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Abstract

 

T cell cytokines are known to play a major role in determin-

ing protection and pathology in infectious disease. It has re-

cently become clear that IL-12 is a key inducer of the type 1

T cell cytokine pattern characterized by production of

IFN-

 

g

 

. Conversely, IL-10 down-regulates IL-12 production

and type 1 cytokine responses. We have investigated

whether IL-12 and IL-10 might be involved in a chronic in-

flammatory reaction, atherosclerosis. In atherosclerotic

plaques, we found strong expression of IFN-

 

g 

 

but not IL-4

mRNAs as compared to normal arteries. IL-12 p40 mRNA

and IL-12 p70 protein were also found to be abundant in

atherosclerotic plaques. IL-12 was induced in monocytes in

vitro in response to highly oxidized LDL but not minimally

modified LDL. The cross-regulatory role of IL-10 was indi-

cated by the expression of IL-10 in some atherosclerotic le-

sions, and the demonstration that exogenous rIL-10 inhib-

ited LDL-induced IL-12 release. These data suggest that the

balance between IL-12 and IL-10 production contributes to

the level of immune-mediated tissue injury in atherosclero-

sis. (

 

J. Clin. Invest.

 

 1996. 97:2130–2138.) Key words: cyto

kine 

 

•

 

 highly oxidized LDL 

 

•

 

 minimally modified LDL 

 

•

 

 PCR

 

•

 

 monocytes

 

Introduction

 

It is now generally accepted that T cells mediate immunologic
responses by the release of distinct sets of cytokines (1). T cells
that produce IL-2 and IFN-

 

g

 

, termed Th1 cells, are associated
with T cell and macrophage activation. In contrast, T cells
which produce IL-4 and IL-5, termed Th2 cells, augment hu-
moral responses and inhibit Th1 responses. Two important cy-
tokines which regulate the Th1 and Th2 responses are IL-12
and IL-10. IL-12 is a T cell growth factor (2) that is primarily
produced by activated monocytes (3) and selectively induces

the Th1 cytokine pattern (2, 4–7). IL-12 exists as a 70-kD pro-
tein heterodimer (termed p70) of which the p40 component
has been shown to be the major inducible chain. IL-10 is also
produced by human monocytes (8, 9), acts to down-regulate
IL-12 production by bacterial molecules (7, 10, 11), and can fa-
cilitate Th2 responses (12).

There is ample evidence to suggest that these cytokine pro-
files contribute to the outcome of infectious disease. In various
mouse models of infection, Th1 and Th2 T cell responses have
been shown to determine resistance and susceptibility to infec-
tion, as well as mediate the immunopathology of disease (13–
19). We have contributed to the identification of human “type
1” and “type 2” cytokine patterns, analogous to murine Th1
and Th2 cytokine patterns, respectively, which correlate with
clinical manifestation of leprosy (20, 21). Furthermore, mono-
cyte production of IL-12 and IL-10 influenced the T cell cyto-
kine response. IL-12 was most abundant in self-healing lesions
and could upregulate type 1 cytokine responses; whereas, IL-
10 was found in lesions of patients with progressive infection
and down-regulated both IL-12 production and the type 1 cy-
tokine pattern (7, 22). The cross-regulatory roles of IL-12 and
IL-10 may also contribute to the pathogenesis of HIV infec-
tion (23) and tuberculosis (9, 24).

Reminiscent of the site of infectious disease, the lesions of
atherosclerosis often contain a focal accumulation of macro-
phages and activated T cells with the capacity to secrete cyto-
kines (25–31). This inflammatory response can result in plaque
rupture and thrombosis causing stroke or myocardial infarc-
tion. Minimally modified or mildly oxidized low density lipo-
protein (MM-LDL)

 

1

 

 and highly oxidized LDL (oxLDL) have
been implicated in the development of atherosclerotic disease
(32). We sought to determine the nature of the local cytokine
response in atherosclerosis which might contribute to chronic
inflammation and tissue injury. Our findings suggest that a reg-
ulatory pathway involving both IL-12 and IL-10 production in-
fluences the inflammatory response in atherosclerosis.

 

Methods

 

Patients.

 

Specimens of atherosclerotic (

 

n

 

 

 

5 

 

12) and nonatheroscle-
rotic (

 

n

 

 

 

5 

 

9) segments of aorta at the level of the renal artery were
obtained from remnant tissue from renal transplant donors. Carotid
artery specimens (

 

n

 

 

 

5 

 

3) were obtained during endarterectomy.
Gross and microscopic examination were used to define artery seg-
ments as atherosclerotic and normal. Atherosclerotic vessels were
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distinguished by the presence of fatty streaks and raised intimal le-
sions. The lesions were more advanced than simple fatty streaks, hav-
ing a fibrous cap, but they were not complicated lesions. Specimens
were embedded in OCT medium (Ames Co., Elkhart, IN), snap fro-
zen in liquid nitrogen, and stored at 

 

2

 

70

 

8

 

C.

 

Detection of cytokine mRNAs in atherosclerotic lesions.

 

Cytokine
mRNAs from arteries were detected using semiquantitative reverse
transcription (RT)-PCR as previously described (20, 33). Briefly, 40
5-

 

m

 

m cryostat sections from each sample were pooled and lysed in
guanidinium isothiocyanate buffer. RNA was extracted using acid
phenol and used for the synthesis of first strand cDNA with oligo
d(T)

 

12–18

 

 (Pharmacia Fine Chemicals, Piscataway, NJ) and reverse
transcriptase (GIBCO BRL, Gaithersburg, MD). cDNA samples
were amplified using Taq polymerase (Perkin-Elmer Corp., Norwalk,
CT) and the GeneAmp System 9600 (Perkin-Elmer Corp.). For the
present study, cDNA samples were amplified for 35 cycles for 

 

b

 

-ac-
tin, IL-2, IFN-

 

g

 

, IL-4, IL-10, and 40 cycles for IL-12 p40. A two tem-
perature PCR cycle profile was used consisting of denaturation at
94

 

8

 

C for 30 s and annealing at 65

 

8

 

C for 45 s. For comparison of cyto-
kine mRNAs, cDNA concentrations were normalized to yield equiv-
alent 

 

b

 

-actin PCR products. PCR products were electrophoresed
through 1.8% agarose gels, transferred to Hybond nylon membranes
(Amersham International, Little Chalfont, UK), hybridized to kinase
end-labeled oligonucleotide probes and exposed to radiographic film.
The sequences of primer pairs, 5

 

9

 

 and 3

 

9

 

, have been previously re-
ported, as well as the oligonucleotide probes used to confirm the PCR
product (7, 33).

 

IL-12 protein detection by immunohistochemistry.

 

IL-12 expression
in atherosclerotic lesions was determined by immunoperoxidase la-
beling of cryostat sections of aortic segments using rat anti–IL-12
(20C2, IgG

 

1

 

 specific for IL-12 heterodimer; Hoffman-La Roche, Inc.,
Nutley, NJ) mAb (7). The negative control consisted of an isotype-
matched control mAb. Sections (3–5 

 

m

 

m) were acetone fixed and
blocked with normal goat serum before undergoing incubations with
the mAbs (120 

 

m

 

g/ml) for 60 min followed by biotinylated goat anti–
rat IgG for 30 min. Slides were washed with PBS between incuba-
tions. Primary antibody was visualized using the ABC Elite system
(Vector Laboratories, Burlingame, CA). In addition, serial sections
were labeled with mouse anti-CD14 (Becton-Dickinson & Co.,
Mountain View, CA) and mouse anti-CD3 (Immunotech, Westbrook,
ME) using a peroxidase conjugated goat anti–mouse IgG. Slides were
counterstained with hematoxylin and mounted in aqueous dry
mounting medium (Crystal Mount; Biomed Corp., Foster City, CA).

To determine the phenotype of the IL-12–positive cells, we per-
formed double immunofluorescence by serially incubating the section
with either mouse anti-CD14 IgG2a (Becton Dickinson & Co.) or
mouse anti-CD3 IgG2a (Immunotech), goat F(ab

 

9

 

)2 anti–mouse
IgG2a FITC (Southern Biotechnology Associates, Inc., Birmingham,
AL), mouse anti–IL-12 p40 IgG1 (C8.6.2; Genetics Institute, Cam-
bridge, MA), and goat anti–mouse IgG1 TRITC labeled (Southern
Biotechnology Associates, Inc.). Controls consisted of staining with
irrelevant antibodies as well as demonstrating the absence of cross-
reactivity of the secondary labeled antibodies with the primary anti-
bodies of mismatched isotypes.

 

Preparation and modification of lipoproteins.

 

Human LDL (

 

d

 

 

 

5

 

1.019–1.063 g/ml) and HDL (

 

d

 

 

 

5

 

 1.063–1.21 g/ml) were isolated from
plasma of healthy donors after an overnight fast as previously de-
scribed (32). Plasma was collected from venous blood by centrifuga-
tion and then subjected to serial ultracentrifugation. The supernatant
was collected and dialyzed extensively at 4

 

8

 

C against phosphate-buff-
ered 0.15 M NaCl containing 0.03 mM EDTA. Minimally oxidized
LDL was made by oxidizing LDL at 5 mg/ml with 5 

 

m

 

M FeSO

 

4

 

 (34).
Oxidized LDL was made by treating LDL at 5 mg/ml with 5 

 

m

 

M
CuSO

 

4

 

 (35). Oxidation was arrested by refrigeration and addition of
butylated hydroxytoluene and EDTA. All reagents were endotoxin
free, and glassware was sterilized with Etoxa-clean (Sigma Chemical
Co., St. Louis, MO). LPS levels of LDL preparations were confirmed
with a chromogenic Limulus assay (36) and contained 

 

, 

 

0.3 pg LPS/

 

m

 

g LDL protein. The extent of oxidation of the lipoprotein prepara-
tions was determined by the thiobarbituric acid reactive substance
(TBARS) assay (37). The MM-LDL had 

 

, 

 

3 nM TBARS/

 

 

 

mg choles-
terol while the oxidized LDL had 20–25 nM TBARS/

 

 

 

mg cholesterol.

 

Collection of monocyte supernatants.

 

PBMCs were isolated, and
adherent cells were prepared as described previously (22). Cells were
incubated with or without stimuli for 24 h, then the supernatants were
harvested and stored. Viability was assessed by trypan blue exclusion

Figure 1. Cytokine mRNA expression in atherosclerotic arteries. 
mRNA obtained from atherosclerotic and plaque-free aortic speci-
mens from renal transplant donors was analyzed for expression of cy-
tokines by RT-PCR. To assure examination of equivalent quantities 
of cellular mRNA, cDNAs were normalized to amplify equivalent quan-
tities of b actin product and analyzed for cytokine expression by PCR.

Figure 2. IL-12 p40 mRNA expression in atherosclerotic lesions. (A) 
IL-12 p40 mRNA expression in atherosclerotic lesions was compared 
to that in plaque-free aortic segments. Equivalent quantities of 
cDNA, based on normalization to yield equivalent b actin PCR prod-
ucts, were analyzed for IL-12 p40 mRNA expression by PCR. (B) In 
five paired samples of atherosclerotic and normal arteries from the 
same donor, IL-12 p40 mRNA and IL-10 mRNA expression was de-
termined by PCR. The paired samples are shown in identical order 
for atherosclerotic and normal arteries.
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Figure 3. Immunohistochemical examination of atherosclerotic carotid artery for IL-12 production. (A–D) Human atherosclerotic lesion ob-
tained from carotid endarterectomy, immunoperoxidase stained with antibody for IL-12 p70, and counterstained with hematoxylin. (A). 320 
magnification of IL-12 p70 staining showing luminal surface with cellular intimal hyperplasia and evidence of early calcium mineral deposition 
within the matrix accumulation. (B) At 340 magnification of IL-12 p70 staining, the immunoreactivity is primarily cellular, with some cell-asso-
ciated extracellular staining. Regions of acellular matrix accumulation are free of immunoreactivity. (C and D) Magnification 3100 and 3400, 
respectively, show the IL-12 p70-positive cells to have abundant cytoplasm. Representative positive cells are indicated with arrows. (E–G) Serial 
sections of the same human atherosclerotic lesion stained for CD14. Magnifications of 340, 3100, and 3400, respectively, show that CD14 im-
munoreactivity is primarily cellular with a similar pattern of distribution as for IL-12. (H–J) Serial sections of the same human atherosclerotic le-
sion stained for CD3. Fewer cells are immunoreactive for CD3 and have less cytoplasm than the IL-12 positive cells. (K–M) Serial sections of the 
same human atherosclerotic lesion stained with rat isotype-matched control antibody.

 

and lactate dehydrogenase (LDH) release (CytoTox 96; Promega
Corp., Madison, WI). LDH is a cytosolic enzyme present within all
mammalian cells and is a sensitive marker of cell damage. Human re-
combinant IL-10 (rIL-10, 100 U/ml, sp act, 1 

 

3 

 

10

 

7

 

 U/mg; K. Moore,
DNAX Research Institute, Palo Alto, CA) was added to some cul-
tures. Rat anti–human IL-10 (PharMingen, San Diego, CA) including
isotype controls were also added to some cultures. For some experi-

ments, CD14

 

1 

 

cells were prepared by immunomagnetic selection as
described (22). The purity of these populations was 

 

. 

 

95% as deter-
mined by flow cytometry.

 

ELISA for IL-12 p40.

 

Culture supernatants were collected after
24 h of culture and analyzed for the presence of IL-12 p40 by ELISA.
Briefly, 96-well ELISA plates (Corning Glass Works, Corning, NY)
were coated overnight at 4

 

8

 

C with 100 

 

m

 

l of rat anti–human IL-12
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Figure 4. Immunohistochemical examination of atherosclerotic ab-
dominal aorta for IL-12 production. Immunoperoxidase staining us-
ing rat anti–IL-12 p70 mAb (A) or anti-CD3 mAb (B) was performed 
on frozen sections of atherosclerotic lesions of abdominal aorta. 
Slides were counterstained with hematoxylin. Arrows indicate repre-
sentative positive-stained cells as evidenced by the reaction product.

 

mAb (2-4A1; Hoffmann-La Roche Inc.). Plates were incubated with
200 

 

m

 

l of 0.5% BSA (Sigma Chemical Co.) in PBS for 1 h at room
temperature. 100-

 

m

 

l aliquots of each sample were then added to each
well. Samples were incubated at room temperature for 2 h, and stan-
dard dilutions for IL-12 p40 (Hoffmann-La Roche Inc.) were also
evaluated. Peroxidase-conjugated anti–IL-12 mAb (POD-4D6, 250
ng/ml; Hoffmann-La Roche Inc.) was added to each well and incu-
bated for 2 h. Peroxidase substrate solution (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, MD) was used to detect IL-12 p40.
Plates were read in an ELISA reader (Biotech Instruments, Luton,
UK) at a wavelength of 405 nm.

 

Antibody capture bioassay for IL-12 p70.

 

In those samples in which
p40 is detected, IL-12 heterodimer is measured by an antibody cap-
ture bioassay(38), based on the ability of IL-12 to stimulate the prolif-
eration of PHA-activated human lymphoblasts expressing IL-12 re-
ceptors (39). This assay was performed exactly as described
previously (38), except that [

 

3

 

H]thymidine was added to the cultures
after incubation for 48 h at 37

 

8

 

C, and the cultures were harvested 6–7 h
later. Concentrations of IL-12 were determined by comparison of
proliferation induced by supernatants to that induced by serial dilu-
tions of human rIL-12. When culture supernatants were tested on
separate occasions, the mean difference between duplicate measure-
ments was 4.8

 

6

 

4.1%.

 

ELISA for IL-10.

 

24-h culture supernatants were collected, and
detection of human IL-10 protein by sandwich ELISA was performed
using rat mAb specific for human IL-10 (PharMingen) according to
the manufacturer’s protocol. ELISA plates were coated overnight

with rat anti–human IL-10 mAb at final concentration of 2 

 

m

 

g/ml.
Samples and standard dilutions for rIL-10 (R&D Systems, Minneapo-
lis, MN) were added to wells and incubated at room temperature for
1 h. Biotinylated rat anti–human IL-10 mAb (1 

 

m

 

g/ml) was added to
each well and incubated for 30 min at room temperature, followed by
a 30 min incubation with avidin-peroxidase (2 mg/ml; Sigma Chemi-
cal Co.). Substrate solution containing 3-ethylbenzthiazoline-6-sul-
fonic acid (Sigma Chemical Co.) was added to wells and allowed to
undergo the color reaction. Spectrophotometric absorbance was mea-
sured and cytokine values were calculated from a standard curve of
recombinant human IL-10.

 

Results

 

Cytokine expression in lesions.

 

To determine the nature of the
local T cell cytokine response in atherosclerosis, we performed
RT-PCR to measure cytokine mRNAs in artherosclerotic le-
sions. The striking finding was that IFN-

 

g

 

 was evident in all the
atherosclerotic lesions but none of the normal aortic segments
(Fig. 1). In contrast, IL-2, IL-4, and IL-10 were present in the
minority of atherosclerotic plaques studied. These data indi-
cate that the type 1 cytokine response, characterized by IFN-

 

g

 

expression, predominates in atherosclerotic lesions.
One important determinant of T cell cytokine pattern is IL-

12, which causes the preferential induction of type 1 cytokine
responses. Given that IFN-

 

g

 

 expression was prominent in ath-
erosclerotic lesions, IL-12 was measured by PCR. We found
marked expression of IL-12 p40 mRNA in 6 of 7 atheroscle-
rotic lesions but 0 of 4 control arteries (Fig. 2 

 

A

 

). In five addi-
tional paired atherosclerotic and normal arteries, we found IL-
12 expression in 4 of 5 diseased arteries and weak expression in
2 of 5 normal arteries (Fig. 2 

 

B

 

). In these latter samples, IL-10
was expressed in 4 of 5 atherosclerotic arteries and 0 of 5 nor-
mal arteries.

The presence of IL-12 in both aortic and carotid arteries
was confirmed by immunohistologic examination using an
anti–IL-12 p70 mAb, which recognizes a conformational
epitope expressed by the heterodimer (Figs. 3 and 4). Under
low power magnification, the artery specimen was character-
ized by cellular hyperplasia and extensive matrix accumulation
with a smooth luminal surface. At higher magnification, we
observed IL-12–specific cytoplasmic staining of large ovoid
cells, which were larger than CD3-positive lymphocytes but
similar in size and distribution to CD14-positive monocytes.
By double immunofluorescence, we found that the IL-12–posi-
tive cells were CD14 positive but did not colocalize with CD3
(Fig. 5). These data are consistent with reports that monocytes
are a major source of this cytokine (8).

 

Induction of IL-12 and IL-10.

 

We next set out to determine
whether monocytes produced IL-12 in response to atherogenic
stimuli. Oxidized LDL species have been reported to induce
cytokine production in monocytes and thereby contribute to
the pathogenesis of atherosclerosis (40). Therefore, we mea-
sured the ability of oxidized lipoproteins to induce IL-12 pro-
duction from monocytes in vitro. Highly oxidized LDL, but
not minimally oxidized LDL, induced the production of IL-12
p40 in a dose-dependent manner (Fig. 6 

 

A

 

). By trypan blue ex-
clusion, we found that oxLDL and MM-LDL at 100 

 

m

 

g/ml was
not toxic to the cells (viability 

 

5 

 

100%). LDH release by the
oxLDL (100 

 

m

 

g/ml) and the MM-LDL (100 

 

m

 

g/ml) was 3.9 and
2.5% of the maximal LDH release, respectively, further indi-
cating cell viability. Because LDH release was greater at
higher concentrations, LDL was subsequently used at 100 

 

m

 

g/
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ml given that it induced a maximal response without cellular
toxicity. The production of IL-12 by monocytes was verified by
using purified CD14

 

1

 

 cells. In four donors, oxLDL induced
IL-12 p40 release was 491

 

6

 

72 pg/ml (mean

 

6

 

SEM).
Because we detected IL-10 mRNA in some atherosclerotic

plaques and since IL-10 can be induced in human monocytes
(8, 9), we also determined whether LDL could induce IL-10
release from monocytes (Fig. 6 

 

B

 

). Experiments revealed that
oxLDL, but not MM-LDL, induced IL-10 release.

 

The balance between IL-12 and IL-10.

 

The varying levels
of cytokines in plaques suggested that the levels of LDL-
induced cytokine release from monocytes could vary from in-

 

Figure 5.

 

Double immunofluorescence staining of atherosclerotic ca-
rotid artery. (

 

A

 

) FITC-CD14 positive macrophages (

 

green

 

). (

 

B

 

) 
TRITC-IL-12 p40 immunoreactivity of cells of similar morphology 
and location as in 

 

A

 

 (

 

red). (C) Overlay of double immunofluores-
cence is consistent with colocalization of IL-12 p40 and CD14 mac-
rophage marker. (D) FITC-CD3 (green) and TRITC-IL-12 (red) im-
munofluorescence do not colocalize.

Figure 6. oxLDL-induced IL-12 and IL-10 production by monocytes. 
(A) Monocytes were isolated from PBMC using adherence to plastic 
culture flasks. Cells were then incubated with oxLDL and MM-LDL 
for 24 h. Supernatants were harvested and assayed for IL-12 p40 re-
lease by ELISA. (B) Monocyte supernatants after treatment with ox-
LDL and MM-LDL were analyzed for the presence of IL-10 by 
ELISA.
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dividual to individual. We examined this question by simulta-
neously measuring the bioactive p70 form of IL-12 and IL-10
release from oxLDL-induced monocytes (Fig. 7 A). In all indi-
viduals tested, oxLDL induced both IL-12 and IL-10 release
from monocytes. In donors A and B, IL-12 release was high. In
donors E and F, IL-10 release was high. In donors C and D, we
found modest levels of both cytokines. These results were re-
producible over three separate experiments (data not shown).
Further experiments should determine the factors which con-
tribute to the variability in the ratio of IL-12 versus IL-10
among individuals.

Since IL-10 can inhibit monocyte-derived IL-12 release in
response to bacterial molecules (7, 10, 11), we asked whether
IL-10 could down-regulate production of the inducible p40
subunit of IL-12 in response to stimulation with oxLDL. We
found that rIL-10 could completely inhibit LDL-induced IL-12
release in all six donors studied (Fig. 7 B).

These results led us to ascertain whether endogenous pro-
duction of IL-10 in response to LDL stimulation might inhibit
IL-12 production. We found that addition of neutralizing anti-
bodies to IL-10 resulted in a significant increase in IL-12 p70
production (Fig. 7 C). Isotype control antibodies had no effect
(data not shown). Therefore, the balance between IL-12 and
IL-10 production in response to oxLDL is determined in part
by the cross-regulatory actions of IL-10.

Discussion

One of the major mechanisms by which T cells contribute to
the pathogenesis of inflammatory disease is via the release of

specific patterns of cytokines. For human infectious disease,
the cytokine pattern mediates both protective immunity as
well as the pathology of disease (20, 21, 33). In the present
study, we provide evidence for an LDL-induced pathway of
type 1 cytokine activation in atherosclerosis, which is regulated
by the local production of IL-12 and IL-10.

Oxidative modification of LDL may contribute to the de-
velopment and progression of atherosclerotic lesions. The
mechanism has been proposed as follows: LDL accumulates
within the artery wall at sites predisposed to atherosclerosis
(41–43). The cells of the artery wall secrete oxidative products
which may initiate the local oxidation of LDL in the subendo-
thelial space (41–43) to yield MM-LDL. MM-LDL induces en-
dothelial cells to produce the potent monocyte activators
monocyte chemoattractant protein-1, monocyte colony stimu-
lating factor, and Gro, which may lead to the focal accumula-
tion of macrophages in early atherosclerotic lesions (44–46).
These recruited macrophages secrete reactive oxygen species
that may generate oxLDL in the subendothelial compartment.
oxLDL has been found to act as a monocyte chemoattractant
(47), to induce differentiation of monocytes into macrophages
(48), and to induce monocyte release of IL-8, a potent T cell
chemoattractant (49). In this manner, oxLDL may contribute
to the further accumulation of T cells and macrophages which
characterize chronic atherosclerotic lesions.

We found that oxLDL but not MM-LDL induces IL-12 p70
release from monocytes. Furthermore, we demonstrated that
IL-12 mRNA was strongly expressed in atherosclerotic lesions
as compared to normal arteries and that IL-12 p70 protein was
expressed in atherosclerotic plaques. IL-12 is known to am-

Figure 7. Relationship of IL-12 production to IL-10 production. (A) 
Monocytes were isolated from PBMC and incubated with oxLDL (100 
mg/ml). 24-h supernatants were collected and analyzed for bioactive IL-
12 p70 and IL-10 production by ELISA. The paired samples for donors 
A–F are shown in order according to relative production of IL-12 and 
IL-10. (B) The effect of exogenous IL-10 on IL-12 production was ex-
amined by incubating monocytes with oxLDL (100 mg/ml) and rIL-10 
(5 or 10 ng/ml). 24-h supernatants were collected and analyzed for 
oxLDL-induced IL-12 p40 production by ELISA. (C) The effect of 
neutralizing anti-IL-10 on IL-12 p70 production was examined. Mono-
cytes isolated from PBMC were cultured with oxLDL in the presence 
media or anti-IL-10 antibody.
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plify immune responses by preferentially expanding T cells ca-
pable of producing IFN-g (2, 4–7). IFN-g has been identified,
by immunohistochemical means, in a large portion of T cells
infiltrating atherosclerotic lesions (28) and was found in the
present study to be the predominant T cell cytokine in athero-
sclerotic plaques. This T cell response may be directed against
oxLDL (50), autologous heat shock proteins (51), or other an-
tigenic determinants (52). An important consequence of the
local mononuclear cell response may be plaque rupture, since
the degree of T cell and macrophage infiltration in atheroscle-
rotic plaques has been shown to correlate with the occurrence
of plaque rupture (53). The mechanism for plaque rupture
may include IFN-g activation of cells with subsequent release
of proteases which disrupt the overlying plaque capsule (54).
In this manner, the local production of IL-12 may potentiate
the chronic inflammatory T cell and macrophage responses
leading to tissue injury in atherosclerosis.

Our data indicate a role for IL-10 in limiting the local im-
mune response in atherosclerosis. We found that: (a) IL-10
was produced in some of the atherosclerotic lesions; (b) ox-
LDL could induce IL-10 release from monocytes in vitro; (c)
neutralization of LDL-induced IL-10 augmented LDL-induced
IL-12 release; (d) rIL-10 inhibited LDL-induced IL-12 produc-
tion; and (e) a variation among individuals in the ratio of IL-12
and IL-10 release in response to LDL. IL-10 could therefore
down-regulate arterial inflammation by inhibiting release of
IL-12, which is necessary for establishment of Th1 responses
(7, 10, 11). IL-10 may also down-regulate immune responses in
atherosclerosis by inhibiting production of reactive oxygen in-
termediates (55), which result in oxidation of LDL, and by in-
hibiting antigen presentation to T cells (12). Although oxLDL
was a potent inducer of IL-10 in vitro, IL-10 was variably ex-
pressed in atherosclerotic lesions. The factors which contribute
to in vivo production of IL-10 as well as the cross-regulation
between IL-12 and IL-10 therefore require further analysis.

It has become increasingly evident that IL-12 is a major de-
terminant in the development of a T helper type 1 cytokine re-
sponse (2, 4–7). For intracellular pathogens, the type 1 cyto-
kine profile is part of the cell-mediated immune response that
restricts the infectious process but may also contribute to the
immunopathology of the disease. From the study of leprosy,
we have demonstrated that the relative production of IL-12
versus IL-10 correlates with the clinical manifestation of the
infection (7). In lesions in which IL-12 production predomi-
nates, the growth of the pathogen is restricted, yet concomitant
tissue injury is severe. On the other hand, when IL-10 predom-
inates, the pathogen’s growth is unabated. The present investi-
gation indicates that IL-12, by its expression in atherosclerotic
lesions, may lead to amplification of aberrant T cell responses,
and thereby contribute to the immunopathology of cardiovas-
cular disease manifested by chronic inflammation of the arte-
rial wall. Our study further suggests that these responses may be
cross-regulated by the local production of IL-10. The elucida-
tion of factors which regulate the balance between IL-12 and
IL-10 production should provide further insight into the patho-
genesis of tissue injury in atherosclerosis as well as provide op-
portunities for immunologic intervention.
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