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Abstract. The immunological properties of human en- of human endothelial cells, their response to cytokines
dothelial cells suggest they perform a pivotal role in and their ability to stimulate resting T cells are de-
acute and chronic rejection following solid organ trans- scribed. Unlike bone marrow-derived antigen present-

ing cells (APCs), which utilise B7/CD28 interactions,plantation. In this review the basic features of acute and
human endothelial cells utilise lymphocyte functionchronic rejection are described as are the cellular and
antigen 3 (LFA3)/CD2 pathways to stimulate T cells.molecular requirements for antigen presentation. Tradi-

tionally, antigen-presenting cells are considered to be They activate a CD45RO+B7-independent subpopula-
tion of T cells. Their effect on allogeneic T cells isbone marrow-derived cells. However, these conclusions

have been derived from rodent models of allograft compared with other non-bone marrow-derived cells
rejection where bone marrow-derived passenger leuko- such as fibroblasts, epithelial cells and smooth muscle
cytes are the only source of donor major histocompati- cells, which are unable to stimulate resting T cells.
bility complex (MHC) class II in the grafted organ. In Evidence is presented suggesting that release of MHC
contrast, in humans, virtually all the microvascular and and non-human leukocyte antigens (HLA) from en-

dothelial cells stimulates an alloantibody and autoim-small vessel endothelial cells are ‘constitutively’ positive
for MHC class II antigens. The phenotypic properties mune response leading to chronic rejection.
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Introduction

Approximately 36,000 solid organ transplants are per-
formed throughout the world each year, of which the
majority are kidney transplants. About 5000 hearts,
6500 livers and 1200 lung transplants are performed.
Rejection remains the most common complication fol-
lowing transplantation and is the major source of mor-
bidity and mortality.
It has been recognized for many years that cells of the
immune system which bear class II antigens of the

major histocompatibilty complex (MHC) are potent
stimulators of the rejection process. In particular, bone
marrow-derived monocytes or dendritic cells (also
found in donor organs as passenger leukocytes) are
potent stimulators of an antiallograft response. How-
ever, it is now appreciated that many human parenchy-
mal cells either constitutively express MHC class II
molecules (such as endothelial and epithelial cells) or
can be induced to express MHC class II (smooth muscle
cells and fibroblasts) after exposure to appropriate cy-
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tokines. In view of these observations there is consider-
able interest in the role of donor-derived MHC class
II-positive parenchymal cells in stimulating alloreactive
T cells of the host. Endothelial cells (ECs) forming the
interface between donor and recipient are the first
donor cells to be recognized by the host’s immune
system. This fact plus the observation that they are
highly responsive to cytokines and express numerous
molecules which interact with ligands on lymphocytes
has stimulated much research into their precise role in
transplant rejection. It is our view that ECs are pivotal
both in controlling the egress of inflammatory cells into
the allografted organ and as specific antigen-presenting
cells (APCs), by presenting foreign molecules to the
immune system (fig. 1). The purpose of this review is to
compare the characteristics of ECs and other parenchy-
mally derived cells as APCs. First it is necessary to
briefly describe the features of acute and chronic rejec-
tion before explaining the role of ECs in this process.

Basic mechanism of rejection

The major stimulus for rejection of allografted organs is
recognition of foreign antigens coded by the major
histocompatibilty complex (MHC). Class I (HLA-ABC)
and Class II (HLA-DR, DP, DQ) antigens are highly
polymorphic glycoproteins encoded by the MHC locus
found on chromosome 6 in humans. The frequency of
circulating T cells which recognize foreign MHC
molecules is very large (estimated at an astounding
0.1–1% of circulating T cells) – a fact which almost
certainly accounts for the vigour of the antiallograft
response.

Figure 2. Diagrammatic representation of T-cell activation, illus-
trating the pivotal role of MHC class II antigens (presented by
APCs within the graft) in initiating rejection. Activation of
CD4+ T cells results in a cascade of lymphokines, causing the
maturation of a number of possible effector mechanisms (in
double-lined boxes). Note that the cytokines IFNg, TNFb and
TNFa may be directly damaging to tissues. Reprinted with per-
mission from Rose M. L. (1998). Role of endothelial cells in
allograft rejection. In: An Introduction to Vascular Biology, pp.
248–261, Hunt B., Poston L., Halliday A., Schachter M. (eds), ©
1998 Cambridge University Press, Cambridge.

Rejection is initiated by the CD4+ T cell subset recog-
nizing MHC class II antigens on APCs within the graft
(fig. 2). Recognition of foreign MHC molecules results
in CD4+ T cell activation and release of cytokines
(interleukin (IL)-2, IL-4, IL-5, IL-6, interferon (IFN)g,
tumour necrosis factor (TNF)a, TNFb) which allow
maturation of the effector mechanisms of rejection,
namely maturation of CD8+ cytotoxic T cells, infiltra-
tion of macrophages, maturation of NK cells and
lymphokine-activated killer cells (LAK), and antibody
formation (fig. 2). These effector mechanisms have been
listed for the sake of completeness; there is little
evidence that natural killer (NK) or LAK cells are
important in allograft rejection. Indeed, the precise ef-
fector mechanisms which cause graft dysfunction are
unknown; although CD8+ cytotoxic T cells are invari-
ably found in allografts, experimental studies have
shown that CD8+ T cells are not essential for rejection
[1]. It is quite possible that a direct effect of cytokines,
in particular TNFa and IFNg, may be toxic to allo-
grafted cells. For example, TNFa has a negative
ionotropic effect on cardiac myocytes [2], and elevated
levels of TNFa have been reported in the serum of
patients in heart failure [3]. Similarly, induction of in-
ducible nitric oxide synthase by activated macrophages
and ECs may be an important effector mechanism, and

Figure 1. Diagram to illustrate role of ECs in transplant rejection.
Reprinted with permission from: Rose M. L. (1998), Role of
endothelial cells in allograft rejection. In: An Introduction to
Vascular Biology, pp. 248–261, Hunt B., Poston L., Halliday A.,
Schachter M. (eds), © 1998 Cambridge University Press, Cam-
bridge.
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has been associated with contractile dysfunction after
cardiac transplantation [4].
Activation of CD4+ T cells is thus pivotal in initiat-
ing acute rejection (fig. 2). In view of the fact that
CD4+ T cells are activated by foreign MHC class II
molecules, understanding the quantitative and qualita-
tive distribution of these molecules on the allografted
organ is of considerable importance. The advent of
monoclonal antibodies, use of frozen sections and ad-
vances in immunocytochemical techniques have revo-
lutionized knowledge about the normal distribution of
MHC molecules in different tissues. Class II (HLA-
DR and DP) antigens, originally thought to be re-
stricted to macrophages, dendritic cells, monocytes
and activated T cells, have now been described on
human endothelial and epithelial cells [5, 6]. The ex-
pression of class II on human ECs has been described
in every organ [5, 7], and it is particular striking on
the microvessels, that is capillaries, arterioles and
venules. The large vessel endothelium (such as aorta,
pulmonary artery, saphenous vein) are negative for
MHC class II expression [7].

Pathways of antigen presentation and APCs
The term antigen-presenting cell has a specific mean-
ing to immunologists: it means the cell is able to
present antigen to resting T cells, that is, it is able to
cause activation of resting T cells. Only specialized
cells (traditionally recognized as B cells, dendritic cells
and monocytes) can perform this task. T cells recog-
nize nominal antigen as processed peptides presented

by self-MHC molecules. An important step in the un-
derstanding of alloreactivity came with the discovery
that T cells can engage and respond to allogeneic
MHC molecules directly (fig. 3). This form of antigen
recognition, termed direct presentation or the direct
pathway, is responsible for the strong proliferative re-
sponse to alloantigens seen in vitro and quite possibly
the early acute rejection seen in nonimmunosuppressed
animals after transplantation of MHC mismatched or-
gans. However, T cells can also recognize allogeneic
peptides that have been processed and presented
within self-MHC molecules by recipient APCs, in the
same manner that T cells recognize nominal antigen
(fig. 3). This pathway is termed the indirect route or
indirect pathway of T-cell activation. Alloantigens
shed from the graft are likely to be treated as exoge-
nous antigen by recipient APCs and will therefore be
presented within MHC class II molecules to activate
recipient CD4+ T cells. A number of experimental
studies have exemplified this phenomenon [8–10].
Any graft cell expressing class II antigens will be able
to activate the indirect pathway – it is likely that
damaged ECs are an important source of graft-derived
MHC class II antigens – since these are the only par-
enchymal cells expressing class II in the heart. The
contribution indirect recognition of endothelial MHC
class II makes to cellular rejection is currently not
known. However, the question which has absorbed a
number of groups in recent years is whether ECs can
cause direct allostimulation of resting T lymphocytes
(see below and ref. 11 for review). There are two rea-
sons for this: First is that direct recognition of allo-
MHC molecules results in a ‘strong’ response, the
number of T cells recognizing MHC molecules directly
is 10–100 times higher than those recognizing nominal
antigen, resulting in a strong in vitro proliferative re-
sponse. Second is that it is known that expression of
MHC class II is not sufficient to cause T-cell activa-
tion.
One of the important concepts to emerge in recent
years is the knowledge that T cells require two signals
to become activated [12]: one is occupancy of the T-
cell receptor; the second is activation of one of the
many ‘accessory molecules’ present on T cells (fig. 4).
Much attention has focused on the B7 family of re-
ceptors [13; CD80, CD86], known to be essential as
second signals on APCs of bone marrow origin (e.g.
monocytes, B cells and dendritic cells); B7 receptors
interact with CD28 molecules on the surface of resting
T cells, and blockade of this pathway inhibits den-
dritic cell-stimulated mixed lymphocyte responses in
vitro [14]. It is thought that interaction of resting T-
cell receptor with antigen in the absence of costimula-
tion results in T cells being rendered anergic [15] or
depleted by apoptosis [16]. Another T-cell surface
antigen, CTLA4, binds CD80 and CD86 with 10–20

Figure 3. Diagrammatic representation of mechanisms whereby
recipient T cells recognize allo-class II determinants. Recipient T
cells recognize donor MHC determinants on donor APC (direct
presentation) or they recognize donor MHC peptides which have
been released from donor cells and processed and presented by
host APCs within self-MHC molecules (indirect presentation).
Reprinted with permission from: Shoskes D. A. and Wood K. J.
(1994). Indirect presentation of MHC antigens in transplantation,
Immunol. Today 15: 32–38, © 1998 Elsevier Science, Oxford,
UK.
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Figure 4. Diagrammatic representation of possible interactions between receptors on T cells and their appropriate ligands on APCs.
Reprinted with permission from: Rose M. L. (1998), Role of endothelial cells in allograft rejection. In: An Introduction to Vascular
Biology, pp. 248–261, Hunt B., Poston L., Halliday A., Schachter M. (eds), © 1998 Cambridge University Press, Cambridge.

times greater affinity than CD28 [17]. Thus, CTLA4-Ig
acts as a strong competitive inhibitor of CD28-
mediated T-cell activation. Injection of this fusion
protein into rodents results in long-term survival of
MHC-mismatched cardiac allografts [18–20] and human
islet xenografts [21].

Acute rejection
The consequences of T-cell activation described above
lead to infiltration of the graft with inflammatory cells (T
cells and monocytes) – a process termed acute rejection.
The majority of patients have one or two acute rejection
episodes in the first 6 months following transplantation.
Acute rejection may be suspected clinically, but it is
always confirmed by histological assessment of biopsies.
In particular, endomyocardial biopsy is an essential part
of the management of patients following cardiac trans-
plantation. Acute rejection invariably responds to anti-
T-cell depletion therapy, steroids and cyclosporine.
A characteristic feature of biopsies showing histological
signs of rejection is the upregulation of MHC and
adhesion molecules (see ref. 22 for review). After cardiac
transplantation, there is massive upregulation of MHC
class I antigens (normally found only on the interstitial

cells), so that cardiac myocytes become MHC class I
positive [6]. Upregulation of MHC class I antigens has
also been described on hepatocytes after liver transplan-
tation [23]. In kidneys, the majority of structures consti-
tutively express MHC class I molecules [22]; therefore,
studies have focused on changes in MHC class II expres-
sion [24, 25], where increased expression is found on renal
tubules and ECs. There is also upregulation of adhesion
molecules during acute rejection (see below). The upreg-
ulation of these molecules is almost certainly mediated by
local production of cytokines by infiltrating cells; thus,
some cytokines (such as TNFa and IFNg) have been
directly visualized in graft biopsies using immunocyto-
chemical methods [26]. Others (IL-1, IL-2, IL-4, IL-6,
IL-10) have been detected using polymerase chain reac-
tion to amplify cytokine messenger RNA (mRNA) [27].

Chronic rejection
Chronic rejection, presenting as a rapidly progressing
obliterative vascular disease occurring in the trans-
planted heart, is the major cause of late death and repeat
transplantation after cardiac transplantation. This
disease is variously termed cardiac allograft vasculopa-
thy or transplant associated coronary artery disease
(TxCAD).
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Table 1. Risk factors associated with transplant associated coro-
nary artery disease.

Immunological Nonimmunological

Numbers of acute rejection episodes hypercholesterolaemia
Numbers of mismatches at the HLA hypertriglyceridaemia

locus
Anti-HLA antibodies hypertension
Antiendothelial antibodies CMV infection

increased donor age
smoking
diabetes

followed by repair, smooth muscle cell proliferation and
hypertrophy, all of which gradually produce luminal
obliteration. It is useful to think of the disease in term
of the Ross hypothesis [31], namely an initial damage to
the endothelium resulting in release of growth factors
and intimal proliferation. The latter process will be
assisted by risk factors (table 1) some of which are
common to both TxCAD and spontaneous CAD (the
nonimmunological risk factors) and some of which are
only found in transplant recipients (immunological risk
factors). Of the nonimmunological risk factors, the role
of hypercholesterolaemia is firmly established [32], with
high levels of lipoprotein (a) being an important predic-
tive factor [33, 34]. The role of cytomegalovirus (CMV),
a common opportunistic infection in transplant recipi-
ents, is less certain. Although a number of clinical
studies show an association between CMV infection and
TxCAD [35–38], the association is not always clear [39].
It is possible to infect cultured ECs with CMV in vitro,
where it downregulates MHC class I expression [40] and
fails to induce MHC class II antigens [41]. These find-
ings support the hypothesis that ECs might act as a
reservoir for the virus, rather than enhancing immuno-
genicity of the foreign endothelium. Interestingly, it has
been shown that CMV-infected endothelial cells cause
proliferation of memory T cells from CMV-seropositive
individuals in the absence of MHC class II antigens on
the stimulator cells [42], suggesting that molecules other
than class II are presenting viral antigens in this situa-
tion.
Most investigators would acknowledge that the initial
damage to the endothelium is mediated by the allo-
immune response, although it can also be argued that
nonimmunological damage such as ischaemia, surgical
manipulation and perfusion/reperfusion injury could
also initially damage the ECs [43].

ECs as antigen-presenting cells

Endothelial expression of MHC class II molecules in vivo
Since MHC class II antigens initiate allograft rejection,
it is of interest to describe the distribution of these
molecules on ECs of different origins (table 2). All ECs
constitutively express MHC class I molecules, and many
ECs constitutively express MHC class II molecules.
However, there is an interesting heterogeneity with re-
gard to constitutive expression of class II antigens; the
large vessels (aorta, pulmonary artery, endocardium,
umbilical vein, umbilical artery) are negative, but the
capillaries within all organs examined are strongly posi-
tive (table 2). Thus, foreign MHC class II antigens are
introduced into a host every time a vascularized organ is
transplanted. Arterioles and venules within the heart
show weak or patchy basal expression of MHC class II
antigens.

This same phenomenon is also present in renal, lung and
liver allografts and has been designated chronic rejection,
obliterative bronchiolitis and vanishing bile duct
syndrome, respectively. Chronic rejection does not
respond to currently used immunosuppressive drugs
(cytolytic anti-T cell agents, steroids and cyclosporine) –
which primarily inhibit T-cell-mediated immune
responses. The reported incidence of TxCAD, detected
by routine angiography, varies greatly between cardiac
transplant centres. Incidences of 18% at 1 year
progressing to 44% at 3 years have been reported [28]. Use
of more accurate and sensitive methods of detecting
intimal hyperplasia, such as intracoronary ultrasound
[29], is likely to increase the reported incidence of the
disease.

Histology of TxCAD
There are a number of reviews which describe the
histological differences between TxCAD and spon-
taneous CAD, and the various risk factors, both
immunological and nonimmunological, have been
described [30]. Importantly, the lesions are limited to the
allograft and involve both arterial and venous structures
– demonstrating the role of the alloimmune response in
the aetiology. It is interesting that TxCAD is a much
more diffuse disease than spontaneous CAD, affecting
the entire length of the epicardial vessels; the intimal
proliferation is concentric as opposed to the eccentric
plaque found in spontaneous CAD. These differences
suggest that the whole endothelium is the target of
damage in TxCAD. Because the epicardial branches,
including the intramyocardial branches, are affected by
TxCAD, coronary artery bypass surgery for
revascularization is usually precluded.

Immunobiology of TxCAD
The occurrence of a vasculopathy, affecting the allo-
grafted organs, is almost certainly of multifactorial aeti-
ology. It is highly likely that the obstructive vascular
lesions progress through repetitive endothelial injury
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Figure 5. Human PBMC and CD4+ and CD8+ T cell proliferative responses to human and pig EC (EAhy.926, and PAEC,
respectively), human fibroblasts (HFLF), and human and pig splenocytes. Results are shown for day 6 proliferation only; representative
of three experiments. Bars show mean9s.d. of triplicated wells. Thanks to Dr. C. A. Bravery for his permission to reproduce this
figure.

MHC class II expression on cultured ECs
The most common ECs used in cell culture are those
derived from human umbilical vein (HUVECs); these

do not express MHC class II antigens in situ [7], and it
is therefore not surprising that they are also negative in
vitro. Treatment of HUVECs with IFNa, IFNb, TNF,

Table 2. Distribution of adhesion molecules, MHC molecules and vWf in ECs derived from microvessels and large vessels of the human
cardiovascular system. Summarized from refs 6, 7 and 71. ++ Strong, even expression. + Strong but patchy expression. +/− Weak
and patchy expression.

Myocardial biopsies Large vessels

Capillaries Arterioles Venules Coronary PA Aorta
CD31 ++ ++ ++ ++ ++ ++
ICAM-1 ++ + + ++ + +
VCAM-1 neg +/− +/− + neg neg
E-selectin neg neg +/− + +/− +/−
vWf +/− ++ ++ ++ ++ ++
Class I ++ + + ++ + +
Class II ++ +/− +/− ++ neg neg
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lymphotoxin or CD40 ligand increases the level of MHC
class I antigen without inducing MHC class II molecules
[44, 45]. An exception to this is that TNFa enhances
MHC class II expression in porcine ECs [46]. IFNg is
uniquely able to induce MHC class II antigens on
HUVECs [47]; HLA-DR is the most strongly expressed
class II locus, followed by DP antigens. DQ is induced
by IFNg, but at very low levels. When used in combina-
tions, the IFNs can act interchangeably with each other
and synergistically with TNF and LT to increase class I.
IFNa and IFNb strongly inhibit the ability of IFNg to
induce class II antigens, as does TGFb [48, 49]. The
experiments to date using transforming growth factor
(TGF)b have used monocytes or astrocytes as target cells
[48, 49], recent studies confirm that TGFb inhibits
IFNg-mediated upregulation of class II on human ECs
(D. Moyes and M. Rose, unpublished results). The vast
majority of studies on human ECs have been performed
using HUVECs because of their plentiful supply. How-
ever, ECs can be cultured from any human vascular bed,
and where experiments have been performed on aorta or
pulmonary artery cells, the results are the same as with
HUVECs [50]. Interestingly, the exception to this rule
appears to be microvascular ECs derived from the adult
human heart. These cells are MHC class II-positive in
situ, and they lose their class II after 2 weeks in culture
[51]. This observation raises the interesting possibility
that factors in normal serum act to maintain microvascu-
lar MHC class II expression in vivo. This hypothesis has
been confirmed by our observation that microvascular
ECs are 10–100 times more sensitive to IFNg than
HUVECs (or other large-vessel ECs) in terms of MHC
class II upregulation [50]. This suggests that the apparent
‘constitutive’ expression of microvascular endothelial
MHC class II in vivo is a response to a tiny amount of
circulating IFNg. This idea is supported by the observa-
tion that in vivo treatment of dogs with high doses of
cyclosporine (which would inhibit production of IFNg)
led to decreased expression of class II on the dog’s ECs
[52]. Interestingly, observations from IFNg knockout
mice suggest that class I expression is dependent on IFNg

in the mouse, not MHC class II molecules [53]. NK cells
are also able to induce MHC class II molecules on
HUVECs [50, 54] and microvascular ECs in a contact-
dependent manner. In our hands this effect was inhibited
by neutralizing antibodies to IFNg [50], but others have
reported the effect is not dependent on IFNg [54].

Stimulation of alloreactive T cells
The fact that human microvascular ECs constitutively
express MHC class II molecules has stimulated a number
of workers to ask whether ECs directly cause allo-stim-
ulation of resting T cells. We and others [55, 56] have
cultured stringently purified CD4+ T cells with pure
passaged HUVECs and looked for T-cell proliferation

(measured by uptake of 3H-thymidine) at day 6. The ECs
are treated with mitomycin C to stop them proliferating;
any proliferation detected is thus due to responding T
cells. The results in figure 5 show the response of CD4+
T cells to human ECs (Eahy.926), porcine aortic ECs
(PAECs) and fetal lung fibroblasts. It can be seen that
provided IFNg is used to upregulate MHC class II, there
is a strong proliferative response to human ECs, but not
to fibroblasts. There is also a strong response to PAECs
which is independent of IFNg treatment. The reason for
this is that PAEC class II expression persists in culture.
That the response was direct and not indirect was proven
by the findings that responder T cells were free of
contaminating APCs [55, 56] and could not be inhibited
by CTAL-4-Ig [57]. The response of CD4+ T cells
depends on pretreatment of the ECs with IFNg and is
inhibited by antibodies to MHC class II determinants
[57]. It is not affected by antibodies to MHC class I. In
contrast, isolated CD8+ T cells proliferate to untreated
ECs, and the response is inhibited by antibodies to MHC
class I determinants [56, 58].
The majority of studies use ECs of foetal origin (from the
umbilical vein); we have confirmed these findings using
ECs from adult aorta, coronary artery and microvascular
beds and in addition have shown that smooth muscle
cells derived from the same vessel fail to stimulate
allogeneic T cells [59]. When restimulated, T cells re-
spond to ECs giving kinetics similar to that seen in the
primary response [60]. There is no evidence for anergy
induction.
It must be concluded, therefore, that donor ECs can
present alloantigen to recipient T cells. It is interesting to
note that there is a species difference between rodents and
humans. Rodents do not constitutively express MHC
class II antigens on their ECs. This is an important
species difference and may explain why it is easier to
suppress transplant rejection in rodents than it is in
humans. Thus, in rodents the only MHC class II-positive
cells of donor origin in the graft are cells (dendritic cells
and macrophages) of bone marrow origin. These cells
have a finite life span and in addition they migrate from
the graft to lodge in other organs. Thus, after about 2
weeks the rodent allografted organ is bereft of donor
MHC class II-presenting cells. In contrast, in humans,
endothelial expression of donor MHC class II antigens
ensures persistence of donor class II for long periods (if
not indefinitely) after transplantation [61]. It follows that
understanding the signals that allow human ECs to
stimulate T cells may lead to new strategies of preventing
rejection.

Second-signal requirements of ECs
We have questioned whether ECs utilize the B7 pathway
to stimulate T cells, and our results [57] and those of
others [62] demonstrate that endothelial cells do not
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express B7 receptors. Thus, umbilical vein, aorta, coro-
nary artery and heart microvascular ECs do not bind
CTLA-4-immunoglobulin (Ig), as assessed by flow cy-
tometry, and do not bind monoclonal antibodies against
CD80/CD86 [57, 59, 62]. EC/T-cell interactions are not
inhibited by doses of CTLA-4-Ig which inhibit spleno-
cyte/T-cell interactions [57, 62]. There has been a single
report that HUVECs and dermal microvascular ECs
express CD86 antigens [63]; this study used commercially
derived ECs and has not, as yet, been corroborated.
However, EC/T cell interactions are inhibited by anti-
bodies to LFA/3 (CD58, ref. 64), the ligand for which,
found on all T cells, is CD2. It is interesting that the
affinity of CD2 for the human ligand CD58 is much
greater than its affinity for the mouse ligand CD48 [65].
The possibility that second signals other than B7 could
be important in allograft rejection is supported by the
evidence of skin allograft rejection in CD28-deficient
mice [66]; blocking the receptor for LFA3 prolongs
cardiac allograft survival in primates [67], and use of
antibodies against intercellular adhesion molecule
(ICAM)-1 induces tolerance in a murine model of allo-
graft rejection [68]. Indeed, it has been shown that
‘adhesion molecules’ such as vascular cell adhesion
molecule (VCAM)-1, ICAM-1 and ICAM-2 can act as
costimulatory signals inducing T-cell proliferation in
vitro [69, 70]. Human ECs constitutively express ICAM-
1 and ICAM-2, each of which can bind to T-cell LFA-
1(CD11aCD18). ICAM-1 is constitutively expressed at
quite low levels, but unlike ICAM-2 it can be rapidly and
markedly upregulated in response to IL-1, TNFa, LT,
CD40 ligand or IFNg [71]. VCAM-1 is not normally
expressed on ECs but is upregulated by IL-1, TNFa, LT,
CD40 ligand and IL-4. VCAM-1 binds to T-cell VLA4
(CD49/CD29). Several groups have demonstrated upreg-
ulation on VCAM-1 on microvascular ECs within reject-
ing cardiac allografts [72, 73]. Cytokines also induce ECs
to express selectins (both E and P, refs 74 and 75) as well
as ligands for L-selectin [76]; but there is no evidence that
these molecules can act as costimulators for T-cell activa-
tion. However, the possibility that extracellular matrix
molecules (fibronectin, collagen, lamenin) can act as
second signals via interaction with b1 integrins on
lymphocytes should also be considered [77]. There re-
mains much to learn about the nature of the second
signals presented by ECs.

Other molecules necessary for antigen presentation
The actual structure recognized by T cells is a complex
of the MHC molecule and a bound peptide. Class I
molecules acquire their peptides predominantly from
proteins degraded in the cytoplasm by the proteosome;
cytoplasmic peptides are translocated into the endoplas-
mic reticulum and loaded on to nascent class I molecules

by the action of transporter in antigen processing (TAP)
proteins [78]. Although peptide loading has not been
examined directly in ECs, it has been shown that ECs
express TAP proteins [79] and that alloreactive CD8+
cytotoxic T cell (CTL) lines can specifically lyse ECs,
implying that the TAP system is functional [80, 81]. One
of the effects of IFNg on ECs is to upregulate TAP
functional activity [82]. Class II MHC molecules associ-
ate with a non-MHC-coded protein, the invariant chain,
until they reach an intracellular compartment that fuses
with late endosomes/lysosomes. Here, the invariant chain
is degraded, and peptides derived from endocytosed
proteins are loaded. The loading of peptides into class II
molecules depends on an MHC-encoded molecule called
DM [83, 84]. ECs have been shown to express invariant
chain after IFNg treatment [47], and we have recently
shown that DM is expressed coordinately with DR and
DP molecules in human ECs (D. Moyes and M. Rose,
unpublished results). These results strongly suggest that
ECs must be able to process antigen and present it within
MHC class I and class II molecules. It has been shown
that human ECs are able to process exogenous proteins
to produce a peptide-class II MHC molecule complex
recognized by antigen-specific CD4+ T cells [85, 86].
These results imply that ECs must be able to form specific
peptide complexes with IFNg-induced class II MHC
molecules.

ECs compared with other APCs
It is well established that bone marrow-derived APCs
such as dendritic cells, B cells and monocytes (profes-
sional APCs) are very potent stimulators of alloreactive
T cells. In rodents, where the only class II-bearing cells
in donor organs are derived from the bone marrow,
depletion of these cells prior to transplantation results in
prolonged allograft survival [87] in certain rat strain
combinations. Mature dendritic cells and monocytes
constitutively express MHC class II antigens. The B7
molecules (CD80 and CD86) are constitutively expressed
by dendritic cells and upregulated on activated mono-
cytes and B cells. It is clear that, at least in vitro, much
of the activation of alloreactive T cells by dendritic cells
and monocytes is through CD28, since these responses
are abrogated by CTLA-4-Ig [14]. Costimulation
through CD28 induces tyrosine phosphorylation of a
number of specific substrates [88] and greatly enhances
T-cell activation. This effect involves stabilization of
mRNA for several cytokines, including IL-2 [89]. In
contrast, activation of T cells by ECs involves interaction
between endothelial LFA-3 and CD2 on the T cell. b1
integrins on the T-cell surface may also be involved in
signalling via ECs. Interaction between CD2 and its
ligand increases the affinity of the T cell for the APC and
also regulates a number of cellular responses [90, 91].
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Because of the greater affinity of CD2 for CD58 than
CD48 [65], it is likely that costimulation via CD2 is a
more important pathway in humans than rodents. In
view of the lack of involvement of CD28 stimulation, it
is not surprising that EC stimulation of T cells produces
less IL-2 than stimulation by professional APCs. Studies
[92, 93] have shown some IL-2 is produced from
HUVEC/T-cell cultures, but far less than is produced
from culturing porcine aortic ECs with human T cells
[91]. Porcine aortic ECs express B7 receptors and there-
fore stimulate via CD28 [92, 93]. The response of human
T cells to allogeneic ECs is, however, highly sensitive to
cyclosporine (Batten and M. Rose, unpublished results)
and the sensitivity is reversed by addition of B7 transfec-
tants to culture wells, a result which accords entirely with
the reported cyclosporine resistance of CD28-mediated
stimulation of T cells [94]. In terms of numbers of T cells
which are activated by ECs, far fewer are activated than
by professional APCs. Thus use of limiting dilution
analysis to investigate numbers of CD4+ T cells stimu-
lated to produce IL-2 showed monocytes stimulate 1/232
T cells, whereas HUVECs treated with IFNg to express
MHC class II stimulated 1/1801 T cells [95]. The rela-
tively small number of CD4+ T cells which respond to
allogeneic HUVECs is explained by the fact that only T
cells with a memory phenotype (CD45RO+ ) respond to
ECs [96]. Thus, numbers of circulating CD45RO+
B7-independent T cells will be relatively small.

ECs compared with other parenchymal cells
Fibroblasts [56], epithelial cells from lung [97] or kidney
[98] and smooth muscle cells from blood vessels [51, 99]
can all be induced to express MHC class II antigens by
in vitro treatment with IFNg, achieving levels of expres-
sion similar to that found on IFNg-treated HUVECs.
Nevertheless, these cells do not cause proliferation of
highly purified CD4+ T cells [51, 56, 97–99]. A direct
comparison between microvascular ECs and alveolar
and small airway epithelial cells derived from the same
source (lungs) showed proliferation of T cells to endothe-
lial but not epithelial cells [97]. Similarly, a direct com-
parison between ECs or smooth muscle cells from
saphenous vein [99] or coronary artery [59] showed only
the ECs caused cell proliferation. The smooth muscle
cells failed to stimulate T-cell proliferation; they did not
anergize the T cells. Some have reported exposure of
CD4+ T cells to thyroid and renal epi-thelial cells
anergizes both the CD45RO and CD45RA population of
T cells [98]. The same authors have reported that HU-
VECs anergize the CD45RA+ population [100], but
such a phenomenon has never been reported by any other
group [60]. The reason non-EC parenchymal cells fail to
stimulate T cells is not known, but it might relate to
density of expression of accessory molecules. The acces-
sory molecules of ECs (LFA-3 and possibly ICAM-1) are

not as strongly expressed on lung epithelial cells com-
pared with lung microvascular ECs [97].

Consequences of endothelial activation of T cells
It is well established that in vitro activation of T cells by
allogeneic professional APCs results in a vigorous prolif-
erative response accompanied by production of substan-
tial amounts of IL-2 and IFNg and small amounts of
IL-4. As a result of a primary proliferative response, T
cells are generated with a memory phenotype that gives
a different cytokine profile on restimulation (more IL-2
and IFNg). In addition, cytotoxic T cells are generated
with specificity for class I MHC antigens present on the
original stimulator cells. Pober [96] has reported that EC
stimulation of allogeneic T cells results in IL-2, IL4 and
IFNg production, but upon secondary stimulation there
is no evidence for a maturation of the T-cell response: the
second proliferative response is no different from the first
one in terms of cytokines produced. It has also been
suggested that endothelial stimulation of T cells results
in poor production of cytotoxic T cells [95]. The model
used by Pober consisted of comparing ECs and mono-
cytes as accessory cells in the presence of the polyclonal
activator phytohaemagglutinin (PHA). The results ob-
tained using this model may not be the same as directly
investigating endothelial stimulation of T cells, and more
work needs to be done in this area. That a virally induced
murine EC line activates cloned Th2 cells and not cloned
Th1 cells [101] also suggests ECs may activate T cells to
produce a different cytokine profile than that produced
by professional APCs. Pober has suggested that the
deficient antigen-presenting ability of ECs leads to an
aberrant immune response when T cells are present in
vessels walls; he suggests that cytokines are produced
which result in intimal thickening as opposed to an
immune response resulting in tissue destruction (as hap-
pens in acute rejection of the heart).

Role of ECs in chronic rejection
It is likely that ECs are involved in chronic rejection via
a number of different mechanisms. This review has
focused on class II/CD4+ T-cell interactions, but it is
clear from rodent models that MHC class II is not
essential for chronic rejection. Thus, severe vasculo-
pathy occurs in the coronary arteries of mice trans-
planted with hearts from MHC class I or non-MHC
mismatched donors [102], and vasculopathy can occur
(albeit to a lesser degree) in CD4+ T-cell-deficient
recipients [103]. In these cases it is likely that immune
responses mediated by CD8+ T cells and/or allo-
antiobody against MHC class I antigens are the impor-
tant factors. Rodent and human ECs constitutively
express MHC class I antigens.
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Interestingly, it appears that very little MHC class II is
induced on mouse arterial and capillary ECs even during
chronic rejection [102]; thus rodents may be providing us
with a model of rejection in the absence of endothelial
class II. The expression of CD40 on normal EC and
induced expression of CD40L on ECs in coronary artery
disease (CAD) [104] suggests that ECs may be able to
stimulate B cells and monocytes by a T-independent
mechanism. Functional CD40 has been demonstrated on
ECs by their ability to induce B7.2 on a B-cell line [104].
Indeed it has been shown that anti-CD40L antibody
inhibits allograft rejection [105], and not only by inhibit-
ing CD80 expression on recipient monocytes.
In patients the paradox is that, whereas T-cell damage to
the myocardium is limited and controlled by immuno-
suppressive drugs, initial damage to the coronary en-
dothelium, in some patients, progresses to TxCAD. It
must be remembered that the mainstay immunosuppres-
sive drug, cyclosporine, acts by inhibiting early events in
T-cell activation, namely transcription of IL-2 [106].
T-cell activation leads to maturation of a number of
different effector pathways (fig. 2) depending on the
release of different cytokines. Thus, production of cy-
tokines IL-4 and IL-5 will lead to antibody production.
Some studies report that production of these cytokines
is less sensitive to cyclosporine than to IL-2 production
[107], and proliferating B cells are known to be less
sensitive to cyclosporine (CsA) [108]. It is clear, therefore,
that chronic rejection is driven by mechanisms which are
relatively resistant to CsA; such mechanisms may include
the T-independent mechanisms described above. One of
the effector mechanisms which is little affected by im-
munosuppression is antibody production. Despite the
heavy immunosuppression received by patients after
solid organ transplantation, the majority make a vigor-
ous antibody response against the allografted organ
(reviewed in ref. 109).
It is our hypothesis that a sustained antibody response
against HLA and non-HLA antigens on donor ECs is
one of the factors which leads to TxCAD. The most
common way of detecting antibodies formed after trans-
plantation is a complement-dependent cytotoxicity test
against a panel of HLA-typed leukocytes (termed panel
reactive antibodies, or PRA test) or donor cells (termed
a donor-specific response). Many clinical studies have
reported an association between antibody producers and
development of chronic rejection [110]. Thus Suciu-Foca
et al. reported a 90% 4-year actuarial survival in patients
who had not made antibody following cardiac transplan-
tation versus 38% 4-year survival in the antibody produc-
ers [111]. These authors looked for anti-HLA antibodies,
but our own studies have shown a correlation between
antiendothelial antibodies and chronic rejection [112].
Using gel electrophoresis to separate endothelial peptides
according to molecular weight, followed by probing blots

with patients’ sera, we found that the majority of patients
who had TxCAD had antibodies against endothelial
peptides of 56 and 58 kDa. We have subsequently
confirmed this association in a separate study of new
patients using both western blotting and flow cytometry
(unpublished results). A similar association between
antiendothelial antibodies, detected by flow cytometry,
and chronic rejection has been reported after renal
transplantation [113, 114]. Since this test [112] detected
antibodies against unrelated HUVECs, it is clear that
donor-specific HLA antigens could not be involved. Use
of SDS-polyacrylamide gel electrophoresis and amino
acid sequencing revealed that the most immunogeneic
endothelial peptide (at 56/58 kDa) was the intermediate
filament vimentin, and other immunoreactive peptides
were identified as triose phosphate isomerase and glu-
cose-regulating protein – in all 40 different proteins were
identified which reacted with patients, IgM [115]. Vi-
mentin is the intermediate filament characteristic of but
not restricted to ECs and fibroblasts. Whereas smooth
muscle cells predominantly express desmin as their inter-
mediate filament, they coexpress desmin and vimentin
when migrating or proliferating. Vimentin is diffusely
expressed in the intima and media of normal and diseased
coronary arteries. Our working hypothesis is that anti-
bodies to vimentin reflect disease activity in the coronary
arteries. But the outstanding questions are how vimentin,
a cytosolic protein, is exposed to the immune system and
whether and how the antibodies are damaging.
It is highly likely that ECs are damaged early after
transplantation (possibly by nonimmunological factors
such as ischaemia/reperfusion injury), and some vimentin
is released into the circulation to be bound by host B
cells. Use of the MHCPEP database of MHC-binding
peptides has revealed a sequence homology between
epitopes of vimentin and class II-presented peptides,
these being an HLA-DRa peptide and a heat shock
protein peptide (HSP65). Our hypothesis is that host T
cells will recognize vimentin fragments, presented indi-
rectly by host B cells and other APCs as a consequence
of cross-reactivity with MHC class II-presented peptides
(such as DRa). The hypothesis asssumes that vimentin
is not normally exposed to the immune system, and it will
therefore be recognized as an autoantigen. Such cross-re-
actions between DRa and infectious agents/normal com-
ponents of tissues has been suggested as a mechanism for
a number of auto-immune diseases [116]. It is likely that
damaged ECs are a source of many peptides which will
be presented indirectly to recipient T cells. It is also
possible that CD40 ligand-expressing ECs directly stim-
ulate B cells to make antibody.
A number of experimental models support an important
role for antibody in pathogeneisi of TxCAD (see ref. 117
for review). Thus, Russel and colleagues reported that
transplantation of B10A hearts into B10.BR recipients
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(across an MHC class I mismatch) resulted in severe
coronary lesions, and the recipients made complement-
dependent cytotoxic antibody against donor MHC class
I antigens. That antibody could induce arterial lesions
was shown by use of severe combined immunodeficient
mice as recipients of B10.BR hearts; arterial lesions were
induced in these hearts by injections of anti-B10.BR
antiserum [118]. Recently, elegant experiments have used
transplantation of carotid arteries from murine
B10.A(2R) donors into mutant MHC mismatched recip-
ients with various genetic defects of their immune system
[103]. The neointimal thickening characteristic of Tx-
CAD was dependent on the presence of CD4+ T cells,
antibody formation and macropha-ges. Cytotoxic
CD8+ T cells and NK cells were not involved in the
process.
One of the major drawbacks to ascribing a role for
antibodies in pathogenesis is lack of understanding about
the way antibodies interact with their cellular targets. The
serum derived from our patients does not exhibit comple-
ment-dependent cytotoxicity against ECs derived from
HUVECs or aorta, nor does it exhibit antibody-depen-
dent cellular cytotoxicity. This is not surprising with the
exception of serum from patients with Kawasaki disease,
where IgM antibodies are directly cytotoxic to ECs in the
presence of complement [119]. Anti-endothelial antibod-
ies have not been found to mediate complement-mediated
damage to ECs. However, complement-mediated lysis is
a severe and acute form of damage, usually associated
with hyperacute rejection. It is more important to inves-
tigate whether antiendothelial antibodies can mediate
more subtle forms of damage. Recently a number of
reports have demonstrated that antibodies from patients
with autoimmune disease [120] or transplant patients
[121] can upregulate adhesion molecules on ECs. Liga-
tion of monomorphic regions of MHC class I molecules
on ECs results in tyrosine phosphorylation (J. Smith and
M. Rose, unpublished results), EC proliferation and
upregulation of fibroblast growth factor receptor [122].
We believe the information that antibodies can activate
ECs is very promising and should be explored as a
mechanism whereby antibodies could damage ECs in
both autoimmune disease and chronic rejection after
solid organ transplantation.
In conclusion, the immunological properties of ECs
suggest they perform a pivotal role in acute and chronic
rejection following solid organ transplantation. Expres-
sion of MHC class I and class II molecules allows them
to activate recipient T cells by both direct and indirect
routes. Release of non-HLA antigens as a result of
immunological or nonimmunological damage provides a
stimulus for antibody formation which may further
damage or activate donor ECs. The costimulatory
molecules used by ECs appear to differ from those used
by traditional APCs such as B cells and dendritic cells.
Further understanding of the molecules involved is war-

ranted, as development of specific strategies to block EC
recognition may provide better ways of preventing rejec-
tion than methods currently used.
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