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Abstract

Vascular smooth muscle cells (SMC) play an important role in the pathophysiology of
transplant vasculopathy (TV), a major cause of late death in patients receiving an organ
transplant. In this review we describe the proliferative effectin vitro and in vivoof HLA class |
antibodies on human SMC. We have developed an experimental model using segments of
human mesenteric arteries transplanted in the position of the infrarenal aorta in
immunodeficient mice (SCID/beige). Weekly injections of transplanted mice with a
monoclonal antibody towards HLA class | provoked typical lesions of TV after 6 weeks in the
human graft while transplanted mice receiving an irrelevant antibody did not develop any
significant lesion. In vitro, the anti-HLA antibodies were mitogenic to SMC and we showed
that they activate a stress-induced signaling pathway implicating matrix metalloproteinases
(MMP) and neutral sphingomyelinase 2 (nSMase-2).The proliferative effect of anti-HLA
antibodies could be blocked by pharmacological inhibitors or by siRNA. Administration of
pharmacological inhibitors diminished the development of TV in grafted mice injected with
anti-HLA antibodies demonstrating an important role of the MMP/nSMase-2 pathway in
antibody-induced TV. This observation opens new perspectives for the management of TV in
clinical settings.



Keywords

Antibodies
Vasculopathy
Signaling

Smooth muscle cells
Animal models

Abbreviations

TV: Transplant Vasculopathy

HLA: Human Leucocyte Antigen

SMC: Smooth Muscle Cells

EC: Endothelial Cells

MMP: Matrix MetalloProteinases

MMP-2: Matrix MetalloProteinase 2

FAK: Focal Adhesion Kinase

mTOR: mammalian Target Of Rapamycin

PI3K: Phosphatidyl Inositol 3 Kinase

ERK: Extracellular signal-Regulated protein Kinase
MHC: Major Histocompatibility Complex

MICA: Major histocompatibility complex class I-related Chain A
TNF-o: Tumor Necrosis Factor o

S1P: Sphingosine-1-Phosphate

nSMase-2: type 2 neutral SphingoMyelinase
MT1-MMP: Membrane Type 1 Matrix MetalloProteinase
MAPK: Mitogen-Activated Protein Kinase

oxLDL.: oxidized Low-Density Lipoprotein

siRNA: small interfering RiboNucleic Acid

DNA: DesoxyriboNucleic Acid

SCID: Severe Combined ImmunoDeficiency
PCNA: Proliferating Cell Nuclear Antigen

a-SMA: o Smooth Muscle Actin

SL.: SphingoL.ipid



1. Introduction

Advances in immunosuppressive treatment, surgical techniques and patient care have greatly
improved the early survival of patients receiving an organ allograft. In spite of this progress,
too many patients die after some years, mainly due to chronic rejection. The rejection of organ
allografts is mediated by many different components of the adaptive and innate immune
system. Acute rejection in patients that are not sensitized towards donor alloantigens typically
occurs 1-2 weeks after organ transplantation. It is characterized by graft cell necrosis and/or
graft vessel thrombosis caused by the immune system of the host. Rejection episodes may be
prevented or reversed by treatment with immunosuppressive agents [1]. Chronic rejection is a
more insidious process that develops months to years after the graft in spite of
immunosuppressive treatment and it is more likely to occur if the patient has suffered from
acute rejection episodes. One of the principal elements of chronic rejection is transplant
vasculopathy (TV)[1]. Experimental models in rats have been developed more than 20 years
ago in order to describe the sequential events of TV, mainly using an aorta allograft
interposition model [2, 3]. Later on, progress in microsurgery has allowed the carrying out of
aortic allografts in mice [4, 5]. In these rodent models, chronic lesions develop 1-2 months
after transplantation that are very similar to TV observed in humans. The use of mutant mice
strains with immunologic defects has shown the importance of CD4+ helper cells, humoral
antibodies and macrophages for the development of TV [6]. In immunocompetent animal
models of allografts, an infiltration of T cells and monocytes in grafted arteries is
accompanied by the appearance of lymphoid follicles with B cells in the adventitia,
suggesting a local production of alloantibodies [7]. Proliferation of smooth muscle cells
(SMC) and modulation of extracellular matrix in the neointima are important events in the
development of vasculopathy, because the lumen of the arteries of the graft narrows, the
blood flow slows down and the organ becomes increasingly ischemic. Clinical studies
underline a strong correlation between the presence of antibodies towards HLA class | and the
development of chronic rejection [8]. Signaling induced by anti-HLA antibodies on EC has
been studied by many groups, and the secretion of cytokines in vivo has probably a strong
impact on the SMC in the grafted vessel. However, the direct action of antibodies on SMC is
much less well known.We hypothesize that anti-HLA antibodies act as stress agents on SMC,
inducing activation and proliferation of these cells. We focus on a signaling pathway
involving matrix metalloproteinases (MMP) and neutral sphingomyelinase 2 (nSMase-2),
already described by our team to be activated by other stress-inducing agents such as oxLDL
and TNF-a, leading to SMC proliferation [9, 10].

In this review, the role of antibodies towards HLA class | in the development of TV will be
discussed. In the following sections we give details on our experimental models in vitro and
invivo, the mechanisms of action of anti-HLA antibodies and the possible clinical implications
of our work.

2.Alloantigens on vascular cells

Patients receiving an organ allograft are confronted with incompatible alloantigens on cells
and tissues of the donor.The most immunogenic antigens are those of the major
histocompatibility complex (MHC), called HLA in humans. While endothelial cells express
HLA class Il antigens constitutively [11], SMC only express HLA class Il in certain
pathological states [12]. HLA class | antigens may be divided into classical antigens (A, B
and C) which are expressed by most nucleated cells in the body, and non-classical antigens
[13]. The W6/32 monoclonal antibody recognizesa monomorphic epitope shared among all
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native HLA class | molecules [14, 15].The epitope probably includes residue 121 in the a 2
domain and residue 3 on beta-2 microglobulin as shown in Fig 1 [16]. The antibody binds to a
discontinuous epitope that is situated under the antigen presenting groove. Both endothelial
cells and SMC express classical HLA class | antigens and are thus potential targets of the
W6/32 monoclonal antibody.The mechanism of action of anti-HLA class | antibodies has
often been viewed as strictly complement-dependent. However, we and others have shown
that these antibodies have direct effects on vascular cells in vitro[17-19]and in vivo[18, 20] in
theabsence of complement. This may be explained by their ability to crosslink HLA
molecules at the surface of cells thereby recruiting other proteins as for instance integrin 34 to
transduce signals into the cells[21]. Fig. 2 shows the labeling of HLA class I molecules on
human SMC in vitro and on sections of human arteries using the W6/32 antibody.

It has been reported that the presence of antibodies towards MICA (Major histocompatibility
complex class I-related Chain A) antigens in patients could be correlated with graft rejection
[22]. However, in contrast to the effect of anti-HLA class | antibodies, we found that anti-
MICA antibodies neither provoked development of TV in our animal model, nor induced
SMC proliferation in vitro[18]. Antibodies towards HLA class Il antigens certainly also play a
role in chronic rejection [8], but in this review we will only address the mechanisms
implicating HLA class | antibodies.

3. Mechanisms implicated in migration and proliferation of vascular cells induced by
anti-HL A antibodiesin vitro

It is well documented in vitro that antibodies toward HLA class | are able to provoke
proliferation in human endothelial cells (EC)[19]. They induce phosphorylation of protein
kinases such as c-Src and Fyn of the Src family and of proteins associated with the
cytoskeleton such as FAK and paxillin. In addition, it was shown that the PI3K/Akt pathway
was activated by Src and FAK, leading to increased expression of pro-survival proteins Bcl-2
and Bcl-xL[23] and of antioxidant defense such as HO-1 [24]in EC stimulated by anti HLA
antibodies. Furthermore, they induce ERK phosphorylation by an mTOR-dependent
mechanism [25, 26]. mTOR also appears to be involved in the phosphorylation of Akt and in
the proliferative effect of anti-HLA antibodies on EC, but its activation is dependent on Src
and FAK [25, 26]. Upstream of this signaling, the interaction between HLA class | and
integrin B4 is essential for the phosphorylation of these proteins and the proliferation of EC in
response to anti-HLA antibodies [21]. Recently, Reed’s team has shown that anti-HLA
antibodies induce stress fiber formation in EC[27]. Besides, anti-HLA antibodies induce
increased expression of VEGF and endothelial permeability [28]. EC stimulated by anti-HLA
antibodies secrete the proinflammatory cytokines IL-1f3, IL-6, IL-8 and TNFa. [29].

In vivo, anti-HLA antibodies might indirectly trigger SMC proliferation via the production of
growth factors and inflammatory cytokines by EC[23, 29]. In vitro studies show that anti-
HLA antibodies directly activate signaling pathways involved in the migration and
proliferation of SMC [17, 18, 30, 31]. HLA class I antibodies increase the expression of the
fibroblast growth factor receptor of SMC and a subsequent tyrosine phosphorylation of
proteins involved in SMC proliferation [32]. These events are potentiated by a pre-treatment
of cells with TNF-a and interferon y[17]. As reported in EC the signaling cascade implicating
FAK, Akt and ERK is involved in the proliferative and migratory properties of anti-HLA
antibodies in SMC [30]. Results from our team indicate that the matrix
metalloproteinases/type 2 nSMase (MMP/nSMase-2) signaling pathway plays an important
role in SMCproliferation elicited by pro-atherogenic agents and we will therefore shortly
describe some basic elements of the biomolecules involved in this pathway.



3.1.Sphingolipids

Sphingolipids (SL) are characterized by the presence of a long-chain sphingoid backbone.
Most of them are located in membrane bilayers, especially in the plasma membrane. They are
present in microdomains involved in signal transduction such as rafts or caveolae [33].
Ceramide can be formed through hydrolysis of sphingomyelinby sphingomyelinases [34](see
Fig.2). This molecule can be degraded into sphingosine by ceramidases, while sphingosine
phosphorylation by sphingosine kinases generates sphingosine 1-phosphate (S1P), another
important bioactive SL. S1P can be exported to the extracellular compartment where it may
bind members of the S1P receptor family which are G protein-coupled receptors located at the
plasma membrane [35].Bioactive SL such as ceramide and S1P play a key role in
physiological and pathological cellular responses. Sphingolipid mediators are often generated
in response to stress-inducing agentsand are implicated in various cellular responses that may
lead to cell death or survival, differentiation, proliferation, inflammation, autophagy or
angiogenesis. Ceramide and S1P exhibit sometimes opposite effects:for instance, ceramide
isanti-proliferative and proapoptotic [36], while S1P promotes cell proliferation and
counteracts apoptotic stimuli. S1P is also involved in cell migration and angiogenesis [37,
38].The balance between ceramide and S1P levels (the so-called ceramide/S1P rheostat)
conditions the cell’s fate towards apoptosis or survival and proliferation[39]. This rheostat
constitutes a potential therapeutic target in diseases implicating sphingolipid mediators (e.g.
metabolic diseases, cancer) [40, 41].

3.2. Enzymes involved in the MMP/nSMase-2 pathway

Several sphingomyelinases have been cloned and are characterized by theiroptimum pH,
biochemical properties, and subcellular localization [42]. Neutral sphingomyelinases
(nSMase) hydrolyze sphingomyelin at neutral pH (7.4) into ceramide. Type 2 nSMase
(nSMase-2) is ubiquitously expressed, with a high expression in the brain. It is coded by the
smpd3 gene and its enzyme activity depends on the presence of Mg?*[43].NSMase-2 plays a
keyrole in sphingomyelin hydrolysis for cell stress-induced ceramide generation, cell
signaling and cell cycle regulation [44]. NSMase-2 is present in sphingomyelin-rich rafts and
in caveolae, where local ceramide generation modulates the biophysical properties of the
membrane and contributes to cell signaling[45-47]. NSMase-2 is normally present in the
Golgi apparatus from where it translocates to the plasma membrane upon stimulation by
stress-inducing agents [48, 49]. The translocation mechanism involves various signaling
pathways, among them p38-MAPK [48] and protein kinase Cé [50]. However, the upstream
mechanisms leading to nSMase-2 activation remain unclear so far. Reports from our group
indicate that the activation of nSMase-2 by stress-inducing agents (oxLDL, TNF-a, oxidative
stress) depends onthe action of MT1-MMP and MMP-2 [9, 10, 51]. NSMase-2 is involved in
SMC proliferation,but not in apoptosis elicited by stress-inducing agents[52].

3.3.Matrix metalloproteinases

Matrix metalloproteinases (MMP) are a family of Zn-dependent proteinases, which contribute
to the renewal of the extracellular matrix [53]. MMP activity is regulated by cleavage of the
pro-enzyme by serine-proteases or membrane-associated MMP such as MT1-MMP. MMP are
inhibited by the tissue inhibitors of metalloproteinases, which are glycoproteins ubiquitously
present in tissues[54]. MMP such as MMP-2 are involved in extracellular matrix degradation
[53], but also in stress-induced proliferation [9, 10]. Inhibition of MT1-MMP and MMP-2by
pharmacological drugs (Batimastat, R028-2653), specific sSiRNA or by mutation, abrogates
activation of nSMase-2 and subsequent cell proliferation in response to stress-inducing



agents. This suggests that these MMP are required for triggering nSMase-2 activation,
ceramide generation and subsequent mitogenic cell signaling [9, 10].

3.4.The MMP/nSMase-2 pathway and anti-HLA antibodiesin vitro

Our datasuggest that anti-HLA antibodies behave as stress-inducing agents on SMC,
activating the MMP/nSMase-2 pathway [31]. As reported for other stress-inducing agents
(TNF-a, oxLDL, H,0,), anti-HLA antibodies (1 pg/mL) rapidly activate nSMase-2 via an
upstream activation of MT1-MMP and MMP-2. Thispathway is mitogenic, as assessed by the
inhibition of DNA synthesis and SMC proliferation by pharmacological inhibitors of MMP
(R028-2653 at 10 nM) or nSMase (GW4869 at 5 uM). Moreover, the mitogenic signaling
induced by antibodies was inhibited in human SMC silenced for MMP-2 or for nSMase-2 by
specific sSiRNA, and in SMC transfected with a vector coding for a dominant-negative form of
MT1-MMP. It is important to notice that these effects of anti-HLA antibodies are independent
of complement action (inactivation by heating). As described below, the role in vivo of the
MMP/nSMase pathway for the development of TV was supported by the use of MMP or
nSMase inhibitors that inhibited intimal hyperplasia in our experimental model.

4. Animal model to study TVinduced by anti-HL A antibodies

We have developed an experimental animal model that allows elucidating the role of various
components of the immune system implicated in TVof human arteries. Several
immunodeficient mice strains exist that accept transplantation of normal or tumor tissue to the
animal from other species[55]. We have chosen the SCID/beige mice that lack functional T
and B cells due to mutation in a gene involved in recombination of T and B cell receptors
[56], associated with a defect of the innate immunity resulting from the beige mutation [57].

4.1. Establishment of the transplantation model

Transplantation of human arteries into SCID/beige mice was first reported in 1999 by Lorber
et al [58]who showed that a human artery grafted into the place of the infrarenal aorta was
accepted permanently. Injection of peripheral blood lymphocytes from blood donors provoked
typical lesions of TV in the arteries. The arteries were recovered from surgical waste,
typically after coronary by-pass operations. However, the arteries were of variable quality and
only a few suitable arteries could be obtained from each patient. We have improved the model
by using human mesenteric arteries from deceased organ donors. These arteries are of
excellent quality and of homogeneous size, and a great number of small arteries of a diameter
compatible with the murine aorta can be dissected out (see Fig.4). We applied a rapid sleeve
technique for the insertion of each artery in the place of the infrarenal aorta in SCID/beige
mice [59] and up to 8 mice have been grafted with arteries from the same donor. In a first
series of experiments, the mice were injected with human spleen cells from deceased organ
donors, and we have shown that immunological reconstitution provokes a typical TV after 6
weeks when the cell donor is different from the arterial donor (allogeneic combination) and
little or no TV if cells and artery come from the same donor. The immunological
reconstitution concerned both the cellular and humoral response, but it was not possible in this
model to determine which component was the most important for the development of lesions.
In addition, there was a problem of xenoreactivity of the human lymphoid cells against the
mouse tissue and graft versus host reactions were seen in liver, spleen and other organs[60].

4.2.Developmentof the model for studying humoral alloreactivity



After these preliminary experiments we then turned to studies of the role of humoral
alloreactivity in transplant rejection. A minor problem was the presence of low levels of
endogenous immunoglobulin in a number of mice, the so-called leaky phenotype. We
systematically selected mice for experiments and for breeding that had a level of endogenous
immunoglobulin below 0.5 pg/mL (corresponding to about 1/1000 of normal mouse serum
levels). In this way, potential interference of mouse immunoglobulin with injected antibodies
or transplanted tissue was minimized. As commented upon in the following section, weekly
intravenous injections of the monoclonal anti-HLA antibody (W6/32) were able to provoke
TV in the grafted artery after 6 weeks while no changes were noted in the mouse aorta
adjacent to the transplanted segment [18]. Irrelevant antibody had no effect. It could be shown
that the reaction took place without the action of complement in vivo by the treatment of the
mice with cobra venom factor.The lesions were quantified on transversal sections made with
200 pm intervals and a virtual longitudinal section was constructed on the basis of the
measures using a homemade developed software [59].

4.3.Implicationin vivo of the MMP/nSMase pathway

We have shown that repeated intravenous injections of anti-HLA antibodies (1 pg/10 g body
weight) in SCID/beige mice grafted with a human mesenteric artery segment induced the
development of intimal hyperplasia specifically at the human graft (see Fig. 5). The vascular
lesions were concentric, diffuse, and cellular with positive staining for a-smooth muscle actin
(a-SMA), suggesting a role for SMC in the development of TV in this model. In addition,
some SMC present in the lesions expressed PCNA, a nuclear marker of proliferation,
indicating the proliferative effect of anti-HLA antibodies on human SMCin vivo in this model.
To assess whether the MMP/nSMase pathway is involved in TV, we used pharmacological
inhibitors of MMP and nSMase which were injected in the grafted mice all along with the
treatment with anti-HLA antibodies. We used the MMP inhibitor R028-2653 (oral gavage
twice a week at 1 pg/10g body weight) and the nSMase inhibitor GW4869 (intraperitoneal
injection twice a week at 1 pg/lg body weight). Both inhibitors efficiently reduced the
development of TV induced by anti-HLA antibodies after 6 weeks of treatment [31]. GW4869
protectedthe human graft from intimal hyperplasia at about 50 % and R028-2653 induced a
decrease of more than 60 % of the vascular lesions induced by anti-HLA antibodies. These
results suggest a major involvement of the MMP/nSMase pathway in the development of TV.
As no apparent toxic side effects were noted in the mice, the results open new prospects in
therapeutic strategies that might be used to limit antibody-mediated allograft rejection.

5. Discussion

In the preceding sections we have described the role of anti-HLA antibodies in SMC
proliferation in vitro and in vivo, and the implication of the MMP/nSMase-2 signaling
pathway (see Fig. 6). To our knowledge this is the first report showing a role for this pathway
in TV. Reports from Reed’s group indicate a role for FAK (and Akt and ERK)[30](see Fig.6).
It is likely that links exist between FAK activation and the MMP/nSMase-2 pathway. The
signaling response induced by anti-HLA antibodies is initiated very quickly, within minutes
after the addition of antibodies in the culture medium of SMC. Data in the literature show that
proliferative and migratory effects of oxLDL are accompanied by the activation of MMP-2
and the phosphorylation of FAK [61]. Integrin asinhibition decreases the phosphorylation of
FAK and the secretion of MMP-2[62]. MT1-MMP activation induces the cleavage of FAK
and the activation of MMP-2 in human SMC [63]. Moreover, it has been shown in EC that



S1P can induce the phosphorylation of FAK [64]. Thus, FAK may play a role at several steps
in the MMP/nSMase-2 pathway leading to the proliferation of SMC.

It might be argued that stimulation of human SMC by a mouse monoclonal antibody does not
reflect the situation in patients where the alloantibodies are polyclonal and directed towards
specific HLA epitopes. However, it has been shown that monoclonal antibodies of murine or
human origin directed towards specific HLA class | antigens stimulated human SMC in
vitroin the same way as the W6/32 antibody, and the stimulation was dose dependent [30]. In
a model of aortic allografts into immunodeficient rats, the injection of rat alloantisera
provoked typical TV lesions in the graft [65]. It is therefore likely that polyclonal antibodies
towards HLA class | would behave similarly, in vitro and in vivo.Our model may thus be very
relevant for testing of new therapeutic principles in the treatment of TV.

Like Reed’s group, we have found that anti-HLA antibodies exert a migratory effect on
human SMC that is decreased by the inhibitors of the MMP/nSMase-2 pathway. However, we
do not know the precise mechanisms by which the pathway is activated by anti-HLA
antibodies, or how MMP activate sphingolipid metabolism or even how the SL transduce the
mitogenic signals of anti-HLA antibodies in human SMC. Our preliminary results suggest an
important role of S1P in the proliferation and migration of SMCs in response to anti-HLA
antibodies (Trayssac et al., in preparation).Inhibitors targeting the fixation of S1P on its
receptors are now considered as a new class of immunosuppressive agents [66]. The
preventive effect of FTY-720 [67] and KRP-203 [68] against TV and chronic rejection
couldthus be related to a direct effect on SMC in the graft in addition to their effect on cells of
the immune system[69].

To which extent the endothelial cells and SMC in vascular allografts are replaced by cells of
recipient origin remains a still open question [70]. We assume that in our xenograft model the
proliferating cells are of human origin although it cannot be excluded that a part of them is of
murine origin. To further explore the question about the origin of the vascular cells in an
allograft model and the mechanisms of lesion development, we are currently developing an
allograft model of TV, by grafting an aortic segment from C57BL/6 mice (H-2°) into
SCID/beige mice (H-2%) followed by injections of antibodies towards MHC class | (H-
2K®DP). This model should allow characterizing the involvement of MMP/nSMase-2 pathway
in the development of TV induced by anti-MHC antibodies through the use of mice mutated
for this pathway (deletion of genes coding for MMP-2 or nSMase-2).

Many classical immunosuppressive agents, such as cyclosporine or mycophenolic acid,exhibit
anti-proliferative effects on vascular SMC that could be responsible for a part of their efficacy
in delaying the progression of TV[71]. On the basis of these observations it could be proposed
that new inhibitors of SMC proliferation (MMP and nSMase inhibitors) might be used in
combination with conventional immunosuppressive drugs in order to limit the development of
TV.

6. Conclusion

We and others have shown that vascular SMC in organ allografts are direct targets for HLA
class | antibodies. The antibodies act as stress-inducing agents on SMC by activating a
signaling pathway involving MMP and nSMase leading to SMC proliferation in vitro and in
vivo. TV develops in human arteries grafted into immunodeficient SCID/beige mice that are
injected with HLA class | antibodies. Pharmacological inhibitors of MMP and nSMase
prevent SMC proliferation and TV induced by HLA class | antibodies. The pharmacological
inhibitors did not seem to have side effects on the animals in doses that significantly reduced



TV. This opens up for new therapeutic strategies to improve long-term survival of solid
allografts.
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Figure Legends

Fig. 1. Ribbon model of HLA class | showing residues recognized by W6/32.

The structure is based on protein data bank entry 2bvp. The three extracellular domains of the
heavy chain are colored blue and the beta-2 microglobulin is grey. The two arrows show the
position of residue 121 of the o chain and residue 3 of beta-2 microglobulin, which according
to Ladasky et al are part ofadiscontinuous epitope recognized by the W6/32 antibody[16]. The
figure was prepared using USCF Chimera [72].

Fig. 2Expression of HLA molecules in human SMC and human arteries

The microphotographs represent immunofluorescence experiments on human SMC cultured
from mesenteric arteries (x1000) and sections of human arteries (x400). A: SMC incubated
with irrelevant antibody of same isotype as W6/32 and B: with W6/32 antibody. C: human
mesenteric artery sections incubated with irrelevant antibody and D: with W6/32 antibody.
Arrows show HLA class | molecules at the surface of SMC and in the endothelium and the
media of the arteries.

Fig. 3. Schematic representation of sphingolipid metabolism

This scheme represents sphingomyelin metabolites and enzymes that are involved in the
production and degradation of the different sphingolipids. This pathway is activated by stress-
inducing agents such as anti-HLA antibodies, leading to e.g. cell proliferation. Sphingomyelin
metabolites have numerous targets such as kinases, phosphatases, transcription factors or
receptors.

Fig. 4. Different steps of surgery and microsurgery in the animal model

A: Radiography of human mesentery injected with contrast to show the presence of multiple
small arteries that are present (from Gray’s anatomy). B: Peroperative view of mesentery
before removal. C: Piece of mesentery after removal. A microdissection allows identifying a
great number of small arteries of same diameter as the mouse aorta. D: A fragment of a
mesenteric artery after dissection, the diameter is about 1 mm and the length about 1.5 cm. E,
F, G: Operative procedure: The infrarenal aorta of the mouse is dissected and cut in the
middle part after ligation. The human artery is grafted with point to point sutures for the distal
anastomosis and with a sleeve anastomosis proximally. The two ligatures are finally removed
and the blood flow restored. The patency of the graft is secured before the wound is closed.

Fig. 5. Sections of human arteries grafted into SCID/beige mice

The microphotographs represent transversal sections of human arteries grafted into
SCID/beige mice and removed 6 weeks after transplantation. Intimal hyperplasia is shown by
bars. A: Hematoxylin/Eosin staining of sections from mice treated with irrelevant antibodies
or B: with anti-HLA antibodies (x100). C: Hematoxylin/Eosin staining of sections from mice
treated with irrelevant antibodies or D: with anti-HLA antibodies (x400). E: a-SMA
expression in sections from mice treated with irrelevant antibodies or F: with anti-HLA
antibodies (x400). G: PCNA expression in sections of arteries from mice treated with
irrelevant antibodies or H: with anti-HLA antibodies. Arrows show some PCNA-positive cells
in the media and in the intimal hyperplasia.

Fig. 6. Summary scheme of the signaling pathways activated by anti-HLA antibodies in
human SMC

Two major signaling pathways are involved in the proliferative effect of anti-HLA antibodies:
one implicating FAK [30] and the other MMP and nSMase[29]. FAK is also implicated in the
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migratory effect of anti-HLA antibodies on SMC. The anti-HLA class | antibodies
(W6/32)probably induce a crosslinking of HLA molecules. Adaptive proteins may then be
recruited in order to transduce signals intracellularly.
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