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Vascularized organ transplants often fail because of smooth muscle cell migration and proliferation in the intima of graft
arteries, leading to progressive lumenal narrowing and resultant ischemic damage. Graft arterial disease is caused by
IFN-y secreted by alloreactive T cells. New evidence indicates that IFN-y dysregulates expression of the enzymes eNOS
and iNOS in graft-infiltrating leukocytes. Dysregulated NO synthase expression occurs prior to and is causally linked to
intimal smooth muscle cell accumulation.
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The link between IFN-y and allograft arteriopathy:
is the answer NO?

Richard N. Mitchell and Andrew H. Lichtman

Center for Excellence in Vascular Biology, Department of Pathology, Brigham and Women’s Hospital, Boston, Massachusetts, USA.

Vascularized organ transplants often fail because of smooth muscle cell
migration and proliferation in the intima of graft arteries, leading to pro-
gressive lumenal narrowing and resultant ischemic damage. Graft arterial
disease is caused by IFN-y secreted by alloreactive T cells. New evidence indi-
cates that IFN-y dysregulates expression of the enzymes eNOS and iNOS in
graft-infiltrating leukocytes (see the related article beginning on page 846).
Dysregulated NO synthase expression occurs prior to and is causally linked
to intimal smooth muscle cell accumulation.

Graft arteriosclerosis is the major cause of
late allograft failure. Pathologic features
include arterial intimal hyperplasia due to
recruitment and proliferation of smooth
muscle cells (SMCs), which eventually
causes lumenal obstruction and allograft
ischemia (Figure 1, A and B). Although
the mechanisms underlying graft arte-
riosclerosis are not well understood, the
condition most likely results from a form
of ongoing immune rejection, and most
evidence suggests critical dependence
on host T cell alloantigen recognition
(1). Nevertheless, graft arteriosclerosis is
resistant to standard immunosuppressive
therapies. Of a plethora of candidate effec-
tor molecules, IFN-y — a proinflammatory
cytokine produced by effector T cells —
has long been suspected of being a major
player in graft arteriosclerosis.

IFN-y causes graft arterial disease

To dissect the molecular mechanisms
underlying this process, in vivo models
that recapitulate the changes observed
following human organ transplants have
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been developed; indeed, murine cardiac
allografts develop arterial changes patho-
logically identical to the human disease.
Using this model, arteriopathy does not
develop in allografts transplanted into
IFN-y-deficient hosts or after treatment
with anti-IFN-y; this finding provided the
first direct evidence that IFN-y is necessary
to induce graft arteriosclerosis (2-4).
However, the relevance of findings in a
mouse model to human arteriopathy must
be weighed in light of known interspecies
differences in vascular cell phenotype and
function, including those in endothelial
cells (ECs) and SMCs (5).

Jordan Pober and colleagues previously
addressed the issue of species differences
using a model of graft arterial disease
involving human arterial segments inter-
posed in the infrarenal aorta of lympho-
cyte and NK cell-deficient (SCID/beige)
mice (6-8). These arterial xenografts
remain histologically normal in the
immunodeficient host mice. However,
if human IFN-y is administered, intimal
thickening occurs as a result of SMC
accumulation. Because the host mice are
immunodeficient and murine cytokines
do not have biological activity on human
cells, the results indicate that IFN-y is
also sufficient to induce graft arterial dis-
ease. Moreover, human arterial grafts in
SCID/beige hosts injected with allogeneic
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PBMCs also develop arteriopathy, associ-
ated with human IFN-y-expressing T cell
infiltrates. Administering anti-IFN-y
reduces the intimal thickening caused by
PBMC injection (6-8).

NO and arterial dysfunction

Although the data from murine allograft
and xenograft models clearly establishes a
central role for IFN-y in graft arterial dis-
ease, the pathologic mechanisms down-
stream of IFN-y are not clear. One possi-
bility is that IFN-y dysregulates vascular
wall production of and response to NO
(9, 10). ECs synthesize NO from L-argi-
nine via constitutively expressed eNOS;
leukocytes can synthesize NO through
iNOS. Induction of vasodilation (through
vascular SMC relaxation) is one of the
principal roles of NO synthesized by ECs
via eNOS. However, NO does have other
activities related to vascular wall func-
tion including inhibiting SMC prolifera-
tion and reducing platelet and leukocyte
adhesion (11).

Dysregulated eNOS production — reflect-
ing a more global EC dysfunction — can
be assessed by measuring the vasomotor
responsiveness of arteries to eNOS-depen-
dentvasodilators. EC dysfunction is impli-
cated in atherosclerosis and graft arterio-
sclerosis. In addition, failure of SMCs to
relax in response to NO (SMC dysfunction)
is also implicated in graft arteriosclerosis.
Since both IFN-y and dysregulation of NO
responses are associated with graft arterial
disease, alogical question to ask is whether
IFN-y is the cause of EC and vascular SMC
dysfunction. In a report by Pober, Koh, and
colleagues in this issue of the JCI, elegant
experiments that establish this causal link
are described (12).
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Pathology and mechanisms of graft arterial disease. (A) A cross section of a normal muscular artery is shown. The thin intima includes the
endothelial lining of the lumen and minimal subendothelial connective tissue. The media is demarcated by internal and external elastic lamina
and includes vascular SMCs. The adventitia is a loose connective tissue sheath outside the media. There are few or no inflammatory cells in
any of the layers. (B) In graft arteriosclerosis, inflammatory cells, including T cells and macrophages, infiltrate both the adventitia and the intima.
Furthermore, SMCs derived from either the media or circulating host progenitors enter the intima and proliferate. This results in thickening of the
lumen and eventual luminal narrowing. (C) A proposed mechanism of intimal SMC proliferation is shown, based on recent data from the Pober
laboratory (12). IFN-y is produced by alloreactive T cells within graft arterial walls. The IFN-y blocks the expression of eNOS and enhances the
expression of INOS by the T cells themselves. Excess NO produced by the T cells may desensitize SMCs to the relaxation and antiproliferative
effects of NO. Neutralization of IFN-y blocks changes in eNOS and iNOS expression induced by alloreactve T cells, and a pharmacologic inhibitor
of INOS patrtially blocks development of intimal SMC accumulation.

IFN-y dysregulates graft arterial
eNOS and iNOS expression

Pober and colleagues again turn to the
human-to-mouse arterial interposition
graft model. They show that 7-9 days after
allogeneic PBMC transfer (before intimal
thickening can be detected), excised grafts
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have impaired responses to NO-dependent
vasodilators bradykinin and substance
P, compared with grafts from mice that
did not receive allogeneic PBMCs (12). At
that time, SMCs were observed to contract
normally in response to prostaglandin Fy,
and relax normally in response to the NO-

htep://www.jci.org ~ Volume 114

Number 6

donor nitroprusside. EC dysfunction per-
sisted for two weeks after PBMC transfer,
and at that time, SMC dysfunction was
also evidenced by impaired responses to
both prostaglandin F,, and nitroprusside.
These results indicate early vascular graft
dysfunction in a model that eventually
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develops intimal hyperplasia. Blocking
antibodies were employed to demonstrate
that IFN-y is required for PBMC-induced
EC and SMC dysfunction.

The Pober group also shows that EC
and SMC dysfunction in the grafts cor-
relates with dysregulated NOS expres-
sion (12). Consistent with endothelial
dysfunction, eNOS mRNA was reduced,
but, unexpectedly, iNOS expression was
increased. Immunohistochemical data
suggest that iNOS is expressed by infiltrat-
ing human T cells. Anti-IFN-y also blocked
the PBMC-induced changes in eNOS and
iNOS expression. A causal link between
iNOS expression and SMC dysfunction
was demonstrated using 1400W, a specific
inhibitor of iNOS. This inhibitor partially
restored nitroprusside-induced relaxation
of dysfunctional grafts when administered
ex vivo and partially blocked the develop-
ment of PBMC-dependent SMC dysfunc-
tion when administered in vivo. Impor-
tantly, 1400W treatment also blocked graft
intimal hyperplasia.

This study moves the field of graft arte-
riosclerosis forward by establishing a rela-
tionship between IFN-y, early EC and SMC
dysfunction, and intimal hyperplasia (Fig-
ure 1C). Many additional interesting ques-
tions are raised. Allogeneic responses to
graft ECs led to reduced levels of eNOS and
elevated levels of iNOS (in T cells); however,
itis unclear whether the net amount of NO
produced was altered (12). Paradoxically,
increased iNOS activity appeared to cause
intimal SMC proliferation in the grafts (12)
even though NO is known to block SMC
proliferation (13), and cardiac allografts
in iNOS-deficient mice actually exhibited
augmented arteriopathy (14). Whether this
contradiction is attributable to species or
model differences is not resolved. The pos-
sibility that excess NO produced by ele-
vated iNOS may desensitize SMCs to NO
in vivo also requires further investigation.
Although this study (12) carefully analyzes
the downregulation of eNOS by CD4* T
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cells in vitro, we do not know if EC dys-
function is necessary for subsequent SMC
dysfunction or intimal hyperplasia. Recent
data indicate that intimal smooth muscle
cell accumulation after mechanical arterial
injury is also enhanced by T lymphocytes
(15). In light of the findings of the Pober
study, it will be of great interest to exam-
ine the INF-y-NO link in the setting of
mechanical injury as well as in other forms
of vascular disease.

Caution is warranted in extrapolating
the findings from the arterial graft model
to graft arteriopathy in intact organ
transplants since alloresponses in the
parenchyma may well contribute to the
vascular disease. Finally, it is important
to acknowledge that IFN-y has many bio-
logical effects on the vessel wall. Some are
proinflammatory, such as upregulation
of endothelial adhesion molecules (5),
while others are anti-inflammatory, such
as induction of negative regulators of T
cell activation (16, 17). In mouse allograft
models, the absence of IFN-y significantly
enhances acute rejection (18, 19). There-
fore, therapeutically targeting IFN-y to
prevent dysregulated NO production may
have unintended consequences.
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