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of human allografts results from IFN-y
dysregulation of NO synthase
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Allograft vascular dysfunction predisposes to arteriosclerosis and graft loss. We examined how dysfunction
develops in transplanted human arteries in response to circulating allogeneic T cells in vivo using immuno-
deficient murine hosts. Within 7-9 days, transplanted arteries developed endothelial cell (EC) dysfunction
but remained sensitive to exogenous NO. By 2 weeks, the grafts developed impaired contractility and desen-
sitization to NO, both signs of VSMC dysfunction. These T cell-dependent changes correlated with loss of
eNOS and expression of iNOS — the latter predominantly within infiltrating T cells. Neutralizing IFN-y
completely prevented both vascular dysfunction and changes in NOS expression; neutralizing TNF reduced
IFN-y production and partially prevented dysfunction. Inhibiting iNOS partially preserved responses to NO
at 2 weeks and reduced graft intimal expansion after 4 weeks in vivo. In vitro, memory CD4* T cells acted on
allogeneic cultured ECs to reduce eNOS activity and expression of protein and mRNA. These effects required
T cell activation by class II MHC antigens and costimulators (principally lymphocyte function-associated
antigen-3, or LFA-3) on the ECs and were mediated by production of soluble mediators including IFN-y and
TNF. We conclude that IFN-y is a central mediator of vascular dysfunction and, through dysregulation of

NOS expression, links early dysfunction with late arteriosclerosis.

Introduction
Posttransplant graft arteriosclerosis, the major cause of solid
organ allograft failure, is characterized by rapidly progressive
stenosis of graft conduit arteries, causing ischemic injury and
replacement fibrosis in the graft parenchyma (1). Like other
vascular diseases, structural changes of intimal hyperplasia and
inward vascular remodeling (reduction in vessel circumference)
contribute independently to lumen loss (2). In addition, func-
tional abnormalities in vasoconstriction or vasodilatation, due
to endothelial cell (EC) and/or VSMC dysfunction, may cause
dynamic reductions in luminal diameter even before structur-
al abnormalities develop (3). The alloantigen-dependent host
anti-graft immune response contributes significantly to the
development of structural lesions. However, both immune and
nonimmune factors, including ischemia-reperfusion injury,
cytomegalovirus infection, dyslipidemia, hypertension, and
immunosuppressive agents, may contribute to graft vessel dys-
function (4). To this day, the pathophysiological mechanisms of
graft dysfunction remain obscure, yet are important to under-
stand since dysfunction is predictive of the development of graft
arteriosclerosis and linked to an adverse clinical outcome (5, 6).
Under physiological conditions, arterial ECs regulate blood
flow by releasing NO, prostaglandin I, and endothelium-
derived hyperpolarizing factor, all of which relax the basal tone
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cal salt solution; ROS, reactive oxygen species; sGC, soluble guanylate cyclase.
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of VSMCs (7). NO, formed by Ca?*-dependent conversion of
L-arginine to NO and L-citrulline by eNOS, is the major regu-
lator of tone in conduit arteries. Impaired synthesis of NO, a
key mechanism in EC dysfunction, frequently occurs in inflam-
matory syndromes (8) and reduces the vasodilator response of
blood vessels. On the other hand, proinflammatory cytokines
can induce a second isoform of NOS — iNOS — in vascular
tissue, especially in VSMCs and/or infiltrating leukocytes (9).
iNOS is a Ca?*-independent high-output producer of NO and
has been implicated in host defense and pathological reactions,
such as circulatory shock, rather than physiologic regulation.
Dysregulation in the expression of NOS isoforms may thus con-
tribute to both VSMC and EC dysfunction.

The role of T lymphocytes in initiating graft EC dysfunction
is unknown. Host lymphocytes typically accumulate subjacent
to the luminal endothelium very early after transplantation
(10). Moreover, human graft ECs can activate allogeneic host T
cells through direct presentation of foreign MHC molecules and
costimulators. On human ECs, the most important costimulator
is lymphocyte function-associated antigen-3 (LFA-3), which is
constitutively expressed (11). We hypothesize that activated T
cells, in turn, impair EC and/or VSMC function. This idea can-
not be tested in conventional rodent transplant models because
of fundamental differences between human and rodent ECs and
VSMCs, both with regard to how they control blood pressure and
how they interact with and respond to T cells (11). For example,
rodent ECs do not express LFA-3. Here, we describe the novel use
of an experimental transplant model to study the development
of vascular dysfunction in human arterial grafts that encounter
allogeneic leukocytes in vivo within murine surrogate hosts. We
demonstrate that allogeneic T cells can directly induce vascular
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dysfunction, which begins in the ECs and then progresses to
affect VSMCs. Dysfunction of both ECs and VSMCs is dependent
upon the actions of the T cell-derived cytokine IFN-y and results
from dysregulation of the expression of NOS isoforms.

Results

Allogeneic T cells induce early graft endothelial dysfunction in vivo.
Human coronary arterial segments interposed in the infrare-
nal aortae of immunodeficient SCID/beige mice have a normal
histological appearance for up to 2 months (12). When recov-
ered from the animals, these arterial grafts also displayed fea-
tures of functional VSMCs and ECs, demonstrated by concen-
tration-dependent constriction in response to the contractile
agonist prostaglandin Fpq (PGF2q), and relaxation (following
submaximal preconstriction) in response to the EC-independent
NO donor sodium nitroprusside and the EC-dependent vasodi-
lator bradykinin (Figure 1, A-C). Function was preserved for at
least 5 weeks in control mice (data not shown). Inoculation of

Figure 2

Effects of allogeneic T cells on arterial graft function at 2 weeks in
vivo. Transplanted human arterial segments were recovered from mice
injected with saline (open squares) or PBMCs (filled squares) for 13—-15
days (n = 4—7 pairs from four to six experiments). (A—-D) Response
curves. Constriction response to various concentrations of PGF,,, (A)
and relaxation response to bradykinin (B), nitroprusside (C), or YC-1
(D) after preconstriction with PGF,,. *P < 0.05; **P < 0.01; #P < 0.001
vs. saline control. (E) Immunohistochemistry of graft sections stained
for human and murine (inset) CD31, human CDS3, and iNOS. iNOS
expression was highly localized to infiltrating T cells (arrows). Original
magnification: CD31 and CD3 panels, x200; iNOS panels, x400.
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Figure 1

Effects of allogeneic T cells on arterial graft function at 1 week in
vivo. Transplanted human arterial segments were recovered from
mice injected with saline (open squares) or PBMCs (filled squares)
7-9 days before harvest (n = 5 pairs from four experiments). (A-D)
Response curves. Restriction response to various concentrations
of PGF., (A) and relaxation response curves for nitroprusside (B),
bradykinin (C), or substance P (D) after preconstriction with PGFy.
*P < 0.05; **P < 0.01; #*P < 0.001 vs. saline control. mN, milliNew-
tons. (E) Immunohistochemistry of graft sections stained for human
and murine (inset) CD31, human CD45, and HLA-DR. The staining for
human CD45 is indistinguishable from that for human CD3 (data not
shown). Original magnification, x200.

the mouse hosts with human PBMCs (allogeneic to the artery
donor) resulted in circulating human leukocytes (consisting
entirely of CD3" T cells and no CD14" monocytes) within a week
(13), and infiltration of human T cells but not other leukocytes
within the arterial grafts by 2 weeks. We investigated vasoreactiv-
ity of recovered grafts at 1-2 weeks after PBMC reconstitution,
a time frame chosen to precede the development of structural
remodeling of the grafts (12).

At 7-9 days after adoptive transfer of human PBMCs or saline
(control) to the mouse recipients, five of six grafts from PBMC-
injected mice (PBMC grafts) showed impaired relaxation responses
to the EC-dependent agonists bradykinin (Figure 1C) and sub-
stance P (Figure 1D) compared with paired segments from control
mice (saline grafts). However, both saline and PBMC grafts had
similar concentration-dependent responses to PGF,,, (Figure 1A)
and sodium nitroprusside (Figure 1B), suggesting that VSMC func-
tion remained intact and that dysfunction was restricted to ECs.
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Figure 3

Effects of IFN-y neutralization on T cell-mediated graft dysfunction in vivo. Transplanted human arterial segments were recovered from mice

injected with saline alone (open squares) or PBMCs together with anti—I

FN-y mADb (filled triangles) or control mAb (IgG.a) (open triangles) for 2

weeks (n = 5 matched triplicates from three experiments). (A and B) Endothelium-independent responses to various concentrations of PGF,,,
(A) and nitroprusside (B). (C and D) Endothelium-dependent response to bradykinin before (C) and after (D) treatment with L-NAME. *P < 0.05;
**P < 0.01; ¥P < 0.001 vs. PBMC + IgG2a group, n = 3-5. (E) Immunohistochemistry of graft sections stained for human CD3 and HLA-DR. The
luminal HLA-DR—positive cells are also human CD31—positive (data not shown). Goat anti-mouse secondary Ab alone did not stain the grafts.
Original magnification: CD3 panels, x200; HLA-DR panels, x400. (F and G) RNA transcript levels of iNOS (F) and eNOS (G) in whole tissue

sections analyzed by quantitative RT-PCR.

At this time point, PBMC grafts were generally indistinguish-
able in histological appearance from saline grafts (Figure 1E).
Normal-appearing human endothelium, identified by species-
specific CD31 staining (Figure 1E, left panels), lined the lumen
of grafts in both groups. Human leukocytes were minimal or
undetectable in the grafts by immunostaining (Figure 1E, mid-
dle panels). Saline grafts showed only minimal expression of
HLA-DR, a human class I MHC antigen, representing a decline
in expression caused by absence of human IFN-y (a species-spe-
cific cytokine) in the mouse host (Figure 1E, upper right panel)
(14). However, PBMC grafts showed enhanced expression of
HLA-DR, predominantly localized to ECs lining the lumen and
to cells in the adventitia (Figure 1E, lower right panel), indica-
tive of IFN-y-mediated activation (15).

Smooth muscle dysfunction follows EC dysfunction in arterial grafts.
By 2 weeks (13-15 days) after PBMC injection, all arterial grafts
examined showed an impaired contractility response to PGFa,
compared with saline controls (Figure 2A), indicative of the
onset of VSMC dysfunction. When stimulated to similar precon-
striction levels, PBMC grafts failed to relax when treated with
bradykinin, indicative of continued EC dysfunction, whereas the
paired saline grafts responded normally (Figure 2B). Remarkably,
PBMC grafts at 2 weeks had also lost sensitivity to nitroprusside
(Figure 2C). NO relaxes VSMCs by activating soluble guanylate
cyclase (sGC) to convert GTP to cGMP. However, the NO-inde-
pendent activator of sGC, YC-1 (16), relaxed both saline and
PBMC grafts with similar potency (Figure 2D), suggesting that
sGC was still active in these same grafts. Moreover, PBMC grafts
could be maximally relaxed with the phosphodiesterase inhibi-
tor papaverine (data not shown), confirming that the sGC-cGMP
pathway remained functional.
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At 2 weeks, PBMC grafts contained human CD3* T cells
within the intimal and adventitial compartments (Figure 2E,
middle panels). In addition, a few infiltrating T cells were now
present in the media, although there was still no morphologi-
cal evidence of VSMC injury or loss. The pattern of T cell infil-
tration suggests entry into the graft through both luminal ECs
and adventitial microvascular ECs, without transmigration
across the media. Some specimens displayed early evidence of
intimal expansion; most showed focal loss of graft endothelium,
but in all specimens, significant numbers of human CD31* ECs
remained on the intimal surface (Figure 2E, left panels). iNOS
was detectable in PBMC grafts but not saline grafts, and inter-
estingly was highly localized to infiltrating T cells rather than
VSMCs (Figure 2E, right panels).

T cell-derived IFN-y is involved in dysregulation of NOS. We recently
reported that blockade of IFN-y prevented progressive stenosis
that developed over 4 weeks in human arteries engrafted by the
same procedure in PBMC-reconstituted SCID/beige mice (12).
Here, we investigated whether IFN-y also contributes to T cell-
dependent graft dysfunction. Mouse recipients of adjacent arte-
rial segments, in groups of three, were treated with either saline
(one animal) or PBMCs (two animals); PBMC-reconstituted mice
were also administered a neutralizing mAb against human IFN-y
or a control Ab for 2 weeks. Ab injections did not significantly
modulate the numbers of circulating CD3* human T cells in the
mouse circulation (data not shown). However, IFN-y neutral-
ization completely protected the VSMC function in five of five
PBMC grafts; contractility and relaxation responses to PGF,,
(Figure 3A) and nitroprusside (Figure 3B) were similar to those
of saline-injected controls. In contrast, grafts from animals that
received PBMCs with control Ab (PBMC + IgG,,) were not pro-
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tected. Anti-IFN-y treatment also partially preserved EC-depen-
dent relaxation by bradykinin (Figure 3C), a response completely
blocked by treatment with the NOS inhibitor No-nitro-L-arginine
methyl ester (L-NAME) in the presence of the cyclooxygenase
inhibitor indomethacin (Figure 3D), indicating that the media-
tor of relaxation preserved by anti-IFN-y treatment was NO, not
endothelium-derived hyperpolarizing factor.

As noted earlier, PBMC grafts expressed HLA-DR predomi-
nantly on ECs and adventitial cells. By 2 weeks, we observed
expression of this molecule, which was unaffected by control
Ab injection, on VSMCs as well (Figure 3E, upper right panel).
Anti-IFN-y treatment abrogated HLA-DR expression on the
VSMCs but not on luminal ECs and adventitial cells (Figure 3E,
lower right panel). Significantly, CD3* T cells infiltrated PBMC
grafts in similar numbers at 2 weeks despite anti-IFN-y treat-
ment (Figure 3E, left panels).

Quantitative analyses of messenger RNA encoding iNOS and
eNOS isoforms in whole vessel sections revealed induction
of iNOS in PBMC + IgG, grafts compared with saline grafts,
although the degree of induction varied widely among differ-
ent donors; IFN-y neutralization abrogated this induction (Fig-
ure 3F). Conversely, eNOS transcripts were reduced in PBMC +
1gG,, grafts but preserved in PBMC + anti-IFN-y grafts at a level
comparable to that in saline grafts (Figure 3G). These data sug-
gest that IFN-y-dependent T cell alloresponses mediate vascular
dysfunction by concomitant reduction of eNOS and induction
of iNOS within the arterial wall.

TNF contributes partially to graft dysfunction. TNF reduces expres-
sion of eNOS in cultured ECs by mRNA destabilization (17) and
also contributes to iNOS induction (18). To investigate the role
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Figure 4

Effects of TNF neutralization on T cell-medi-
ated graft dysfunction in vivo. Transplanted
human arterial segments were recovered from
mice injected with saline alone (open squares)
or PBMCs together with anti-TNF mAb (filled
triangles) or control mAb (IgG1) (open triangles)
for 2 weeks (n = 4 matched triplicates from two
experiments). (A-C) Concentration-depen-
dent responses to PGF,, (A), nitroprusside
(B), and bradykinin (C). *P < 0.05; **P < 0.01;
#P < 0.001 vs. PBMC + IgG1 group; n = 3—4. (D)
Immunohistochemistry of graft sections stained
for human CD3 and HLA-DR. Original magnifica-
tion: CD3 panels, x200; HLA-DR panels, x400.
(E and F) RNA transcript levels of iNOS (E) and
eNOS (F) in whole tissue sections analyzed by
quantitative RT-PCR.
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of TNF in alloimmune-mediated graft dysfunction, we treated
mouse graft recipients with PBMCs and anti-human TNF Ab.
PBMC + anti-TNF grafts displayed improved contractility and
EC-independent relaxation responses compared with PBMC +
IgG; grafts (Figure 4, A and B), although the protection by anti-
TNF was not as complete as observed with anti-IFN-y. The PBMC
+anti-TNF grafts also displayed a partial response to bradykinin
that was primarily mediated by NO (Figure 4C and data not
shown), although the difference from the PBMC + IgG; group
did not reach statistical significance. Anti-TNF treatment did not
prevent T cell infiltration or HLA-DR expression on graft ECs and
medial VSMCs (Figure 4D). Moreover, iNOS expression was only
mildly reduced, and eNOS expression partially preserved, by this
treatment (Figure 4, E and F). Together, these data suggest that
while TNF may contribute to T cell-dependent graft dysfunction,
its effects are partial and redundant with other agents.

Table 1
Circulating human IFN-y and TNF levels in PBMC-reconsti-
tuted miceA

IFN-y (pg/ml) TNF (pg/ml)
PBMC + 1gGa, (7= 5) 512.9+94.3 7317
PBMC + anti—IFN-y (n=5) 100.1 + 85.38 5.4 +2.20
PBMC + 1gGq (n=4) 766.0 = 229.6 59+4.3
PBMC + anti-TNF (n = 4) 278.4 +119.60 0.00

ALevels in saline-treated mice were undetectable (not shown). BP < 0.05
vs. PBMC + 1gGgza. °Not significant vs. PBMC + IgGza. PP < 0.05 vs.
PBMC + IgG1.
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Contribution of iINOS to VSMC dysfunction and graft arteriosclerosis. (A—C) Arterial grafts recovered from animals at 2 weeks were exposed
to the iINOS inhibitor 1400W ex vivo in the bath chamber (n = 3—6 pairs from four to five experiments). Concentration-dependent responses
to PGF,, (A), bradykinin (B), and nitroprusside (C) of grafts from saline (squares) and PBMC (triangles) groups were measured before (open
symbols) and after (filled symbols) treatment with 1400W. *P < 0.05; **P < 0.01; #P < 0.001 vs. PBMC group before 1400W treatment. Treatment
with 1400W did not cause significant changes in any response of the arteries harvested from saline-treated animals. Saline group after 1400W
treatment is not shown in the nitroprusside response. (D) Arterial grafts were recovered from mice reconstituted with PBMCs and injected daily
with saline (open squares) or 1400W (filled squares) for 2 weeks (n = 5 pairs from three experiments). Smooth muscle function was assessed by
the relaxation response of preconstricted arteries to various concentrations of nitroprusside. (E and F) Paired arterial grafts recovered from mice
reconstituted with PBMCs and injected daily with saline or 1400W for 4 weeks (n = 6 pairs from three experiments). Morphometry of H&E-stained
tissue sections (E), in which compartments are demarcated as adventitia (AD), media (M), and intima (1), was analyzed to calculate mean intimal

thickness (F). Original magnification: x200.

In PBMC-injected mice, plasma levels of human IFN-y typi-
cally reached 0.3-1.4 ng/ml by 2 weeks, and TNF levels were no
higher than 20 pg/ml. With anti-IFN-y treatment, human IFN-y
levels were significantly reduced to low or undetectable levels, but
human TNF levels were not affected (Table 1). Interestingly, anti-
TNF treatment not only neutralized TNF, but also significantly
reduced IFN-y (Table 1), suggesting that TNF may act indirectly
by promoting T cell IFN-y production.

iNOS contributes to VSMC dysfunction and graft arteriosclerosis. The
dependence of iINOS expression on IFN-y demonstrated in human
arterial allografts suggests that human T cell-derived IFN-y may
mediate its potent biological effects through iNOS. Moreover, dys-
regulation of sGC has been proposed to arise from overexposure
to NO (19), producing “desensitization” of VSMCs as shown in
PBMC grafts at 2 weeks of treatment. We tested the connection
between iNOS expression and desensitization of grafts to NO by
exposing arterial grafts recovered from mice two weeks after intro-
duction of allogenic PBMC to a specific inhibitor of iNOS, 1400W
(20), in the bath chamber. The concentration of 1400W (10 uM)
was able to inhibit human iNOS-derived NO production com-
pletely but had no effect on human eNOS activity in transfected
COS-7 cells in vitro (unpublished data, K.P. Koh). Treating saline
grafts with 1400W neither produced a significant change in con-
tractility (Figure 5A) nor shifted the concentration-relaxation
bradykinin response curve (Figure 5B), further indicating that
the inhibitor had no effect on eNOS. Treating PBMC grafts with
1400W significantly, albeit incompletely, restored contractility
in response to PGF,, (Figure SA) and also partially rescued the
850
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relaxation response to nitroprusside (Figure 5C), indicating that
iNOS contributes to VSMC dysfunction. However, 1400W did not
restore the response of PBMC grafts to bradykinin (Figure 5B),
suggesting that EC dysfunction is separable from VSMC dysfunc-
tion and persists under blockade of iNOS activity.

iNOS-derived NO is a pleiotropic molecule, which reacts with
multiple cellular targets (21). NO itself is known to inhibit VSMC
proliferation (22) and protect against neointima formation (23,
24), but excessive NO can also react with superoxide to produce
toxic peroxynitrite, which can cause vascular injury (25). We inves-
tigated the effect of iNOS inhibition on human allograft arterio-
sclerosis by administering 1400W in vivo to mice that received
both human arterial and PBMC engraftment. At 2 weeks, chronic
inhibition of iNOS by 1400W partially prevented VSMC dysfunc-
tion (Figure 5D), indicating that the dose of inhibitor was bioactive
in vivo. When the treatment was prolonged to 4 weeks, at which
time intimal expansion in PBMC allografts became evident, iNOS
inhibition reduced intimal thickness significantly (Figure 5, E and
F). These results suggest that in human allografts, T cell IFN-y-
induced iNOS expression contributes to both vascular dysfunc-
tion and graft arteriosclerosis. Moreover, they suggest that VSMC
dysfunction is an important contributor to graft arteriosclerosis,
since isolated EC dysfunction (in the presence of 1400W) is not
sufficient to cause intimal expansion.

CD4* T cells downregulate eNOS in cultured ECs in vitro. Our in vivo
studies suggest that allogeneic T cells mediate graft EC dysfunc-
tion by reducing eNOS expression in an IFN-y-dependent man-
ner. Reduction in eNOS transcript in PBMC grafts compared with
Volume 114
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Figure 6

CD4+ memory T cells downregulate eNOS in class Il MHC—positive ECs in vitro. (A) Flow cytometry of resting (shaded) or IFN-y—pretreated (bold
line) HUVECs immunostained for surface class | MHC (HLA-ABC), class Il MHC (HLA-DR), and ICAM-1 (CD54). Dotted line, IgG; control. (B) NOS
activity of HUVEG:s, either untreated or pretreated with IFN-y, after CD4+ T cell coculture. (C) NOS activity of IFN-y—pretreated HUVECs after CD8*
or CD4+ T cell coculture. (D) NOS activity of IFN-y—pretreated HUVECs after CD4+ T cell coculture with control or anti-HLA-DR mAb. Below: eNOS
protein levels determined by Western blot and densitometry and normalized to levels of 3-actin in arbitrary units. Data in A-D represent mean + SEM
from at least four experiments. (E) eNOS RNA levels in IFN-y—pretreated HUVECs after CD4+ T cell coculture with control IgG, or inhibitory mAb
against HLA-DR, LFA-3, CD2, and CD40L (CD154). Values were expressed relative to those of HUVECs alone. Isotype-matched IgG controls
were pooled. Data represent mean + SEM from five to eight experiments. #P < 0.001 vs. ECs alone; *P < 0.01 and **P < 0.001 vs. CD4+ T cell + IgG
group. (F) Epifluorescence of eNOS cellular localization (green) with nuclei costaining (blue) in untreated or IFN-y—pretreated HUVECS, cocultured
with CD4+ T cells. IFN-y—pretreated HUVECs were also cocultured with subsets of CD4+/CD45RA* (naive) cells and CD4+/CD45RO* (memory)
cells. The smaller nuclei belong to T cells. Images are representative of three experiments. All cocultures were incubated for 3 days.

paired saline grafts occurred as early as day 7-9 following injec-
tion of PBMC (data not shown), whereas iNOS transcript induc-
tion was evident in PBMC grafts only at 2 weeks. Although high-
output iNOS-derived NO can be a negative feedback regulator of
eNOS activity and expression (26, 27), our results suggest that EC
dysfunction can occur prior to and independent of iNOS induc-
tion. To confirm this conclusion, we performed in vitro coculture
studies of purified human CD4* or CD8" T cells with allogeneic
human umbilical vein ECs (HUVECs). Resting HUVECs express
sufficient class I MHC to stimulate CD8* T cells to proliferate (28),
but IFN-y pretreatment is necessary to restore in HUVECs class
II MHC (HLA-DR) expression and the capacity to activate CD4*
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T cells (29). IFN-y also upregulates class I MHC molecules and
ICAM-1 (Figure 6A). Both CD8" and CD4" responses are restrict-
ed to memory T cells (CD45RO") and depend on costimulation
provided largely by EC LFA-3 interacting with T cell CD2 (28, 29).
In general, CD4* T cells react more vigorously than CD8" T cells
and produce more cytokines (30).

We examined how T cells affected NO production in ECs by
measuring NOS activity in ECs isolated from the cocultures. Cul-
tured HUVECs are incapable of iNOS expression in the presence
of proinflammatory cytokines (31) or T cells (data not shown),
allowing us to study T cell effects on eNOS independent of iNOS.
Although IFN-y pretreatment did not on its own reduce (and often
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A
Figure 7

B C

Contact dependence of EC response to T cells. Epifluorescence of eNOS
immunostaining (green) with nuclei costaining (blue) of HUVECs that were
pretreated with IFN-y for 3 days prior to coculture with CD4+ T cells sepa-
rated by a transwell. (A) ECs and T cells were cocultured in the absence of
contact. (B) ECs below a transwell containing T cells in contact with IFN-y—
pretreated ECs. (C) ECs below a transwell containing T cells in contact with

untreated (resting) ECs.

increased) NOS activity in HUVECs, it was required to reduce activ-
ity through coculture with CD4* T cells (Figure 6B). In contrast,
CD8" T cells had no effect on NOS activity in resting HUVECs
(data not shown), and were less potent than CD4" T cells at reduc-
ing NOS activity in IFN-y-pretreated HUVECs (Figure 6C). The
reduction in NOS activity caused by CD4* T cells was related
to reduced eNOS protein and RNA expression, which could be
restored by blocking HLA-DR recognition by the T cells (Figure 6,
D and E). The reduction of eNOS RNA was also blocked by inter-
fering with interactions between CD2 and LFA-3, but appeared to
be independent of CD40L signals from CD4" T cells (Figure 6E).
Immunofluorescence shows eNOS to be localized to the
plasmalemma and Golgi (perinuclear) compartments of HUVECs
(32). Expression in resting (IFN-y-untreated) HUVECs was unaf-
fected by coculture with CD4* T cells. Expression was either

>

unchanged or slightly increased in IFN-y-pretreated HUVECs
but was diminished with the addition of CD4* T cells (Figure
6F). The CD4" T cell effect on eNOS was primarily mediated by
memory (CD45RO") rather than naive (CD45RA") cells (Fig-
ure 6F). These results suggest that CD4* memory T cells, once
activated by allogeneic ECs expressing class I MHC (which
is IFN-y dependent) and costimulator (principally LFA-3),
reduce the capacity of ECs for NO production by diminishing
expression of eNOS RNA and protein.

The reduction in eNOS expression in ECs cocultured with
CD4* T cells required contact between the two cell types, since
separating T cells from IFN-y-pretreated ECs using a transwell
membrane prevented the effects on ECs (Figure 7A). To deter-
mine whether contact is involved only in T cell activation or
is also required for the downregulation of eNOS in ECs, we
cocultured ECs with CD4* T cells above a cell-impermeable tran-
swell and determined whether soluble factors released by EC-acti-
vated T cells can still affect a second monolayer of ECs cultured
below the filter. Cocultures of T cells activated by IFN-y-treated
ECs caused eNOS expression to decrease in ECs across the tran-
swell (Figure 7B). This effect did not require prior treatment of
the second layer of ECs with exogenous IFN-y (data not shown).
In contrast, nonactivated cocultures of CD4" T cells and resting
(untreated) ECs had no effect on eNOS expression in ECs across
the transwell (Figure 7C). Conditioned media collected from acti-
vated CD4* T cell/EC cocultures also reduced eNOS expression in
ECs, but the magnitude of reduction was variable (unpublished
data, K.P. Koh). These results suggest that the release of soluble
factors by T cells is sufficient to cause ECs to lose eNOS expres-
sion, but that some soluble factor(s) may be labile.
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IFN-y and TNF act in concert to reduce eNOS expression. (A) Flow cytometry of HUVECSs transduced with 3-gal (shaded) or class Il transactivator
(bold line) and stained for surface class | MHC (HLA-ABC), class Il MHC (HLA-DR), and ICAM-1 (CD54). (B) Epifluorescence of eNOS cellular
localization (green) with nuclei costaining (blue) in -gal— or ClITA-transduced HUVECs cocultured for 3 days with CD4+ T cells. ClITA-transduced
HUVECs were also cocultured with CD4+ T cells in the presence of anti-TNF and anti—IFN-y mAb alone or in combination. mAb control: HUVEC
cultures treated with both anti-TNF and anti—IFN-y mAb and stained with secondary Ab only. Images are representative of five experiments.

852

The Journal of Clinical Investigation

htep://www.jci.org

Volume 114~ Number 6  September 2004



To examine whether IFN-y is one of the soluble factors with
direct effects on eNOS, we used class II transactivator-transduced
(CIITA-transduced) HUVECs, which express HLA-DR constitu-
tively, independent of exogenous IFN-y treatment and without
other activation characteristics such as ICAM-1 expression (Fig-
ure 8A). When cocultured with allogeneic CD4* T cells, CIITA-
transduced HUVECs displayed reduced eNOS expression (Figure
8B), whereas control ECs (transduced with -gal) retained eNOS
expression. Neutralizing both TNF and IFN-y in the cocultures
was more effective at preserving eNOS expression in CIITA-
transduced HUVECs than neutralizing either cytokine alone
(Figure 8B), suggesting possible interactions between IFN-y and
TNF. In these cocultures, the activated CD4* T cells produced up
to 4 ng/ml of IFN-y but only 50 pg/ml of TNF. Exogenous TNF
reduced eNOS in HUVECs only at concentrations above 1 ng/ml,
and IFN-y did not significantly potentiate this effect in the absence
of T cells (data not shown). Thus, while IFN-y and TNF contribute
to downregulation of eNOS in T cell/EC cocultures, they are not
sufficient to explain the entire effect.

Discussion

Most experimental models of allograft vasculopathy have used
orthotopic aortic transplantation or heterotopic grafting of
whole hearts in rodents and swine (1), with insights derived
largely through histologic and morphometric analyses of arte-
rial intimal lesions. In contrast, few studies have examined vaso-
motor function of graft arteries. In one such investigation, rat
aorta allografts performed across a minor histocompatibility
barrier developed EC dysfunction (33), although VSMC loss due
to medial necrosis developed quickly in this model. Heterotopic
heart transplantation in swine also resulted in graft coronary EC
dysfunction following acute rejection (34). While these models
support a potential contribution of alloimmunity to EC dysfunc-
tion, it remains unresolved what immune effector mechanisms
are involved. Moreover, alloimmunity in nonprimate species dif-
fers in significant ways from that of humans, making it difficult
to extrapolate the information derived from studies of animal
grafts to the clinical setting (11).

We used a human/mouse chimeric transplant model to define
mechanisms of vascular dysfunction in human arterial grafts. In
this model, arterial transplantation in an immunodeficient envi-
ronment was performed 1 week prior to reconstitution of the host
with human lymphoid cells. This strategy dissociates nonimmune
injurious insults during transplantation, particularly ischemia-
reperfusion injury, from subsequent immune mechanisms. Our
results demonstrate that transplantation itself did not induce vas-
cular dysfunction or enhance graft immunogenicity. Rather, the
presence of human immune cells, consisting predominantly of T
cells in our model, was necessary to cause graft dysfunction.

Various studies in cardiac transplant patients have correlated
coronary EC dysfunction to elevated cytokine levels (35, 36) and
attributed the dysfunction to reduced NO bioavailability (3, 37)
and loss of eNOS in luminal ECs (38). In an apparent paradox,
other studies have described elevated NO production in cardiac
allografts associated with iNOS expression (39, 40). The con-
straints upon human investigation make it difficult to assess the
sequelae of NOS alterations in the clinical setting. In our human
artery model, we observed changes in both eNOS and iNOS
expression that recapitulate the clinical observations. Moreover,
our study demonstrates that EC dysfunction can occur prior to
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significant T cell infiltration and is temporally separable from
subsequent iNOS expression and high-output NO production
in human arterial grafts. In contrast, porcine coronary arteries in
heterotopic cardiac grafts developed EC dysfunction but did not
express iNOS within the study period (34). This may be because
porcine arteries differ from rodent and human arteries in the
mechanism of iNOS induction by cytokines (41) and underscores
the importance of our studies on human specimens.

Among inflammatory leukocytes, macrophages are thought
to be the predominant source of iNOS. However, mononuclear
phagocytes do not engraft in SCID/beige mice following injec-
tion of human PBMCs (13, 14). Instead, we observed that the
dominant iNOS-expressing cells in PBMC grafts were infiltrating
human CD3" T cells. iNOS expression has been demonstrated in
murine Th1 clones (42) and in T cells found within atheromas
of cholesterol-fed rabbits (43). In several pilot experiments, we
have not been able to induce iNOS in isolated human T cells
cocultured with allogeneic human ECs and/or VSMCs, much in
the same way that it has been difficult to induce iNOS in human
monocytes or macrophages in vitro (44). The signals that regu-
late iNOS expression in human T cells may be species-specific
and will require further investigation.

Our model demonstrates that iNOS induction resulted in
impaired contractility and desensitization of VSMCs to NO.
This phenomenon was partially reversible by 1400W, suggesting
functional antagonism by excessive NO. We also considered the
possibility that our observed VSMC dysfunction, particularly the
desensitization to NO, may be caused by oxidative degradation of
NO by reactive oxygen species (ROS). However, application of cell-
permeable polyethylene glycol-superoxide dismutase to recovered
PBMC grafts did not restore any response to nitroprusside (K.P.
Koh, unpublished data). Moreover, the agent YC-1 is superoxide-
sensitive (16), yet had similar dose responses on saline and PBMC
grafts. Our present study does not rule out involvement of ROS
in early vascular dysfunction, but suggests that iNOS-mediated
desensitization of sGC is the major mechanism.

Previous studies in rodent allograft models have demonstrated
a protective role of iNOS in suppressing intimal expansion (23,
24). In contrast, our studies in human allograft arteries demon-
strate that iNOS promotes arteriosclerosis. The discrepancy of
our results with those observed in rodents may result from dif-
ferences in the biological actions of iNOS-derived NO in differ-
ent species and experimental models. In particular, chronic rejec-
tion in the murine cardiac allograft model, in which recipient
iNOS deficiency exacerbated graft arteriosclerosis, relied on T
cell-depleting immunosuppression (24). In contrast, neointima
formation in our model is T cell-mediated and therefore may
have a different dependence on iNOS.

Multiple cytokines, including TNF, IFN-y, and IL-1, are known
to regulate iNOS in rodent tissues. Our study demonstrated that
inhibiting IFN-y by itself was sufficient to prevent iNOS expres-
sion and VSMC dysfunction in human arterial grafts. Surprising-
ly, we found that IFN-y is also a central mediator of EC dysfunc-
tion involving loss of eNOS in vivo and in vitro. Many studies
have focused on TNF as the key cytokine mediating EC dysfunc-
tion (45, 46), particularly because of its known effects on eNOS
message stability. However, TNF did not fully account for eNOS
downregulation in patients with severe heart failure (47). Our
studies identify IFN-y as an additional factor regulating eNOS.
In clinical trials, anti-TNF therapy has been reported to improve
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endothelial function in patients with rheumatoid arthritis and
advanced heart failure (48, 49). In our study, we observed that
(a) circulating IFN-y was detected at much higher levels than
TNF; (b) anti-IFN-y completely prevented vascular dysfunction,
but anti-TNF had only a partial effect; and (c) inhibiting TNF
resulted in reduced IFN-y production. These results suggest that
anti-IFN-y therapy may be more effective than anti-TNF in the
treatment of vascular dysfunction.

In murine cardiac allograft models, IFN-y deficiency protected
allografts from vasculopathy by reducing expression of MHC
antigens and leukocyte adhesion molecules (50, 51). In our model,
anti-IFN-y treatment for 2 weeks did not overtly reduce T cell
infiltration or induction of class Il MHC in the graft endothelium
and adventitia, consistent with the previous finding that ECs are
especially sensitive to IFN-y (52). Yet the treatment protected
against graft dysfunction, suggesting that IFN-y is involved in
changes other than T cell recruitment and activation. We propose
a dual function for IFN-y in the induction of graft vascular dys-
function. First, IFN-y is needed to sustain class I MHC expression
in graft endothelium. The source of IFN-y may be basal levels in
the circulation or allogeneic CD8* T cells that encounter constitu-
tive class  MHC on graft ECs (53). The expression of class I MHC
allows ECs to activate CD4* memory T cells, which secrete more
IEN-y. Second, IFN-y directly contributes to dysregulation of NOS
expression. Although IFN-y by itself does not affect eNOS, it acts
in concert with TNF and other factors to reduce eNOS expression
and NO release by ECs. IFN-y also has a central role in inducing
iNOS within graft-infiltrating T cells. Finally, IFN-y-dependent
iNOS induction in human T cells exacerbates neointima forma-
tion, providing a potential mechanistic link between vascular dys-
function and arteriosclerosis.

In conclusion, our studies suggest that IFN-y is a central media-
tor of allogeneic T cell-induced dysfunction of transplanted
human arteries operating through dysregulation of NO produc-
tion. These effects add to the previously described involvement of
IFN-y in intimal expansion and remodeling (12, 15), and further
suggest that IFN-y, through induction of iNOS, is a critical deter-
minant linking early vascular dysfunction with later structural
changes in graft arteriosclerosis. Our studies suggest that preser-
vation of graft vascular function, by inhibiting IFN-y synthesis and
action, can lead to subsequent reduction of lumen loss.

Methods

Artery and PBMC engraftment. C.B-17 SCID/beige mice (Taconic Farms)
were engrafted with size-matched adjacent segments (2-3 mm in length) of
human coronary arteries devoid of visible atherosclerotic lesions and inoc-
ulated with human PBMCs or saline (vehicle control) 1 week later as previ-
ously described (12, 14). All protocols were approved by the Yale Human
Investigations Committee and the Yale Animal Care and Use Committee.

Isometric tension measurement. Mice were sacrificed either approximately 1
week (days 7-9) or 2 weeks (days 13-15) after saline or PBMC injection and
were perfused with physiological salt solution (PSS) containing 4 U/ml
heparin through the left ventricle of the heart. The PSS was of the follow-
ing composition: 118.3 mM NaCl, 4.7 mM KCl, 1.2 mM KH,PO,, 1.8 mM
CaCly, 1.2 mM MgCl,, 25 mM NaHCO,, and 11.1 mM D(+)-glucose.

One arterial graft segment (1.2-2 mm long) was recovered within the
suture lines from each mouse, carefully cleared of granulation tissue, and
suspended as a ring in a 6-ml heated wire myograph bath chamber (Dan-
ish Myo Technology A/S) filled with PSS and bubbled with 95% O, and 5%
CO; ata temperature of 37°C. Changes in isometric force were recorded on
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a multichannel digital interface (MyoDagq; Danish Myo Technology A/S).
All experiments were performed in the presence of indomethacin (10 uM)
to block the formation of vasoactive prostanoids.

The artery rings were equilibrated at a resting tension of 4-5 milliNewtons
(mN) before constriction twice with an isotonic, maximally depolarizing
potassium PSS (125 mM K* substituted for Na*). The bath solution was
changed back to the original PSS formula between stimulations. Contrac-
tility was assessed by a concentration response to PGF,, (10 nM to 30 uM);
active wall tension was expressed as force/(2 x segment length).

Endothelial function was assessed as the relaxation response to cumula-
tive additions of bradykinin (1 nM to 3 uM) and/or substance P (0.1-30
nM) following preconstriction by PGFy, to submaximal (ECso.70) tone.
Endothelium-independent relaxation was determined in a manner similar
to the response to sodium nitroprusside (0.1 nM to 3 uM), YC-1 (0.1-30
uM; Alexis Biochemicals), or papaverine (300 uM). When comparing
relaxation responses between treatment groups, care was taken to keep
the developed tension at similar levels. NO production was inhibited by
either 30 minutes of preincubation with the iNOS inhibitor 1400W (10
uM; Sigma-Aldrich) or 15 minutes of preincubation with the pan-NOS
inhibitor L-NAME (300 uM). At the end of the experiments, the artery
rings were removed from the tissue chamber and snap-frozen in TissueTek
OCT (Sakura Finetek) for histological analyses. All chemicals were pur-
chased from Sigma-Aldrich unless otherwise indicated. Experiments in
which control vessels revealed dysfunction (less than 10% of total experi-
ments) were excluded from analyses.

In vivo cytokine neutralization. Neutralizing mAb against human IFN-y
or human TNF (R&D Systems Inc.), or the respective IgG,, (UPC-10)
or IgGy (MOPC-21) isotype control mAb (Sigma-Aldrich), was injected
subcutaneously at 250 ug into each mouse the day before PBMC injec-
tion and subsequently at 125 ug every 2-3 days for 2 weeks. At the time
of sacrifice, retro-orbital blood was collected in EDTA. Plasma samples
were frozen at -80°C until analysis for IFN-y and TNF cytokine levels
using sandwich ELISA kits (BioSource International) sensitive to 10 pg/
ml and 0.5 pg/ml, respectively.

In vivo iNOS inhibition. Mice were injected subcutaneously with 10 mg/kg
of 1400W (Sigma-Aldrich) daily starting from the day of PBMC injection.
Arterial grafts were harvested either at 2 weeks for isometric tension mea-
surement or 4 weeks for morphometric analysis as previously described
(12). The intimal thickness, defined as the perpendicular distance between
the luminal endothelium and the internal elastic lamina, was measured at
four locations in each cross section by video microscopy, repeated for five
cross sections, 150 um apart, and averaged for each vessel.

Immunobistochemistry and tissue RNA analysis. Imnmunostaining was
performed as described (14) using the following primary mAb’s: mouse
anti-human CD31, mouse anti-human HLA-DR (a-chain), and mouse
anti-human CD4S (all from DAKO Corp.); mouse anti-human CD3
(R&D Systems Inc.); mouse anti-iNOS (Transduction Laboratories);
and rat anti-mouse CD31 (BD Biosciences). Total RNA was isolated
from frozen tissue sections and analyzed by quantitative real-time RT-
PCR as previously described (12) using predeveloped TagMan primers
and probes for GAPDH iNOS (NOS2A), and eNOS (NOS3) (Assays-on-
Demand; Applied Biosystems).

T cell and endothelial cell coculture. CD4* and CD8" T cells were isolated
from cryopreserved PBMCs by positive selection using Ab-coated magnet-
ic beads (Dynal Inc.). Purity of T cells was greater than 98% as assessed by
FACS analysis. CD4*CD45RA" and CD4*CD45RO" cells were isolated by
negative selection of CD4* T cells with anti-CD45RO and anti-CD4SRA
mADb (BioSource International), respectively. HUVECs were isolated, seri-
ally cultured as described (54), and used at passage three or four. Con-
fluent EC monolayers were treated with or without 40 ng/ml human
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IFN-y (BioSource International) for 48-72 hours prior to addition of T
cells. In some experiments, CIITA- or -gal-transduced HUVECs, pre-
pared by retroviral expression as described elsewhere (54), were substi-
tuted for IFN-y-pretreated HUVECs. The ratio of T cells to ECs was in
the range of 5:1 (in T25 flasks) to 10:1 (in C24 and C6 wells). Cocultures
were performed for 3 days in Medium 199 supplemented with 20% FBS
(Invitrogen Corp.) but excluding heparin and EC growth supplement. At
the end of the coculture period, ECs were washed and suspended using
trypsin-EDTA (Invitrogen Corp.). Residual lymphocytes were removed
from the ECs using magnetic beads coated with anti-CD45 (Dynal Inc.).
The ECs harvested by this procedure were viable (as verified by propidium
iodide exclusion) and of > 95% purity, determined by counting CD45-
negative cells collected on a microscope slide by cytospin.

In vitro blocking Ab’s. The blocking mAb’s LB3.1 (anti-HLA-DR), TS2/9
(anti-LFA-3), TS2/18 (anti-CD2), and K16/16 (IgG; nonbinding control)
were used as ascites preparations at saturating concentrations as previously
described (29). The mAb’s anti-CD40L (Beckman Coulter Inc.), anti-IFN-y,
anti-TNF, and isotype controls (R&D Systems Inc.) were used at 5-10 ug/ml.

NOS activity assay, Western blot, and RNA quantitation. Endogenous NOS
activity was assayed by the conversion (inhibitable by 1 mM L-NAME)
of ["C]r-arginine to [*C]L-citrulline in HUVEC lysates as previously
described (55). NOS activity in HUVECs was fully Ca?*-dependent (31).
eNOS protein content in the lysates was quantified by Western blot and
densitometry as described (32) using anti-eNOS (Transduction Labora-
tories) and anti-f-actin mADb (Sigma-Aldrich) as a loading control. Total
RNA was isolated from HUVECs using a miniprep kit (QIAGEN Inc.) and
analyzed by quantitative RT-PCR using TagMan RT (Applied Biosystems)
and iQ SYBR Green Supermix PCR (Bio-Rad Laboratories Inc.) reagents.

Immunofluorescence. HUVECs were plated on fibronectin-coated
coverslips, pretreated as appropriate with IFN-y, and cocultured with
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T cells as described above. In some experiments, T cells were separated
from ECs using a semipermeable membrane with 0.4-um pores (Falcon;
BD Biosciences). Some transwells were further coated with fibronectin
(BD Biosciences) and seeded with either IFN-y-treated or untreated
HUVECSs for coculture with T cells in the upper chamber. After 3 days,
cells were rinsed several times with PBS and immunostained for eNOS as
described previously (32) using goat anti-mouse Alexa Fluor 488-conju-
gated secondary Ab (Molecular Probes Inc.); nuclei were counterstained
with DAPI (Molecular Probes Inc.). Cells were analyzed by epifluores-
cence on an inverted Zeiss microscope. Z-series images were taken and
merged after removal of out-of-focus information by Openlab deconvo-
lution software (Improvision).

Statistics. Data are expressed as mean = SEM. Comparisons were made
using the Student’s ¢ test or ANOVA with the Bonferroni post-hoc test as
appropriate. Differences were considered significant at P < 0.0S.
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