
Introduction
Transplant-associated arteriosclerosis, characterized
by diffuse and concentric intimal thickening in blood
vessels of the transplanted organ, is the major cause of
graft failure after the first year of transplantation
(1–3). Although the pathogenesis of this disease
remains unclear, clinical and laboratory studies both
indicate that transplant arteriosclerosis is a local,
immune-mediated process involving an interaction
between the recipient’s mononuclear cells and cells of
the donor vessel wall (4–6).

Donor MHC molecules may foster transplant arte-
riosclerosis through immune-mediated injury to the
donor vessel wall (7). These MHC I and MHC II antigens
are recognized by host CD8+ cytolytic and CD4+ helper T
cells, respectively, and can elicit specific immune respons-
es (8). While increased expression of MHC I molecules in
donor organs has been associated with acute rejection (9),
increased expression of MHC II molecules has been linked
to chronic rejection (10). Although it is clear that these
molecules may become targets of the host’s immune
response, their functional significance in the development

of transplant vasculopathy is not well understood.
Cell adhesion molecules are also important in trans-

plant arteriosclerosis because they mediate recipient
inflammatory cell attachment to and migration into the
donor vessel wall (11). P-selectin, expressed on the surface
of activated endothelial cells and platelets, is a glycosy-
lated adhesion receptor for leukocytes (12). In
P-selectin–deficient mice, leukocyte rolling and
macrophage recruitment during an inflammatory
response are reduced (13, 14). Another mediator of leuko-
cyte migration, intercellular adhesion molecule
(ICAM)-1, binds to lymphocyte function-associated anti-
gen 1 and macrophage antigen complex 1 on leukocytes
(11). In mice deficient in ICAM-1, allogeneic T-cell
responses and leukocyte infiltration are reduced (15). In
addition to their roles in leukocyte trafficking, adhesion
molecules may also regulate the migration of smooth
muscle cells (SMCs) within the vessel wall (16).

In previous studies of transplant arteriosclerosis, block-
ing antibodies have been used to investigate molecular
mechanisms underlying neointima formation (17–19, for
example). We recently developed a mouse model of
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Transplant-associated arteriosclerosis remains an obstacle to long-term graft survival. To determine the
contribution to transplant arteriosclerosis of MHC and adhesion molecules from cells of the donor vas-
culature, we allografted carotid artery loops from six mutant mouse strains into immunocompetent
CBA/CaJ recipients. The donor mice were deficient in either MHC I molecules or MHC II molecules, both
MHC I and MHC II molecules, the adhesion molecule P-selectin, intercellular adhesion molecule (ICAM)-1,
or both P-selectin and ICAM-1. Donor arteries in which ICAM-1, MHC II, or both MHC I and MHC II were
absent showed reductions in neointima formation of 52%, 33%, and 38%, respectively, due primarily to a
reduction in smooth muscle cell (SMC) accumulation. In P-selectin–deficient donor arteries, neointima
formation did not differ from that in controls. In donor arteries lacking both P-selectin and ICAM-1, the
size of the neointima was similar to that in those lacking ICAM-1 alone. In contrast, neointima formation
increased by 52% in MHC I–deficient donor arteries. The number of CD4-positive T cells increased by 2.8-
fold in MHC I–deficient arteries, and that of α-actin–positive SMCs by twofold. These observations indi-
cate that ICAM-1 and MHC II molecules expressed in the donor vessel wall may promote transplant-asso-
ciated arteriosclerosis. MHC I molecules expressed in the donor may have a protective effect.
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carotid artery allotransplantation (20) and used it to
identify immunologic components in recipient mice that
are necessary for transplant arteriosclerosis — CD4+ T
cells, B cells, and macrophages (21). We continue our
analysis by using this model with donor arteries derived
from knockout mice, an approach that avoids the poten-
tial problems of blocking antibody nonspecificity or
cross-reactivity. In the present study we used donor
carotid artery loops deficient in molecules that mediate
antigen presentation (MHC I, MHC II, or both) or mole-
cules that mediate leukocyte migration (P-selectin,
ICAM-1, or both) to examine the donor’s contribution to
the development of transplant arteriosclerosis. Carotid
artery loops were allografted from six mutant mouse
strains into immunocompetent CBA/CaJ recipients. The
allografted loops were harvested 42 days after transplan-
tation and their morphology, morphometry, and cellular
composition were characterized.

Our findings indicate that both direct and indirect
antigen presentation are necessary for the development
of transplant arteriosclerosis and that the presence of
MHC II and ICAM-1 in the donor vasculature is
required for typical neointima formation. In contrast,
P-selectin expression is not required for transplant arte-
riosclerosis. MHC I molecules from the donor vascula-
ture appear to limit neointima formation and thereby
may protect the function of the graft.

Methods
Animals. Table 1 lists the mutant mouse strains used as donors and
their respective controls. CBA/CaJ (H-2k) mice were used as recip-

ients because a predictable and substantial neointima formed after
transplantation of wild-type arteries from all donor strains. All
mice were obtained from the Jackson Laboratories (Bar Harbor,
Maine, USA) unless indicated otherwise in the table legend.

Transplantation. A donor carotid artery was attached in a loop
onto the carotid artery of a histoincompatible recipient (20). The
operation was performed on anesthetized mice under a dissect-
ing microscope (Model M3Z; Wild, Heerbrugg, Switzerland).  In
the recipient mouse, a midline incision was made on the ventral
side of the neck from the suprasternal notch to the chin. The left
carotid artery was dissected from the bifurcation in the distal
end toward the proximal end as far as was technically possible.
The artery was then occluded with two microvascular clamps (8
mm long; Roboz Surgical Instruments, Rockville, Maryland,
USA), one at each end, and two longitudinal arteriotomies
(0.5–0.6 mm) were made with a fine needle (30 gauge) and scis-
sors. In the donor mouse, both the left and right carotid arteries
were dissected fully from the arch to the bifurcation. The graft
was then transplanted paratopically into the recipient in an end-
to-side anastomosis with an 11/0 continuous nylon suture
under 16× or 25×, and the skin incision was closed with a 4/0
interrupted suture. The time from graft harvest to completion
of anastomosis did not exceed 60 min.

Histology and morphology. Grafts were harvested 42 days after
transplantation, a point at which a fully developed, nearly
occlusive lesion had been observed in carotid artery loops trans-
planted from wild-type controls to CBA/CaJ mouse recipients
(20). The harvested loops were divided in two: one half (2–2.5
mm) was fixed in methyl Carnoy’s fixative and embedded in
paraffin. The other half was fixed in 4% paraformaldehyde,
embedded in OCT, and kept at –80°C. The homogeneity of
lesion formation in this model was confirmed in our previous
study (20) of consecutive serial sections from the center of the
donor loop to the site of the anastomosis with the recipient
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Figure 1
Sections of mouse carotid artery loops, 42 days after transplantation into histoincompatible recipients. Table 1 describes donor strains. CBA/CaJ
mice were used as recipients. (a–j) Arrows mark neointima, which extends between the internal elastic lamina (Verhoeff’s elastin tissue stain) and
the vessel lumen. (a) B6129F2/J control for b. (c) C57BL/6J control for d and e. (f) C57BL/6J control for g and h. (i) 129 Sv control for j. ×150. ICAM-
1, intracellular adhesion molecule-1.



carotid artery. Sections for morphometry studies (5 µm thick)
were obtained from the center of the graft to avoid the effects
of the suture line. The areas of the neointima, the media, and
the lumen were measured by computerized planimetry of sec-
tions obtained 150, 300, and 450 µm from the center of the
graft. Paraffin sections were stained with Verhoeff ’s elastin tis-
sue stain  anti–α-actin antibody (20 µg/ml; Sigma, St. Louis,
Missouri, USA), or anti-CD45 antibody (0.5 µg/ml; PharMin-
gen, San Diego, California, USA) (20). Frozen samples were
stained with antibodies to CD4 (10 µg/ml) and CD8 (2.5 µg/ml;
both from PharMingen) (20). Morphometric and immunohis-
tochemical analyses were performed as described (20).

Color video images were recorded from a Nikon Labophot-2
light microscope equipped with a Sony DXC-760MD video cam-
era and control unit. Image analysis routines were created within
a modified version (Organize-It Software, Boston, Massachusetts,
USA) of the NIH Image 1.1 program. After tracing the area to be
measured with the cursor, the operator sampled five pixels of the
color that defined a given stain. The area encompassed by pixels
(not always contiguous) in the color range for that stain was then
computed automatically by the software. The neointima was
defined as the area bounded by the internal elastic lamina and the
lumen. The media was defined as the region between the internal
and external elastic laminae. The lumen was defined as the clear
part of the vessel in the center of the section.

Results
Intimal area in allografted arterial loops. Carotid arteries from
six mutant mouse strains and their respective controls
were allografted into immunocompetent CBA/CaJ recip-
ients (Table 1). In each arterial loop, the area of neointi-
ma formed 42 days after transplantation, on cross-sec-
tion from the vessel lumen to the internal elastic lamina,
indicated the degree of transplant arteriosclerosis (Fig. 1,
between arrows in a–j; and Fig. 2). In arteries from MHC
I and MHC II double-knockout donors, neointima for-
mation decreased significantly (38% reduction, P = 0.005)
42 days after allografting into immunocompetent recip-
ients (Fig. 1, b vs. a; and Fig. 2). To determine the relative
contribution of MHC I and MHC II molecules to this
decrease in neointima formation, we also allografted

donor arteries from mice lacking either MHC I or MHC
II. In arteries without MHC II molecules, a significantly
smaller neointima formed (33% reduction, P = 0.02) than
in arteries from wild-type donors (Fig. 1, e vs. c; and Fig.
2), indicating that the presence of MHC II was necessary
for optimal neointima formation. To our surprise, a
much larger neointima (52% increase, P = 0.026) formed
in donor arteries lacking MHC I molecules in compari-
son with arteries from wild-type donors (Fig. 1, d vs. c; and
Fig. 2), suggesting that the presence of MHC I in this set-
ting may protect against transplant arteriosclerosis.

As with the MHC II–deficient donor arteries, the
neointima that formed in donor ICAM-1–deficient arter-
ies was markedly smaller (52% reduction, P < 0.001) in
comparison with wild-type donor arteries (Fig. 1, g vs. f;
and Fig. 2). No further reduction in neointima forma-
tion occurred in donor arteries lacking both ICAM-1 and
P-selectin (Fig. 1, h vs. g; and Fig. 2). In donor arteries
lacking only P-selectin, the robust neointima formation
was not different from that in wild-type donor arteries
(Fig. 1, j vs. i; and Fig. 2). This suggests that the reduction
in neointima formation in donor arteries from P-selectin
and ICAM-1 double-knockout mice was due mainly to
the absence of ICAM-1 in the grafts.

Characteristics of the neointima in donor arteries. To deter-
mine whether the cellular composition of the reduced
neointimas differed from that of the fully developed
neointimas in controls, we stained transplanted arteries
harvested 42 days after allografting for CD4, CD8, SMC
α-actin, and CD45. In wild-type donor arteries and in
those deficient in MHC I and P-selectin, most of the
neointima consisted of α-actin–positive SMCs and, to a
lesser extent, CD45+ inflammatory cells (Figs. 3 and 4). In
contrast, in arteries from MHC II knockout donors, MHC
I and MHC II double-knockout donors, and ICAM-1
knockout donors, the number of SMCs in the neointima
was significantly lower than in arteries from wild-type
donors (Fig. 4). In these arteries, CD45+ inflammatory
cells were the major constituent of the reduced neointima
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Figure 2
Intimal area in sections of mouse carotid artery loops, 42 days after trans-
plantation into histoincompatible recipients. Table 1 describes donor
strains. CBA/CaJ mice were used as recipients. B6129F2/J control donor,
n = 6; MHC I–/– and MHC II–/– donor, n = 5; C57BL/6J control donor, n = 6;
MHC I–/– donor, n = 9; MHC II–/– donor, n = 8; C57BL/6J control donor, 
n = 9; ICAM-1–/– donor, n = 5; P-selectin and ICAM-1–/– donor, n = 8; 129
Sv control donor, n = 7; P-selectin–/– donor, n = 7. Data (mean ± SE) were
subjected to ANOVA. Asterisks mark values significantly lower than respec-
tive controls: MHC I–/– and MHC II–/–, P = 0.005; MHC II–/–, P = 0.021;
ICAM-1–/–, P < 0.001; P-selectin and ICAM-1–/–, P < 0.001. Dagger marks
value significantly higher than respective control: MHC I–/–, P = 0.026.



(Fig. 3). The percentage of neointimal CD4+ T cells in
donor arteries from MHC I knockout mice was signifi-
cantly higher than in arteries from wild-type donors (2.8-
fold increase, P = 0.005; Fig. 5). In donor arteries lacking
MHC II molecules, CD4+ T cells decreased by 66% in com-
parison with controls (P = 0.005; Fig. 5). The percentage of
neointimal CD8+ T cells did not differ between MHC I
knockout donors and controls (data not shown).

Isografted arteries harvested 42 days after transplan-
tation did not show significant neointima formation.
Consistent with our previous findings (20), in approxi-
mately 10% of the isografts we saw at most a single layer
of cells that stained for α-actin, and this layer formed
only along part of the vessel circumference. In contrast,
donor arteries deficient in MHC II molecules contained
a small neointima of several layers that stained mainly
for CD45+ leukocytes. Thus, the differences we observed
in MHC II–deficient donor arteries were not only quan-
titative but also qualitative.

Discussion
Transplant arteriosclerosis is characterized by an early stage
of transendothelial inflammatory cell migration, followed
by the formation of a neointima in which smooth muscle
cells accumulate (7, 21). Adhesion molecules on cells of the
donor endothelium play an important role in this inflam-
matory infiltration (22–24). The experiments described here
indicate that the neointima-forming response in MHC
II–deficient donor arteries is significantly diminished.
Because a small neointima did form in these arteries (Figs.
1e and 2), alternative antigen-presentation pathways, such
as the indirect pathway through the recipient’s MHC mol-
ecules, may also be involved in the arteriosclerotic process.

Nevertheless, we conclude that donor MHC II molecules
play an important role in transplant arteriosclerosis, despite
the small residual neointima in MHC II–deficient arteries.
MHC I molecules present on graft vascular cells may pro-
tect against the formation of a neointima (Figs. 1d and 2).
In addition, ICAM-1 molecules, but not P-selectin mole-
cules, must be present in the graft for robust neointima for-
mation (Fig. 1, g and j; and Fig. 2). Because this study was
designed to examine the role in transplant arteriosclerosis
of specific molecules expressed in donor tissues, the signif-
icance of MHC molecules, P-selectin, and ICAM-1
expressed by the recipient was not addressed.

T cells recognize allogeneic MHC molecules on a graft
through the direct and indirect antigen-presentation
pathways (8, 25). The direct pathway involves T cells that
react against MHC molecule–peptide complexes
expressed on the surface of donor (non-self) antigen-pre-
senting cells (26). The indirect pathway involves T cells
that recognize peptides derived from the processing and
presentation of allogeneic MHC molecules by recipient
(self) antigen-presenting cells (27). It has been proposed
that the direct pathway may be involved primarily in
acute rejection, whereas the indirect pathway may be
more important in chronic rejection (8). In our study,
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Figure 3
Neointimal inflammatory cells (CD45+) per carotid artery section, 42
days after transplantation. Nuclei were counted in each of three sections
from five to six mice. Data (mean ± SE) were subjected to ANOVA. Aster-
isks mark values significantly higher than respective controls: MHC I–/–

and MHC II–/–, P = 0.0028; MHC II–/–, P = 0.02.

Figure 4
Neointimal smooth muscle cells (α-actin–positive) per carotid artery sec-
tion, 42 days after transplantation. Neointimal area corresponding to
α-actin–positive staining was measured automatically with a modified ver-
sion of the NIH Image 1.1 analysis program (see Methods) in each of three
sections from five to six mice. Data (mean ± SE) were subjected to
ANOVA. Asterisks mark values significantly lower than respective controls:
MHC I–/– and MHC II–/–, P = 0.0073; MHC II–/–, P = 0.0048; ICAM-1–/–, P
= 0.0084; P-selectin and ICAM-1–/–, P = 0.0071. Dagger marks value sig-
nificantly higher than respective control: MHC I–/–, P = 0.011.



the smaller neointima formed in MHC II–deficient
donor arteries (Figs. 1e and 2) indicates that the direct
antigen presentation pathway is involved in the devel-
opment of transplant arteriosclerosis. Since neointima
formation was not totally abolished in these arteries, the
indirect pathway may also be involved in the process.

Normal vascular endothelial cells do not express MHC
II antigens, and SMCs express them at very low levels (6).
In response to inflammatory stimuli, the vascular cells in
grafts express MHC II antigens (10, 28). Moreover, in long-
term mouse heart allografts stained with an allospecific
antiserum, endothelial cells and SMCs have been shown
to express MHC II molecules that derive from the donor
(29). CD4+ T cells activated by MHC II–bearing graft
endothelial cells can then infiltrate the graft and perpetu-
ate the secretion of growth factors and cytokines. In MHC
II–deficient donor arteries, the number of infiltrating
CD4+ T cells decreased in comparison with that in arter-
ies from wild-type donors (P = 0.005; Fig. 5). Thus, the
absence of MHC II molecules on donor vascular cells may
diminish the number of activated CD4+ T cells and there-
by reduce neointima formation. A deficit of CD4+ T cells
would result in decreased cytokine secretion, leading to a
decrease in macrophage activation and SMC proliferation,
as proposed in our previous study (21).

Although the involvement of donor MHC I molecules
in acute rejection has been examined (7, 9), their role in
transplant vasculopathy is not well defined. In our study,
donor arteries lacking MHC I molecules developed a larg-
er neointima in comparison with controls (Figs. 1d and 2),
whereas medial cellularity did not change (data not
shown). One possible explanation for the increase is that
neointima formation may be mediated in part by an
increase in CD4+ T-cell infiltration (P = 0.005; Fig. 5). We
have found previously that CD4+ T cells are important in
transplant arteriosclerosis (21). MHC I molecules can
negatively regulate natural killer (NK) cells (30).
Cytokines secreted by NK cells are usually proinflamma-
tory (31), contribute to the development of transplant
arteriosclerosis (10, 32), and activate CD4+ T cells (33).
Thus, the lack of MHC I molecules in donor tissue may
result in an increase in NK cell activity that may in
turn stimulate the increased number of CD4+ T cells
and thus promote transplant arteriosclerosis. We
cannot exclude the possibility in this model that
recipient β2-microglobulin could rescue donor tis-
sue from a deficiency in MHC I expression, or that
β2-microglobulin deficiency in donor tissue could
affect downstream or coregulatory molecules, such
as the transporters associated with antigen process-
ing (34). Although this form of rescue remains a the-
oretical possibility, Markmann et al. (35) have shown
that expression of MHC I molecules in cultured β2-
microglobulin–deficient pancreatic islet cells is not
reconstituted by the addition of β2-microglobulin.

The development of transplant arteriosclerosis
depends on an interaction between cells of the
donor vessel wall and the host’s mononuclear
inflammatory cells (11). The endothelium provides
the interface for this interaction (36). Endothelial
cell activation/damage is a major factor in trans-
plant arteriosclerosis (chronic rejection) (7). The

early stage in this process is dominated by subendothelial
inflammatory cell infiltration (37). In response to inflam-
matory cytokines, endothelial cells increase their expres-
sion of proinflammatory surface adhesion molecules,
which includes ICAM-1, P-selectin, and others (9, 38).
Studies in vitro suggest that ICAM-1 may be more impor-
tant in transendothelial leukocyte migration than other
adhesion molecules (39), and studies in animals with
antibodies to ICAM-1 show a decrease in cardiac allograft
rejection (17, 18). Our experiments indicate that graft-
derived expression of ICAM-1 (one of several adhesion
molecules involved in transendothelial migration) is crit-
ical to the development of transplant arteriosclerosis
(Figs. 1g and 2). Because ICAM-1 is also expressed on
antigen-presenting cells such as macrophages, ICAM-1
can participate in the activation of CD4+ T lymphocytes
after it has associated with MHC II–antigen complexes
(40). Thus, the reduced neointima in ICAM-1–deficient
donor arteries may have resulted from an interruption of
the effect of ICAM-1 on leukocyte adhesion,
transendothelial migration, or CD4+ T-cell activation
through association with MHC II molecules.

In contrast to ICAM-1, P-selectin does not contribute
significantly to transplant arteriosclerosis in our model
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Figure 5
Neointimal CD4+ cells per carotid artery
section, 42 days after transplantation.
Nuclei were counted in each of three sec-
tions from five to six mice. Data (mean ±
SE) were subjected to ANOVA. Asterisk
marks value significantly higher than con-
trol: MHC I–/–, P = 0.005. Dagger marks
value significantly lower than control:
MHC II–/–, P = 0.005.

Table 1
Mouse strains used as donors of carotid artery loops transplanted into
CBA/CaJ recipients

Mutant Defect Control and haplotype

MHC I–/– and MHC II–/–; MHC I–/– CD4+ and CD8+ B6129F2/J (H-2b)
mice were mated with MHC II–/– T cells depleted
mice
MHC I–/–; β2-microglobulin CD8+ T cells depleted C57BL/6J (H-2b)
gene disrupted
MHC II–/–; MHC II H-2Abβ CD4+ T cells depleted C57BL/6J (H-2b)A

gene disrupted
ICAM-1–/–; ICAM-1 gene ICAM-1 molecules deficient C57BL/6J (H-2b)B,C

disrupted
P-selectin–/– and ICAM-1–/–; P-selectin and ICAM-1 C57BL/6J (H-2b)B,C

P-selectin–/– mice were mated molecules deficient
with ICAM-1–/– mice
P-selectin–/–; P-selectin gene P-selectin molecules 129 Sv (H-2b)B

disrupted deficient

Mice were obtained from the Jackson Laboratories, except as noted. AObtained from Gen-
Pharm. BProvided by Denisa D. Wagner. CMice originally from a B6/129 mixed background
were backcrossed six times to C57BL/6J. ICAM-1, intracellular adhesion molecule-1.



(Figs. 1j and 2). P-selectin is involved primarily in leuko-
cyte rolling along the endothelium (24, 41). A compari-
son of P-selectin, low-density lipoprotein (LDL) receptor
double-knockout mice with LDL receptor single-knock-
out mice suggested a role for P-selectin in early fatty
streak formation (42). At later stages, however, there was
no difference in fatty streak formation. We cannot
exclude a role for P-selectin in transplant arteriosclero-
sis at very early stages, but our results with more
advanced lesions suggest that P-selectin is not involved,
or that its absence on donor tissues is well compensated
by redundant adhesion mechanisms. Taken together,
these observations suggest that P-selectin itself is not
critical to the development of advanced vascular disease
in different models of arteriosclerosis.

By examining this series of allografted carotid arteries,
we have shown that donor MHC molecules and ICAM-1
molecules are important in transplant arteriosclerosis. In
a recent clinical study, increased expression of MHC II
molecules and ICAM-1 in arterial tissue from transplant-
ed hearts was found to be predictive of arteriosclerosis and
graft failure (43). Our findings in this mouse model of
transplant arteriosclerosis indicate that these molecules
are not only markers but are also functionally important
in the pathogenesis of the disease. Our results also suggest
that donor MHC I molecules may play a protective role in
transplant vasculopathy. Studies of grafts from genetical-
ly modified donors may further elucidate the specific
molecular pathways of transplant arteriosclerosis and
speed the identification of novel interventions.
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