
Interleukin-18 predicts atherosclerosis progression
in SIV-infected and uninfected rhesus monkeys
(Macaca mulatta) on a high-fat/high-cholesterol diet
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Interleukin (IL)-18 levels have been identified as important predictors of cardiovascular mortality and are often elevated in
human immunodeficiency virus (HIV)-infected individuals. To investigate a possible function for IL-18 in atherogenesis in
the context of early HIV infection, we used the simian immunodeficiency model of HIV infection. Acutely simian im-
munodeficiency virus-infected and uninfected rhesus monkeys (Macaca mulatta) on an atherogenic diet were evaluated
prospectively for atherosclerotic lesion development relative to a panel of plasma markers including IL-18, IL-8, IL-1b, IL-6,
C-reactive protein, soluble vascular cell adhesion molecule-1, soluble E-selectin, and soluble intercellular adhesion mo-
lecule-1. Although no significant differences in lesion development were identified between groups after 35 days of
infection, levels of plasma IL-18 measured 1 month before virus inoculation correlated significantly with atherosclerotic
plaque cross-sectional area at the carotid bifurcation (Po0.001, R¼ 0.946), common iliac bifurcation (Po0.01, R¼ 0.789),
and cranial abdominal aorta (Po0.01, R¼ 0.747), as well as with extent of CD3þ and CD68þ cellular infiltration in
vascular lesions (both Po0.001, RZ0.835) in both groups. Atherosclerotic plaque area at the carotid and common iliac
bifurcations also showed a weaker inverse correlation with baseline IL-8 levels, as did CD68þ signal area. Results
implicate a strong role for IL-18 in early atherosclerosis progression and raise the possibility that the chronically elevated
IL-18 levels seen in later stages of HIV infection may contribute significantly to accelerated atherogenesis in this
population.
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Atherosclerosis is a complex, lipid-dependent, arterial in-
flammatory disease.1,2 Interleukin-18 (IL-18) is a pleiotropic
cytokine whose proatherogenic effects have been demon-
strated in several murine models,3–6 and which has been
shown to be expressed in human atherosclerotic plaques with
increased expression in unstable plaques.7,8 Levels of circu-
lating IL-18 have been positively correlated with carotid
intima-media thickness and coronary plaque area in some
studies,9,10 and multiple reports have identified IL-18 levels
as important predictors of coronary events and cardiovas-
cular mortality.11–15 IL-18 levels are commonly elevated
in human immunodeficiency virus (HIV)-infected in-
dividuals,16–20 a population in which apparent accelerated
atherogenesis has been reported since the early years of the

epidemic.21–23 Although the potential for a contributory role
for HIV infection itself in accelerated atherosclerosis pro-
gression remains controversial, numerous studies suggest that
HIV infection does directly or indirectly serve as an in-
dependent risk factor.24–29 HIV infection is intrinsically as-
sociated with dyslipidemias, endothelial dysfunction, and
chronic immune activation, all of which have the potential to
contribute to atherogenesis.30–34

Although multiple studies to date have examined athero-
sclerosis in chronically HIV-infected populations, evaluation
of changes in the immediate postinfection period in HIV-
infected people is generally not possible, as most individuals
are not diagnosed until an indeterminate length of time after
primary infection. Pathogenesis studies focused on early time
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points, ranging from infection to shortly after the establish-
ment of viral set point, allow evaluation of changes
resulting from initial high levels of viral replication and in-
nate immune system activation associated with primary in-
fection.35–37 In primate models of these earliest stages of HIV
infection, circulating IL-18 levels show an initially transient
increase, with level maxima corresponding to the time of
peak viremia.37–39 This phenomenon could have long-term
consequences in the context of chronic immune activation,
and the later sustained increases in plasma IL-18 levels that
characterize both HIV and simian immunodeficiency virus
(SIV) infection even in the face of highly active antiretroviral
therapy.16,18–20,39,40 In this report, the SIV model of HIV
infection was used to investigate contributions of viral in-
fection to atherogenesis in the early postinfection period. SIV
and HIV share a close phylogenetic relationship, are char-
acterized by tight structural and functional similarities, and
produce similar disease states in susceptible hosts, culmi-
nating in profound immunodeficiency.41,42

In the current report, a group of 12 rhesus monkeys was
maintained on an atherogenic diet for 6 months, after which
half of the animals were infected with SIV. All animals were
evaluated prospectively starting from 4 weeks before the time
of SIV inoculation through killing, 9 weeks after inoculation.
A panel of soluble plasma markers was monitored, including
levels of the cytokines IL-18, IL-1b, and IL-6; the chemokines
IL-8 and monocyte chemoattractant protein-1 (MCP-1); the
inflammatory biomarker C-reactive protein (CRP); and the
endothelial activation markers soluble vascular cell adhesion
molecule-1 (sVCAM-1), soluble E-selectin (sE-selectin), and
soluble intercellular adhesion molecule-1 (sICAM-1). Levels
of these markers, along with viral loads and CD4 T-cell
counts, were evaluated for relationships to the size of ather-
osclerotic plaques at the carotid bifurcation, common iliac
bifurcation, and cranial abdominal aorta at the time of ne-
cropsy, and for relationships to the extent of inflammatory
cell infiltration, lipid accumulation, and cytokine, chemo-
kine, and endothelial adhesion molecule expression within
vascular sections.

MATERIALS AND METHODS
Animals, Study Groups, Vascular Tissue Collection
Twelve young adult male rhesus macaques (Macaca mulatta)
were maintained on a commercially available atherogenic diet
ad libitum (diet no. 57JI; LabDiet, St Louis, MO, USA; total
fat (39.35% of energy), saturated fat (13.78% of energy),
cholesterol (1% of diet on an as-fed basis), n�6:n�3 ratio of
7–10:1) for 6 months, after which six were intravenously
inoculated with SIVmac239. All animals were killed 9 weeks
later as previously described37 and were perfused with 4%
paraformaldehyde in phosphate-buffered saline (PBS) at
95mmHg (approximate mean arterial pressure) for 20min
before necropsy. All animals were housed at the New England
Primate Research Center in accordance with standards of the
Association for Assessment and Accreditation of Laboratory

Animal Care and Harvard Medical School’s Animal Care and
Use Committee.

For all animals, carotid arteries were collected bilaterally
and evaluated histologically at the level of the bifurcation.
The aorta was collected and evaluated histologically at the
root, mid-thoracic region, level of the celiac artery, and
common iliac bifurcation.

Immunohistochemistry and Histochemical Staining
Single-label immunohistochemistry was performed on for-
malin-fixed paraffin-embedded tissues following an ABC
immunostaining technique as previously described.43 For-
malin-fixed tissues were assessed using antibodies specific for
CD3 (polyclonal; DakoCytomation, Carpinteria, CA, USA),
CD68 (clone KP1; DakoCytomation), MCP-1 (polyclonal;
R&D Systems, Minneapolis, MN, USA), and SIV nef (clone
KK75; donor Dr K Kent and Ms C Arnold, obtained from the
NIBSC Centre for AIDS Reagents supported by EU Program
EVA contract (QLKZ-CT-1999-00609) and the UK Medical
Research Council). Sections were deparaffinized and rehy-
drated, followed by incubation in 3% H2O2 in PBS, micro-
waving in sodium citrate buffer (Vector Laboratories,
Burlingame, CA, USA), and sequential incubation with pri-
mary antibody, biotinylated secondary antibody, and horse-
radish peroxidase-conjugated avidin (ABC Standard or ABC
Elite; Vector Laboratories). Antigen–antibody complex for-
mation was detected by use of 3,30-diaminobenzidine (DAB)
chromogen (DakoCytomation).

Immunohistochemistry on cryosections was performed
using antibody specific for VCAM-1 (clone 1G11.B1; Im-
genex, San Diego, CA, USA), the ImmPRESS Im-
munolabeling kit (Vector Laboratories), and DAB
chromogen (DakoCytomation).

Cryosections were stained for lipid using Oil Red O.

Antigen Colocalization
In antigen colocalization experiments, double-label im-
munohistochemistry was performed for pro-IL-18 (goat
polyclonal; R&D Systems) in combination with CD68 (clone
KP1; DakoCytomation) and CD3 (polyclonal; DakoCyto-
mation) as described for single-label immunohistochemistry,
with the following exceptions. Incubation of pro-IL-18 an-
tibody with secondary antibody was followed by incubation
with ABC-alkaline phosphatase (Vectastain ABC-AP Stan-
dard Kit; Vector Laboratories) and detected with the Fast Red
Substrate-Chromogen System (DakoCytomation). DAB
chromogen (DakoCytomation) was used to detect antibody–
antigen complex formation for CD68 and CD3 as in single-
label immunohistochemistry. Labeled sections were imaged
using an Olympus Vanox-S AHBS microscope interfaced
with a liquid crystal tunable filter-based camera (CRI, Wo-
burn, MA, USA) to allow spectral imaging for spatial re-
solution and colocalization of chromogens. Images were
acquired from 420 to 720 nm at 20 nm steps and spectral
components unmixed as previously described.44,45 In brief,
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the spectral absorbance of each chromogen was established
from single stain controls and the contribution of each
chromogen was calculated from this reference to determine
the relative contribution at each pixel. Individual images were
then pseudocolored and combined.

Image Analysis
Image analysis was performed with SigmaScan Pro 5.0 image
analysis software (Systat Software Inc., Richmond, CA, USA).
Atherosclerotic plaque cross-sectional areas were determined
for the right carotid artery at the bifurcation, cranial ab-
dominal aorta at the level of the celiac artery, and caudal
abdominal aorta at the level of the common iliac bifurcation.
Plaque cross-sectional areas were calculated by manual deli-
mitation of plaque margins on images captured from H&E
stained cross sections, and relativized to vessel cross-sectional
areas, defined as extending from the luminal surface of the
intima to the adventitial surface of the media.

Labeling for CD3, CD68, MCP-1, VCAM-1, and Oil Red O
in vascular cross sections were quantitated as described
below. CD3þ cells were quantitated by direct object counts
alone and relativized to vessel cross-sectional area. CD68 and
Oil Red O signal were quantitated by color thresholding re-
lativized to vessel cross-sectional area. Endothelial MCP-1
signal was quantitated by imaging 100 consecutive en-
dothelial cells starting from the region of highest endothelial
MCP-1 signal on each slide and determining the percent
positive cells based on captured images. VCAM-1 signal was
quantitated by determining the cumulative length of VCAM-
1 signal-positive internal vascular circumference relativized
to the total endothelium-lined internal vascular cir-
cumference. All image analysis was conducted blinded to
group assignments.

Lesion Scoring
Vessels were scored on a 1–3 scale using American Heart
Association lesion classification criteria.46,47 For purposes of
statistical analysis, type I lesions were assigned a score of 1,
type II lesions a score of 2, type III lesions a score of 3, and
type IIa lesions a score of 2.5. Vessels were evaluated blinded
to group assignments.

Enzyme-Linked Immunosorbent Assays and Luminex
Analysis
Commercial enzyme-linked immunosorbent assay kits for
IL-18 (R&D Systems), sVCAM-1 (R&D Systems), monkey
sE-selectin (Bender MedSystems, Burlingame, CA, USA),
monkey sICAM-1 (Bender MedSystems), monkey CRP (Life
Diagnostics, West Chester, PA, USA), and the MILLIPLEXt
23-plex nonhuman primate cytokine kit, including assays for
IL-8, IL-1b, and IL-6 (Millipore Corporation, Billerica, MA,
USA) for Luminex analysis (Luminex Corporation, Austin,
TX, USA), were run on batched samples of previously frozen
plasma according to manufacturers’ instructions. Time

points analyzed included 4 weeks before SIV inoculation, 4
weeks after SIV inoculation, and immediately before killing.

Virus and T Cells
Plasma viral loads were determined by a TaqMan real-time
reverse transcription polymerase chain reaction (RT-PCR)
assay for SIV gag RNA as described in detail elsewhere.48,49 T-
cell subsets and total lymphocyte counts were monitored at
regular intervals for all animals throughout the study period.

Statistical Analysis
Significance of differences between groups was determined
using the t-test or Mann–Whitney rank-sum test as appro-
priate. Linear regression analysis was conducted to determine
significance of correlations. All analyses were performed
with commercially available software (SigmaStat 3.1; Systat
Software). Probability values of Po0.05 were interpreted as
significant.

RESULTS
Atherosclerosis in Acutely SIV-Infected and Uninfected
Rhesus Monkeys on an Atherogenic Diet
Rhesus monkeys in both study groups rapidly developed
atherosclerotic lesions. Lesions varied from scant sub-
endothelial foam cell infiltrates to deeply stratified accumu-
lations of macrophages and T cells with smooth muscle
proliferation, individuated apoptotic cells, granular mineral
deposition, and formation of early necrotic foci deep in the
intima (Figure 1a). Determination of atherosclerotic plaque
burdens for carotid artery, cranial abdominal aorta, and
common iliac bifurcation identified a predominance of ves-
sels without plaques, but a modest trend toward increased
early plaque development among SIV-infected animals
(Figure 1b). However, plaques markedly more extensive than
the mean were identified in one uninfected animal and one
SIV-infected animal (Figure 1b). Atherosclerotic plaques
from both SIV-infected and uninfected animals contained
low to moderate numbers of T cells, with T-cell involvement
extending deeply into the media in the carotid of one SIV-
infected animal (Figure 1c). Numbers of T cells in carotid
plaques correlated strongly with plaque area (Po0.001,
R¼ 0.890; Figure 1d), and also with American Heart Asso-
ciation lesion classification (Po0.001, R¼ 0.628). Plaques
from both SIV-infected and uninfected animals showed ex-
tensive macrophage involvement as evidenced by im-
munolabeling for CD68, with involvement extending focally
into the media in the carotid lesion previously described
(Figure 1e). As was seen for T cells, measures of CD68þ
signal correlated strongly with carotid plaque cross-sectional
area (Po0.001, R¼ 0.940; Figure 1f), and with American
Heart Association lesion-type classification (Po0.001,
R¼ 0.705).
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Figure 1 Atherosclerotic plaque character. (a) Thoracic aorta, SIV-negative animal. Stratified accumulations of intimal foam cells with smooth muscle proliferation,

low numbers of lymphocytes, small pools of extracellular lipid, and an early deep focus of necrosis containing scant granular mineral (hematoxylin and eosin). (b)

Summary of atherosclerotic plaque cross-sectional area findings at carotid bifurcation, cranial abdominal aorta, and common iliac bifurcation for each animal as a

function of SIV infection status. Each of the three vessels from any single animal is represented by a single color. SIV-infected animals as a group showed a modest

trend toward increased early plaque development, but one animal from each group demonstrated vessels with substantially greater plaque burdens than those of

other animals in the cohort. (c) Carotid bifurcation, SIV-positive animal. CD3 immunolabeled cells are present in moderate numbers within the mild atherosclerotic

lesion in the intima, but also extend deep into the media as part of an intense mixed inflammatory focus (CD3 immunohistochemistry with DAB chromogen and

Mayer’s hematoxylin counterstain). (d) Numbers of cells immunolabeling for CD3 within carotid plaques correlated strongly with plaque cross-sectional area

(Po0.001, R¼ 0.890). (e) Carotid bifurcation, SIV-positive animal. CD68 immunolabeled cells constitute the primary population within the intimal lesion, but also

extend deep into the media as part of an intense mixed inflammatory focus. (CD68 immunohistochemistry with DAB chromogen and Mayer’s hematoxylin

counterstain.) (f) CD68 signal area within carotid plaques correlated strongly with plaque cross-sectional area (Po0.001, R¼ 0.940).
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Plasma IL-18 Predicts Early Lesion Progression in SIV-
Infected and Uninfected Rhesus Monkeys
Plasma IL-18 levels were measured in all animals 4 weeks
before virus inoculation, 4 weeks after virus inoculation, and
immediately before killing. At the 4-week preinoculation
time point, all animals had been on the atherogenic diet for 5
months, a time by which previous work has shown that peak
IL-18 elevations associated with initiation of the atherogenic
diet have resolved and stabilized to a new baseline.39 The 4-
week postinoculation time point corresponded to establish-
ment of viral load set point after resolution of primary vir-
emia,50,51 and the final time point allowed for evaluation of
levels corresponding directly to the time at which tissues were
harvested for lesion assessment and characterization.

IL-18 levels measured 4 weeks after SIV inoculation dif-
fered significantly between SIV-infected and uninfected
groups (Po0.02); however, no significant differences were
present at other time points (Figure 2a). Baseline IL-18 levels,
measured before virus inoculation, revealed two animals with
levels significantly higher than for the remaining animals in
the cohort (Po0.05; Figure 2b). At the 4-week postinocula-
tion time point, plasma IL-18 levels for these two animals
remained essentially unchanged, whereas multiple other an-
imals from the SIV-infected group showed infection-related
increases (Figure 2c). By the time of killing 9 weeks after
inoculation, plasma IL-18 levels had dropped uniformly for
all animals, eliminating previous distinctions (Figure 2d).

Examining the relationship between levels of plasma IL-18
and measures of lesion progression, a tight set of correlations
between baseline IL-18 levels and atherosclerotic lesion se-
verity at necropsy was identified. Baseline plasma IL-18
showed close correlations with cross-sectional area of carotid
plaques (Po0.001, R¼ 0.946; Figure 2e), plaques at the
common iliac bifurcation (Po0.01, R¼ 0.789; Figure 2f),
and at the cranial abdominal aorta (Po0.01, R¼ 0.747;
Figure 2g). Furthermore, baseline IL-18 levels correlated
strongly with levels of T-cell infiltration (Po0.001, R¼ 0.835;
Figure 2h), CD68þ cell infiltration (Po0.001, R¼ 0.847;
Figure 2i), American Heart Association lesion-type classifi-
cation (Po0.05, R¼ 0.604), and extent of vascular lipid ac-
cumulation (Po0.02, R¼ 0.687). No significant correlations
were found between levels of plasma IL-18 at later time
points and any parameter quantitating atherosclerotic lesion
character or extent.

Pro-IL-18 within Atherosclerotic Plaques is Expressed by
Macrophages
Within atherosclerotic plaques themselves, pro-IL-18 ex-
pression was extensive and strongly associated with macro-
phage foam cells, as demonstrated by colocalization of pro-
IL-18 immunolabel with CD68 (Figure 3a and b). Although
T cells and many other cell types are known to be capable of
producing IL-18,6 T cells within the vascular lesions did not
demonstrate expression of pro-IL-18 as indicated by absence
of colocalization of pro-IL-18 immunolabel with CD3

in serial sections of the same vessels in which CD68 was
evaluated.

Baseline Plasma IL-8 Correlates Inversely with Lesion
Progression in SIV-Infected and Uninfected Rhesus
Monkeys
Circulating levels of the chemokine IL-8 were measured in
animals of the acute infection cohort 4 weeks before virus
inoculation, 4 weeks after virus inoculation, and immediately
before killing. Plasma IL-8 levels did not differ significantly
between infected and uninfected groups at any time point
(Figure 4a). However, at baseline, two animals demonstrated
plasma IL-8 levels substantially below the remainder of
evaluated animals (Figure 4b). Baseline IL-8 levels correlated
inversely with carotid plaque cross-sectional area (Po0.04,
R¼�0.619; Figure 4c), as well as with plaque cross-sectional
area at the common iliac bifurcation (Po0.02, R¼�0.685;
Figure 4d), and extent of CD68þ signal area in the most
severely affected vessels (Po0.01, R¼�0.775; Figure 4e). No
significant correlations were present between any measures of
lesion severity and IL-8 levels at later time points.

Plasma Viral Load, CD4 Count, and Endothelial
Activation Marker Expression do not Correlate with
Lesion Progression
A moderate spectrum of plasma viral loads was evident at 4
weeks after inoculation, with differing patterns of viral load
progression at the final time point (Figure 5a). However, viral
loads did not correlate with any measure of vascular lesion
character or extent. Furthermore, SIV-infected cells within
atherosclerotic plaques were not identified in any vessel from
this cohort of animals. Although CD4 T-cell counts were
significantly lower in SIV-infected animals than controls at
both 4 weeks after infection and killing (Po0.05), CD4 T-cell
counts also did not correlate significantly with any measure
of lesion character or extent.

Staining for lipid was extensive in all intimal plaques and
in a subset of cases extended deep into the media (Figure 5b).
Area of lipid signal relativized to total vessel cross-sectional
area correlated positively with all measures of lesion severity
including cross-sectional area of plaques in the carotid artery
(Po0.02, R¼ 0.671), common iliac bifurcation (Po0.03,
R¼ 0.637), and cranial abdominal aorta (Po0.03,
R¼ 0.652), as well as American Heart Association lesion-type
classification (Po0.01, R¼ 0.768), extent of T-cell infiltra-
tion (Po0.03, R¼ 0.647), extent of CD68þ signal area
(Po0.01, R¼ 0.719), and baseline plasma IL-18, as pre-
viously noted (Po0.02, R¼ 0.687).

Levels of sVCAM-1, a systemic marker of endothelial ac-
tivation, were significantly higher in infected animals than
uninfected animals at 4 weeks after infection (Po0.01; Figure
5c), remained higher at the time of killing (Po0.05; Figure
5c), and correlated significantly with plasma viral loads
(Po0.02, R¼ 0.691). However, levels of sVCAM-1 did not
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correlate significantly with any determined measure of lesion
character or extent (data not shown).

Levels of sE-selectin, a second systemic marker of en-
dothelial activation, did not differ significantly between
groups at any time point (Figure 5d), and like sVCAM-1, did
not correlate significantly with any determined measure of
lesion character or extent.

Levels of sICAM-1, a further systemic marker of en-
dothelial activation, also did not differ significantly between
groups at any time point and, like sVCAM-1 and sE-selectin,
did not correlate significantly with any measure of lesion
character or extent (Figure 5e).

Circulating levels of the chemokine MCP-1 in plasma did
not differ significantly between groups at any evaluated time
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Figure 2 Plasma IL-18 levels and their correlations with measures of atherosclerotic lesion severity. (a) Plasma IL-18 levels were measured at three time

points: 4 weeks before virus inoculation of the SIV-positive group, 4 weeks after virus inoculation of the SIV-positive group, and at the time of killing. IL-18

levels were significantly higher among SIV-infected animals than uninfected animals at the 4-week postinfection time point (Po0.02). SIV positive, animals

assigned to SIV-infected group; SIV negative, animals assigned to uninfected control group. (b) Plasma IL-18 levels measured at the 4-week preinoculation

time point (baseline) were significantly higher for two animals than for other study group animals (Po0.04). SIV positive, animals assigned to SIV-infected

group; SIV negative, animals assigned to uninfected control group. (c) Plasma IL-18 levels measured 4 weeks after virus inoculation differed significantly

between the SIV-infected and uninfected control groups (Po0.02) due to infection-associated increases in circulating IL-18 among animals of the SIV-

infected group. SIV positive, animals assigned to SIV-infected group; SIV negative, animals assigned to uninfected control group. (d) All significant

distinctions in plasma IL-18 levels were lost at the 9-week postinfection time point, corresponding to the time of killing. SIV positive, animals assigned to

SIV-infected group; SIV negative, animals assigned to uninfected control group. (e) Plasma IL-18 levels 4 weeks before virus inoculation (baseline) correlated

significantly with carotid atherosclerotic plaque cross-sectional area at the time of necropsy (Po0.001, R¼ 0.946). (f) Plasma IL-18 levels 4 weeks before virus

inoculation (baseline) correlated significantly with atherosclerotic plaque cross-sectional area at the common iliac bifurcation at the time of necropsy

(Po0.01, R¼ 0.789). (g) Plasma IL-18 levels 4 weeks before virus inoculation (baseline) correlated significantly with atherosclerotic plaque cross-sectional

area in the cranial abdominal aorta at the time of necropsy (Po0.01, R¼ 0.747). (h) Plasma IL-18 levels 4 weeks before virus inoculation (baseline) correlated

significantly with extent of CD3þ cell infiltration in the most severely affected vessel per animal at the time of necropsy (Po0.001, R¼ 0.835). (i) Plasma IL-

18 levels 4 weeks before virus inoculation (baseline) correlated significantly with extent of CD68þ signal area in the most severely affected vessel per

animal at the time of necropsy (Po0.001, R¼ 0.847).

Figure 3 Serial sections of abdominal aorta demonstrating pro-IL-18 production in atherosclerotic lesions. (a) Immunolabeling for CD68 (brown) and pro-IL-

18 (pink) results in such extensive overlap in macrophage-rich regions of atherosclerotic plaques that very little differentiation of individuated signal is

possible. (CD68 immunohistochemistry with DAB chromogen, pro-IL-18 immunohistochemistry with Fast Red chromogen, and Mayer’s hematoxylin

counterstain.) (b) Pseudofluorescent unmixed representation of the relative contributions of each chromogen in the stained tissue in panel (a), with pro-IL-

18 (green), CD68 (red), and colocalized signal (yellow). Pro-IL-18 signal is extensively colocalized with CD68, but regions of individuated CD68 signal beyond

the areas of colocalization are present. (Spectral imaging of chromogens from immunohistochemistry in a.) (c) Immunolabeling for CD3 (brown) and pro-IL-

18 (pink) yields clearly differentiable signal for each (CD3 immunohistochemistry with DAB chromogen, pro-IL-18 immunohistochemistry with Fast Red

chromogen, and Mayer’s hematoxylin). (d) Pseudofluorescent unmixed representation of the relative contributions of each chromogen in the stained tissue

in panel (a), with pro-IL-18 (green), and CD3 (red). Pro-IL-18 and CD3 labels show no colocalization (yellow) and occupy clearly distinct regions in the tissue.

(Spectral imaging of chromogens from immunohistochemistry in (c).)
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point and also did not correlate with any measure of lesion
character or extent. MCP-1 expression in cells associated with
vascular lesions was characteristically cytoplasmic and gran-
ular (Figure 5f). Quantification of percent MCP-
1þ endothelial cells revealed no significant differences be-
tween groups, but did demonstrate a positive correlation
with American Heart Association lesion-type classifications
(Po0.03, R¼ 0.455), and with levels of CRP at the 4-week
preinoculation time point (P¼ 0.01, R¼ 0.707). Neither
circulating levels of CRP nor of IL-6 correlated with any
examined measure of lesion character or extent, and levels
of IL-1b were below the level of detection for all animals
but one.

In a subset of vessels, endothelial VCAM-1 expression was
strong, often with circumferentially discontinuous staining
(Figure 5g). Quantification of VCAM-1 endothelial signal as
a percent of total luminal circumference showed a trend to-

ward greater levels of expression in SIV-negative animals (SIV
negative: 23.3±4.1% vs SIV positive 9.8±5.4% (mean±-
standard error)), but no significant correlation with any
measure of lesion character or extent.

DISCUSSION
In the current report, preinoculation plasma IL-18 levels,
measured 5 months after initiation of atherogenic diet and
slightly more than 3 months before killing, correlated sig-
nificantly with all measured values of atherosclerotic lesion
progression at necropsy, including plaque cross-sectional area
at three anatomically distinct sites, extent of T-cell and
macrophage infiltration, American Heart Association lesion-
type classification, and extent of vascular lipid accumulation.
These findings are in line with many reports in the recent
literature implicating a function for IL-18 in atherogenesis.
However, to the best of our knowledge, this is the first study

Figure 4 Plasma IL-8 levels and their correlations with measures of atherosclerotic lesion severity. (a) Levels of plasma IL-8 were measured 4 weeks before

virus inoculation of the SIV-positive group, 4 weeks after virus inoculation of the SIV-positive group, and at the time of killing. Circulating IL-8 levels did not

differ significantly between groups at any time point. SIV positive, animals assigned to SIV-infected group; SIV negative, animals assigned to uninfected

control group. (b) A small subset of animals from both the SIV-negative and the SIV-positive groups demonstrated baseline IL-8 levels substantially lower

than the mean. SIV positive, animals assigned to SIV-infected group; SIV negative, animals assigned to uninfected control group. (c) Atherosclerotic plaque

cross-sectional area at the carotid bifurcation showed a significant inverse correlation with baseline plasma IL-8 levels, such that more extensive carotid

plaques at necropsy were associated with lower baseline levels of IL-8 (Po0.04, R¼�0.619). (d) Atherosclerotic plaque cross-sectional area at the common

iliac bifurcation showed a significant inverse correlation with baseline plasma IL-8 levels, such that more extensive plaques at necropsy were associated with

lower baseline levels of IL-8 (Po0.02, R¼�0.685). (e) Extent of CD68 immunolabeling in the most severely affected vessel for each animal showed a

significant inverse correlation with baseline plasma IL-8 levels, such that lower baseline plasma IL-8 levels were associated with more extensive CD68þ
signal (Po0.01, R¼�0.775).
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Figure 5 Viral load, vascular lipid accumulation, and markers of endothelial activation. (a) Plasma viral loads for SIV-infected animals at 4 weeks after

infection (4 weeks post) and killing. (b) Cranial abdominal aorta, SIV-positive animal. There is intense positive staining for lipid in intimal foam cells along

with focally extensive lipid droplet accumulation in medial smooth muscle (Oil Red O). (c) Soluble VCAM-1 (sVCAM-1) levels were significantly higher in SIV-

infected animals than in uninfected animals at the 4-week postinfection time point (Po0.01) and at the time of killing (Po0.05). 4 weeks pre, 4 weeks before

virus inoculation of SIV-positive group; 4 weeks post, 4 weeks after virus inoculation of SIV-positive group; euthanasia, 9 weeks after virus inoculation of SIV-

positive group. (d) The percent change in soluble E-selectin (sE-selectin) levels from baseline did not differ significantly between groups. 4 weeks pre, 4

weeks before virus inoculation of SIV-positive group; 4 weeks post, 4 weeks after virus inoculation of SIV-positive group; euthanasia, 9 weeks after virus

inoculation of SIV-positive group. (e) Soluble ICAM-1 (sICAM-1) levels did not differ significantly between groups at any evaluated time point. 4 weeks pre, 4

weeks before virus inoculation of SIV-positive group; 4 weeks post, 4 weeks after virus inoculation of SIV-positive group; euthanasia, 9 weeks after virus

inoculation of SIV-positive group. (f) Carotid bifurcation, SIV-positive animal. Granular cytoplasmic MCP-1 staining was present in a subset of endothelial

cells in both SIV-positive and SIV-negative animals, as well as in scattered cells deeper within the intima. The percent of MCP-1þ endothelial cells correlated

significantly with scores based on American Heart Association lesion-type classification (Po0.03, R¼ 0.455) and preinoculation levels of CRP (P¼ 0.01,

R¼ 0.707) (MCP-1 immunohistochemistry with DAB chromogen and Mayer’s hematoxylin counterstain). (g) Cranial abdominal aorta, SIV-negative animal.

Many vessels showed strong, circumferentially discontinuous endothelial labeling for VCAM-1, but no significant correlations were identified between

extent of endothelial VCAM-1 expression and measures of atherosclerotic lesion character or extent (VCAM-1 immunohistochemistry with DAB chromogen

and Harris hematoxylin counterstain).
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to demonstrate the predictive value of IL-18 so early in the
process of atherogenesis, within a model where the time of
first lesion initiation can be concretely defined, because
rhesus monkeys do not develop atherosclerosis in the absence
of atherogenic diet. Correlations between levels of IL-18 and
measures of vascular lesion severity were lost at post-
inoculation week 4, at which time significant elevations in IL-
18 were documented in the SIV-infected group. Although
this result is initially surprising, it suggests that the transient
virus-induced IL-18 elevations seen in primary infection are
of substantially less importance than moderate persistent
elevations in the steady state, a finding that may be of
prognostic significance.

Baseline circulating IL-18 levels have been demonstrated to
have prognostic value in multiple contexts. They have been
identified as important predictors of coronary events and
cardiovascular mortality,11–15 as predictors of accelerated
disease progression in SIV infection,39 and as predictors of
future systolic dysfunction in a rhesus model of HIV-asso-
ciated cardiomyopathy.37 It is noteworthy that a number of
polymorphisms within the proximal promoter region of the
IL-18 gene in humans have been identified, with different
haplotypes associated with different baseline levels of IL-18
expression and concomitantly differing cardiovascular
risk.11,12,52–54 Given the substantial variation in baseline
IL-18 levels in the current rhesus cohort, the possibility of
similar polymorphisms in the rhesus population must also be
entertained. Although the findings reported here do not
support a function for early postinfection viral effects in
promoting accelerated atherogenesis, they do raise the pro-
spect that the elevated IL-18 levels seen chronically in HIV-
infected individuals may be contributory to the accelerated
atherosclerosis progression that has been documented in this
population.

That baseline IL-8 levels were found to inversely correlate
with both atherosclerotic plaque size and CD68þ cell in-
volvement was surprising in that several studies have iden-
tified elevated levels of IL-8 as an independent risk factor for
cardiovascular disease.55–57 However, other work has shown
that expression of the scavenger receptor gene SR-A in
macrophages is inversely correlated with IL-8 gene expres-
sion.58 As SR-A is one of three scavenger receptors that to-
gether are responsible for uptake of greater than 90% of
oxidized low-density lipoprotein,59,60 increasing scavenger
receptor expression in association with decreasing IL-8 gene
expression might provide a net increase in atherogenic effect,
though exploring this possibility would require substantial
further study.

To conclude, baseline IL-18 levels correlated strongly with
atherosclerotic plaque area and inflammatory cell infiltration
in this model, whereas endothelial activation markers, cir-
culating systemic levels of MCP-1, IL-1b, IL-6, CRP, plasma
viral load, and CD4 counts showed no significant relation-
ships with lesion size or character. Although viral infection
did not appear significantly contributory to atherogenesis in

the acute time frame, these findings raise the possibility that
the chronically elevated levels of IL-18 seen in later stages of
HIV infection may contribute significantly to accelerated
atherogenesis in this population.
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