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Abstract

MICA are major histocompatibility complex class I-related
molecules, expressed by endothelial cells (ECs), that may be
targets for alloantibodies and NKG2D-expressing natural
killer (NK) and T effector cells in organ allografts. This study
shows that basal levels of MICA expressed on vascular ECs is
sufficient to functionally modulate the expression and activ-
ity of the immunoreceptor NKG2D in allogeneic NK cells. We
found that MICA expression is differentially regulated at the
EC surface in response to cytokines. TNFa upregulates MICA
while IFNy significantly decreases MICA at the EC surface.
Both cytokines induce the release of soluble MICA by ECs.
Modulation of NKG2D correlates with the MICA level on the
EC surface. Glycosylation and metalloproteinase activities
account for major post-transcriptional mechanisms control-
ling MICA level and the function in ECs. Our results indicate
that, in addition to the NFkB pathway, the mitogen-activat-
ed protein kinase pathways JNK, ERK1/2 and p38 are key sig-
naling pathways in the control of MICA by the cytokines. Fi-
nally, we show that EC proliferation mediated by FGF-2 or
wound healing increases the MICA level. Together, our data

suggest that inflammation and proliferation regulate endo-
thelial MICA expression and shedding, enabling ECs to mod-
ulate NKG2D activity on effector NKand T cells, and provide
further evidence of a role for ECs in immunoregulation.

© 2013 S. Karger AG, Basel

Introduction

The endothelium is a functional barrier between the
vessel wall and blood stream, and endothelial cells (ECs)
are involved in regulating several key physiological func-
tions, including coagulation, fibrinolysis, vascular tone
and growth [1]. Dysfunction of the endothelium disturbs
the physiological protective regulatory balance, which is
a critical factor in the progression of inflammatory [2]
and cardiovascular diseases [3], and in transplant rejec-
tion [4]. Upon inflammation, ECs regulate the trafficking
and modulate the functions of leucocytes by expressing,
in a regulated way, chemokines, adhesion molecules and
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cytokines [2]. Activated ECs also modulate the immune
response through innate and cognate interactions with T
and natural killer (NK) cells [5, 6]. Current evidence sup-
ports the idea that ECs not only play a critical role in the
recruitment of immune cells, but can also influence the
outcome of the immune response [7]. Human vascular
graft ECs basally display donor class I and II major histo-
compatibility complex (MHC)-peptide complexes on
their surface and are thought to stimulate allogeneic hu-
moral and cellular responses in vivo [6-8].

The classical human leukocyte antigen (HLA) class I
loci within the MHC (HLA-A, B, C) are characterized by
their ubiquitous expression and their wide polymor-
phism [9]. By contrast, the human MHC class I chain-
related genes (MICA and MICB), located within the HLA
class I region of chromosome 6, show a more restricted
cell and tissue distribution. MICA proteins are physiolog-
ically expressed on the cell surface of intestinal epithelial
cells, and at low levels by ECs and fibroblasts, but are not
present on unstimulated T and B lymphocytes [10-12].
MICA is frequently found expressed on tumor cell lines
and primary tumor cells. Moreover, early evidence for
heat and virus-induced regulation of MIC protein cell-
surface expression has led to the concept that MIC pro-
teins are markers of stress in the epithelia [13]. Today,
however, this view is changing, as more and more exper-
imental evidence indicates that MIC can be expressed on
a broader set of normal cells and tissues than initially ex-
pected [14].

MICA, unlike their classical HLA class I counterparts,
do notbind B2-microglobulin and are independent of any
transporter-associated protein which exclude a role for
MICA in peptide binding and antigen presentation [15].
MICA is a ligand for the activating immunoreceptor
NKG2D, a highly conserved C-type lectin-like membrane
glycoprotein expressed on essentially all NK cells, as well
as on yd and ap CD8+ T cells, in humans and mice [for
reviews see 16, 17].

Unlike other nonclassical HLA class I genes (HLAE, F
and G), the MIC genes are highly polymorphic [18]. Con-
sistent with the high polymorphism of MIC molecules,
specific antibodies (Abs) against MICA have been report-
ed in the serum of patients who had rejected kidney al-
lografts, suggesting a potential role for these molecules in
transplant immunopathology [19-22]. Renal and pancre-
atic grafts with evidence of both acute and chronic rejec-
tion have been shown to express MIC proteins, and anti-
MIC Abs have been identified in the serum of these pa-
tients. Expression of MICA and MICB in transplanted
organs has been demonstrated [23]. It is likely that poly-
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morphic MICA molecules may be targets for specific Abs
and T cells in solid organ grafts [20, 23, 24].

We previously reported that alloreactive Abs binding
to MHC class I and class II molecules expressed on vas-
cular ECs mediates specific signaling events controlling
EC survival and proliferation [25, 26]. Moreover, we
showed that activated ECs overexpress the nonclassical
MHC class I molecule HLA-E and produce a soluble form
of HLA-E [27, 28]. In this study, we show that basal levels
of MICA expressed on human vascular ECs are sufficient
to modulate NKG2D expression and activity in alloge-
neic NK effector cells. We show that MICA expression
was differentially regulated at the EC surface in response
to cytokines (TNFa, IFNy). We found that cytokines in-
duced the release of soluble MICA in culture supernatant
from activated vascular ECs and identified several mo-
lecular mechanisms, at post-transcriptional and signaling
level, that control MICA regulation and function in ECs.
Together, our data suggest that EC activation and prolif-
eration may modulate NKG2D activity by regulating
MICA surface expression and release, and thus provide
turther evidence for a role for ECs in immunomodula-
tion.

Materials and Methods

Reagents and Antibodies

The following monoclonal (m)Abs were used in this study. An-
ti-pan HLA class I (anti-HLA-A, B, C; clone W6/32; American
Type Cell Culture), anti-MICA and MICA/B (AMO1, BAMOI,
BAMO3), which were kindly provided by Dr. A. Steinle (Eber-
hard-Karls-University, Tiibingen, Germany). Anti-MICA/B
(clone 6D4) was from Santa Cruz Biotechnology. Anti-MICA
(AF1300 and MAB1300) Abs, anti-ULBP1, ULBP2, ULBP3 and
anti-NKG2D mAbs, as well as NKG2D-Fc protein were purchased
from R&D Systems (Lille, France). Anti-CD107a and anti-IFNy
Abs were from Miltenyi Biotech (Paris, France). FITC and PE-
conjugated anti-mouse F(ab')2 and anti-goat IgG were from Jack-
son Immunoresearch Laboratories (West Grove, Pa., USA). For
activation, ECs were incubated with the following recombinant
human cytokines: TNFa (100 U/ml; Miltenyi Biotech), IFNy (100
U/ml; Imukin, Boehringer Ingelheim, Ingelheim am Rhein, Ger-
many) and IL-1B (5 ng/ml; R&D Systems). For proliferation, ECs
were incubated with recombinant FGF-2 (2.5 ng/ml; R&D Sys-
tems) for 24 h after deprivation overnight in culture medium con-
taining 2% fetal calf serum (FCS) without growth factors. Tunica-
mycin, monensin, brefeldin A, ionomycin, phorbol 12-myristate
13-acetate (PMA), galardin (GM6001), pyrrolidine dithiocarba-
mate (PDTC), LY294002 (10 uM), wortmannin (100 nM), U0126
(10 uM), SB203580 (10 M), PD98059 (50 ) and SP600125 (10
uM) inhibitors were purchased from Calbiochem (St. Quentin Fal-
lavier, France).
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Cell Culture

Human arterial ECs (HAEC) were isolated and characterized
as we previously described [29]. ECs were cultured in EC basal
medium supplemented with 10% FCS, 0.004 ml/ml ECGS/Hepa-
rin, 0.1 ng/ml hEGF, 1 ng/ml hbFGF, 1 pg/ml hydrocortisone, 50
pg/ml gentamicin and 50 ng/ml amphotericin B (C-22010; Promo-
Cell, Heidelberg, Germany). For activation, confluent EC mono-
layers were starved overnight and incubated with recombinant hu-
man TNFa or IFNYy for the indicated period of time in EC basal
medium supplemented with 2% FCS. ECs were used between pas-
sage 2 and 5. MICA typing of EC donors was performed as we pre-
viously described [30]. PBMC from random healthy volunteers
were purified by Ficoll/Hypaque density centrifugation and NK
cells were isolated (>95% of CD3-CD56+ and/or CD16+, as as-
sessed by FACS) by negative selection using NK Cell Isolation kits
(Miltenyi Biotec) according to the manufacturer’s recommenda-
tions. The human NK cell line, NKL, was grown in RPMI 1640
media supplemented with 10% FCS, 4 mM glutamine, 1 mM sodi-
um pyruvate and 200 U/ml of rIL-2 (R&D Systems). HeLa, Raji,
U937 and Jurkat cell lines were from ATCC. The NKL cell line was
kindly provided by Dr. Eric Vivier (Marseille, France). CIR and
CIR transfected with MICA*008 (C1RMICA) cells were kindly
provided by Prof. A. Toubert (INSERM Unité 940, Hopital Saint-
Louis, Paris, France) [31].

Immunofluorescence and Confocal Microscopy

ECs were grown to confluence on glass coverslips. Cultures
were washed with phosphate-buffered saline (PBS) and fixed for 20
min in 4% paraformaldehyde. Cells were incubated overnight at
4°C with blocking buffer (5% BSA in PBS) and then incubated with
an anti-MICA (AMO1) mAbs or NKG2D-Fc (both 10 pg/ml) or
IgG isotype controls for 1 h. Cells were then incubated with FITC-
conjugated goat anti-mouse or anti-human Abs (5 pg/ml; Jackson
Lab.) for 1 h. Endoplasmic reticulum (ER) and Golgi staining were
performed after cell permeabilization with 0.1% Triton X-100 using
rhodamine-B hexyl ester (2.5 pg/ml; Molecular Probes, Eugene,
Oreg., USA) and anti-golgi mAbs (5 ug/ml; anti-golgin-97, clone
CDF4, Molecular Probes), respectively. Anti-golgi mAbs were re-
vealed using TRITC-conjugated goat anti-mouse Abs (5 ug/ml;
Jackson Lab.). Nuclear staining was performed using propidium
iodide (Sigma). Slides were washed in PBS, dried and mounted with
ProLong® antifade reagent (Molecular Probes). Fluorescence mi-
croscopy was performed with a Leica DM-IRBE laser scanning con-
focal microscope (Leica AG, Heerbrugg, Switzerland) using a 63 x
1.4 oil p-aplo lens and analyzed using Leica TCS NT software.

Immunoblotting

Cells were lysed on ice in 20 mM Tris-HCI (pH 7.4), 137 mM
NaCl, 0.05% Triton X-100, 1 mM supplemented with protease in-
hibitors (Sigma). Cell lysates (20 pg) were resolved by SDS-PAGE
(12%) and subjected to Western immunoblot analysis using spe-
cific Abs for MICA (BAMO1) and GAPDH (Chemicon, Val de
Fontenay, France) and secondary horseradish peroxidase-labeled
anti-mouse Abs (Cell Signaling Technology, St. Quentin-en-Yve-
line, France). Antibody-bound proteins were detected using an
ECL kit (Amersham).

Flow Cytometry
Cells (1-2 x 10° cells/sample) were suspended with Trypsin-
EDTA (Gibco BRL), washed twice with PBS containing 1% BSA
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and 0.1% NaNj3, and then incubated on ice for 30 min with a satu-
rating concentration of first Ab. After three washes, cells were in-
cubated with a FITC-labeled goat anti-mouse F(ab')2 IgG (Jackson
Lab.) at 4°C for 30 min. Cells were fixed in 1% paraformaldehyde.
Negative controls were performed using an istotype-matched IgG
control. Fluorescence was measured on 10,000 cells/sample using
a fluorescence-activated cell sorter (FACScalibur® and Facs
Canto®, BD Bioscience, Mountain View, Calif., USA) and ana-
lyzed using CellQuestPro® software (BD Bioscience) and Flow]Jo®
software (Tree Star Inc., Ashland, Oreg., USA). Data are depicted
in histograms or dot plots of mean fluorescence intensity on a
4-decade logarithmic scale (x-axis) versus cell number (y-axis).

Short Interfering RNAs and Silencing

Short interfering RNAs (siRNAs) were designed, synthesized
and purchased from Ambion (Applied Biosystems). Cells were
transiently transfected with 10 mM of nontargeting (Si scramble)
or MICA-, GAPDH-, ULBP2- and ULBP3-specific siRNAs (Am-
bion, Applied Biosystems) using Lipofect AMINE™ RNAIMAX
reagent according to the manufacturer’s instructions (Invitro-
gen). The efficiency of silencing, determined by flow cytometry
analyses in each experiment, ranged from 70 to 90% for the se-
lected siRNAs.

Cell-Mediated Cytotoxicity Assays and NK Cell Activity

Target cells labeled with 5!Cr were incubated with effector
cells (freshly isolated NK or NKL cells) for 4 h at various E:T ra-
tios. The supernatants were obtained after the incubation and
subjected to gamma counting. The maximum or spontaneous re-
lease was defined as counts from samples incubated with 5% Tri-
ton X-100 or medium alone, respectively. Cytolytic activity was
calculated with the following formula: % lysis = (experimental
release — spontaneous release) x 100/(maximum release — spon-
taneous release). The spontaneous release in all assays was less
than 20% of the maximum release. Blocking experiments were
performed using anti-NKG2D-specific Abs (R&D Systems) at a
concentration from 0.5 to 2 pg/ml and an isotype-matched con-
trol IgG. For redirected cytotoxicity assays, NKL cells were incu-
bated with or without ECs for 24 h, harvested and then assayed
for cytotoxicity against CIRMICA cells and CI1R cells, which
were used as controls. Immunostaining for CD107a and IFNy
was performed on purified NK cells from healthy donors, as we
previously described [32].

ELISA for Soluble MICA

Detection of soluble (s)MICA was done using a sandwich-ELI-
SA from Immatics (Tubingen, Germany). In brief, for detection of
SMICA the mAbs AMO1 and BAMO3 were used for capture and
detection at 5 and 1 pg/ml, respectively, with recombinant sMI-
CA*04 as a standard. Assays were processed using anti-mouse Ig-
G2a-horseradish peroxidase (1:4,000) and developed using the
TMB Peroxidase Substrate Reagent (R&D Systems). Optical den-
sity was measured at 450 nm.

Scratch Wound Assays

Scratch wound assays were performed as we previously de-
scribed [33]. Briefly, glass coverslips were coated with 1% gelatin
and ECs were plated at a density of 2 x 10° cells/35-mm dish. Con-
fluent monolayers were then starved for 24 h in 2% FCS-containing
medium. The cell monolayer was scratched with a single pass of a
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pipette tip, washed twice with PBS, and then incubated in medium
supplemented with growth factors and 10% FCS for 24 h. After cul-
ture, cells were fixed and stained with anti-MICA Abs (AF1300)
followed by Alexa-568-labeled anti-goat F(ab’)2 (Invitrogen). Cells
were then permeabilized and stained with an anti-KI-67 mAbs
(clone MM1; Novocastra Labs) followed by an FITC-labeled anti-
mouse F(ab’)2 (Jackson Lab.), as described above. Nuclear staining
was performed using Dapi (Sigma). Slides were washed in PBS,
dried and mounted with ProLong® antifade reagent (Molecular
Probes). Fluorescence microscopy was performed with a Nikon Di-
aphot microscope (Nikon, Tokyo, Japan). For immunochemistry,
cell monolayers were incubated with primary Ab at room tempera-
ture for 30 min and then incubated with the HRP-conjugated sec-
ondary Ab for 30 min, also at room temperature. Immunostaining
was visualized using the DAB/H202 substrate and cells were coun-
terstained with hematoxylin. The data are representative of experi-
ments repeated three times with similar results.

Statistical Analysis

The data are expressed as the mean + SD and compared using
two-tailed Student’s t tests, and analysis of variance when more
than two conditions were compared. A value of p < 0.05 was con-
sidered statistically significant.

Results

Constitutive Expression of Functional MICA on

Vascular ECs

Basal expression for MICA was first examined by in-
direct immunofluorescence using confocal microscopy
(fig. 1). EC labeling, performed on nonpermeabilized
cells, using either specific anti-MICA mAbs (AMO1) or
arecombinant NKG2D-Fc fusion protein, revealed a sim-
ilar membrane staining confirming cell surface expres-
sion and also indicated that membrane-bound MICA
could be functionally relevant due to its ability to bind to
NKG2D, its receptor on effector cells (fig. 1a). Figure 1b
further shows that intracellular MICA proteins colocalize
with the ER while colocalization with the Golgi apparatus
was only partial. Western blotting confirmed the expres-
sion of MICA in ECs (HAEC and HUVEG; fig. 1c). Im-
munoblotting also revealed MICA variability among cells
that may suggest cell type-specific heterogeneity among
the N-linked carbohydrates of mature MICA and/or
MICA level. In addition, the MICA gene is highly poly-
morphic and a mutation in exon 5 (A5.1) causes a frame-
shift mutation leading to a premature intradomain stop
codon [34]. This genetic variant encodes a truncated
MICA protein with no cytoplasmic tail detected in ECs at
65kDain A5.1 homozygous individuals instead of 75 kDa
for wild-type MICA (fig. 1d). We recently demonstrated
that MICA A5.1 variant promotes allosensitization in
kidney transplantation [30].
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FACS analysis, performed using different anti-MICA-
specific mAbs, further confirmed that MICA is expressed
by human vascular ECs (HAEC) at the cell surface (fig. 2a).
By contrast, no MICB was detected (data not shown). No
significant expression for MICA was found on lymphoid
(Jurkat and Raji) and monocytoid (U937) cell lines
(fig. 2b). When compared to classical HLA, MICA expres-
sion was lower than expression for classical HLA class I
(HLA-A, B, C) but was significant and consistently ob-
served, at roughly similar levels, on ECs (HAEC) issued
from different individuals (n = 7; fig. 2c). No correlation
between HLA class I and MICA basal levels was observed.
In addition to MICA, ECs also express at least two other
NKG2D ligands, ULBP2 and ULBP3 (fig. 2d).

Function of Endothelial MICA Proteins toward

NKG2D Expression, NKG2D-Mediated Cytotoxicity

and NK Activity

As a first attempt to assess the function of the MICA-
mediated signal in NK cell activation and cytotoxic activ-
ity, a cytotoxicity assay using freshly isolated NK cells and
allogeneic HAEC, as target cells, was performed in the
presence of anti-NKG?2 receptors blocking mAbs (fig. 3).
First, we found that NK cells efficiently kill allogeneic ECs
with maximum specific lysis ranging from 40 to 75% at a
high E:T (40:1) ratio depending on the effector/target do-
nor combination (data not shown). Figure 3a indicates
that, among NKG2 receptors, only NKG2D blockade sig-
nificantly protects ECs from NK-mediated cytotoxic ac-
tivity. NKG2D blockade decreases NK-mediated EC lyses
with a maximal reduction of 44 + 4% as compared to con-
trols (p < 0.05), suggesting the ability of basal MICA lev-
el on ECs to activate NK cells through a NKG2D-depen-
dent process (fig. 3b). To sustain this finding we sought
to silence MICA in EC cultures using specific siRNAs.
Figure 3¢, d respectively illustrate and quantify the inhibi-
tion of MICA at the EC surface using specific and control
(Scramble or GAPDH) siRNAs. Up to 90% of inhibition
was achieved. Next, transfected ECs were used to address
the functional consequences of constitutive MICA ex-
pression on vascular ECs, and NKG2D expression and
activity. To this aim, NKL cells were cocultured for 24 h
with untransfected and siRNA-transfected ECs. Next,
NKG2D expression was examined by flow cytometry
(fig. 3e) and NKL cells were used as effectors in redirected
cytoxicity assays toward C1R or CIRMICA cells (fig. 3f).
FACS analysis showed that NKG2D surface levels were
reduced on NKL cells cultured with ECs for 24 h when
compared with controls. Expression of CD94, used as a
control, was found to be unchanged (data not shown).
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Fig. 1. MICA expression and localization in human vascular ECs.
a Immunofluorescence showing cell surface staining for MICA on
nonpermeabilized vascular ECs using anti-MICA mAbs (AMO1) or
recombinant NKG2D-Fc protein. Nuclei were stained with To-
pro-3 (red; colors online version only). Negative controls were per-
formed using IgG isotype controls (left panels). b Confocal micro-
scope images showing the colocalization of MICA (left panel; green),
rhodamine-B hexyl ester (for ER staining) or anti-golgin-97 (for
Golgi staining, both middle panel; red) on permeabilized ECs.
Merged images are shown in the right panel. Colocalization is

NKG2D downregulation was abrogated using MICA-
silenced ECs. Functionally, NKG2D downregulation
induced by control ECs (untransfected and scramble
siRNA) correlates with a significant increase in cytotoxic-
ity (from 63.6 to 41.3 and 47.3% at a 20:1 ratio for un-
transfected and scramble siRNA; p < 0.05). Silencing
MICA restores redirected NK cytotoxic activity (63.2 vs.
63.6% lysis without coculture at a 20:1 ratio; fig. 3f). The
impact of MICA on NK activity was further confirmed by
CD107a and IFNYy staining using purified NK cells from
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shown in yellow. Original magnification x63. ¢ Immunoblotting of
MICA in cellular lysates from C1R, CIRMICA, Hela and primary
cultures of human vascular ECs (HUVEC and HAEC). d Immuno-
blot for MICA showing the impact of A5.1 genetic variant on MICA
protein length. Immunoblots were performed on cell lysates from
EC cultures issued from individuals without the A5.1 mutation
(WT/WT), or hemizygous (WT/A5.1) or homozygous (A5.1/A5.1)
individuals bearing the MICA A5.1 genetic variant. ¢, d Blots were
reprobed using anti-GAPDH mAbs to ensure equal loading. Immu-
noblots shown are representative of 3 independent experiments.

independent donors (fig. 4). Together these data suggest
that MICA expressed at the endothelial surface modu-
lates NKG2D expression and activity.

TNFa and IFNy Trigger Opposite Regulations of

MICA at the EC Surface

EC stimulation with proinflammatory cytokines, such
as TNFa and IL1p, or IFNy modify EC phenotype and
functions leading to a status referred to as EC activation
[8]. As previously reported [35], we observed that both
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Fig. 3. Basal MICA expressed on ECs triggers a functional duality
toward NKG2D-bearing cells. a, b Endothelial MICA activates NK
cell cytotoxicity. Cytotoxicity assays were performed using ECs as
target cells and freshly isolated polyclonal allogeneic NK cells as
effectors. NK cells were preincubated with culture medium, con-
trol IgG (mouse IgG1; 10 pg/ml) and anti-NKG2A, NKG2C or
anti-NKG2D mAbs (0.5-2 pug/ml) for 20 min at room temperature
before the addition of ECs. Results are expressed as the mean of
specific lysis + SD, and are representative of at least 3 independent
experiments. * p < 0.05 versus control. ¢, d Silencing of MICA in
vascular ECs by the use of siRNAs. The efficiency of two siRNAs
to silence MICA was measured by FACS as illustrated by represen-
tative histograms. A quantitative analysis comparing the blocking
effect of two MICA-targeting siRNAs (1 and 2) and control
siRNAs is shown. Data are expressed in percentages + SD as rela-
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tive MICA expression in comparison with mock-transfected ECs
(medium). * p < 0.05 versus mock-transfected ECs. e, f Function-
al regulation NKG2D expression and activity triggered by basal
endothelial MICA is abrogated by silencing. e A representative
FACS analysis showing NKG2D expression on NKL cells after a
coculture period with or without a monolayer of ECs transfected
with a nontargeting (scramble) or targeting MICA siRNA. f After
a 24-hour coculture period with ECs, NKL cells were used in
a redirected cytotoxicity assay using MICA-transfected C1R
(C1IRMICA; upper panel) or C1R (lower panel) cells as targets.
Results are expressed as the mean of specific lysis + SD, and are
representative of 3 independent experiments. * p < 0.05 versus
control (i.e. basal NKG2D on NKL before coculture).
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Fig. 4. MICA silencing in vascular ECs impairs NK cell degranula-
tion and IFNy production. Primary cultures of ECs were mock
transfected or transfected with either nontargeting (scramble) or
MICA-targeting siRNAs. Twenty-four hours post-transfection,
ECs were incubated with freshly isolated and purified NK cells at
E:T ratio 20:1 for 6 h. Immunostaining for CD107a and intracel-

TNFa and IFNYy significantly increase the expression of
classical HLA class I (HLA-A, B, C) on human ECs
(fig. 5a). At 24 h post-treatment, TNFa and IFNy induces
a3.06-fold and 2.96-fold increase as compared to the con-
trol, respectively (n = 4; p < 0.05). No additive effect was
found when TNFa and IFNy were used in combination.
In contrast to HLA class I, figure 5a shows that MICA is
differentially regulated at the EC surface in response to
TNFa or IFNy (p < 0.05). TNFa promotes a significant
but moderate increase in MICA level (1.36-fold increase
as compared to basal level; p < 0.05) while IFNy reduces
MICA level on ECs (0.55-fold increase as compared to
basal level; p < 0.05). No significant regulation was found
when TNFa and IFNy were used in combination. The
biological relevance of MICA downregulation was as-
sessed by analyzing the capacity of cytokine-treated ECs
to downmodulate NKG2D expression in coculture exper-
iments. Our findings indicate that an IFNy-mediated de-
crease of cell surface MICA correlates with a partially im-
paired regulatory effect of ECs on NKG2D expression
(fig. 5b, ¢). No significant impact was observed when cells
were treated with TNF alone or in combination with
IFNy (data not shown). Together these findings could
suggest that the moderate reduction in MICA level (50%)
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lular IFNy were performed as described in Materials and Methods.
Untreated NK cells and NK cells stimulated with PMA and iono-
mycin were used as negative and positive controls, respectively.
The percentages of positive cells are indicated. Results are repre-
sentative of 3 independent experiments.

induced by IFNy is sufficient to functionally affect
NKG2D-bearing cells. In contrast to MICA, no regula-
tory effect of TNFa or IFNy was observed for ULBPI,
ULBP2 and ULBP3 (fig. 5d) and silencing ULBP2 or
ULBP3 in ECs did not restore NKG2D expression (fig.5e).

Glycosylation, Matrix Metalloproteinase Activity and

Shedding Provide a Post-Transcriptional Control to

MICA Expression

Since, as demonstrated above, only slight modulation
in MICA level is sufficient to deeply affect MICA recep-
tor, we sought to investigate the molecular mechanisms
controlling MICA expression in ECs. Mechanistically, we
observed that cell surface expression was weakly affected
by blockade of mRNA or protein synthesis with actino-
mycin D and cycloheximide, respectively (data not
shown), but mostly rely on protein glycosylation and ac-
tivity of matrix metalloproteinases (MMPs). In figure 6a,
we show that inhibition of protein glycosylation with tu-
nicamycin strongly reduces MICA at the cell surface. In-
hibition was achieved with a low dose of tunicamycin (0.1
pg/ml) and was similar and consistently observed on both
resting and cytokine-activated ECs. As a comparison, tu-
nicamycin also reduced both basal and regulated classical
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HLA class I expression but did not prevent HLA class I
upregulation by TNFa and IFNy.

Tumor cells of epithelial origin spontaneously release
asoluble form of MICA (sMICA) encompassing the three
extracellular domains, which is present at high levels in
the sera of patients with gastrointestinal malignancies
[36]. Soluble MICA downregulates NKG2D receptor ex-
pression and thus may account for tumor immune escape
[37]. Therefore, we decided to investigate whether shed-
ding of MICA from activated ECs may also occur upon
inflammation. For this, cultured ECs were pretreated
with galardin, an inhibitor of MMPs, before stimulation
with cytokines. MICA expression was analyzed by FACS
and compared to the expression of HLA class I molecules.
Figure 6b indicates that inhibition of MMPs significantly
enhances MICA expression. This effect was dose depen-
dent and a maximal effect was observed at 40 nM. Inter-
estingly, MMP blockade totally prevents the MICA down-
regulation in response to IFNy. Similar results were ob-
tained with classical HLA class I molecules. Due to the
role of MMP in both basal and regulated expression for
MICA, we sought to determine whether ECs could release

Fig. 5. Comparative effect of cytokines on MICA expression and
function. a FACS analysis comparing HLA-A, B, C (left) and
MICA (right) expression at the EC surface before and after 48 h
of treatment with TNFa and/or IFNy. Results are expressed as a
quantitative analysis from 4 separate experiments. * p < 0.05 ver-
sus controls; ** p < 0.05 versus untreated (medium) ECs. b FACS
analysis showing NKG2D and CD94 levels expressed on NKL
cells after a coculture period with resting or IFNy-activated ECs.
The means of specific fluorescence intensity are indicated above
the histograms. Data are representative of 3 separate experi-
ments. ¢ Quantification of CD94 and NKG2D expression on
NKL after a 24-hour coculture period with CIR, CIRMICA,
HeLa, ECs (HAEC, resting or stimulated for 48 h with 100 U/ml
IFNy). * p < 0.05 versus controls; ** p < 0.05 versus untreated
ECs. d FACS analysis comparing ULBP expression at the EC sur-
face before and after 48 h of treatment with TNFa or IFNy. The
means of specific fluorescence intensities are indicated. Data are
representative of 3 separate experiments. e Functional impact of
NKG2D ligand silencing in EC cultures. ECs were transfected
with specific siRNAs targeting MICA, ULBP2 or ULBP3, a
scramble siRNA or mock transfected (w/o siRNA). Coculture ex-
periments using transfected ECs and NKL cells were performed
and NKG2D expression was analyzed by flow cytometry at 24 h.
The results shown are expressed as relative expression (%) + SD
of NKG2D as compared to basal NKG2D levels before coculture
from 4 separate experiments. * p < 0.05 versus basal NKG2D
level; § p < 0.05 versus NKG2D level in coculture with transfect-
ed controls.
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sMICA using a dedicated ELISA assay. An increased lev-
el of sMICA was detected in the culture supernatants
from activated ECs as compared to resting ECs (fig. 6¢).
sMICA levels of IFNy-treated ECs were significantly low-
er than in supernatants from cells activated with TNFa or
IL1p, and were maximal at 24 h (<150 ng/ml), indicating
that lower expression in response to IFNy also correlates
with a lower shedding of sMICA. However, we cannot
rule out the possibility that IFNy directly impairs MICA
shedding.

ERK1/2, p38, JNK Mitogen-Activated Protein Kinase
Pathways and NFxB Signaling Pathways Are Involved
in Cytokine-Mediated Regulation of MICA in ECs
Modulation of EC functions involves three major sig-
naling pathways: the phosphatidylinositol 3-kinase (PI3-
K), NFxB and mitogen-activated protein kinase (MAPK)
pathways [38, 39]. The respective involvement of these
signaling pathways in MICA expression and regulation
by ECs was examined by FACS in comparison to HLA-
class 1. Hence, ECs were pretreated with or without in-
hibitors of NFkB (PDTC, IKK2 inhibitor), PI3-K (wort-

Fig. 6. Post-transcriptional and signaling events controlling
MICA expression. a Impact of cell glycosylation. FACS analysis
comparing HLA-A, B, C (left) and MICA (right) expression at the
EC surface before and after 24 h of treatment with tunicamycin.
Results are expressed as a quantitative analysis from 4 separate
experiments. b Impact of MMP activity. FACS analysis compar-
ing HLA-A, B, C (left) and MICA (right) expression at the EC
surface before and after 24 h of treatment with galardin. Results
are expressed as a quantitative analysis from 4 separate experi-
ments. ¢ Release of soluble MICA in conditioned medium from
activated ECs. ECs were treated for various periods of time with
TNFa, IL1B or IFNy. After treatment, cell culture supernatants
were collected and soluble MICA was quantified using a sandwich
ELISA assay. The left panel shows the level of sMICA in superna-
tants from cytokine-activated ECs at 6 h and the right panel shows
a time-course analysis of sMICA release by ECs treated with cyto-
kines. Results are shown as the mean of triplicates and are repre-
sentative of 3 independent experiments. * p < 0.05 versus controls
without cytokines. d Signaling pathways triggering changes in
MICA expression in response to cytokines. A quantitative analysis
from 4 independent experiments performed by FACS analysis
and showing the cell surface level of MICA on ECs treated with
TNFa (100 U/ml; left) or IFNy (100 U/ml; right) for 24 h after a
1-hour preincubation with selective inhibitors of signaling path-
ways. Results from 4 independent experiments are expressed as
percentages of MICA. * p < 0.05 versus controls without cyto-
kines; ** p < 0.05 versus cytokine-treated controls (medium and
diluent controls).
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mannin, LY294002), ERK1/2 (U0126, PD98059), p38
(SB203580) and JNK (SP600125) MAPK for 1 h before
activation with TNFa or IFNYy for 24 h, a time point lead-
ing to maximal MICA regulation. Specific and efficient
inhibition of the respective pathways was confirmed for
each inhibitor by Western blotting, as we previously de-
scribed [40] (data not shown). In figure 6d we show that
blockade of NFkB and JNK MAPK prevents MICA up-
regulation by TNFa, while downregulation by IFNy re-
quired NF«B and ERK1/2 MAPK, suggesting a key role
for these pathways and a central implication for NFxB, as
recently reported [41]. Unexpectedly, inhibition of JNK
and p38 MAPKs not only abrogates decrease in MICA by
IFNYy, but also strongly enhances MICA in stimulated
ECs. Inhibition of ERK1/2and p38 MAPKs strongly in-
creases MICA upregulation in response to TNFa. These
findings suggest that, in addition to the NF«B pathway,
the MAPKs are key players in both positive and negative
control of MICA by IFNy and TNFa. No significant effect
was obtained using PI3-K inhibitors, suggesting that this
pathway is not implicated in the regulation of MICA by
cytokines in the ECs (data not shown). Interestingly, we
found that, in parallel experiments, HLA-A, B, C upregu-
lation by both TNFa and IFNy was strictly NFkB depen-
dent (data not shown).

Fig. 7. Regulatory effect of cell contact inhibition and proliferation
on MICA levels. a ECs were plated at various cell densities (0.8, 1.2
and 1.6 x 10° cells/well) and cultured for 12 h with a starvation
medium (2% FCS) or were induced to proliferate with FGF-2 (2.5
ng/ml). Cells were then harvested and MICA expression was ana-
lyzed by flow cytometry using anti-MICA mAbs (AMO1). Repre-
sentative photographs of EC monolayers for the various condi-
tions are shown in the upper panels (phase contrast microscope;
original magnification x10). Lower panels show a representative
analysis of MICA by flow cytometer. Specific means of fluores-
cence intensity are indicated. b, ¢ EC monolayers were mechanisti-
cally wounded using sterile pipette tips, allowed to repair for 24 h
and then fixed. b ECs were stained first using anti-MICA mAbs
and then incubated with HRP-conjugated secondary Ab. Immu-
nostaining was visualized using the DAB/H202 substrate and cells
were counterstained by HE. ¢ Cells were first stained with an anti-
MICA mAbs using a TRITC-labeled secondary Ab (red; colors on-
line version only) and subsequently permeabilized and stained
with a FITC-labeled anti-KI67 Ab (green). Nuclei were stained
with Dapi (blue). Merged images are shown in the right panel.
Original magnification x40. The wound edge is indicated by a bro-
ken line. q = Quiescent; p = proliferative. Data are representative
of 5 separate experiments.

EC Activation and Proliferation Regulate
MICA

EC Proliferation Regulates MICA Expression at Cell

Surface

Next, we sought to explore whether cellular events im-
plicated in EC dysfunction or injury, such as loss of en-
dothelial monolayer integrity and EC proliferation, could
either promote or impair MICA expression (fig. 7). First-
ly, the respective effect of cell density and proliferation
was measured by FACS analysis. We found that FGF-
2-induced EC proliferation greatly promotes MICA ex-
pression at the cell surface as compared to quiescence.
Our results also suggest that MICA expression decreases
when EC cultures reach confluence and when ECs stop to
proliferate (fig. 7a). Functionally, using an NK-mediated
cytotoxicity assay, we observed that EC quiescence sig-
nificantly reduces NK cell activation compared to prolif-
erating ECs, confirming the direct relationship between
endothelial MICA level and NKG2D activation estab-
lished above (data not shown). Scratch and wound heal-
ing assays were established in cultured EC monolayers to
further investigate the regulation of MICA in endotheli-
um repair processes. After wound induction, ECs were
cultured in the presence of culture medium supplement-
ed with growth factors for 24 h before analyses. EC pro-
liferation and wound repair were assessed by immuno-
fluorescence using anti-KI67 staining to identify prolif-
erative ECs and anti-MICA mAbs in double-staining
assays in addition to conventional immunostaining for
MICA by immunochemistry. Figure 7b, c illustrates our
findings that upon vascular repair proliferative ECs ex-
pressed a higher level of MICA at the cell surface.

Discussion

This study examined the expression of MICA and its
regulation on vascular human ECs. Our results confirm
that MICA is constitutively expressed at the EC surface
and show that basal MICA expression is sufficient to al-
low a functional interaction with the activating receptor
NKG2D expressed on NK cells. Constitutive MICA ex-
pression on ECs was consistently observed on ECs from
different donors (n = 7) and using different anti-MICA
Abs. No correlation between HLA class I and MICA lev-
els was found. When we analyzed the same EC culture
with 5 different anti-MICA-specific Abs (fig. 2) we found
different degrees of reactivity, with the highest level of
MICA obtained using the mAb AMOI (specific for the
ala2 domains of MICA). These discrepancies in staining
may reflect allelic preferences and/or a glycosylation pat-
tern [42]. A high degree of variability in the levels of some
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NKG2D ligands expressed on B and T cells, monocytes
and granulocytes among different donors has been previ-
ously reported [43, 44]. In contrast, our results show that
basal MICA was low compared to the expression of HLA
class I (A, B, C), but was consistently observed on ECs
isolated from a set of individual transplant donors (n = 7).

Functionally, we demonstrated that endothelial MICA
triggers an activating signal in allogeneic polyclonal NK
cells through the immunoreceptor NKG2D that may ac-
count for a significant part in EC lysis by allogeneic NK
cells. Indeed, basal expression of MICA on the cell surface
of resting ECs rendered them susceptible to lysis by allo-
geneic NK cells since MICA silencing or blockade by an
anti-NKG2D mAb decreased EC lysis with a dose-depen-
dent effect. Moreover, we also observed that, in cocul-
ture assays in vitro, endothelial MICA interacting with
NKG2D provides an immunosuppressive pathway by
downregulating NKG2D on the NK cell surface. The C-
typelectin-like NKG2D is an activating cell surface recep-
tor expressed on a wide range of effector cells, including
NK, NKT, y0T and apfT CD8+ cells [45]. When coex-
pressed and associated noncovalently with the adaptor
protein DAP10, NKG2D transduces signals that activate
or costimulate effector functions of these cytotoxic lym-
phocytes. NKG2D recognizes several families of ligands
expressed on interacting stressed, transformed or patho-
gen-infected cells, including MICA and MICB encoded
in the human MHC, and a diverse family of proteins pres-
ent in both mice and humans, including mouse Rael (ret-
inoic acid early transcript 1), H60, Multl (murine UL16-
binding protein-like transcript 1), and the human UL16-
binding proteins (ULBP) or RAET1 proteins. The
contribution of sustained basal MICA expression by the
endothelium to physiological and pathological events is
unknown. Previous studies have established that sus-
tained NKG2D ligand expression, even when restricted to
the epithelia, elicits broad impairments in NK cell func-
tion. In contrast to the systemic immunosuppression of
NK activities, primary T cell responses were mostly unaf-
fected by NKG2D downregulation in Rae-1* transgenic
mice [46]. In addition, the diversity of NKG2D ligands
may provide various modes of immunoregulation or ac-
tivation. Of note, NKG2D ligands differ in their expres-
sion patterns and in their membrane associations.

In contrast with recent reports showing a clear induc-
tion of MICA on activated T cells [43], we found that the
proinflammatory cytokines TNFa and IL1p only slightly
increase MICA at the EC membrane (not shown). More-
over, EC stimulation with IFNy significantly decreases
endothelial MICA expression, suggesting that IFNy may
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protect ECs from NKG2D-mediated allogeneic NK lysis.
Overall, our data provide some evidence for a role for en-
dothelial MICA in cellular alloimmune response beyond
arole in alloimmunization. An interesting but poorly ex-
plored issue is the fact that MICA is highly polymorphic
(more than 70 alleles have so far been described) [47]. Our
recent studies investigated the frequency of MICA mis-
match between transplant donors and recipients, and
propose an association between MICA mismatch, alloim-
munization and transplant outcome [30]. In addition,
considering that different MICA alleles may vary in their
affinity for NKG2D, these variations may affect the
thresholds of recognition by NK cells and T lymphocytes,
and subsequently may affect the functionality of MICA/
NKG2D interaction.

Recently, we demonstrated that IFNy upregulated the
nonclassical MHC class Ib molecule HLA-E. HLA-E is a
ligand for the inhibitory receptor CD94/NKG2A on ECs,
and thus provides a protective pathway to ECs [27]. Con-
sequently, both the inhibitory and activating NKG2 re-
ceptor complexes interact with the nonclassical MHC
class I molecules HLA-E and MICA on the surface of tar-
get cells. Thus, the ratio of ligands for inhibitory and ac-
tivating immunoreceptors expressed on the endothelial
surface is likely to be an important determinant of the
functional status of an NK cell. Competition for binding
of activating and inhibitory NKG2 molecules to CD94
may also regulate the balance between receptors ex-
pressed on the cell surface. Moreover, our data also indi-
cate that cytokines promote the release of soluble HLA-E
and MICA by ECs. Both soluble molecules are biologi-
cally active and confer an overall inhibition to NK cyto-
toxic activity. Together these findings may suggest a role
for ECs in a specific immune suppression pathway.

Shedding of MICA could be an additive step of a regu-
latory process required for a fine tune control of MICA
expression at the EC surface. Our study provides the first
line of evidence that activated ECs release soluble MICA
in the extracellular compartment. We demonstrated that
inhibition of MMP increases MICA at the cell surface,
suggesting that MMPs contribute to the shedding of
sMICA from ECs as reported for tumor cells [36]. The
presence of post-transplant sMICA was found to be as-
sociated with functioning grafts without acute rejection
episodes [48]. The possible contribution of sMICA as a
bioactive molecule modulating T and NK cell alloreactiv-
ity and/or as a biomarker characterizing graft endotheli-
um status remains to be established.

We also observed that MICA was differentially ex-
pressed according to EC density and proliferation. Our
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findings suggest that MICA level increases on proliferat-
ing ECs as compared to resting ECs. These findings are
consistent with a recent study showing that NKG2D li-
gands, including MICA, were expressed on a large frac-
tion of antigen-activated CD4+ and CD8+ proliferating
T cells, ranging from 10 to 50% [43]. Similarly, Zou et al.
[49] also demonstrated that contact inhibition causes
strong downregulation of expression of MICA in human
fibroblasts and decreased NK cell killing. Overall, these
data suggest a fine tune regulated expression of MICA
related to a particular state of activation, proliferation or
differentiation that could suggest a role for MICA besides
controlling immune functions.

The molecular mechanisms controlling MICA expres-
sion in ECs are not well established. The first intron of the
MICA gene contains an NFkB-binding site that binds p65
(RelA)/p50 heterodimers and p50/p50 homodimers of
the NFkB transcription factor family. A previous report
showed that these NFkB complexes play a role in the reg-
ulated expression of the stress/activation-inducible
MICA molecule [50]. Recently, the role of the proximal
-130-bp NF«B site was reported as necessary and suffi-
cient for transcriptional transactivation of MICA in the
response to TNFa in primary ECs [41]. Our results con-
firm a role for the NFxB pathway in the cytokine-regulat-
ed expression of MICA. In addition, we demonstrate that
the MAPK ERK1/2, p38 and JNK also participate in the
regulation of MICA by cytokines. Inhibition of JNK
MAPK was also able to prevent both the upregulation by
TNFa and downregulation by IFNy, suggesting a pivotal

References

role for NFkB and JNK MAPK in the molecular process-
es controlling the MICA level on the endothelium. Con-
sistent with our data, the MAPK inhibitors were able to
block MICA/B expression in T [51], MRO87 and HeLa
cells [52]. This demonstration of the intracellular path-
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