using siRNA against SHP-2. Transfec-

tion of T cells with siRNA against SHP-2 was associated with a

dramatic decrease of SHP-2 in cells determined by western-blot

analysis as compared to cells transfected with controlled siRNA

(Figure 4B). As expected, in untreated cells, the incubation of

activated T cells with HLA-G was associated with a significant

reduction of phospho-mTOR. In contrast, in activated T cells

incubated with NSC-87877 or transfected with the siRNA against

SHP-2, incubation with HLA-G was not associated with decreased

phospho-mTOR (Figure 4C). This indicates that HLA-G induces

mTOR dephosphorylation through SHP-2 activation. In contrast,

in cells transfected with control si-RNA, the incubation of HLA-G

led to dephosphorylation of m-TOR (data not shown).

To determine whether the regulation of the mTOR pathway by

SHP-2 is important for the control of cell-cycle entry induced by

HLA-G, activated T lymphocytes were transfected with siRNA

against SHP-2 prior to incubation with HLA-G (figure 4D).

Figure 5. A: Transcriptional inhibition of SHP-2 with siRNA against SHP-2. Activated T cells were transfected with siRNA against SHP or a
siRNA control, and submitted 48 h later to gel electrophoresis. SHP-2 was determined by western blotting. siRNA transfected against SHP-2 resulted
in a dramatic reduction of SHP-2. B: Transcriptional and functional inhibition of SHP-2 with siRNA against SHP-2 or with the specific inhibitor of SHP-2
(NSC-87877) in T cells in the presence of HLA-G5-coated beads. In activated T lymphocytes transfected with siRNA–SHP-2 or incubated with NSC-
87877, incubation with HLAG5-coated beads was not associated with mTOR dephosphorylation. C: The ratio of p-mTOR/actin has been determined
by densitometry D: Effect of HLA-G5 on p27kip after inhibition of SHP-2. Stimulated T cells were transfected with siRNA–SHP-2 or control siRNA (siRNA
ctrl) and incubated with HLA-G5-coated beads for 24 h. In T lymphocytes transfected with siRNA against SHP-2 (siRNA-SHP-2), p27kip did not appear
following incubation with HLA-G5, whereas it was observed in T cells transfected with siRNA–control.
doi:10.1371/journal.pone.0022776.g005

HLA-G Inhibits mTOR via SHP-2
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Following incubation of the cells with HLA-G, the reappearance

of p27kip was determined by western-blot analysis. In cells

transfected with siRNA against SHP-2, p27kip did reappear after

incubation of cells with HLA-G whereas, in cells transfected with

control siRNA, it was not expressed.

Discussion

Our results indicate, for the first time, that the regulatory

functions of HLA-G on T-cell proliferation is associated with the

activation of SHP-2, which induces mTOR inhibition.

The function of HLA-G requires interaction of its a3 domain

with LILRB1, and this can be inhibited by using blocking

antibodies against either HLA-G or LILRB1. LILRB1 contains, in

its intracellular domain, four ITIM motifs that participate in the

transmission of the negative signal. Following its phosphorylation,

LILRB1 has been demonstrated to interact with phosphatase

SHP-1 through its SH2 domain. In activated lymphocytes, we

found no specific interaction between LILRB1 and SHP-1 in T

cells incubated or not with HLA-G. However, we observed that

LILRB1 was associated with ubiquitous phosphatase SHP-2 in

activated T cells, but not in resting lymphocytes (data not shown).

Our results suggest that the activation of T cells is associated with

the direct or indirect modification of SHP-2 and/or LILRB1, thus

participating in SHP-2 activation. This is in accordance with the

results published by Liang et al., which show that in dendritic cells

overexpressing LILRB2, another member of the ILT family,

HLA-G correlated with the association of SHP1 and, to a lesser

extent, SHP-2 with LILRB2 [34]. However, only SHP-2

downregulation by shRNA was associated with the inhibition of

the regulatory function of HLA-G, indicating that SHP-2 is

required for signal transmission in dendritic cells downstream of

LILRB4.

After HLA-G interaction, SHP-2 becomes rapidly phosphory-

lated. In addition, the total amount of SHP-2 was increased with

some delay compared to its phosphorylation. The phosphorylation

of SHP-2 correlates with a redistribution of SHP-2 into the

cytoplasm of the cell. In contrast to the transmembrane phos-

phatase CD45, activation of SHP1 or SHP-2, the two phospha-

tases without no transmembrane domains, can impair the first

signal of activation [35,36]. In human T cells activated with either

OKT3/CD28mAb or OKT3/IL2, several lines of evidence

suggest that HLA-G does not interfere with the first activation

signal of T cells. Activated-T cells, in the presence of HLA-G, first

exhibit a phenotype of the activated cells with regard to their size

and granularity (39), and then, secondly, the expression of surface

markers (CD45R0+, CD62L2, CD45RA2). In addition, we

observed that, in the presence of HLA-G, the CD3f chain, MAP

kinase, JNK, and p38, which all act downstream of TCR and CD28,

are not modified following incubation with HLA-G and remain

phosphorylated. In contrast, we have observed that the third signal of

activation, which involves the Akt/mTOR pathway downstream of

the IL2 receptor, was modulated. After HLA-G binding, the

mTOR/raptor molecule and p70S6K, which act downstream of

mTOR, appear to become rapidly dephosphorylated, whereas Akt,

which acts upstream of mTOR, is not downregulated. These results

are in agreement with previous results, indicating that, in SHP-2,

KO only affects the activation status of mTOR but not Akt in

fibroblasts stimulated with IGF1 (40). IGF1 interacts with its

receptor to turn on the Akt/mTOR pathway by activating Jak1/3

molecules, as IL2 does in T cells. By using SHP-2 KO mice, Zito et

al. have demonstrated that, in the absence of SHP-2, a higher

phosphorylation status of mTOR was observed. However, the

mechanism that regulates SHP-2 activation in fibroblasts remains

unknown.

By using a specific inhibitor of SHP-2, NSC-87877, or by

inhibiting SHP-2 with siRNA, we have shown that mTOR is

phosphorylated regardless of the presence of HLA-G: this

indicates that, as for fibroblasts, SHP-2 regulates the mTOR

pathway. We also found that SHP-2 acts upstream and does not

reduce the phosphorylated status of Akt. In addition, by using

siRNA, we have demonstrated that SHP-2 participates in the

inhibition of cell-cycle entry and is associated with the accumu-

lation of protein p27kip. In addition, based on these results,

Morandi et al. have observed in T cells, that the chemical inhibitor

of SHP-2 restored the altered expression of cell-surface expression

of chemokine receptor CXCR5 when it was induced by HLA-G

[37]. Altogether, these data indicate that SHP-2 has the ability to

control the cytokine/growth-factor pathway by acting downstream

of Akt and inhibiting the active form of mTOR. Whether

hyperphosphorylation of Akt plays a role in this sequence needs to

be determined.

Supporting Information

Figure S1 Determination of the expression of cDNA
encoding HLA-G transfected cells with the 4H84 mAb. A:

HELA cells transitly transfected with the cDNA encoding HLA-

G5 were fixed with paraformaldehyde 3% and then permeabe-

lized with saponin 0.01%. They were subsequently incubated with

FITC conjugated 4H84 mAb (Green) and DAPI. B: Melanoma

cell line (M8) stably transfected with the cDNA encoding HLA-G1

were incubated with the biotinylated MEM-G9 mAb and then

FITC-streptavidin (left panel) (dark gray) or with the FITC

conjugated 4H84 mAb (right panel) (dark gray) and analysed by

FASC. Isotype control appears in light gray.

(TIF)

Figure S2 A: Determination by Western Blot of the
expression of p-CD3c and actin following incubation of
activated T cells with OKT3/IL2 in the presence of HLA-
G5-coated beads. B: The ration of p-CD3c/Actin has been

determined by densitometry.

(TIF)
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4. Créput C, Durrbach A, Menier C, Guettier C, Samuel D, et al. (2003) HLA-G

expression in biliary epithelial cells is associated with allograft acceptance in

liver-kidney transplantation. J Hepatol 39(4): 587–594.

5. Lila N, Amrein C, Guillemain R, Chevalier P, Latremouille C, et al. (2002)

Human leukocyte antigen-G expression after heart transplantation is associated

with a reduced incidence of rejection. Circulation 105(16): 1949–54.

HLA-G Inhibits mTOR via SHP-2

PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e22776



6. Lila N, Carpentier A, Amrein C, Khalil-Daher I, Dausset J, et al. (2000)

Implication of HLA-G molecule in heart-graft acceptance. Lancet 355(9221):

2138.

7. Brugiere O, Thabut G, Pretolani M, Krawice-Radanne I, Dill C, et al. (2009)

Immunohistochemical study of HLA-G expression in lung transplant recipients.

Am J Transplant 9(6): 1427–38.

8. Riteau B, Menier C, Khalil-Daher I, Martinozzi S, Pla M, et al. (2001) HLA-G1

co-expression boosts the HLA class I-mediated NK lysis inhibition. Int Immunol

13(2): 193–201.

9. Sumimoto R, Kamada N (1990) Specific suppression of allograft rejection by

soluble class I antigen and complexes with monoclonal antibody. Transplanta-

tion 50(4): 678–82.

10. Chiang YJ, Lu L, Fung JJ, Qian S (2001) Liver-derived dendritic cells induce

donor-specific hyporesponsiveness: use of sponge implant as a cell transplant

model. Cell Transplant 10(3): 343–50.

11. Dorling A, Monk NJ, Lechler RI (2000) HLA-G inhibits the transendothelial

migration of human NK cells. Eur J Immunol 30(2): 586–93.

12. Le Gal FA, Riteau B, Sedlik C, Khalil-Daher I, Menier C, et al. (1999) HLA-G-

mediated inhibition of antigen-specific cytotoxic T lymphocytes. Int Immunol

11(8): 1351–6.

13. Puppo F, Contini P, Ghio M, Indiveri F (2002) Soluble HLA Class I Molecules/

CD8 Ligation Trigger Apoptosis of CD8+ Cells by Fas/Fas-Ligand Interaction.

Scientific World Journal 2(2): 421–3.

14. Naji A, Le Rond S, Durrbach A, Krawice-Radanne I, Creput C, et al. (2007)

CD3+CD4low and CD3+CD8low are induced by HLA-G: novel human

peripheral blood suppressor T cell subsets involved in transplant acceptance.

Blood.

15. Riteau B, Menier C, Khalil-Daher I, Sedlik C, Dausset J, et al. (1999) HLA-G

inhibits the allogeneic proliferative response. J Reprod Immunol 43(2): 203–211.

16. Lila N, Rouas-Freiss N, Dausset J, Carpentier A, Carosella ED (2001) Soluble

HLA-G protein secreted by allo-specific CD4+ T cells suppresses the allo-

proliferative response: a CD4+ T cell regulatory mechanism. Proc Natl Acad

Sci U S A 98(21): 12150–5.

17. Bainbridge DR, Ellis SA, Sargent IL (2000) HLA-G suppresses proliferation of

CD4(+) T-lymphocytes. J Reprod Immunol 48(1): 17–26.

18. Liang S, Horuzsko A (2003) Mobilizing dendritic cells for tolerance by

engagement of immune inhibitory receptors for HLA-G. Hum Immunol 64(11):

1025–32.

19. Le Friec G, Laupeze B, Fardel O, Sebti Y, Pangault C, et al. (2003) Soluble

HLA-G inhibits human dendritic cell-triggered allogeneic T-cell proliferation

without altering dendritic differentiation and maturation processes. Hum

Immunol 64(8): 752–61.

20. Fournel S, Aguerre-Girr M, Huc X, Lenfant F, Alam A, et al. (2000) Cutting

edge: soluble HLA-G1 triggers CD95/CD95 ligand-mediated apoptosis in

activated CD8+ cells by interacting with CD8. J Immunol 164(12): 6100–4.

21. Contini P, Ghio M, Poggi A, Filaci G, Indiver F, et al. (2003) Soluble HLA-A,

-B,-C and -G molecules induce apoptosis in T and NK CD8+ cells and inhibit

cytotoxic T cell activity through CD8 ligation. Eur J Immunol 33(1): 125–34.

22. Rajagopalan S, Long EO (1999) A human histocompatibility leukocyte antigen

(HLA)-G-specific receptor expressed on all natural killer cells. J Exp Med 189(7):
1093–100.

23. Colonna M (1997) Specificity and function of immunoglobulin superfamily NK

cell inhibitory and stimulatory receptors. Immunol Rev 155: 127–33.
24. Cosman D, Fanger N, Borges L, Kubin M, Chin W, et al. (1997) A novel

immunoglobulin superfamily receptor for cellular and viral MHC class I
molecules. Immunity 7(2): 273–82.

25. Saverino D, Fabbi M, Ghiotto F, Merio A, Bruno S, et al. (2000) The CD85/

LIR-1/ILT2 inhibitory receptor is expressed by all human T lymphocytes and
down-regulates their functions. J Immunol 165(7): 3742–55.

26. Chapman TL, Heikeman AP, Bjorkman PJ (1999) The inhibitory receptor LIR-
1 uses a common binding interaction to recognize class I MHC molecules and

the viral homolog UL18. Immunity 11(5): 603–13.
27. Fan QR, Long EO, Wiley DC (2001) Crystal structure of the human natural

killer cell inhibitory receptor KIR2DL1-HLA-Cw4 complex. Nat Immunol 2(5):

452–60.
28. Bellon T, Kitzig F, Sayos J, Lopez-Botet M (2002) Mutational analysis of

immunoreceptor tyrosine-based inhibition motifs of the Ig-like transcript 2
(CD85j) leukocyte receptor. J Immunol 168(7): 3351–9.

29. Fanger NA, Cosman D, Peterson L, Braddy SC, Maliszewski CR, et al. (1998)

The MHC class I binding proteins LIR-1 and LIR-2 inhibit Fc receptor-
mediated signaling in monocytes. Eur J Immunol 28(11): 3423–34.

30. Le Rond S, Le Maoult J, Creput C, Menier C, Deschamps M, et al. (2004)
Alloreactive CD4+ and CD8+ T cells express the immunotolerant HLA-G

molecule in mixed lymphocyte reactions: In vivo implications in transplanted
patients. Eur J Immunol 34(3): 649–660.

31. Paul P, Cabestre FA, Ibrahim EC, Lefebvre S, Khalil-Daher I, et al. (2000)

Identification of HLA-G7 as a new splice variant of the HLA-G mRNA and
expression of soluble HLA-G5, -G6, and -G7 transcripts in human transfected

cells. Hum Immunol 61(11): 1138–49.
32. Le Rond S, Azema C, Krawice-Radanne I, Durrbach A, Guettier C, et al.

(2006) Evidence to support the role of HLA-G5 in allograft acceptance through

induction of immunosuppressive/regulatory T cells. J Immunol 176(5): 3266–76.
33. Chen L, Sung SS, Yip ML, Lawrence HR, Ren Y, et al. (2006) Discovery of a

novel shp2 protein tyrosine phosphatase inhibitor. Mol Pharmacol 70(2):
562–70.

34. Liang S, Ristich V, Arase H, Dausset J, Carosell ED, et al. (2008) Modulation of
dendritic cell differentiation by HLA-G and ILT4 requires the IL-6–STAT3

signaling pathway. Proc Natl Acad Sci U S A 105(24): 8357–62.

35. Christophi GP, Hudson CA, Gruber RC, Christophi CP, Mihai C, et al. (2008)
SHP-1 deficiency and increased inflammatory gene expression in PBMCs of

multiple sclerosis patients. Lab Invest 88(3): 243–55.
36. Lorenz U (2009) SHP-1 and SHP-2 in T cells: two phosphatases functioning at

many levels. Immunol Rev 228(1): 342–59.

37. Morandi F, Ferretti E, Bocca P, Prigione I, Raffaghello L, et al. (2010) A novel
mechanism of soluble HLA-G mediated immune modulation: downregulation of

T cell chemokine receptor expression and impairment of chemotaxis. PLoS One
5(7): e11763.

HLA-G Inhibits mTOR via SHP-2

PLoS ONE | www.plosone.org 8 August 2011 | Volume 6 | Issue 8 | e22776


