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Abstract
Among transplant recipients, those who produce antibodies against the donor's human leukocyte
antigens (HLAs) are at higher risk for antibody-mediated rejection and transplant vasculopathy,
which is a progressive, vasculo-occlusive disease that results in ischemic injury and deterioration
of organ function. Antibodies against HLA class I (HLA-I) molecules are thought to contribute to
transplant vasculopathy by triggering signals that elicit the activation and proliferation of
endothelial cells. Here, we demonstrate a molecular association between HLA-I and the integrin
β4 subunit after the stimulation of endothelial cells with HLA-I–specific antibodies. Knockdown
of integrin β4 in these cells abrogated the ability of HLA-I to stimulate the phosphorylation of the
kinases Akt, extracellular signal–regulated kinase (ERK), and Src, as well as cellular proliferation.
Similarly, reducing the abundance of HLA-I suppressed integrin β4–mediated phosphorylation of
ERK and the migration of endothelial cells on laminin-5, a component of the extracellular matrix.
These results indicate a mutual dependency between HLA-I and the integrin β4 subunit to
stimulate the proliferation and migration of endothelial cells, which may be important in
promoting transplant vasculopathy and tumor angiogenesis.

Introduction
Antibody-mediated rejection is emerging as a leading cause of allograft rejection and graft
loss (1, 2). Numerous studies have shown that patients who produce antibodies after
transplant against donor major histocompatibility complex (MHC) antigens, also referred to
in humans as human leukocyte antigens (HLAs), are at a higher risk of chronic rejection and
transplant vasculopathy, which is characterized by concentric hyperplasia with intimal
proliferation of the vessels of the allograft (3–6). The HLA class I (HLA-I) molecules
include HLA-A, HLA-B, and HLA-C, and they are heterodimeric glycoproteins that consist
of a heavy chain that is noncovalently associated with β2-microglobulin. The most distinct
feature of HLA-I molecules is their high degree of polymorphism, which is a manifestation
of their role in presenting a diverse range of antigenic peptides to responding T cells. In
addition to their well-known role in antigen presentation, HLA-I molecules transduce
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signals in various cell types that elicit responses such as apoptosis and proliferation (7).
Cross-linking of HLA-I molecules on the surface of endothelial cells with antibodies
triggers phosphorylation of the kinases Src and focal adhesion kinase (FAK), which in turn
causes activation of the phosphatidylinositol 3-kinase (PI3K)–Akt, S6 ribosomal protein,
and extracellular signal–regulated kinase (ERK) signaling pathways, as well as the
proliferation of endothelial cells (8–10). Signaling stimulated by antibodies against HLA-I
also induces cytoskeleton reorganization and promotes the adherence of leukocytes to
endothelial cells (8, 11). Several studies suggest that the signaling events that occur in
endothelial cells during interactions with HLA-I–specific antibodies contribute to the
process of transplant vasculopathy (3). Passive transfer of antibody against donor MHC
class I (MHC-I) molecules in immunodeficient mice leads to the development of transplant
vasculopathy (12, 13). Furthermore, the extent of phosphorylation of signaling molecules
involved in MHC-I–dependent proliferation and survival pathways is increased in mice
treated with MHC-I–specific antibody relative to that in isotype control immunoglobulin G
(IgG)–treated mice (14).

The proximal molecular events at the plasma membrane that regulate the triggering of the
HLA-I–dependent signaling cascade remain poorly understood. Given that HLA-I molecules
do not have intrinsic kinase activities, it is conceivable that they physically associate with
other molecules that have the capacity to transduce signals. In this respect, HLA-I interacts
with the insulin receptor and the epidermal growth factor receptor (EGFR) to modify
receptor function (15–17). MHC-I molecules also play a role in synaptic plasticity and
neuronal development (18). Collectively, these data imply that HLA-I signaling has
previously unsuspected physiological consequences beyond those related to immune
recognition.

Integrins are cell adhesion molecules that mediate attachment between a cell and the
extracellular matrix (ECM). Integrins also transduce intracellular signals that regulate cell
proliferation, survival, and migration. Integrins are heterodimeric receptors consisting of an
α and a β subunit, and they bind to components of the ECM (such as fibronectin, vitronectin,
collagen, and laminin) and link the ECM with the cytoskeleton. Upon ligand binding,
integrins activate various kinases, including FAK, Src, PI3K, and ERK (19). The integrin β4
subunit pairs with the α6 subunit to form a functional dimer to bind to laminin. The integrin
β4 subunit differs from other integrin subunits by having a long cytoplasmic tail that
interacts with FAK and Src to activate signaling pathways that elicit cell survival and
proliferation (20, 21). Integrin β4 promotes angiogenesis and tumorigenesis through ERK,
PI3K, or ErbB2 signaling (21).

Here, we investigated the structural requirements of HLA-I that were required for
stimulating the proliferation and migration of human endothelial cells. Because antibody-
mediated cross-linking of HLA-I molecules in endothelial cells elicits protein
phosphorylation cascades that are similar to those mediated by the integrin β4 subunit (21,
22), we hypothesized that HLA-I associated with the β4 subunit to transduce signals in
endothelial cells. We found that HLA-I and integrin β4 formed a molecular complex that
was required to transduce signals that led to the proliferation of endothelial cells. Our results
indicate a mutual dependency between HLA-I and integrin β4 to stimulate proliferation and
migration of endothelial cells.
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Results
Cross-linking of HLA-I stimulates formation of a complex between HLA-I and the integrin
β4 subunit

To examine whether the integrin β4 subunit was a partner of HLA-I in signal transduction,
we characterized their potential physical and functional interactions. First, we performed
coimmunoprecipitation experiments to examine whether HLA-I and integrin β4 formed a
complex. Stimulation of human endothelial cells with W6/32, a monoclonal antibody against
HLA-I, increased the amount of the complex formed between HLA-I and integrin β4, but not
integrin β1, β3, or β5 (Fig. 1A). Similar results were obtained when cells were stimulated
with the F(ab′)2 fragment of W6/32 and samples were subjected to immunoprecipitation
with an antibody against HLA-A2, an allele of the HLA-A locus (Fig. 1B).

To further confirm the association between HLA-I and integrin β4, we performed reciprocal
coimmunoprecipitation experiments with endothelial cells from a different donor (EC3).
Specifically, immunoprecipitation with an antibody against the integrin β4 subunit
demonstrated that the cross-linking of HLA-I increased the amount of the complex formed
between integrin β4 and the heavy chain of HLA-I (Fig. 1C), whereas immunoprecipitation
with an antibody against the integrin β1 subunit failed to pull down the HLA-I heavy chain
and integrin β4 (fig. S1). The specific association between HLA-I and integrin β4 was not as
a result of the higher abundance of β4 relative to that of other integrin subunits, because flow
cytometric analysis showed that the amount of integrin β4 on the surface of endothelial cells
was less than that of integrins β1 and β3 (Fig. 1D). That integrin β4 coimmunoprecipitated
with MHC-I and W6/32, a monoclonal antibody that recognizes a conformational epitope
formed by the assembly of the HLA-I heavy chain and β2-microglobulin, indicated that the
integrin β4 subunit formed a complex with native HLA-I.

We next examined the localization of HLA-I and integrin β4 in endothelial cells by confocal
microscopy. The integrin β4 subunit was distributed in a punctate pattern in confocal images
that represented the optical plane corresponding to the basal cell surface, suggesting that
integrin β4 was concentrated on the basal surface of the cell and therefore might function in
cell adhesion (Fig. 1E). Indeed, the integrin β4 subunit mediates the adherence of cells to the
ECM by forming type II hemidesmosomes in endothelial cells (23). Incubation of
endothelial cells with W6/32 showed that HLA-I was also localized in a punctuate pattern
on the basal surface of the cells. We quantitated the extent of colocalization of integrin β4
and HLA-I with the algorithm of Costes et al. (24). The merged image showed extensive
colocalization of both proteins in a punctuate pattern (r = 0.72) (Fig. 1E). Their
colocalization in concentrated regions on the basal surface suggests that HLA-I and the
integrin β4 subunit may associate at sites of cell adhesion. In agreement with our findings,
HLA-I and integrin β4 have a punctuate distribution in other cell types, including neurons
and endothelial cells (23, 25).

To further characterize the molecular interaction between HLA-I and the integrin β4 subunit,
we engineered recombinant mutant HLA-A2 molecules in which either the cytoplasmic (C-
HLA-A2) or the extracellular (E-HLA-A2) domain was deleted and replaced with green
fluorescent protein (GFP) (Fig. 2A). To avoid interference by endogenous HLA-I, we used
adenoviral vectors to express the recombinant mutant proteins in primary endothelial cells
that do not contain the HLA-A2 allele. Flow cytometric analysis showed that 90% of the
cells that were infected with the adenovirus encoding E-HLA-A2 contained GFP and were
detectable with an antibody against GFP (demonstrating that GFP was at the cell surface)
(Fig. 2B), but not against HLA-A2 (Fig. 2B). Similarly, we found that 99% of the cells that
were infected with adenovirus encoding C-HLA-A2 contained GFP and were detectable
with an antibody against HLA-A2 (Fig. 2B), but not against GFP (Fig. 2B). Cross-linking of
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E-HLA-A2 with antibodies against GFP increased its association with integrin β4 relative to
that in cells treated with antibodies against HLA-A2, which did not bind to E-HLA-A2. In
contrast, the C-HLA-A2 protein did not associate with integrin β4 after cross-linking with
antibodies against HLA-A2 (Fig. 2C). These results suggest that the cytoplasmic tail of the
heavy chain of HLA-I was required to form a complex with the integrin β4 subunit.

Knockdown of the integrin β4 subunit impairs HLA-I–mediated phosphorylation of target
proteins

We reasoned that if HLA-I associated with integrin β4 to transduce signals, depletion of
integrin β4 should inhibit HLA-I–mediated phosphorylation of target proteins. Thus, we
used small interfering RNA (siRNA) to knock down integrin β4. Transfection of endothelial
cells with a single integrin β4–specific siRNA resulted in knockdown of integrin β4 but did
not affect the amounts of other proteins involved in the HLA-I signaling pathway, including
the mammalian target of rapamycin (mTOR), FAK, Src, Akt, and ERK (Fig. 3A).
Furthermore, transfection of cells with the integrin β4–specific siRNA did not alter the
abundance of β2-microglobulin, which associates with the heavy chain of HLA-I to form
heterodimers (Fig. 3A). In addition, knockdown of the integrin β4 subunit did not decrease
the amount of HLA-I at the cell surface, as demonstrated by flow cytometry (Fig. 3B).

We next determined the effect of knockdown of integrin β4 on HLA-I–mediated signaling.
Cross-linking HLA-I on control endothelial cells induced the phosphorylation of Src, Akt,
and ERK (Fig. 3, C and D), whereas HLA-I–mediated phosphorylation of these kinases was
reduced in cells transfected with integrin β4–specific siRNA, which suggested that HLA-I
depended on integrin β4 for signaling (Fig. 3, C and D). To rule out potential off-target
effects of this siRNA, we used two additional siRNAs that targeted different regions within
integrin β4 messenger RNA (mRNA). We found that knockdown of integrin β4 with either of
these siRNAs also decreased HLA-I–mediated phosphorylation of Src and Akt relative to
that in control cells (fig. S2).

To exclude the possibility that inhibition of HLA-I–mediated phosphorylation of the target
kinases by integrin β4–specific siRNA was caused by disruption of the cell-adhesive
properties of integrin β4, we performed parallel experiments in which cultured endothelial
cells were held in suspension, stimulated with antibodies against integrin β4 or HLA-I, lysed,
and subjected to Western blotting analysis. Antibody-dependent cross-linking of the integrin
β4 subunit increased the extent of phosphorylation of FAK, Akt, Src, and ERK in suspended
endothelial cells relative to that in untreated cells (Fig. 4A). A similar pattern of protein
phosphorylation was observed when suspended endothelial cells were stimulated with
antibodies against HLA-I (Fig. 4B). Knockdown of the integrin β4 subunit impaired HLA-I–
mediated phosphorylation of FAK, Akt, Src, and ERK in endothelial cells cultured in
suspension (Fig. 4B).

Because the cytoplasmic domain of the heavy chain of HLA-I is required for its association
with integrin β4 (Fig. 2C), we reasoned that deletion of this region would abolish the
capacity of HLA-I to transduce signals. To test this, we infected endothelial cells lacking
endogenous HLA-A2 with adenovirus encoding either C-HLA-A2 or E-HLA-A2 and
stimulated the cells with antibodies against GFP or HLA-A2. The HLA-I–specific
monoclonal antibody W6/32 was used as a positive control to stimulate signals through
endogenous HLA-I molecules. Cross-linking of E-HLA-A2 molecules with antibody against
GFP increased the extent of phosphorylation of Akt, Src, and ERK relative to that in cells
treated with control IgG or antibody against HLA-A2 (Fig. 4C). In contrast, cross-linking of
C-HLA-A2 molecules with antibody against HLA-A2 failed to stimulate phosphorylation of
the same kinases (Fig. 4C). An increased extent of phosphorylation was observed, however,
when endothelial cells containing C-HLA-A2 were treated with W6/32, which confirmed
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signaling through endogenous HLA-I. We did not observe an increase in the extent of
protein phosphorylation in the absence of the binding of antibodies against GFP or HLA-A2
to E-HLA-A2 and C-HLA-A2, respectively (Fig. 4C). These results indicate that deletion of
the cytoplasmic, but not the extracellular, domain of the HLA-I heavy chain impaired HLA-I
signaling. Given that the cytoplasmic tail of HLA-I is required for its association with
integrin β4 (Fig. 2C), these data suggest that activation of the HLA-I signaling pathway
requires an association between HLA-I and the integrin β4 subunit.

To assess the specificity of the association between HLA-I and integrin β4, we determined
whether this integrin subunit was required for growth factor–mediated signaling. We
transfected endothelial cells with siRNA targeting integrin β4 and stimulated them with basic
fibroblast growth factor (bFGF). Knockdown of integrin β4 did not impair bFGF-induced
phosphorylation of ERK (Fig. 4D). These results suggest that integrin β4 is required for
HLA-I signaling but not for FGF receptor signaling.

Knockdown of the integrin β4 subunit inhibits HLA-I–mediated cell proliferation
Ligation of HLA-I stimulates cell proliferation through the activation of FAK, PI3K-Akt,
and mTOR signaling pathways (8, 9). We therefore tested whether ligation of HLA-I
stimulated the proliferation of endothelial cells through integrin β4. We transfected
endothelial cells with integrin β4–specific siRNA or negative control siRNA, stimulated the
cells with W6/32, and measured cell proliferation by monitoring the dilution of the intravital
dye carboxyfluorescein succinimidyl ester (CFSE) (26). Antibody-mediated cross-linking of
HLA-I stimulated the proliferation of endothelial cells transfected with control siRNA
relative to that of cells treated with isotype control IgG (Fig. 5A). Knockdown of integrin β4
prevented the HLA-I–stimulated increase in cell proliferation, which demonstrated that
integrin β4 was required for HLA-I–mediated proliferation of endothelial cells.

To further elucidate the molecular basis of HLA-I–dependent cell proliferation, we infected
endothelial cells with adenovirus encoding C-HLA-A2 or E-HLA-A2, stimulated the cells
with antibodies against HLA-A2 or GFP, and determined cell proliferation by measuring the
incorporation of BrdU (5-bromo-2′-deoxyuridine) into the cells. Treatment of cells
containing C-HLA-A2 with antibody against HLA-A2 failed to induce proliferation (Fig. 5B
and fig. S3), whereas the ligation of E-HLA-A2, which has an intact cytoplasmic tail,
stimulated proliferation of the cells (Fig. 5B and fig. S3). These results further document the
importance of the cytoplasmic domain of the heavy chain of HLA-I for cell proliferation
induced by antibody against HLA-I.

Knockdown of HLA-I impairs laminin-5–stimulated phosphorylation of ERK
Our findings prompted us to determine whether HLA-I played a role in the function of the
integrin β4 subunit. Integrin β4 is a cell adhesion molecule that regulates cell migration and
survival (21), so we reasoned that HLA-I might be required for integrin β4–induced cell
migration. We transfected HLA-A2– and HLA-B56–positive endothelial cells with siRNA
against the heavy chain of HLA-I or the integrin β4 subunit or with control siRNA and
subsequently plated the cells on collagen I or laminin-5 to activate integrins β1 and β4,
respectively. Endothelial cells plated on poly-L-lysine served as a negative control.
Transfection of endothelial cells with siRNA against the HLA-I heavy chain substantially
reduced the abundance of HLA-I on the surface of the cells, as demonstrated by the
decreased extent of binding of specific antibodies against HLA-A2 and HLA-B56 and of the
pan-reactive antibody W6/32 (Fig. 6, A and B). The siRNA against the HLA-I heavy chain
had no effect on the abundance of integrin β4 or ERK (Fig. 6C). ERK is a well-established
downstream effector in the integrin β4–dependent signaling pathway that leads to migration
(27). Plating on collagen I stimulated substantial phosphorylation of ERK in endothelial
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cells transfected with control siRNA, integrin β4–specific siRNA, or siRNA against the
HLA-I heavy chain (Fig. 6D). In contrast, transfection with siRNAs against either the
integrin β4 subunit or the HLA-I heavy chain decreased the extent of phosphorylation of
ERK in cells plated on laminin-5 relative to that in endothelial cells transfected with control
siRNA (Fig. 6D). Consistent with this finding, transfection with another siRNA that targeted
a different region of the mRNA encoding the HLA-I heavy chain also inhibited laminin-5–
induced phosphorylation of ERK (fig. S4).

To further exclude potential off-target effects of the HLA-I–specific siRNAs, we indirectly
reduced the abundance of HLA-I with β2-microglobulin–specific siRNA, as previously
described (28). We transfected endothelial cells with siRNA against β2-microglobulin and
then stimulated the cells by plating them on poly-L-lysine, collagen I, or laminin-5.
Transfection of endothelial cells with β2-microglobulin–specific siRNA decreased the
amounts of β2-microglobulin and HLA-I at the cell surface (Fig. 6, A and E). Similar to
knockdown of the HLA-I heavy chain, knockdown of β2-microglobulin was accompanied by
a loss in the capacity of laminin-5 to induce the phosphorylation of ERK (Fig. 6F).
Together, these results demonstrate a role for HLA-I in integrin β4–mediated signaling.

Knockdown of HLA-I reduces the extent of endothelial cell migration
Integrin β4 signaling promotes the migration of endothelial cells through the activation of
ERK (27). To examine the role of HLA-I in integrin β4–induced cell migration, we
transfected endothelial cells with control siRNA, siRNA against the HLA-I heavy chain, or
siRNA against the integrin β4 subunit, plated the cells on laminin-5–coated dishes, and
examined their migration in an in vitro wound-healing assay. We found that endothelial cells
transfected with control siRNA and stimulated with FGF migrated across the wound and
completely closed the gap within 12 hours of incubation (Fig. 7A). In contrast, the extent of
migration of endothelial cells transfected with siRNAs against either the integrin β4 subunit
or the heavy chain of HLA-I was substantially lower.

It was possible that knockdown of integrin β4 could have reduced the number of cells in the
denuded area of the wound by inhibiting cell proliferation, rather than migration. Thus, we
also examined the migration of endothelial cells plated on laminin-5 that had been pretreated
with mitomycin C to prevent cell proliferation. Transfection of cells with siRNA targeting
integrin β4, the HLA-I heavy chain, or β2-microglobulin decreased the extent of cell
migration relative to that of cells transfected with control siRNA and treated with mitomycin
C (Fig. 7B). These results are consistent with previous findings showing that knockdown of
β2-microglobulin inhibits cell migration and invasion (29). These data demonstrate that
integrin β4–mediated cell migration is dependent on its interactions with HLA-I molecules.

Discussion
Here, we demonstrated a previously uncharacterized physical and functional association
between the integrin β4 subunit and HLA-I. Our results suggest that heterotypic, cis
interactions between HLA-I and the integrin β4 subunit are essential for transducing
intracellular signals that elicit the migration and proliferation of endothelial cells, because
the knockdown of HLA-I impaired laminin-5–induced integrin β4 signaling and inhibited the
migration of endothelial cells. Likewise, in the absence of integrin β4, antibody-induced
cross-linking of HLA-I molecules failed to elicit proliferative signaling.

Deletion of the cytoplasmic tail, but not the extracellular domain, of the heavy chain of
HLA-I abolished its interaction with the integrin β4 subunit. The importance of the
cytoplasmic domain of the HLA-I heavy chain was also supported by our finding that it was
required for HLA-I–mediated phosphorylation of target proteins and cell proliferation. The
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cytoplasmic tail of HLA-I mediates several important functions, including endocytosis,
degradation, and trafficking (30–33). Previous studies by Gur et al. indicate that the cross-
linking of HLA-I molecules that lack cytoplasmic domains can still stimulate activation
signals in T lymphocytes (34). Integrin β4 is not found on mature T or B cells (35), which
suggests that the proximal signaling events in lymphocytes and endothelial cells are
different and are likely related to the co-receptors that partner with MHC-I molecules to
elicit signaling events. In this respect, immune and nonimmune receptors physically
associate with cell surface MHC-I molecules, and these include the insulin receptor, EGFR,
CD25, CD1a, CD71, CD82, and CD8 (7).

Our demonstration of a mutual dependency between integrin β4 and HLA-I to stimulate
migration and proliferation raises the key question of how signal transduction is orchestrated
through these molecular interactions. Our data are consistent with a model whereby cross-
linking of HLA-I molecules with antibodies leads to the recruitment of integrin β4 and the
subsequent activation of intracellular signals involving Src, FAK, PI3K-Akt, and ERK.
Merdek et al. showed that dimerization of the cytoplasmic domain of the integrin β4 subunit
leads to the activation of Src signaling (36), which is an early event in the HLA-I signaling
pathway (8, 37). Alternatively, the cytoplasmic domain of integrin β4 interacts with FAK
directly, which can lead to the phosphorylation of FAK (20).

HLA-I–mediated transduction of signals is most likely of importance in the setting of
antibody-mediated rejection of allografts, in which antibody-mediated modifications of
endothelial cell function are thought to promote the development of chronic rejection and
transplant vasculopathy (3, 8–12, 38, 39). Associations between the integrin β4 subunit and
HLA-I might also play an important function in tumor angiogenesis and cancer progression.
Given the role of the integrin β4 subunit in promoting the migration, proliferation, invasion,
and metastasis of tumor cells (21, 22, 27, 40), an increased abundance of HLA may promote
angiogenesis by augmenting integrin β4–dependent signaling. Indeed, an increase in the
amounts of the HLA-I heavy chain and β2-microglobulin was found in gastric, squamous,
and renal cell carcinomas (29, 41, 42), which correlates with the extent of activation of the
PI3K and ERK pathways and with tumor progression (43). On the other hand, the reduced
abundance of HLA-I in non–small-cell lung cancer and breast cancer is associated with
improved survival (44, 45); a reduction in the abundance of HLA may inhibit tumor
angiogenesis by impairing integrin β4–dependent signaling.

In addition to tumor angiogenesis and transplant vasculopathy, the interaction between
HLA-I and integrin β4 might be important in neuronal development. Studies by Van der Zee
et al. demonstrated that conditional deletion of the integrin β4 subunit in Schwann cells leads
to delayed regeneration of axons (46). Similarly, Oliveira et al. found that the lack of surface
MHC-I in mice deficient in TAP1 (transporter associated with antigen processing–1) or β2-
microglobulin impeded the ability of neurons to regenerate axons (47). In addition, Sabha et
al. showed that the mouse strain A/J, which has a stronger axonal growth potential, shows a
clear increase in the abundance of MHC-I, whereas C57BL/6J mice, which have a
comparatively poor regenerative potential, display a lower extent of increase in the amount
of MHC-I in the spinal cord after injury (48). Our study provides a potential mechanistic
explanation for these studies. Specifically, it is plausible that the integrin β4 subunit and
HLA-I form a signaling complex that mediates axonal growth in neurons. Our elucidation of
the interaction between the integrin β4 subunit and HLA-I may lead to the development of
therapeutic strategies to prevent antibody-mediated transplant rejection and tumor
progression.
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Materials and Methods
Antibodies

The murine hybridoma (HB-95) cell line, which produces the monoclonal antibody W6/32,
was purchased from the American Type Culture Collection, and W6/32 was purified by
protein A/G agarose affinity chromatography. W6/32 recognizes a conformational epitope
on all HLA-A, B, and C heavy chains when they are in association with β2-microglobulin
(49). The antibody EMR8-5, which recognizes the denatured heavy chain of HLA-I and was
used for Western blotting analysis, was obtained from Medical and Biological Laboratories.
The allele-specific monoclonal antibody against HLA-A2 (H37) and the monoclonal
antibody against HLA-B56 were gifts from J. Lee (One Lambda Inc.). The mouse IgG
isotype control and antibodies against vinculin and β2-microglobulin were purchased from
Sigma-Aldrich. Rabbit antibodies against phosphorylated Akt (pAkt, Ser473), pSrc (Tyr416),
pERK (Thr202/Tyr236), mTOR, Akt, ERK, and integrin β3 were purchased from Cell
Signaling Technology. Antibodies against integrins β1, β3, and β4 were purchased from BD
Biosciences and were used in flow cytometry studies. Polyclonal antibody against pFAK
(Tyr397) was obtained from BioSource International. Rabbit polyclonal antibodies against
FAK, c-Src, β-tubulin, integrin β1, and integrin β4, as well as protein A/G plus agarose, were
obtained from Santa Cruz Biotechnology. Fluorescein isothiocyanate (FITC)–conjugated
goat antibody against mouse IgG was purchased from Jackson ImmunoResearch
Laboratories.

Cell culture
Primary human aortic endothelial cells were purchased from Cambrex Corporation or were
isolated from human aortas, as previously described (50). Cells were cultured in M199
complete medium containing 1 mM sodium pyruvate (Irvine Scientific), penicillin (100 U/
ml, Invitrogen), streptomycin (100 μg/ml, Invitrogen), 20% (v/v) fetal bovine serum (FBS,
HyClone), heparin (90 μg/ml, Sigma-Aldrich), and endothelial cell growth supplement (20
μg/ml, BD Biosciences). The HLA-A and B genotypes of the endothelial cells used in this
study were EC1 (HLA-A*02, A*11, B*44, and B*56), EC2 (HLA-A*01, A*33, B*44, and
B*57), and EC3 (HLA-A*01, A*02, B*08, and B*60). Endothelial cells were used for
experiments during passages 3 to 8.

Coimmunoprecipitations
Endothelial cells (∼1.5 × 106 to 3 × 106) were treated with the F(ab′)2 fragments of W6/32
or control mouse IgG for 20 min. The F(ab′)2 fragments of W6/32 were used instead of the
whole IgG to prevent the Fc fragment from interfering with immunoprecipitation with
protein A/G agarose beads. Our previous studies showed that stimulation of endothelial cells
with the F(ab′)2 fragment of W6/32 gives results comparable to those observed in cells
stimulated with the intact IgG (14, 51, 52). Cells were lysed in buffer containing 1%
CHAPS, 150 mM NaCl, 50 mM tris-HCl (pH 7.4), 50 mM NaF, 1.5 mM Na3VO4, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), aprotinin (0.2 μg/ml), and leupeptin (0.5 μg/ml),
and cell debris was pelleted by centrifugation at 10,000g for 2 min at 4°C. Antibodies
against the integrin β4 subunit or HLA-I (W6/32) were added to the cleared supernatant, and
samples were placed on the rotator overnight, after which they were incubated with protein
A/G beads for 3 hours. Cells infected with adenoviruses were treated with antibodies and
immunoprecipitated with Sepharose 4B beads (GE Healthcare) coupled to antibody against
the integrin β4 subunit (BD Biosciences) according to the manufacturer's directions.
Immunoprecipitates were washed three times in buffer containing 40 mM Hepes (pH 7.5),
120 mM NaCl, 1 mM EDTA, 10 mM β-glycerophosphate, 50 mM NaF, 1.5 mM Na3VO4,
0.3% CHAPS, aprotinin (0.2 μg/ml), and leupeptin (0.5 μg/ml), and samples were resolved
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on an SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gel. Of the total amount of
protein used in the immunoprecipitation, 5% was loaded onto the gel as a lysate control.

Western blotting analysis
Cells were grown in conditions of low serum concentration (2% FBS) for 12 hours,
stimulated with W6/32 for 10, 20, or 30 min, and lysed in RIPA-like buffer [250 mM NaCl,
0.1% SDS, 2 mM dithiothreitol (DTT), 0.5% NP-40, 50 mM tris-HCl (pH 7.4), 50 mM NaF,
1.5 mM Na3VO4, 0.5 mM PMSF, aprotinin (0.2 μg/ml), and leupeptin (0.5 μg/ml)]. Cell
lysates were resolved by SDS-PAGE and proteins were transferred overnight onto
Immobilon-P membranes (Millipore). Membranes were blocked with 5% milk in tris-
buffered saline containing 1% Tween-20 (TBST) for 1 hour at room temperature and then
incubated overnight with the appropriate primary antibodies. Immunoreactive bands were
visualized with horseradish peroxidase (HRP)–conjugated secondary antibodies. Protein
bands were scanned and quantitated with the ImageJ analysis program (http://
rsb.info.nih.gov/ij/).

Confocal microscopy
Endothelial cells were plated onto coverslips coated with laminin-5 or collagen I and were
fixed with freshly prepared 4% paraformaldehyde for 20 min without permeabilization. This
fixation method is reported to primarily label cell surface proteins (53). The fixed cells were
then incubated with W6/32 and rabbit antibody against integrin β4 followed by FITC-
conjugated goat antibody against mouse IgG (Santa Cruz Biotechnology) and Rhodamine
Red-X–conjugated goat antibody against rabbit IgG (Invitrogen). Basal and apical
membrane locations were determined visually in the Z plane by light-field microscopy. The
colocalization of integrin β4 and HLA-I at the basal membrane was examined with a Zeiss
LSM 5 Pascal laser scanning microscope with a Plan-Apochromat 63×/1.4 oil DIC
(differential interference contrast) objective lens. Images were acquired by the sequential
scanning mode to avoid bleed-through. To perform quantitative statistical colocalization, we
analyzed merged images with ImageJ software with the JACoP plug-in, according to the
algorithm of Costes et al. (24).

siRNA design and transfection of cells
The three integrin β4–specific siRNAs (5′-GAGAGCAGCUUCCAAAUCA-3′, 5′-
CAGAAGAUGUGGAUGAGUU-3′, and 5′-GAGCUGCACGGAGUGUGUC-3′) (54), the
siRNAs against the HLA-I heavy chain targeting the HLA-A and B alleles (5′-
GCAGAGAUACACCUGCCAU-3′ and 5′-GAGCUCAGAUAGAAAAGGA-3′) (28), the
β2-microglobulin–specific siRNA (5′-UUGCUAUGUGUCUGGGUUU-3′) (43), and the
negative control siRNA against firefly GL2 luciferase (5′-
CGUACGCGGAAUACUUCGA-3′) (55) were synthesized by Dharmacon Inc. Endothelial
cells were cultured from 60 to 80% confluence and transfected with siRNA (100 nM) with
the TransIT-TKO transfection reagent (Mirus Bio); control cells were treated with
transfection reagent alone according to the manufacturer's instructions. Experiments were
conducted 48 hours (or as noted) after transfection.

Construction and expression of HLA mutant proteins
To generate the HLA mutant proteins C-HLA-A2 and E-HLA-A2, we extracted mRNA
from primary endothelial cells carrying the HLA-A*0201 allele and reverse-transcribed the
mRNA to generate complementary DNA (cDNA). To generate C-HLA-A2, we amplified
the cDNA encoding the extracellular and transmembrane regions (corresponding to amino
acid residues 1 to 338) of HLA-A2 by polymerase chain reaction (PCR) assay with the
following primers: primer 1 (forward), 5′-gggctagccATGGCCGTCATGGCG-3′, and primer
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2 (reverse), 5′-ggagATCTGAGCTCTTCCTCCTCCACAT-3′. Purified PCR products were
digested with Nhe I and Bgl II and subcloned into Nhe I and Bgl II sites of pEGFP-N1 to
generate constructs that encoded HLA-mutant-GFP fusion proteins. To generate E-HLA-2,
we amplified the cDNA encoding the leader peptide (corresponding to amino acid residues 1
to 23) with the following primers: primer 1 (forward, as described earlier) and primer 3
(reverse), 5′-ggggatCCCAGGTCTGGGTCAGG-3′, digested with Nhe I and Bam HI and
subcloned into pEGFP, which had been digested with Nhe I and Bam HI. Next, the cDNA
encoding the transmembrane and intracellular domains of HLA-A2 (corresponding to amino
acid residues 304 to 365) was amplified with primer 4 (forward, 5′-ggtgtaca-
GCCCACCATCCCCATC-3′) and primer 5 (reverse, 5′-
gactagTCACACTTTACAAGCTGTGAGA-3′), digested with Brs GI and Spe I, and inserted
into pEGFP-N1 that had been digested with Nhe I and Xba I, which had the leader peptide
inserted. All of the plasmids were sequenced to confirm that the inserts were correctly
inserted and contained no mutations. The cDNAs encoding the HLA-mutant-GFP fusion
proteins were then subcloned into the adenovirus-based vector pAd/PL-DEST. Recombinant
adenoviruses encoding the HLA mutant proteins were generated and purified as described
by the manufacturer (Invitrogen), and titered by analyzing GFP fluorescence by flow
cytometry. To express the HLA-A2 mutant proteins, we incubated primary human aortic
endothelial cells (EC2) that do not carry an endogenous HLA-A2 allele with the
adenoviruses at a multiplicity of infection (MOI) of 2:1.

Cell proliferation assays
Endothelial cells were transfected with the appropriate siRNA and then starved overnight in
M199 medium containing 2% FBS. The transfected cells were labeled with CFSE (2 μM,
Invitrogen) at 37°C for 15 min, washed twice in warm phosphate-buffered saline (PBS), and
stimulated with W6/32 or control mouse IgG for 72 hours. The cells were detached with
0.25% trypsin and 0.05% EDTA, washed, and analyzed by flow cytometry. A decrease in
the amount of intracellular fluorescence of CFSE was an indicator of cell proliferation. Data
were analyzed with CellQuest Pro (BD Biosciences) and ModFit LT software (Verity
Software House). Cell proliferation was calculated with the Proliferation Wizard Model
(Verity Software House). In other experiments, endothelial cells were infected with
adenoviruses encoding C-HLA-A2 or E-HLA-A2 and then stimulated overnight with control
mouse IgG, W6/32, antibody against GFP, or antibody against HLA-A2 (1 μg/ml) in M199
medium containing 2% FBS and 15 μM BrdU. Cells were fixed and then incubated with an
antibody against BrdU, and a minimum of 10,000 gated events (cells) were acquired on a
FACSCalibur flow cytometer. Cell proliferation was determined by counting the number of
BrdU-containing cells.

In vitro wound-healing assay
The in vitro wound-healing assay was performed as described previously (27) with slight
modifications. Briefly, cells transfected with siRNAs against integrin β4 or HLA-I or with
control siRNA were plated on dishes coated with laminin-5. For some experiments, the cells
were pretreated with mitomycin C (10 μg/ml) for 2 hours to inhibit cell proliferation (56).
The cells were washed with PBS and incubated in medium without mitomycin C. Cell
monolayers were scratched with a pipette tip and stimulated with FGF for 12 hours. The
cells were stained with Wright-Giemsa (Sigma-Aldrich), and wound closure was monitored
by microscopy. A total of nine wounds were measured for each test condition. The degree of
wound closure was determined by calculating the percentage of the area covered by
migrating cells in the initial wound.
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Statistical analysis
The one-way analysis of variance (ANOVA) with Fisher's least significant difference (LSD)
test was used for comparisons, with P < 0.05 considered significant. Data are presented as
mean ± SEM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Ligation of HLA-I on endothelial cells triggers formation of a complex containing the
integrin β4 subunit and HLA-I. (A) Endothelial cells (EC1) were stimulated with the F(ab′)2
fragments of W6/32 (an antibody against HLA-I) or with control IgG. Cell lysates were
subjected to immunoprecipitation (IP) with W6/32 and analyzed by Western blotting with
antibodies against the heavy chain of HLA-I (EMR8-5) and integrins β4, β1, β3, and β5, as
indicated to the left of the blots. For each sample, 10% of the total cell lysate that was used
in the immunoprecipitation was loaded as an input control. Data are representative of three
independent experiments. (B) Endothelial cells (EC1) were stimulated as described in (A),
lysates were subjected to immunoprecipitation with an antibody against HLA-A2, and
samples were analyzed by Western blotting with antibodies against the HLA-I heavy chain
(EMR8-5) and integrins β4 (205 kD), β1 (130 kD), β3 (105 kD), and β5 (88 kD). For each
sample, 2.5% of the total cell lysate used in the immunoprecipitation reaction was loaded as
an input control. Data are representative of two independent experiments. (C) Cells (EC3)
were stimulated as described in (A), lysates were subjected to immunoprecipitation with an
antibody against the integrin β4 subunit, and samples were analyzed by Western blotting
with EMR8-5 or antibody against integrin β4. For each sample, 5% of the total cell lysate
used in the immunoprecipitation reaction was loaded as an input control. Data are
representative of four independent experiments. (D) Surface abundances of integrins were
analyzed by flow cytometry. Unstained control cells are shown as a filled peak. The thick,
thin, and dotted lines represent the surface expression of integrins β4, β3, and β1,
respectively. Data are representative of four independent experiments. (E) Incubation of
endothelial cells (EC1) with antibodies against the extracellular domains of HLA-I (green)
and integrin β4 (red). The last panel is an enlarged field that is indicated by the white square
in the merged image. Localization of both HLA-I and integrin β4 at the basal membrane was
positively correlated as indicated by a correlation coefficient (r) of 0.63 and 0.72 for the
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merged image and boxed region, respectively. Scale bars, 20 μm. The data are representative
of four independent experiments.
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Fig. 2.
The cytoplasmic domain of the HLA-I heavy chain mediates the interaction between HLA-I
and integrin β4. (A) Schematic representation of the mutant HLA-A2 molecules that have
either the extracellular (E-HLA-A2) or the cytoplasmic (C-HLA-A2) domains deleted and
replaced with GFP. (B) Endothelial cells were infected with adenoviruses encoding either E-
HLA-A2 or C-HLA-A2. More than 90% of the infected cells contained the mutant proteins,
as determined by flow cytometric analysis of GFP. Data are representative of 10
independent experiments. (C) Endothelial cells containing E-HLA-A2 or C-HLA-A2 were
stimulated with antibodies against either HLA-A2 or GFP, cells were lysed and subjected to
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immunoprecipitation with Sepharose beads conjugated to antibody against integrin β4, and
samples were analyzed by Western blotting with an antibody against GFP. Endothelial cells
from donor EC2 were used in these experiments. For each sample, 10% of the total cell
lysate used in the immunoprecipitation was loaded as an input control. Data are
representative of three independent experiments.
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Fig. 3.
Knockdown of integrin β4 inhibits HLA-I–mediated phosphorylation of target proteins in
endothelial cells. (A) Endothelial cells were transfected with 100 nM single duplex siRNA
against the integrin β4 subunit (sequence: 5′-GAGAGCAGCUUCCAAAUCA-3′) or with
control siRNA and were incubated for 24, 48, or 72 hours. Cells were lysed and subjected to
Western blotting analysis with antibodies against integrin β4, mTOR, FAK, Src, Akt, ERK,
and β2-microglobulin, with β-tubulin serving as a loading control. (B) Expression of HLA-I
on the surface of endothelial cells transfected with siRNAs was analyzed by flow cytometry
with the HLA-I–specific antibody W6/32. Negative control cells are shown as a filled peak,
whereas the thin, thick, and dotted lines represent mock-transfected cells, cells transfected
with integrin β4–specific siRNA, and cells transfected with control siRNA, respectively. (C)
Endothelial cells were transfected with integrin β4–specific siRNA or control siRNA (100
nM each). After 48 hours, cells were stimulated with W6/32 (1 μg/ml) for 20 min, lysed, and
analyzed by Western blotting with antibodies against pAkt (Ser473), pSrc (Tyr416), and
pERK (Thr202/Tyr204). β-Tubulin was detected to determine equal loading. Data shown are
representative of three independent experiments. (D) Protein bands shown in (C) were
quantified by densitometry and the results are expressed as the mean ± SEM percentage of
the maximal extent of protein phosphorylation stimulated by W6/32. Endothelial cells (EC1)
were used in these experiments. The data presented in (A) to (C) are representative of at
least three independent experiments. (D) Pooled data from three independent experiments.
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Fig. 4.
Deletion of the cytoplasmic domain of the heavy chain of HLA-I blocks HLA-I signaling.
(A) Endothelial cells (EC1) cultured in suspension were stimulated with antibodies against
the integrin β4 subunit. Cells were lysed and analyzed by Western blotting with antibodies
against pFAK, pSrc, pAkt, and pERK. Densitometric analysis was performed and the results
are expressed as the percentage of the maximal extent of phosphorylation stimulated by the
integrin β4–specific antibody. The data are representative of two independent experiments.
(B) Endothelial cells (EC1) transfected with control or integrin β4–specific siRNA were
cultured in suspension, stimulated with W6/32, and analyzed by Western blotting to
determine the extent of phosphorylation of target proteins. Results from densitometric
analysis are expressed as the percentage of maximal extent of phosphorylation stimulated by
W6/32. The data are representative of three independent experiments. (C) Endothelial cells
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(EC2) were infected with adenoviruses encoding E-HLA-A2 or C-HLA-A2 and were
stimulated with control mouse IgG (C), W6/32 (W), antibody against HLA-A2 (A), or
antibody against GFP (G). Cells were lysed and analyzed by Western blotting with
antibodies against pAkt, pERK, and pSrc. Membranes were also incubated with antibody
against GFP to determine the abundances of E-HLA-A2 and C-HLA-A2, and β-tubulin was
used as a loading control. Protein bands were quantified by densitometry, and the results are
expressed as the percentage of the maximal extent of phosphorylation of target proteins
stimulated by W6/32 and are shown in the bar graphs. Data are representative of three
independent experiments. (D) Endothelial cells (EC1) were transfected with control or
integrin β4–specific siRNA, stimulated with bFGF, and analyzed by Western blotting to
determine the extent of phosphorylation of ERK. The data are representative of two
independent experiments.
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Fig. 5.
Integrin β4 is required for HLA-I–mediated cell proliferation. (A) Endothelial cells (EC1)
were transfected with control or integrin β4–specific siRNA. Twenty-four hours later, cells
were labeled with CFSE and stimulated with W6/32 for 72 hours. Cell proliferation was
analyzed with ModFit LT software. The proliferation index represents the number of
proliferating cells in test cultures as a ratio of the number of proliferating cells in the control
cultures. Data are presented as mean proliferation index ± SEM from three independent
experiments. *P < 0.05 by one-way ANOVA, Fisher's LSD. (B) Endothelial cells (EC2)
were infected with adenoviruses expressing E-HLA-A2 or C-HLA-A2 and were stimulated
with antibodies against GFP or HLA-A2 in the presence of BrdU overnight. Cells stimulated
with mouse IgG or W6/32 served as negative and positive controls, respectively. Data are
presented as the mean percentage of BrdU-positive cells ± SEM of three independent
experiments. The flow cytometry plot of one representative experiment is presented in fig.
S3.
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Fig. 6.
Knockdown of the heavy chain of HLA-I or of β2-microglobulin inhibits the
phosphorylation of ERK in endothelial cells. (A) The abundance of HLA-I was analyzed by
flow cytometry with the pan-reactive HLA-I–specific antibody, W6/32, or the allele-specific
antibody against HLA-A2 in cells that had been transfected with control siRNA or with
siRNAs specific for the HLA-I heavy chain or β2-microglobulin. Negative control cells are
shown as a filled peak. (B) The abundance of HLA-I was analyzed by flow cytometry with
an antibody against the allele-specific HLA-B56 in cells transfected with control siRNA or
siRNA against the HLA-I heavy chain. Negative control cells are shown as a filled peak.
The data are representative of two independent experiments. (C) Endothelial cells were
transfected with siRNA against the HLA-I heavy chain and analyzed by Western blotting
with antibodies against integrin β4, the HLA-I heavy chain, ERK, and β-tubulin. (D) Cells
transfected with siRNAs against HLA-I heavy chain or the integrin β4 subunit or with
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control siRNA were plated on dishes coated with poly-L-lysine (PL), collagen I (Col I), or
laminin-5 (LM-5), after which they were analyzed by Western blotting with antibodies
against integrin β4, pERK, and the HLA-I heavy chain (n = 3 experiments). (E) Cells were
transfected with β2-microglobulin–specific siRNA and analyzed by Western blotting with
antibodies against β2-microglobulin, ERK, and the HLA-I heavy chain. (F) Cells transfected
with β2-microglobulin–specific siRNA were plated onto laminin-5 to simulate the
phosphorylation of ERK. Cells were analyzed as described in (D). The data presented in (A)
and (C) to (F) are representative of three independent experiments.
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Fig. 7.
Knockdown of HLA-I inhibits migration of endothelial cells. (A) Cells transfected with
control siRNA or with siRNA against the integrin β4 subunit or the HLA-I heavy chain were
plated on laminin-5 and stimulated with bFGF, and their migration across an artificial
wound was measured. (B) Cells were transfected with control siRNA or with siRNA against
the integrin β4 subunit, the HLA-I heavy chain, or β2-microglobulin and were pretreated
with mitomycin C to inhibit cell proliferation before being assayed for their ability to
migrate. The graphs show the mean percentage ± SEM of wound closure. *P < 0.05 by one-
way ANOVA, Fisher's LSD (n = 9 experiments). Endothelial cells (EC1) were used in these
experiments.
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