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Tissue engineering is a promising approach to implement endothelial cells as a cellular delivery therapy for
vascular disease. We and others previously demonstrated that endothelial cells embedded in three-dimen-
sional collagen-based matrices retain their full biosecretory spectrum, enabling them to serve as powerful
regulators of vascular diseases. Fascinatingly, matrix embedding of endothelial cells not only allows for their
implantation but also seems to provide protection from allo- and xenogeneic-triggered host immune re-
sponses. This is not an effect of simple physical shielding but a more fundamental influence of cell-matrix
interconnectivity on the cellular immune phenotype. Reduced cytokine-induced levels of costimulatory and
adhesion molecules associated with significantly lower expression levels of major histocompatibility class II
expression on matrix-embedded human aortic endothelial cells when compared to the same cells cultured on
two-dimensional polystyrene coated-tissue culture plates. Strikingly, the entire interferon-y-dependent signal-
ing cascade resulting in MHC class II molecule expression is markedly suppressed in endothelial cells grown
to confluence within three-dimensional scaffolds. These findings might be of pivotal importance for design-
ing endothelial cell-based therapies in general and might enhance our understanding of the underlying patho-
physiology in a broad range of cardiovascular diseases (e.g., atherosclerosis, vasculitis, chronic allograft
vasculopathy).
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INTRODUCTION

Endothelial cells (EC) grown within three-dimen-
sional collagen-based scaffolds line the interstices of the
sponge-like matrix. In this environment cells achieve a
phenotype that is even more regulatory than EC in con-
fluent monolayers and provide control that can only oth-
erwise be provided by the endothelium of the intact
blood vessel. Perivascular implants of these constructs
reduced intimal thickening in animal models from rats
to pigs after arterial denudation, stenting, or bypass
grafting (3,17). Autologous cells offer the theoretical ad-
vantage of immune acceptance. As self-cells they should
not be subject to the same immune reactivity as alloge-
neic or xenogeneic EC. Yet, endothelial dysfunction is
often the first manifestation of vascular disease and host

EC may be inadequate to provide the biochemical con-
trol needed and even subject to auto-antibodies gener-
ated with repeated injury and repair (2). Healthy nonau-
tologous EC are phenotypically and biochemically far
more desirable (4), but their implantation poses an im-
munologic challenge. Matrix embedding significantly re-
duces the immune reaction to allogeneic and even xeno-
geneic EC in vitro and in vivo (12,14,16). Matrix-embedded
EC exhibit a muted expression pattern of adhesion mole-
cules, chemokines, and costimulatory molecules and show
markedly decreased expression of major histocompati-
bility complex (MHC) class II molecules (12). This find-
ing is of special interest as the immunogenic capacity of
EC is directly proportional to the extent of MHC class
IT expression on the cell surface (8) and therefore chal-
lenged the notion of further investigation.
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ROLE OF MHC MOLECULES IN GRAFT
REJECTION AND VASCULAR DISEASE

Rejection of whole organs or transplanted cells is
driven by recognition of foreign molecules presented via
molecules encoded by MHC molecules. Acute graft re-
jection is initiated by direct allo- or xenorecognition of
foreign MHC molecules by T cells, triggering lymphatic
activation and differentiation. In general, T lymphocytes
fall into two major functional classes distinguished by
the expression of cell surface proteins CD4 and CD8.
Cytotoxic CD8* T cells recognize antigens presented by
MHC class I molecules and cause graft rejection by di-
rect lysis. CD4* T-helper cells display specificity for
MHC class II molecules and upon recognition direct ac-
tivation of macrophages and B cells to the site of infec-
tion by release of cytokines such as interleukins and in-
terferon (IFN)-y (11,27).

Numerous studies indicate the CD4* T-cell-mediated
recognition of MHC class II molecules as the main initi-
ator of acute allograft rejection rather than recognition
of MHC class I molecules. Utilization of anti-CD4
monoclonal antibodies or graft transplantation in CD4-
deficient hosts resulted in long-term graft survival in al-
lograft models of cardiac transplantation (9,28). Further-
more, matching for MHC class I antigens only mini-
mally prolonged graft survival, while matching for
MHC class II antigens allowed the indefinite survival of
kidneys in about one third of the recipients (22). It has
also been established that acute allograft rejection occurs
via direct MHC class II presentation by the graft rather
than via indirect donor antigen presentation by host-
derived antigen-presenting cells (23). Traditionally, do-
nor-derived professional antigen-presenting cells, such
as dendritic cells, macrophages, and B cells, have been
implicated as the main antigen-presenting cells in the
setting of organ and cell transplantation (10). However,
substantial in vitro and in vivo data demonstrated anti-
gen presentation to T cells via donor-derived somatic
cells, such as EC, to be of equally crucial importance
for the initiation of graft rejection. Besides a role of
MHC class II expression by engrafted EC for initiation
of acute and chronic allorejection (6), aberrant endothe-
lial MHC class II expression has been demonstrated in
atherosclerosis, autoimmune diseases (e.g., vasculitis,
lupus erythematosus), and myocarditis (29,31).

MATRIX EMBEDDING OF ENDOTHELIAL
CELLS ALTERS EXPRESSION
OF MHC II MOLECULES

A fascinating aspect of matrix embedding of EC is
that it not only allows for their implantation but also
seemed to provide immunoprotection from the host im-
mune system. Aside from a sparse infiltration with im-
mune cells, three-dimensional allo- and xenogeneic EC
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implants induced only a weak humoral immune response
in pigs, rats, and mice compared to free, nonembedded
cells (14,16,18). In addition, in vitro data revealed de-
creased expression of costimulatory and adhesion mole-
cules on human and porcine aortic matrix-embedded EC
(16,19,20). Further analysis revealed a fundamental in-
fluence of matrix embedding and cell matrix contact on
immunogenicity of EC: matrix-embedded human aortic
EC (HAE) express significantly lower protein and tran-
script levels of MHC class II molecules upon stimula-
tion with IFN-y than HAE grown on tissue culture poly-
styrene plates (13,15,16) (Fig. 1). Matrix-embedded HAE
displayed a marked inhibition of intracellular IFN-y-
dependent downstream signaling pathway while no dif-
ferences in surface expression of IFN-y receptor subunit
I and II between the two growing forms of EC could be
demonstrated. Western blot analysis demonstrated IFN-
v-responsive phosphorylation of the Janus tyrosine ki-
nases (JAK)1 and JAK2 in tissue culture-grown HAE
but almost no phosphorylation of JAK proteins in ma-
trix-embedded HAE upon cytokine stimulation. Further
analysis of specific mediators in the signaling cascade
transmitting IFN-y signals from the cell surface to the
nucleus demonstrated an attenuated and delayed phos-
phorylation of STAT-1 in matrix-embedded HAE when
compared to extent and kinetics of STAT-1 phosphory-
lation in HAE grown to confluence on polystyrene-
coated tissue culture plates (13). Significantly lower
protein levels of IFN-y-regulatory factor(IRF)-1 in ma-
trix-embedded HAE paralleled this phenomenon (Fig.
2). DNA binding of phosphorylated STAT-1 and IRF-1
is required to initiate expression of CIITA, acting as
main inducer for MHC II expression, which as well was
significantly repressed in matrix-embedded HAE. Thus,
all events of the IFN-y signal transduction pathway
downstream of the JAK phosphorylation appear inhib-
ited in matrix-embedded HAE (13,15). Collagen coating
of tissue culture plates was without effect on IFN-y-
induced STAT-1 phosphorylation, indicating a pivotal
role of the microenvironment for endothelial immunoge-
nicity (13). On a functional level, induction of alloge-
neic T-cell proliferation was significantly muted when
HAE were presented in a matrix-embedded form when
compared to HAE grown on two-dimensional culture
plates (16).

MATRIX EMBEDDING OF ENDOTHELIAL
CELLS ALTERS EXPRESSION
PATTERNS OF INTEGRINS

Several cytokine signaling cascades are induced
through adhesion, in particular integrin-mediated mech-
anisms, in various cell- and function-specific manners.
Similar to the signal transduction induced by cytokine
receptor binding, interaction of integrins with the extra-
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Figure 1. Three-dimensional matrix embedding attenuates IFN-y-induced MHC class II expression
by human aortic EC. EC (10*) were analyzed for surface expression of MHC class II molecules
by flow cytometry. EC either grown two-dimensional on tissue culture polystyrene plates or em-
bedded within collagen matrices were left untreated (naive) or incubated with 1000 U/ml IFN-y.

cellular matrix can induce tyrosine phosphorylation of
many intracellular proteins (5).

A microarray focused on integrin expression levels
upon stimulation HAE on with IFN-y revealed signifi-
cant differences in integrin expression between matrix-
embedded and nonembedded EC. Interestingly, increased
expression of integrins o, and B; highly correlated with
expression of MHC class II molecules (13,15). A role
for these two integrins for cellular immune behavior
may well explain the differences in proneness to cyto-
kine-induced EC activation with respect to the matrix
microenvironment (25). STAT-1, for instance, is acti-
vated via integrins in the context of regulation of cell
adhesion and migration (30).

DISCUSSION

Previous studies demonstrated that the endothelial
basement membrane controls aspects of cell adhesion,
spreading, migration, contractility, differentiation, pro-
liferation, protein synthesis, and secretion. Furthermore,
this membrane is altered in many in vivo disease states,
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from diabetes to glomerulopathy to atherosclerosis (1,2,
7,24). Dysfunction of endothelial cells has been closely
associated with changes in basement membrane compo-
sition, cumulating in the degree of attachment of EC.
Our recent data suggest that the quality of basement
membrane anchoring might play a pivotal role for EC
immunobiology (21). Accordingly, the altered regulation
of the IFN-y signaling cascade in matrix-embedded EC
likely derives from a direct interaction between EC and
matrix rather than simple concomitant presence or con-
tact of the two materials (15).

Besides muted upregulation of MHC class II mole-
cules on matrix-embedded EC, we demonstrated re-
duced expression levels of costimulatory and adhesion
molecules on embedded EC (16). This allowed for im-
plantation of allogeneic and even xenogeneic matrix-
embedded EC in various animal models without endan-
gering a significant host immune response (16,18). As
one result, perivascular implants of nonsyngeneic ma-
trix-embedded EC were successfully used to influence
vascular repair processes without the need for immune-
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Figure 2. Western blot demonstrated almost no protein expression of IRF-1 after IFN-y stimulation for indicated time periods
(hours) in matrix-embedded EC whereas IRF-1 expression in two-dimensional-grown human aortic EC followed a time dependency.
First lane: positive control; lanes 2—7: protein expression of IRF-1 in two-dimensional-grown human aortic EC; lanes 8—13: IRF-
1 expression of IFN-y stimulation for indicated time periods (hours) in matrix-embedded EC.
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suppressive therapy (17-20). Equally fascinating, EC—
matrix compounds induced in vivo tolerance for sub-
sequent implantation of allogeneic EC even when
presented in a nonembedded form (14). This further em-
phasizes the pivotal role of MHC class II molecules in
acute and chronic rejection of nonsyngeneic grafts (9,22,
23,28).

Our data are of unique importance especially for de-
signing EC-based therapies (26). Engineering of quasi-
physiologic EC—matrix compounds that ensure the full
spectrum of vasoregulative EC factors, thereby pertain-
ing a healthy EC immune phenotype, might pave the
way for future therapeutic schemes in treatment and pre-
vention of a range of cardiovascular diseases. Further-
more, our findings might enhance our understanding on
underlying causes for aberrant (endothelial) MHC class
II molecule expression in various diseases.
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