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Abstract
The production of anti-donor antibodies to HLA class I and class II antigens following
transplantation is associated with development of transplant vasculopathy and graft loss.
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.
The proximal molecular events that regulate HLA-I dependent signal transduction are not well
understood. We demonstrated a mutual dependency between HLA-I and integrin β4 to stimulate
signal transduction and cell proliferation. Similarly, we found that integrin β4-mediated cell
migration was dependent upon its interactions with HLA-I molecules. Since integrin β4 has been
implicated in angiogenesis and tumor formation, associations between integrin β4 and HLA-I may
play an important role in cancer. Further characterization of interactions between HLA-I and
integrin β4 may lead to the development of therapeutic strategies for the treatment and prevention
of chronic allograft rejection and cancer.
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1. Introduction
Improvements in immunosuppression and patient management have significantly reduced
cell mediated rejection, but antibody mediated rejection remains a main obstacle to long-
term survival of solid organ transplants [1, 2]. Numerous studies have shown that patients
producing post-transplant anti-donor antibodies to HLA are at a higher risk of chronic
rejection and graft loss [3-5]. The contribution of HLA-I antibodies to the development of
transplant vasculopathy has also been demonstrated in several experimental murine allograft
models. Passive transfer of anti-donor MHC-I antibodies in immunodeficient RAG1
knockout mice leads to the development of characteristic features of antibody mediated
rejection and transplant vasculopathy [6-9]. Chronic rejection manifests as transplant
vasculopathy which is characterized by intimal proliferation of the vessels of the allograft
[10-13]. Histologically, the vessels of the graft show perivascular fibrosis, smooth muscle
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cell proliferation accompanied by subendothelial lymphocytes and macrophages [14, 15].
Proliferation is a central feature of transplant vasculopathy lesions and grafts show increased
expression of mitogenic factors, such as PDGF, TGFα and TGFβ, and vascular endothelial
growth factor, an essential soluble factor which regulates angiogenesis [16-18].

The endothelium is located at the interface between the allograft and recipient blood and is
directly targeted by HLA-I antibodies. HLA-I antibodies can cause endothelial injury by
activating complement [19]. Antibodies to HLA can also lead to recruitment and activation
of neutrophils through P-selectin, NK cells and macrophages via Fc receptors [8, 20].
Activation of NK cells and macrophages leads to the secretion of cytokines which can
mediate neointimal thickness and transplant vasculopathy [8, 21]. While Fc and complement
interactions are important contributors to acute antibody-mediated rejection, transplant
vasculopathy can occur in the absence of complement deposition [19]. Studies from our
group and others have shown that the signaling events elicited by crosslinking HLA-I with
antibodies in endothelial cells and smooth muscle cells contribute to the process of
transplant vasculopathy [10, 22]. The proximal signaling events that trigger the HLA-I
dependent signaling cascades are not well understood. HLA-I does not have intrinsic kinase
activity, suggesting it must associate with other molecules that have the capacity to
transduce intracellular signals. The mechanisms underlying how HLA-I molecules transduce
signals in endothelial and smooth muscle cells will be the focus of this review.

2. HLA Antibodies induce survival and proliferation signaling pathways in
endothelial cells

Studies by our group and others have shown that ligation of HLA-I on cultured endothelial
cells with antibodies stimulates cell proliferation and stress fiber formation through RhoA,
Src and focal adhesion kinase (FAK) signaling in endothelial cells [10, 23, 24].
Phosphorylation of Src and FAK leads to the activation of the PI3K/Akt pathway which
initiates cell survival and proliferation pathways via mTOR signaling. mTOR exists in two
distinct molecular complexes: mTOR complex 1 (mTOR1) and mTOR complex 2
(mTOR2). HLA-I-mediated activation of mTORC1 causes the phosphorylation of several
downstream targets including S6 kinase (S6K) and 4E-BP1 which in turn increase protein
synthesis and cell proliferation via S6 ribosome protein (S6RP) and eukaryotic translation
initiation factor 4A1 (EIF4A1) [24, 25]. Activation of mTORC2 stimulates cell proliferation
and survival via the ERK and Akt signaling pathways [25, 26]. These in vitro findings are
supported by in vivo studies performed in a murine heart allograft model in which
phosphorylation of the signaling molecules involved in the MHC-I mediated proliferation
and survival pathways are switched on in the endothelium of MHC-I antibody treated mice
[27].

We investigated the molecular basis of HLA-I to stimulate survival and proliferation of
endothelial cells. Integrins are cell adhesion molecules that mediate attachment between the
cell and the extracellular matrix. Integrins also have capacity to transduce signals that
regulate cell proliferation, survival and migration. Upon ligand binding, integrins activate
various kinases, including FAK, Src, PI3K, and ERK [28]. Integrin β4 is mainly expressed
in epithelial cells and endothelial cells. Integrin β4 pairs with integrin α6 to form a
functional dimer to bind its ligand extracellular matrix laminin. Upon binding to laminin,
integrin β4 facilitates cell attachment to the extracellular matrix through an adhesion
structure called the hemidesmosome. Integrin β4 differs from other integrins by a long
cytoplasmic tail that has been shown to interact with FAK and Src to elicit cell survival and
proliferation signals [29, 30]. Given the similarity between the integrin β4 and HLA-I
signaling pathways, we questioned whether HLA-I partnered with integrin β4 to tranduce
signals. We found that ligation of HLA-I with antibodies induced complex formation
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between integrin β4 and HLA-I [31]. Furthermore, we demonstrated that depletion of
integrin β4 inhibited the phosphorylation of Src, ERK and AKT, and cell proliferation
induced by HLA-I antibodies. Our findings suggest anti-donor HLA-I antibodies cause
transplant vasculopathy by stimulating endothelial cell proliferation and migration via
integrin β4 signaling.

The role of integrin β4 in transplant vasculopathy is supported by previous studies showing
increased expression of integrin β4 in the endothelium of thoracic aorta with atherosclerosis
[32].

Previously we showed that the capacity of HLA-I to transduce signals is dependent upon the
degree of molecular aggregation of the HLA-I molecules which is dependent upon the level
of HLA-I expression and HLA antibody titer [33]. Ligation of HLA-I molecules with high
titer antibodies stimulates intracellular signals that synergize with FGF receptors to stimulate
endothelial cell proliferation via the MAPK signaling pathway [33]. On the other hand,
ligation of HLA-I molecules with low titer antibodies activates the PI3K/Akt and mTORC2
pathways and upregulates cell survival proteins on the endothelium including Bcl-2 and Bcl-
xL [33]. Expression of cell survival proteins protects the endothelium from cytotoxic T cell-
mediated and complement-mediated damage [34]. It is plausible that intravenous
immunoglobulin and/or plasmapheresis that are widely used in desensitization protocols to
deplete donor specific HLA antibodies, can skew the HLA-I signaling pathway towards
activation of the PI3K/Akt pathway promoting endothelial cell survival [35]. Additionally,
regimens directly targeting B-cells, such as the proteasome inhibitor Bortezomib and the
CD20 antibody Rituximab may also decrease antibody production, which may favor
activation of cell survival signaling pathways [36-39]. However, we poster that long-term
exposure of the endothelium to low levels of HLA-I antibodies will ultimately result in
transplant vasculopathy because low levels of HLA-I antibody may simultaneously activate
the mTORC1 signaling pathway, protein synthesis and proliferation. This idea is supported
by data in a murine model of antibody-mediated rejection where long-term (>15 days), but
not short-term (<15 days) exposure to anti-MHC antibodies promoted development of
transplant vasculopathy [6].

Our demonstration of a mutual dependency between integrin β4 and HLA-I raises the
question whether integrin β4 is also recruited during the crosslinking of HLA-I by the T cell
receptor on lymphocytes or by the killer cell immunoglobulin like receptor (KIR) on natural
killer cells. This concept is consistent with recent data showing that engagement of MHC-I
in neurons by the T cell receptors on CD8+ T cells alters the electrophysiological properties
of neurons by increasing the frequency of grouped action potentials or bursts over the
neuronal network [40]. This suggests that similar to crosslinking of HLA-I with antibodies,
ligation of HLA-I with the T cell receptor elicits intracellular signals. Ligation of HLA-I
with KIR expressed on NK cells will likely have similar effect on triggering HLA-I
signaling.

To further dissect the molecular basis of HLA-I and integrin β4 interactions, we generated
deletion mutants of HLA-I and demonstrated that the cytoplasmic domain of the HLA-I
heavy chain was required for the association with integrin β4 [31]. Deletion of the
cytoplasmic domain abolished HLA-I antibody stimulated signaling and cell proliferation.
We are currently investigating the domains of integrin β4 which are required for association
with HLA-I. Integrin β4 has two primary functions: 1) mediating cell adhesion to the
extracellular matrix through structures called hemidesmosomes and 2) transducing signals
that regulate cell shape, motility and proliferation. The distal region of the integrin β4 tail
appears dispensable for cell adhesion function in vivo because mice lacking the C-terminal
portion of the integrin β4 tail, downstream of amino acid 1355, have a structurally well-
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defined hemidesmosome and live a normal lifespan [41]. However this portion of the
integrin β4 tail is required for signal transduction and is referred as the signaling domain of
integrin β4. Deletion of the signaling domain specifically inhibits integrin β4 signaling that
is required for endothelial cell invasion at the beginning of the invasive phase of
angiogenesis. Mice carrying a targeted deletion of this integrin β4 signaling domain exhibit
defective neoangiogenesis in response to tumor xenografts. [41]. These findings suggest that
the signaling function of integrin β4 can be teased apart from the cell adhesion function. It is
suggested that agents specifically targeting integrin β4 signaling, but not affecting adhesion
function, will not have significant toxicity in patients [30]. Development of novel
approaches to block interactions between integrin β4 and HLA-I may lead to development
of therapeutic strategies to prevent HLA-I antibody induced transplant vasculopathy.

3. Role for HLA-I and integrin β4 molecules in tumor progression
Integrin β4 was first identified as a tumor antigen as its expression was increased in several
types of tumors and correlated with tumor motility [42, 43]. Expression of integrin β4
facilitates colorectal carcinoma cell invasion in Matrigel [44]. Using in vivo models it was
shown that blocking integrin β4 function by specific antibodies produced a significant
reduction in cancer cell extravasation and migration [45]. Integrin β4 stimulates tumor cell
migration and invasion through the Akt and/or ERK signaling pathways. In addition,
previous studies showed that integrin β4 signaling can stimulate tumor invasion via matrix
metalloproteinase 2 (MMP-2), which is critical for the degradation of basement membrane
[46]. Recent studies have shown that HLA-I antibodies are also mitogenic for smooth
muscle cells through a signaling mechanism involving matrix metalloproteinases (MMPs)
(membrane type 1 MMP and MMP-2). Silencing of MMP-2 blocks this mitogenic signaling
and subsequent DNA synthesis. Furthermore, pharmacological inhibitors of MMPs reduced
intimal thickening and transplant vasculopathy induced by HLA-I antibodies in vivo [47].
The role of MMPs in transplant vasculopathy was confirmed in an independent study where
the use of the MMP inhibitor (ONO-4817) prevented neointimal proliferation in a rat cardiac
transplant model [48] .

Integrin β4 signaling not only advances tumor progression but also promotes tumor
angiogenesis. Inhibition of integrin β4 signaling in endothelial cells prevents cell migration,
invasion and neoangiogenesis in vivo [41]. It has been shown that integrin β4 stimulates
tumor angiogenesis via the ERK signaling pathway [41]. Our data demonstrate that HLA-I
plays a critical role in angiogenesis. Knockdown of HLA-I or β2 microglobulin in
endothelial cells was accompanied by a loss in the capacity of laminin-5 to induce the
phosphorylation of ERK. In contrast, siRNA inhibition of HLA-I had no effect on integrin
β1 capacity to induce ERK phosphorylation upon binding to collagen [31]. In addition,
depletion of HLA-I reduced cell migration in response to laminin-5. These findings
implicate HLA-I in the process of angiogenesis. It is interesting to note that integrin β4 can
act in concert with a discrete set of proteins to facilitate the aggressive behavior of certain
breast tumors [49] and non-small cell lung carcinomas [50]. Given the role of integrin β4 in
migration, invasion and metastasis of tumor cells, increased expression of HLA-I may
promote angiogenesis by augmenting integrin β4 signaling. In fact, increased expression of
HLA-I is associated with tumor progression in gastric cancer [51] in which the expression of
integrin β4 is also up-regulated [52]. Furthermore, tumor progression is often associated
with inflammation [53]. The contribution of inflammation to the progression of gastric
cancer has long been appreciated [54, 55]. Up-regulation of HLA-I in the inflammatory
microenvironment, such as in gastric cancer, may further enhance integrin β4 signaling and
promote tumor progression. On the other hand, since integrin β4 needs HLA-I to activate
ERK signaling and to promote cell migration, reduced expression of HLA-I may limit the
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ability of integrin β4 to promote tumor growth. Reduced HLAI expression in non-small cell
lung cancer and breast cancer was reported to be associated with improved survival [56, 57].

4. Role for HLA-I and integrin β4 in neuronal development
A key question that remains is what is the physiologic role for HLA-I:integrin β4
interactions? Recent data suggest that HLA-I and integrin β4 are important in neuronal
development. In addition to epithelial cells and endothelial cells, integrin β4 is also
expressed in neuronal cells including astrocytes and Schwann cells [58-60]. Integrin β4 is
implicated in the migration of neural precursors [61-63], suggesting that integrin β4 plays a
critical role in brain development [64].

Historically, it was believed that the brain was immunologically privileged and neurons did
not express HLA-I. However recent studies clearly demonstrate that HLA-I molecules are
important for neuronal differentiation, synaptic plasticity, ionotropic receptor traffic and
brain development [65, 66]. It appears that HLA-I interacts with similar proteins found in
the immune system to mediate its function in neurons. CD3ζ, a signaling component of T-
cell receptors, Ly49, a member of KIR family and paired-immunoglobulin-like receptor B
(PIR-B) are putative receptors for MHC-I in neurons [67, 68]. MHC-I enhances regeneration
of neurons in mice [67] and the absence of surface expression of MHC-I in TAP1
(transporter associated with antigen processing–1) or β2 microglobulin knockout mice
impairs the ability of neurons to regenerate axons [69]. The mouse strain A/J in which the
expression of MHC-I is increased dramatically after axotomy, shows a strong axonal re-
growth potential [70]. On the other hand, the C57BL/6J mouse strain in which the
expression of MHC-I is lower than the A/J mouse displays a comparatively poorer
regenerative potential [70]. Interestingly, conditional deletion of the integrin β4 in Schwann
cells also delays regeneration of axons [71], indicating MHC-I and integrin β4 have the
similar functions in axon regeneration. Furthermore, the differentiation of neuronal stem
cells induced by erythropoietin is linked with increased expression of HLA-I, suggesting
HLA-I is involved in neuron stem cell differentiation [72]. Integrin β4 signaling can
promote neuronal stem cell differentiation in vitro as well [73]. Taken together, these
findings suggest that HLA-I:integrin β4 interactions play critical roles in neuronal
development. Our studies provide a potential mechanistic explanation for these findings.
Specifically, it is plausible that the integrin β4 and HLA-I form a signaling complex that
mediates axonal growth in neurons and/or promotes differentiation of neuron stem cells.

5. Challenges and future directions
It is conceivable that increased expression of HLA-I and/or integrin β4 can augment signal
transduction. The expression of HLA-A, HLA-B and HLA-C is regulated in a tissue specific
manner. For example, HLA-A and HLA-B are expressed at higher level than HLA-C in
human umbilical vein endothelial cells, whereas HLA-A and HLA-C are expressed more
than HLA-B in cervical cancer Hela cells [74]. This difference may be caused by distinct cis
elements in promoter regions of HLA-A, HLA-B and HLA-C, and transcription factors
available in specific types of cells. Whether HLA-A, HLA-B and HLA-C differ in their
capacity to transduce signals in distinct tissues is not clear yet. Polymorphisms outside of the
promoter region can also affect the expression of HLA-I. An extreme example is HLA-
C*04:09N. This allele has a point deletion in exon 7 which shifts the open reading frame,
and causes elongation of the cytoplasmic domain and failed surface expression [75].
Polymorphisms in the HLA-I molecule may also affect its association with integrin β4.
Recent studies by Jin et. al. indicate a differential capacity of specific HLA alleles to form a
molecular complex with integrin β4 [76]. These results may explain different outcomes in
transplant recipients producing antibodies to different HLA alleles.
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The integrin β4 gene shows a limited degree of polymorphism which may have an impact on
protein function. For example, a single-nucleotide polymorphism (SNP) in the 3’
untranslated region of integrin β4 is associated with breast cancer metastasis [77]. It is
suggested that this SNP disrupts microRNA miR-34a binding site and enhances the
expression of integrin β4 and thus increases tumor cell growth and invasion [77]. Hirano et.
al. found 9 SNPs in the integrin β4 gene, including two SNPs located in the region required
for signal transduction [78]. It will be interesting to determine if the integrin β4 alleles have
differing capacities to partner with HLA-I to transduce signals, and promote tumor
progression and transplant vasculopathy. Taken together, certain polymorphisms in HLA-I
or integrin β4 may predispose the patient to increased risk of transplant vasculopathy or
tumor progression. Studies on interactions between different HLA-I:integrin β4 alleles is
needed to advance our understanding of how HLA-I molecules promote transplant
vasculopathy, tumor progression and neural development.

6. Concluding remarks
We have demonstrated a mutual dependency of integrin β4 and HLA-I to transduce signals
in endothelial cells which may be important in various disease states including transplant
vasculopathy and cancer. Crosslinking HLA-I with antibodies or laminin-5 stimulation of
integrin β4 increases complex formation between integrin β4 and HLA-I, and augments
downstream signaling. In the situation of antibody-mediated rejection, HLA-I commandeers
the integrin β4 molecule to transduce intracellular signals that stimulate cell survival and
proliferation, which may contribute to neointimal proliferation of endothelial cells and
smooth muscle cells and transplant vasculopathy (Figure 1). Efforts to reduce HLA and
integrin β4 interactions in the cells of the graft could be of therapeutic benefit. In the setting
of tumor angiogenesis and tumor progression, HLA-I is required for laminin-5-mediated
integrin β4 signaling. Depletion of HLA-I inhibits endothelial cell migration induced by
laminin-5, suggesting that HLA-I can regulate the integrin β4 mediated tumor progression.
The physiological significance of integrin β4's association with HLA-I may lie in neuron
development. Further dissection of the interactions between integrin β4 and HLA-I should
lead to the development of novel therapeutic strategies to prevent antibody-mediated
transplant rejection and tumor progression.
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Figure 1.
HLA-I antibodies stimulate intracellular signals via integrin β4 in endothelial cells and
smooth muscle cells in the setting of transplant atherosclerosis. Crosslinking of HLA-I with
antibodies increases its association with integrin β4, which in turn activates the Src/FAK
signaling pathways. Phosphorylation of Src/FAK causes the activation of PI3K/Akt pathway
which stimulates the formation of mTORC1. mTORC1 initiates protein synthesis and cell
proliferation via 4EBP1 and S6K. Phosphorylation of Src/FAK also stimulates mTORC2
signaling. Activation of mTORC2 promotes cell survival or proliferation though the AKT
and ERK signaling pathways, respectively.
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