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Abstract

T lymphocytes are present in atherosclerotic lesions, but the
role of this cell type in the disease process has not been
determined. To determine whether cell-mediated immunity
influences atherogenesis, New Zealand White rabbits fed a
cholesterol-supplemented diet (0.5% wt/wt) were treated
with cyclosporin A (n = 20) or vehicle alone (2 = 16) for
12 wk. The dose of cyclosporin A was adjusted so that a
blood concentration between 100 and 200 ng/ml was main-
tained to achieve a selective action on T-lymphocytes. Effec-
tiveness of immunosuppression in cyclosporin A-treated
rabbits was confirmed by allogeneic skin graft survival.
Cyclosporin A administration did not affect total plasma
lipid concentrations, body weight, or renal function. Per-
centage of aortic intimal area covered with atherosclerotic
lesions was increased significantly by immunosuppression
in both the arch region (75+3% [mean+SEM] compared
with 60+5% in controls; P < 0.01) and the thoracic region
(47+7% vs 27+6%; P = 0.04). Enhanced atherogenesis was
not associated with diminished numbers of T lymphocytes in
lesions, changes in T lymphocyte subtype, or any discernible
change in cellular composition. Humoral immune responses
to oxidized LDL were similar in the two groups: serum titres
of autoantibodies against malondialdehyde-modified LDL
were equivalent. These data demonstrate that cyclosporin
A-induced suppression of cell-mediated immunity in-
creased the development of macrophage-rich atherosclerotic
lesions in cholesterol-fed rabbits. (J. Clin. Invest. 1995.
96:1389-1394.) Key words: atherosclerosis + cyclosporin A
T lymphocytes «+ immunosuppression « autoantibodies

Introduction

T lymphocytes are constituents of atherosclerotic lesions at all
stages of development (1-3). Since T lymphocytes are im-
portant effectors of cell-mediated immunity, there is increasing
interest in the role of the immune system in the development
of atherosclerosis. Abundance of T lymphocytes varies in le-
sions in different regions, but they may constitute up to 20%
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of cells in the fibrous cap of advanced human lesions (4).
Lymphocytes are present in all lesions, even those in the early
stages of development, in rabbits fed a high-cholesterol diet (5).
Both helper (CD4*) and suppressor (CD8 *) T lymphocytes are
present in human lesions (6, 7), while in rabbit lesions the
CD4+ phenotype predominates (5). Immunocytochemical
demonstration of MHC class II indicates that T lymphocytes in
lesions are immunologically activated (8) and polyclonal in
origin (9).

There is abundant evidence for the presence of lymphocytes
within atherosclerotic lesions, but the specific role of the im-
mune system in atherogenesis has not been defined. T-lympho-
cytes elaborate many cytokines and growth factors that interact
with smooth muscle cells and macrophages (10), the two major
cell types present within atherosclerotic lesions. T lymphocyte—
secreted cytokines may exert a variety of effects, including
modulation of cell migration and proliferation, and deposition of
lipoprotein—cholesterol. The ability of T lymphocytes to secrete
cytokines and their presence from the early through the late
stages of lesion development indicate a likely impact of this
cell on atherogenesis. Modulation of immune function in ani-
mals with atherosclerosis provides a model with which to di-
rectly address this question.

To determine whether suppression of cell-mediated immu-
nity affects the development of lipid-laden macrophage-based
atherosclerotic lesions, we examined the effect of immunosup-
pression with cyclosporin A (CyA)." CyA binds to cyclophilin
A, preventing transcription of IL-2 and resulting in inhibition
of T helper lymphocyte activation (11). CyA also inhibits syn-
thesis of IFN-v, IL-3, IL-4, TNF-a and granulocyte macrophage
colony-stimulating factor by T lymphocytes (12). CyA has the
potential to exert many nonspecific effects if blood concentra-
tions are not adequately controlled. However, T lymphocytes
are exceptionally sensitive to CyA, so that they are affected by
concentrations of the drug not likely to trigger nonspecific ef-
fects (13). At blood concentrations sufficient to prevent MHC-
incompatible skin allograft rejection without overt toxicity or
changes in plasma lipid concentrations, suppression of cell-
mediated immunity is associated with increased severity of aor-
tic atherosclerosis in cholesterol-fed rabbits.

Methods

Animals. Male New Zealand White rabbits, 2—3 mo old, were obtained
from Myrtles Rabbit Farm (Thompson Station, TN) and housed in
separate cages in specific pathogen-free rooms maintained on a 12-h
light/dark cycle. Water was available ad lib. After a 2-wk period on a
normal laboratory diet animals were placed on a diet containing 0.5%
(wt/wt) cholesterol (cat. No. 5731C-T; Purina Test Diets, Richmond,

1. Abbreviations used in this paper: CyA, cyclosporin A; MDA, malon-
dialdehyde.
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IN), 120 grams/d for 12 wk. They were inspected daily for general
health and weighed weekly. All procedures were approved by the Wash-
ington University Animal Studies Committee.

Administration of cyclosporin A. CyA was a generous gift from
Sandoz Inc., (East Hanover, NJ). The drug was dissolved in 100%
ethanol (1 gram/ml), diluted with olive oil (Humco, Texarkana, TX)
to give a final concentration of 100 mg/ml, and sterilized by filtration
(0.22 um). Dosage was 20 mg/kg per d for the first week, then ~ 20
mg/kg twice weekly, adjusted to maintain blood concentrations between
100 and 200 ng/ml (14). Drug administration and the atherogenic diet
commenced at the same time. Drug was administered subcutaneously
to sites on the upper back (n = 20). Control animals (n = 16) received
an equal volume of 90% olive oil, 10% ethanol.

Measurement of cyclosporin A concentrations. Samples of whole
blood were collected from the marginal ear vein of each rabbit into
EDTA-containing Vacutainer (Becton Dickson Vacutainer Systems,
Franklin Lakes, NJ) tubes and was stored at 4°C until analysis. Whole
blood concentrations of CyA were measured with a radioimmunoassay
sensitive to 25 ng/ml (Incstar Corp., Stillwater, MN). 1 wk after treat-
ment began, a blood sample was drawn 24 h after CyA was given.
For all subsequent evaluations samples were drawn 72 h after drug
administration.

Measurement of plasma lipoprotein—cholesterol distribution, lipids,
and creatinine. Blood anticoagulated with EDTA (1 mg/ml) was centri-
fuged at 2,500 rpm for 5 min to separate plasma. Plasma concentrations
of total cholesterol, triglycerides, and phospholipids were determined
by use of an enzyme-based colorimetric assay (Wako Chemical Co.,
Richmond, VA). Lipoprotein—cholesterol distributions were obtained
for eight rabbits in each group by use of fast performance liquid chroma-
tography, as described previously (15). Serum creatinine was measured
with commercially available kits (Sigma Chemical Co., St. Louis, MO).

Skin graft survival. 9 wk after the start of the study, full-thickness
skin grafts (2 X 2 cm) from Dutch-belted rabbits (Myrtles Rabbit Farm)
were transferred from a single donor to five CyA-treated and five control
New Zealand White rabbits under a full surgical aseptic technique.
Grafts were secured with 6-0 nylon sutures onto the backs of recipients.
Donor and recipient animals were anesthetized with intramuscular keta-
mine (40 mg/kg) and xylazine (20 mg/kg). Grafts were inspected daily
for signs of necrosis and the results were recorded photographically.

Quantification of severity of aortic atherosclerosis. Animals were
killed with sodium pentobarbital (150 mg/kg intravenously) 12 wk after
beginning the cholesterol-enriched diet; their aortae were excised from
the aortic valve to the ileal bifurcation. Extraneous adventitia was re-
moved. Aortae were placed on ice, opened longitudinally, pinned on
wax, and intimal surfaces were photographed. Segments from the arch
and midthoracic regions were fixed in paraformaldehyde (4% wt/vol)
and saline (0.85% wt/vol) or embedded in OCT compound (Miles Inc.,
Elkhart, IN) and frozen in liquid nitrogen. Remaining sections of arch
and thoracic aorta were split longitudinally and each half was frozen
at —80°C for subsequent analyses of cholesterol content. The entire
abdominal aorta was frozen. Severity of atherosclerosis was defined as
the percent aortic intimal area covered with grossly discernible lesions
as quantified with computerized planimetry (SigmaScan; Jandel Scien-
tific, San Rafael, CA) as described previously (16). Percent intimal
surface covered by atherosclerotic lesions was determined by two ob-
servers, one of whom was blinded to the experimental design. For
analytical purposes, the arch was defined as the region of aorta between
the aortic valve and the uppermost intercostal artery, the thoracic aorta
that from the first to the eighth intercostal artery, and the abdominal
aorta that from the eighth intercostal to the ileal bifurcation.

Cholesterol content of aortae. Tissue was minced with a razor blade
and total lipids were extracted with chloroform-methanol (17), with
addition of Sa-cholestane as an internal standard. Lipids were dried
under nitrogen and resuspended in methylene chloride; unesterified cho-
lesterol was then measured by gas chromatography. The remaining sam-
ple was dried under nitrogen, saponified with tetramethylammonium
hydroxide, and derivatized with tetrachloroethylene-methylbutyrate. To-
tal cholesterol was extracted with chloroform-methanol and analyzed
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by gas chromatography (18). Completeness of saponification was deter-
mined with cholesteryl oleate and found to be linear over arange > 0.1—
10 mg/ml.

Immunocytochemical analyses of lesions. Tissue was either frozen
in OCT and sectioned with a cryostat or immersed in freshly prepared
4% paraformaldehyde, paraffin-embedded, and sectioned on a micro-
tome. Macrophages and smooth muscle cells were detected with the use
of monoclonal antibodies RAM11 and HHF35 (Dako Corp., Carpinteria,
CA), respectively, on paraffin-embedded sections. Frozen sections were
immunostained for T-lymphocytes with L11/135 (Serotec Ltd., Kidling-
ton, United Kingdom). Monoclonal antibodies KEN-4 and MUI-A
(Spring Valley, Woodbine, MD) were used to distinguish CD4+ and
CD8+ T lymphocytes, respectively. MHC class II molecules were de-
tected with monoclonal antibody 2C4 (Biosource International, Camari-
llo, CA). Immunocytochemistry was performed with a Fisher Micro-
probe system and Vectastain Elite ABC kits (Vector Laboratories, Inc.,
Burlingame, CA). Immunoreactivity was visualized by use of 3-amino
9-ethyl carbazole (Biomeda, Foster City, CA), which forms a red pre-
cipitate.

Specific cell types in atherosclerotic lesions were quantified with an
image analysis system consisting of a microscope (Optiphot 2; Nikon
Inc., Melville, NY) attached to a high-resolution camera (JE3462; Jave-
lin Electronics, Torrance, CA) and a personal computer equipped with
a Coreco-Oculus OC-TCX frame grabber (Coreco, Saint-Laurent, Can-
ada) and a high-resolution monitor. Computerized color image analysis
was performed with Image-Pro Plus software (Media Cybernetics, Sil-
ver Spring, MD).

Detection of autoantibodies to malondialdehyde-modified LDL. Ti-
tres of autoantibodies to malondialdehyde (MDA )-modified LDL were
determined in six randomly selected rabbits in each group with a microti-
tre plate enzyme-linked immunosorbent assay. MDA-LDL was synthe-
sized as described by Haberland et al. (19) by use of LDL from a
Watanabe heritable hyperlipidemic rabbit. 96-well microtitre plates
(Nunc Inc., Naperville, IL) were coated with MDA-LDL unmodified
LDL (both 10 pg/ml), or PBS. After washing and blocking with 3%
bovine serum albumin (BSA; 30 mg/ml in PBS), duplicate wells were
incubated with rabbit serum overnight at 4°C at dilutions of 1 in 300
to 1 in 100,000 in 1% BSA. Antibody binding was detected with a
biotin-conjugated goat anti—rabbit secondary antibody, and conjugation
with avidin (Vector Laboratories, Inc.); it was made visible with 2,2'-
azino-bis (3-ethylbenzthiazoline 6-sulfonic acid) diammonium, which
forms a green color. Absorbance was read on an automated plate reader
and titre of antibodies was expressed as absorbance of MDA-LDL bind-
ing minus that of LDL binding.

Statistical analyses. All statistical analyses were performed with
SigmaStat for Windows (Jandel Scientific) software. Statistical differ-
ences between groups were sought for most parameters by Student’s ¢
tests (two-way) after testing of the data for the appropriateness of use
of this parametric test. Fisher’s exact test was used to test for statistical
differences in skin graft survival.

Results

Animals in the two groups had comparable weight gains
throughout the study, and no animals showed abnormalities in
their general health. Weight gain was 707+80 grams (n = 20)
in drug-treated animals and 848+81 grams (n = 16) in control
animals (P = NS).

Maintenance of CyA concentrations in blood that were suf-
ficient to suppress cell-mediated immunity, but that were not
toxic, were critical to interpretation of this study. High concen-
trations of CyA cause nephrotoxicity, hypertension, and alter-
ations in lipoprotein concentrations. Preliminary studies with
CyA confirmed reports of poor absorption with enteral adminis-
tration to rabbits (14), and no CyA was detectable in blood at
doses of up to 10 mg/kg per d. Therefore, CyA was adminis-






