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SUMMARY

Following transplantation endothelial cells lining an
allograft come into contact with immune cells of the
recipient. Activation of an immune response, by graft
endothelial or other cells, will lead to local increases in
cytokine production and cell-mediated lysis. Inflamma-
tory cytokines have been shown, mainly in vitro, to
have marked effects on endothelial function and act to
produce a pro-thrombotic, pro-adhesive and pro-
mitogenic phenotype. These data are reviewed and
ways in which these changes could lead to rejection due
to graft lysis or vascular occlusion are discussed.

Transplantation of tissue from one genetically
disparate animal to another initiates a series of
responses that can ultimately result in tissue
destruction and graft rejection. The principal
response of the recipient is activation of the immune
system towards graft cells. The graft is not a passive
target for these cells but itself responds by actively
recruiting recipient leucocytes into the transplanted
tissue where they can destroy graft cells. Host
leucocytes can also directly target cells of the graft
vasculature. The lytic response to a graft usually
results in acute rejection. Thrombus formation within
graft vasculature commonly accompanies the lytic
response and this can contribute to acute rejection by
occluding perfusion, leading to graft cell necrosis.
Another important response to an allograft can be
intimal thickening in blood vessels of the graft. This
fibroproliferative response significantly decreases
vessel lumen diameter which, together with the
often attendant thrombi, can result in vascular
occlusion and graft necrosis due to insufficient
perfusion. This response underlies chronic rejection
of transplanted organs. The endothelial cells lining
graft vasculature play a critical role in the allograft
response. These cells are in direct contact with
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circulating host immune cells and therefore are at the
front line of interaction between host and graft. It is
the graft endothelium that promotes infiltration of
the transplanted tissue by host leucocytes. It is the
endothelium too that, under the influence of the
immune response, actually encourages vascular
occlusion by favouring thrombus formation and,
most likely, graft arteriosclerosis.

THE VASCULAR ENDOTHELIUM AND
COAGULATION

A common finding in the vasculature of grafted
tissue in acute and chronic rejection is thrombus
formation. Before outlining involvement of the
endothelium in the allograft response, therefore, it
may be useful to review briefly the role that
endothelial cells play in maintaining vessel patency.
Heparan sulphate proteoglycans localised at the
luminal surface of the endothelium serve to bind
the anti-coagulant protein antithrombin III' thus
providing an anti-thrombotic interface between
blood and vessel wall. In addition the endothelium
also produces a range of molecules which actively
regulate thrombus formation and lysis. These include
the 74 kDa protein thrombomodulin which acts to
modulate the activity of thrombin and inhibit
coagulation.’? Prostacyclin, also called prostaglan-
din I, and endothelial derived relaxing factor are
both produced by the endothelium and act as potent
vasodilators as well as inhibitors of platelet aggrega-
tion.*® In situations such as vessel injury the
endothelium can act in a pro-thrombotic fashion.
Thromboplastin, also called tissue factor, and factor
V are both produced by endothelial cells>’ and act to
promote coagulation®® Platelet adhesion is
enhanced by von Willebrand factor, again synthe-
sised and secreted by a pro-thrombotic endothe-
lium.'"” If a thrombus forms its degradation is
mediated by plasminogen activators and inhibited
by plasminogen activator inhibitors."! Both of these
classes of protein are produced by endothelial
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cells'!® and it is the balance which dictates fib-

rinolytic state at the vascular wall.

INVOLVEMENT OF THE ENDOTHELIUM IN
THE LYTIC RESPONSE TO AN ALLOGRAFT

The lytic response to an allograft can result in
hyperacute rejection or acute rejection. Hyperacute
rejection is characterised by accumulation of poly-
morphonuclear leucocytes in graft capillaries, vascu-
lar damage, thrombosis and necrosis of the graft.!*
Vascular changes in hyperacute response are seen
within minutes of connection of graft vasculature to
that of the recipient and occur where the recipient
already possesses antibodies against graft cells."*
Binding of these antibodies to antigens on graft
endothelial cells will lead to activation of comple-
ment and endothelial cell lysis. The widespread
thrombosis seen under these circumstances is likely
to arise as a result of loss of the anti-thrombotic
endothelial lining. In addition, exposure of under-
lying basement membrane will promote platelet
aggregation. The observation that antibody binding
to endothelium stimulates release of anti-thrombotic
heparan sulphate proteoglycans from the cell sur-
face!® and increases thromboplastin production'®
suggests that thrombosis may even occur before
widespread endothelial death.

In acute rejection the lytic response develops over
a period of weeks with cells of the vasculature as well
as graft parenchyma subject to immune-mediated
lysis. Grafts typically exhibit accumulation of infil-
trating lymphocytes and macrophages, necrosis of
small blood vessels and thrombosis.!”!® The initiat-
ing factor in this response is activation of the
recipient immune system against the graft. Helper
T lymphocytes of the host can be activated by
interaction with foreign antigen bound to self HLA
class II molecules. It is not clear exactly which cells
present antigen to recipient T cells, although antigen
presenting cells of the recipient, dendritic cells and
residual donor mononuclear cells could all have a
role. In this regard an important observation has
been that human endothelial cells express HLA class
II molecules constitutively.lg‘20 Further, HLA 1II
expression is induced on endothelium activated in
vitro by interferon-y (IFNy)?' and in inflammation
in vivo.”® Since recipient T lymphocytes may perceive
donor HLA II molecules in the graft as foreign
antigen plus self HLA II,Z? the endothelial HLA may
be able to activate recipient immune cells directly. In
the presence of activating antigen and co-stimulator,
such as interleukin-1 (IL-1), helper T cells produce
cytokines including IL-2, IFN+vy and tumour necrosis
factor-alpha (TNFa). Activated T cells and released
cytokines lead to clonal proliferation of helper and
cytolytic T cells. Endothelial cells secrete IL-1* and
so are capable of providing both activating antigen
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and co-stimulator for T «cell activation. Local
concentrations of TNF and IL-1 are likely to be
elevated at this time due to the presence of
leucocytes and IL-1 production by endothelial cells
activated by leucocyte-derived cytokines®® and
autoactivated by IL-1.

In addition to a role in activation of the afferent
arm of the immune response the endothelium is
almost certainly involved in the leucocyte infiltration
and thrombosis characteristic of the lytic response to
an allograft. Much of what is known about leucocyte
interactions with the vascular wall comes from
studies with neutrophils. The same sequence of
events, however, appears to pertain to other
leucocytes. An initial event in movement of leuco-
cytes from the blood to sites within the graft is
margination or tethering of these cells to the
activated endothelium. Initial tethering of leuco-
cytes to inflamed endothelium is mediated by P-
selectin (previously called PADGEM or GMP-140)
and E-selectin (previously called ELAM-1) on the
surface of the endothelium. P-selectin is rapidly
released from Weibel-Palade bodies on stimulation
of the endothelium by histamine or thrombin®® and
its expression peaks at about 30 minutes after
stimulation. E-selectin expression occurs at about
4-6 hours following stimulation of the cells by
inflammatory cytokines IL-1 or TNFa.?’ These
cytokines act to increase E-selectin mRNA levels.?’

Although these selectins are important in initial
adhesion of leucocytes to the endothelium they
cannot mediate the firm adherence required for
transmigration through the endothelium. This firm
adherence involves adhesion molecules of the
immunoglobulin superfamily on endothelial cells,®
including intercellular adhesion molecule 1 (ICAM-
1), ICAM-2 and vascular cell adhesion molecule-1
(VCAM-1), previously called inducible cell adhesion
molecule 110 (INCAM-110). These molecules inter-
act with members of the integrin family of adhesion
molecules present on leucocytes, LFA-1 and Mac-1
on polymorphonuclear leucocytes, and LFA-1 and
VLA-4 on lymphocytes.”® ICAM-2 is constitutively
expressed on endothelium?*® however, ICAM-1*°
and VCAM-1*' are strongly induced by inflamma-
tory cytokines. ICAM-1 expression is increased in
endothelial cells of grafts during rejection,*> and
endothelial VCAM-1 has been shown to be drama-
tically upregulated during inflammation.*

Initially the leucocyte integrins bind with only low
avidity to their ligands; however, following activation
they switch to a high-avidity interaction and firm
binding can occur.* Platelet activating factor (PAF)
and interleukin-8 (IL-8) are produced by endothe-
lium®=% and can activate leucocyte integrins*®-’
leading to firm adhesion at the endothelial surface.
E-selectin may also be able to induce firm adhesion
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via integrin activation.®® Thus leucocytes can roll
along the surface of the endothelium tethered via
selectins; on encountering upregulated ICAM or
VCAM and activation of the leucocyte integrins the
leucocyte will firmly adhere. Transmigration of the
leucocyte between endothelial cells probably occurs
via LFA-1/ICAM-1 interaction.”® Movement of the
cells is directed by a chemotactic gradient. The
identities of the chemotactic agents have yet to be
clearly established but are likely to include IL-8.%
The cytokines which modulate endothelial-
leucocyte interactions leading to infiltration of the
graft, also have marked effects on coagulant and
fibrinolytic properties of the endothelium. It is likely,
therefore, that endothelial cells under the influence
of these agents actively participate in formation of
thrombi seen during the acute response to an
allograft. As in the case of the hyperacute response,
where endothelial cells are destroyed, perhaps by
cytolytic T cells, there will be exposure of underlying
basement membrane and loss of anti-thrombotic
surface in the vessel. This will predispose to platelet
aggregation and thrombus formation. Experiments
with endothelial cells in vitro have demonstrated
marked effects of inflammatory cytokines on the
coagulant and fibrinolytic properties of the cells,
suggesting a possible mechanism for thrombus
formation in areas of undamaged endothelium in
the graft. Endothelial cell expression of pro-throm-
botic thromboplastin is enhanced by IL-1 and
TNE**4! whereas these cytokines suppress thrombo-
modulin activity.** IL-1 also increases prostacyclin
release by endothelium.® Plasminogen activator
inhibitor production is enhanced by IL-1 and TNF
and tissue plasminogen activator is unaltered or
decreased.® Thus, if these effects occur in vivo, it is
likely that the inflammatory cytokines close to the
vascular wall will shift the balance of the endothe-
lium to a pro-thrombotic/anti-fibrinolytic phenotype.

INVOLVEMENT OF THE ENDOTHELIUM IN
THE FIBROPROLIFERATIVE RESPONSE TO
AN ALLOGRAFT

Chronic rejection resulting from the fibroprolifera-
tive response is the major obstacle to long-term
survival of an allograft. This response is characterised
by intimal thickening of graft arteries and arterioles
occurring within months to a few years of transplan-
tation and has been observed in heart, kidney, liver
and lung® transplants. Increased fibrosis and
necrosis of the graft is seen in parallel with the
vascular changes and is likely to result from lack of
tissue perfusion following vessel occlusion due to the
decrease in lumen size and often associated throm-
bus formation. The end stage of these changes is
chronic rejection of the graft. Intimal thickening is a
major cause of graft failure in renal transplants*® and

affects the majority of long-term transplanted hearts
(5 years and later).*”8

Intimal thickening associated with chronic rejec-
tion is diffusely distributed throughout medium and
small arteries and arterioles of the graft, differing
from the focal thickening seen in more conventional
arteriosclerosis.*” Other changes to the vessels
include thinning of the medial layer and focal
disruption of the internal elastic lamina.>®' The
major cell type found in the intima at chronic
rejection is smooth muscle cells with some, fewer,
lymphocytes and macrophages.”’ There is usually an
intact endothelium, although some areas of endothe-
lial denudation coincident with thrombi have been
observed.’' In contrast to the eccentric intimal
hyperplasia usually observed in conventional arter-
iosclerosis, in the allograft thickening of the intima is
most commonly seen uniformly around the lumen.*
This suggests a more diffuse/general activation of
intimal thickening in the graft. Interestingly, the
vasculature of the recipient is not affected”
indicating that the stimulus may be localised in or
intrinsic to the graft. Intimal thickening results from
migration of smooth muscle cells from the medial
layer and proliferation. Studies with an animal model
of rejection have demonstrated active smooth muscle
cell proliferation in the developing intima.>?
Although the fibroproliferative response is not
normally associated with the level of lymphocyte
infiltration seen in the lytic response, low-level
inflammation at the vascular wall is suggested by
the presence of a few infiltrating leucocytes and
increased levels of IL-1.>'°? Elevated concentrations
of TNE derived from the leucocytes, and IL-1,
derived from endothelium activated by TNF and
subsequently by IL-1 in an autocrine manner, are
likely to prevail at the vessel wall.

Growth factors released locally in or at the
vascular wall are likely to be the principal stimulus
activating migration and proliferation of smooth
muscle cells. Indeed, in a rat model of chronic
rejection Hayry er al.® report a tenfold increase in
levels of platelet-derived growth factor (PDGF) and
insulin-like growth factor-I (IGF-I) and three- and
sixfold increases, respectively, in mRNA for these
growth factors in the walls of vessels exhibiting the
fibroproliferative response compared with control
vessels. An important source for these mitogens is
likely to be the endothelium. Human endothelial
cells express both PDGF> and IGF-1>* TNFa has
been shown to increase markedly release of PDGE>
and IL-1 and TNF increase IGF-I expression (N. P. J.
Brindle and H. Glazebrook, unpublished data) in
human endothelial cells. Endothelial IL-1 could also
stimulate smooth muscle cell proliferation indirectly
by activating PDGF production by the cells.>®
Endothelial cells also produce the smooth muscle
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cell mitogens acidic and basic fibroblast growth
factors (aFGF, bFGF).””-*® These growth factors are
not secreted via usual routes from cells as they lack a
secretory peptide sequence and the major route of
release is likely to be through disruption of the cell
membrane during cell damage or death.”>*® Where
endothelial cell death does occur, perhaps resulting
from immune cell attack or antibody-mediated lysis,
fibroblast growth factor may be released to act on
underlying smooth muscle cells thereby contributing
to the mitogenic stimulus. In addition to acting
directly as a source of smooth muscle cell mitogens
the endothelium is responsible for recruitment of
leucocytes, as described above, accounting for the
macrophages seen in the vessel wall in chronic
rejection. Macrophages produce bFGF, IGF-1,
PDGF®® and are thus also likely to contribute to
the developing mitogenic milieu in the inflamed
vascular wall.

CONCLUSION

The known functions of vascular endothelial cells
and data from in vitro experiments on modulation of
endothelial function by inflammatory cytokines
suggest strongly that these cells have a central role
in both the lytic and fibroproliferative response to an
allograft. One hypothesis is that HLA II expressed
on venular endothelium of the graft vasculature, in
the presence of IL-1 from the endothelium, triggers
T cell proliferation. This response may also be
induced by resident antigen presenting cells (APCs)
in the graft or host APC processing of graft cell
antigens. I[FN+y produced by lymphocytes upregulates
HLA II expression on endothelium thereby reinfor-
cing the immune response, and induces HLA II on
adjacent arterial endothelium. Large increases in
local cytokine levels will occur due to release of IFNy
and TNFa by activated lymphocytes and IL-1 may
also be produced by endothelial cells activated
during inflammation. Cell adhesion molecules of
the selectin and immunoglobulin family are induced
on endothelium by IL-1, TNF and IFNv, leading to
margination and adhesion of lymphocytes and
macrophages from the host circulation. Firm adhe-
sion and migration of these leucocytes to infiltrate
the graft occurs, probably under the influence of
PAF and IL-8 derived from the endothelium. Graft
cell lysis, and endothelial lysis, then ensue. The
presence of high local concentrations of inflamma-
tory cytokines would favour a pro-thrombotic/anti-
fibrinolytic balance at the endothelium pre-disposing
to thrombosis. Antibody production against endothe-
lial antigens and B cell activation will augment these
responses by promoting endothelial destruction and
increasing B cell derived IL-1 levels in the locality.
Together these responses would lead to the graft cell
lysis and vascular damage seen in acute rejection.
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Where the lytic response is low grade or contained,
perivascular inflammation may dominate. Here the
cytokines IL-1 and TNF could promote a pro-
mitogenic phenotype in the endothelium leading to
local release of PDGEF, IGF-1 and IL-1. These
mitogens act to stimulate migration of smooth
muscle cells from the media into the intima, where
they proliferate leading to intimal thickening. FGF
released from damaged endothelium and mitogens
released from infiltrating macrophages contribute to
this response. Again a pro-thrombotic/anti-fibrino-
lytic balance at the endothelial surface will result
under the influence of inflammatory cytokines. These
responses then lead to chronic rejection.

In the scheme outlined here the endothelium plays
a critical role in the lytic and fibroproliferative
responses seen in graft transplantation. This scheme
is based on changes known to occur in the allograft
and observations on cytokine modulation of
endothelial function seen in vitro. Direct testing of
components of this hypothesis, especially those
derived from in vitro studies, may now be useful in
deepening our understanding of the mechanisms for
allograft rejection, and thereby possibly developing
strategies to improve long-term patency of trans-
planted organs.

Key words: Adhesion, Arteriosclerosis, Endothelium, Growth
factor, Inflammation, Transplantation.

REFERENCES

1. Rosenberg RD. The heparin-antithrombin system: a
natural anticoagulant mechanism. In: Colman RW,
Hirsh J, Marder VJ, Salzman EW, editors. Haemostasis
and thrombosis: basic principles and clinical practice.
Philadelphia: JB Lippincott, 1987:1373-92.

2. Esmon CT. The regulation of natural anticoagulant
pathways. Science 1987;235:1348-52.

3. Esmon CT. The roles of protein C and thrombomodu-
lin in regulation of blood coagulation. J Biol Chem
1989;264:4743-6.

4. Moncada S. Prostacyclin and arterial wall biology.
Arteriosclerosis 1982:2:193-207.

5. Radomski MW, Palmer RMJ, Moncada S. The role of
nitric oxide and cGMP in platelet adherance to
vascular endothelium. Biochem Biophys Res Com-
mun 1987;148:1482-9.

6. Weksler BB, Marcus AlJ, Jaffe EA. Synthesis of
prostaglandin I, (prostacyclin) by cultured human
and bovine endothelial cells. Proc Natl Acad Sci
USA 1977;74:3922-6.

7. Cerveny TJ, Fass DN, Mann KG. Synthesis of
coagulation factor V by aortic endothelium. Blood
1984;63:1467-74.

8. Jackson CM, Nemerson Y. Blood coagulation. Annu
Rev Biochem 1980;49:765-811.

9. Meyer D, Baumgartner HR. Role of von Willebrand
factor in platelet adhesion to the subendothelium. Br J
Haematol 1983;54:1-9.

10. Paleolog EM, Crossman DC, McVey JH, Pearson JD.
Differential regulation by cytokines of constitutive and
stimulated secretion of von Willebrand factor from
endothelial cells. Blood 1990;75:688-95. )

11. Hau CK, Samama MM, Nguyen G. Fibrinolytic system.



ENDOTHELIUM IN THE ALLOGRAFT RESPONSE

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

In: Kwaan HC, Samama MM, editors. Clinical
thrombosis. Boca Raton: CRC Press, 1989:23-31.
Levin EG, Loskutoff DJ. Cultured bovine endothelial
cells produce both urokinase and tissue-type plasmino-
gen activators. J Cell Biol 1982;94:631-6.

Van-Mourik JA, Lawrence DA, Loskutoff DJ. Purifica-
tion of an inhibitor of plasminogen activator (anti-
activator) synthesised by endothelial cells. J Biol Chem
1984;259:14914-21.

Williams GM, Hume DM, Hudson RP, Morris PJ, Kano
K, Milgrom F. Hyperacute renal-homograft rejection in
man. N Engl J Med 1968;279:611-8.

Platt JL, Vercelloti GM, Lindman BJ, Oegema TR,
Bach FH, Dalmasso AP. Release of heparan sulfate
from endothelial cells: implications for pathogenesis of
hyperacute rejection. J Exp Med 1990;171:1363-8.
Tannenbaum SH, Finko R, Cines DB. Antibody and
immune complexes induce tissue factor production by
human endothelial cells. ] Immunol 1986;137:1532-7.
Bishop GA, Waugh JA, Landers DV, Krensky AM,

Hall BM. Microvascular destruction in renal transplant

rejection. Transplantation 1989;48:408-14.

Sedmak DD, Orossz CG. The role of vascular
endothelial cells in transplantation. Arch Pathol Lab
Med 1991;115:260-5.

Hayry P, von Willebrand E, Parthenais E, et al. The
inflammatory mechanisms of allograft rejection. Immu-
nol Rev 1984;77:85-142.

Turner RR, Beckstead JH, Warnke RA, Wood GS.
Endothelial cell phenotypic diversity: in-situ demon-
stration of immunologic and specific morphologic
subtypes. Am J Clin Pathol 1987;87:569-75.

Lapierre LA, Fiers W, Pober JS. Three distinct classes
of regulatory cytokines control endothelial cell MHC
antigen expression. J Exp Med 1988;167:794-804.
Krensky AM, Weiss A, Crabtree G, Davis MM,
Parham P. T-lymphocyte-antigen interactions in trans-
plant rejection. N Engl J Med 1990;322:510-7.
Cozzolino F, Torcia M, Aldinucci D, et al. Interleukin 1
is an autocrine regulator of human endothelial cell
growth. Proc Natl Acad Sci 1990;87:6487-91.

Libby P, Ordovas JM, Auger KR, Robbins AH, Birinyi
LK, Dinarello CA. Endotoxin and tumour necrosis
factor induce interleukin-1 gene expression in adult
human vascular endothelial cellss. Am J Pathol
1986;124:179-85.

Cotrans RS. New roles for the endothelium in
inflammation and immunity. Am J Pathol 1987;
129:407-13.

Hattori R, Hamilton KK, Fugate RD, McEver RD,
Sims PJ. Stimulated secretion of endothelial von
Willebrand factor is accompanied by rapid redistribu-
tion to the cell surface of the intracellular granule
membrane protein GMP140. J Biol Chem 1989;
264:7768-71.

Bevilacqua MP, Stengelin S, Gimbrone MA Jr, Seed B.
Endothelial leukocyte adhesion molecule 1: an induci-
ble receptor for neutrophils related to complement
regulatory proteins and lectins. Science 1989;
243:1160-5.

Albeda SM, Smith CW, Ward PA. Adhesion molecules
and inflammatory injury. FASEB J 1994;8:504-12.
Staunton DE, Dustin ML, Springer TA. Functional
cloning of ICAM-2, a cell adhesion ligand for LFA-1
homologous to ICAM-1. Nature 1989;339:61-4.
Dustin ML, Rothlein R, Bahn AK, Dinarello CA,
Springer TA. Induction by IL-1 and interferon gamma,
tissue distribution, biochemisry and function of a

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

44.

45.

46.

47.

17

natural adherence molecule (ICAM-1). J Immunol
1986;137:245-54.

Osborn L, Hession C, Tizzard R et al. Direct expression
of vascular cell adhesion molecule-1, a cytokine-
induced endothelial protein that binds to lympho-
cytes. Cell 1989;59:1203-11.

Faull RJ, Russ GR. Tubular expression of intercellular
adhesion molecule-1 during renal allograft rejection.
Transplantation 1989;48:226-30.

Rice GE, Munro JM, Bevilacqua MP. Inducible cell
adhesion molecule 110 (INCAM-110) is an endothelial
receptor for lymphocytes. J Exp Med 1990;
171:1369-74.

Pardee R, Inverardi L, Bender JR. Regulatory
mechanisms in leukocyte adhesion: flexible receptors
for sophisticated travellers. Immunol Today 1992;
13:224-30.

Prescott SM, Zimmerman GA, McIntyre TM. Human
endothelial cells in culture produce platelet-activating
factor (1-alkyl-2-acetyl-sn-glycero-3-phosphocholine)
when stimulated with thrombin. Proc Natl Acad Sci
USA 1984;81:3534-8.

Huber AR, Kunkel SL, Todd RF III, Weiss SlJ.
Regulation of transendothelial migration by endogen-
ous interleukin-8. Science 1991;254:99-102.

Lorant DE, Patel KD, McIntyre TM, McEver RP,
Prescott SM, Zimmerman GA. Co-expression of GMP-
140 and PAF by endothelium stimulated by histamine
or thrombin: a juxtacrine system for adhesion and
activation of neutrophils. J Cell Biol 1991;115:223-34.
Lo SK, Lee S, Ramos RA, et al. Endothelial-leukocyte
adhesion molecule-1 stimulates the adhesive activity of
leucocyte integrin CR3 (CD11b/CD18, Mac-1m, alpha
m beta 2) on human neutrophils. J Exp Med
1991;173:1493-500.

Oppenheimer-Marks N, Davis LS, Bogue DT, Ram-
berg J, Lipsky PE. Differential utilization of ICAM-1
and VCAM-1 during adhesion and transendothelial
migration of human T Ilymphocytes. J Immunol
1991;147:2913-21.

Bevilacqua MP, Pober JS, Majeau GR, Cotran RS,
Grimbone MAI. Interleukin-1 (IL-1) induces biosynth-
esis and cell surface expression of procoagulant activity
in human vascular endothelial cells. J Exp Med
1984;160:618-23.

Nawroth PP, Stern DM. Modulation of endothelial cell
hemostatic properties by tumour necrosis factor. J Exp
Med 1986;163:740-5.

Moore KL, Esmon CT, Esmon NL. Tumour necrosis
factor leads to internalisation and degradation of
thrombomodulin from the surface of bovine aortic
endothelial cells in culture. Blood 1989;73:159-65.
Rossi V, Breviario F, Ghezzi P, Dejana E, Mantovani
A. Prostacyclin synthesis induced in vascular cells by
interleukin-1. Science 1985;229:174-6.

Bevilacqua MP, Schleef RR, Grimbone MAJ, Loskut-
off DJ. Regulation of the fibrinolytic system of cultured
human vascular endothelium by interleukin-1. J Clin
Invest 1986;78:587-91.

Adams DH, Russell ME, Hancock WW, Sayegh MH,
Wyner LR, Karnovsky MJ. Chronic rejection in
experimental cardiac transplantation: studies in the
Lewis-F344 model. Immunol Rev 1993;134:5-19.
Kirkman RL, Strom TB, Weir MR, Tilney NL. Late
mortality and morbidity in recipients of long term renal
allografts. Transplantation 1982;34:347-51.

Bieber CP, Hunt SA, Schwinn DA, et al. Complications
in long-term survivors of cardiac transplantation.
Transplant Proc 1981;13:207-11. ’



172

48.

49.

50.
51

52.

53.

54.

55.

56.

Paul LC. Chronic rejection of organ allografts:
magnitude of the problem. Transplant Proc
1993;25:2024-5.

Libby P, Salomon RN, Payne DD, Schoen FJ, Pober JS.
Functions of vascular wall cells related to development
of transplantation-associated coronary arteriosclerosis.
Transplant Proc 1989;21:3677-84.

Hayry P, Isoniemi H, Yilmaz S, et al. Chronic allograft
rejection. Immunol Rev 1993;134:33-81.

Demetris AJ, Zerbe T, Banner B. Morphology of solid
organ allograft arteriopathy: identification of prolifer-
ating cell populations. Transplant Proc 1989;21:3667-9.
Hayry P, Raisanen A, Ustinov J, Mennander A,
Paavonen T. Somatostatin analog Lanreotide inhibits
myocyte replication and several growth factors in
allograft arteriosclerosis. FASEB J 1993;7:1055-60.
Harlan JM, Thompson PJ, Ross RR, Bowen-Pope DF.
Alpha-thrombin induces release of platelet-derived
growth factor-like molecule(s) by cultured human
endothelial cells. J Cell Biol 1986;103:1129-33.
Glazebrooke H, Brindle NPJ. Expression of two
alternative splice forms of the insulin-like growth
factor-1 genes in human vascular endothelial cells. J
Vasc Res 1993;30:121-4.

Hajjar KA, Hajjar DP, Silverstein RL, Nachman RL.
Tumour necrosis factor-mediated release of platelet-
derived growth factor from cultured endothelial cells. J
Exp Med 1987;166:235-45.

Raines EW, Dower SK, Ross R. Interleukin-1

57.

58.

59.

60.

61.

62.

63.

N. P. J. BRINDLE

mitogenic activity for fibroblasts and smooth muscle
cells is due to platelet derived growth factor AA.
Science 1989;243:39-6.

Vlodavsky I, Fridman R, Sullivan R, Sasse J, Klagsburn
M. Aortic endothelial cells synthesise basic fibroblast
growth factor which remains cell associated and
platelet-derived growth factor-like protein which is
secreted. J Cell Physiol 1987;131:402-8.

Mansson PE, Marlak M, Sawada H, Kan M, McKee-
han A. Heparin-binding (fibroblast) growth factor type
one and two genes are co-expressed in proliferating
normal human vascular endothelial and smooth muscle
cells in culture. In Vitro Cell Dev Biol 1990;26:209-21.
McNeil PL, Muthukrishnan L, Warder E, D’Amore
PA. Growth factors are released by mechanically
wounded endothelial cells. J Cell Biol 1989;109:811-22.
Gajdusek CM, Carbon S. Injury induced release of
basic fibroblast growth factor from bovine aortic
endothelial cells. J Cell Physiol 1989;139:570-9.
Nathan CF. Secretory products of macrophages. J Clin
Invest 1987;79:319-26.

Shimokada K, Raines EW, Madtes DK, Barrett TB,
Benditt EP, Ross R. A significant part of macrophage
derived growth factor consists of at least two forms of
PDGE. Cell 1985;43:277-86.

Arkins S, Rebeiz N, Biragyn A, Reese DL, Kelley LW.
Murine macrophages express abundant insulin-like
growth factor-I class I Ea and Eb transcripts.
Endocrinology 1993;133:2334-43.



	ROLE OF VASCULAR ENDOTHELIAL CELLS IN THE ALLOGRAFT RESPONSE
	SUMMARY
	THE VASCULAR ENDOTHELIUM AND COAGULATION
	INVOLVEMENT OF THE ENDOTHELIUM IN THE LYTIC RESPONSE TO AN ALLOGRAF T
	INVOLVEMENT OF THE ENDOTHELIUM IN THE FIBROPROLIFERATIVE RESPONSE TO AN ALLOGRAFT
	CONCLUS ION
	REFERENCES


