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Lymphocytes represent a potentially important proinflammatory cell that localizes to atherosclerotic
lesions. To determine whether they contribute to lesion development, atherosclerosis-prone (LDLR7")
mice were crossed with lymphocyte-deficient (RAG17-) mice to generate double knockout progeny.
After 8 weeks on a Western-type diet (WTD), lesion development was reduced by 54% in double
knockout mice, as compared with matched LDLR”~ controls. However, these significant differences
in lesion area gradually subsided as the WTD was continued for 12 and 16 weeks. Consistent with
this observation, histological studies determined that lesion initiation and early progression were
delayed in RAG1/LDL-R double knockout mice. Differences in lesion area did not correlate with any
significant alterations in plasma lipid levels. These studies suggest that lymphocytes play an impor-

tant role early in atherogenesis.

J. Clin. Invest. 108:251-259 (2001). DOI:10.1172/JCI1200111380.

Introduction
The localization of both lymphocytes and macrophages
to human atheromata suggests that immune response
may contribute to the pathogenesis of atherosclerotic
lesions (reviewed in refs. 1-3). Detailed characterization
of human atheromata has determined that these cells
localize to lesions early during pathogenesis; later on they
appear to be associated with unstable lesions (2). Previ-
ous studies have determined that the Th1 subset of CD4*
Th cells are the predominate lymphocyte found in ather-
oscleroticlesions (1,2, 4, 5). The role Th1 cells play in cell-
mediated immunity has been well characterized (6, 7).
Moreover, these cells secrete IFN-y, a potent proinflam-
matory cytokine that induces the expression of major his-
tocompatibility complex (MHC) class IT and activation of
macrophages (8, 9). Consistent with this, lesional
macrophages and smooth muscle cells (SMCs) exhibit
increased levels of MHC class II expression (8, 10). The
Th2 subset of T cells may also contribute to atheroscle-
rosis, but a role for B cells is less well established (5, 11).
With the development of murine models of athero-
sclerosis (12), it has become possible to more carefully
examine the role immune response plays in the develop-
ment of atherosclerotic lesions. Consistent with the
descriptive evaluation of human tissues, studies in mice
have highlighted the essential role macrophages play in
disease pathogenesis. For example, mice defective in the
G-CSF receptor (i.e.,low macrophage numbers), MCP-1
(a macrophage-specific chemoattractant), CCR2 (the
MCP-1 receptor) and class A or class B scavenger recep-
tors (macrophage lipid receptors) are all defective in
atherogenesis (13-20). Likewise, studies on lymphocytes
also support a role in atherogenesis. For example, when
CDA40 (a potent T cell activator) is blocked, there is an
approximately 60% reduction in atherosclerosis (21).

When IFN-y (a potent cytokine secreted by T cells) is
blocked there is also an approximately 60% reduction in
atherosclerosis (22). Chemokines that are induced by
IFN-y have also been implicated in recruitment of T cells
to atherosclerotic lesions (23). Likewise, IFN-y has been
implicated in the downregulation of ABC1, a protein
that regulates cholesterol efflux from macrophages (24).
Functional mutations in ABC1 have been shown to lead
to Tangier disease (25). IFN-y also antagonizes the pro-
duction of collagen, which is widely believed to stabilize
plaque structure (2, 22, 26). Last, studies on transplant
models of atherosclerosis also strongly support a role for
IFN-y, T cells, and B cells in atherogenesis (27, 28).
Intriguingly, these studies have demonstrated that T
cell-secreted IFN-y stimulates SMC proliferation
through the upregulation of PDGF responses (29). B
cells also contribute to transplant atherosclerosis, but
their role may be limited to antigen presentation (27).

Several studies have, however, failed to support a role
for lymphocytes in atherosclerosis. Two of these studies
used lymphocyte-deficient RAG-null mice. In one study,
cholesterol-fed RAG2/apoE double knockout mice were
found to develop lesions at the same rate as “normal”
apoE-null mice (30). Similarly, another group found
that RAGI/apoE double knockout mice developed ath-
erosclerotic lesions at essentially the same rate as nor-
mal apoE-null mice on a high-cholesterol diet (31).
Female RAG1/apoE double knockout mice exhibited a
modest (i.e., 25%), but statistically insignificant, reduc-
tion in lesion area. Moreover, when these female mice
were evaluated on a chow diet, they exhibited a statisti-
cally significant 40% reduction in lesion area.

To explore this controversy, we selected the LDL-R
knockout model of atherogenesis, which appears to be
more representative of human disease. LDL-R-null
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mice were crossed with the RAGI-null mice, and
atherogenesis was evaluated. Although atherosclerotic
lesions were small after 4 weeks on a Western type diet
(WTD), they had grown significantly by 8 weeks. More-
over, they were 54% smaller in the RAG1/LDL-R double
knockout mice, suggesting lymphocyte function is
important at this point in time. Lesions continued to
grow with time, but the relative difference in lesion area
between LDL-R-null and RAG1/LDL-R double knock-
out mice became less significant. These results indicate
that lymphocytes play a more important role early in
the pathogenesis of atherosclerotic lesions.

Methods
Mice. The LDL-R-null mice (in a C57BL/6 background)
and RAGI-null mice (in a C57BL/6 background) were
obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA). Mice, maintained in a specific
pathogen-free facility, were interbred and genotyped by
PCR as described previously (32-34). Once sufficient
numbers of single- and double knockout mice were
available (i.e., about ten age- and sex-matched mice for
each group), they were placed on a WTID (21% fac,
0.15% cholesterol for 4-16 weeks; Harlan Teklad Labo-
ratory, Winfield, Iowa, USA). Hearts and fasted plasma
samples were collected from sacrificed mice.
Histochemistry. Hearts were perfused with PBS, embed-
ded in OCT, and snap-frozen. Then 10-um-thick trans-
verse sections covering 350-400 um of the proximal
aorta were collected. For atherosclerosis quantitation,
every sixth section (for a total of six sections) was
stained with Oil red O after fixation in 4%
paraformaldehyde. Lesion area was then determined by
measuring accumulated intimal lipid by video
microscopy, as described previously (35-37). To evalu-
ate lesion cellularity, nuclei were counted in serial sec-
tions that had been stained with Oil red O. Alternating
sections were stained with either hematoxylin and
eosin (H&E) or Trichrome after the fixation in 4%
formaldehyde (22). Collagen content was determined
by measuring the accumulated collagen in serial
Trichrome-stained sections, as described above.
Immunobistochemistry. Cold acetone fixed frozen sec-
tions were stained with an MHC-II-specific biotinylat-
ed mouse anti-mouse I-AP antibody (Clone AF6-120.1;
PharMingen, San Diego, California, USA). Paraffin sec-
tions were stained with rabbit anti-mouse 0-actin anti-
body (BioGenex Laboratories, San Ramon, California,
USA) or biotinylated anti-F4/80 antibody (a generous
gift from A. Stahl), at recommended dilutions, to
detect SMCs and macrophages, respectively. Briefly,
sections were blocked with horse serum (Vector Labo-
ratories, Burlingame, California, USA) and then incu-
bated with primary antibody for either 1 hour (paraf-
fin sections) or overnight (frozen sections) at room
temperature. Endogenous peroxidase was inhibited by
ImmunoPure peroxidase suppressor (Pierce Chemical
Co., Rockford, Illinois, USA). Sections were then
stained with a biotinylated goat anti-rabbit antibody

(Vector Laboratories) and detected with reagents from
Vectastain (ABC kit and DAB substrate kit; Vector
Labs, Burlingame, California, USA). Sections were
counterstained with hematoxylin (Sigma Chemical
Co., St. Louis, Missouri, USA) and evaluated under a
Nikon Elipse TE300 microscope (Nikon Inc.).

Flow cytometry. Single-cell suspensions were prepared
from peripheral blood and stained with an APC-conju-
gated antibody to CD3 (145-2C11; PharMingen) and a
PE-conjugated antibody to CD45R/B220 (RA-3-bB2;
PharMingen). All analyses were performed on a FAC-
SCalibur flow cytometer and analyzed with CellQuest
software (both from Becton Dickinson and Co.,
Franklin Lakes, New Jersey, USA).

Lipid studies. Plasma samples, collected at the time of
sacrifice, were evaluated for total cholesterol content by
a colorimetric enzymatic assay (Cholesterol CII kit;
Wako Chemicals USA Inc., Richmond, Virginia, USA).
Samples were also pooled and fractionated by FPLC
(Superose 6; Amersham Pharmacia Biotech AB, Upp-
sala, Sweden) prior to evaluation for total cholesterol,
as described previously (35, 38).

Listeria infection. Listeria monocytogenes were grown and
prepared as described previously (39). Before injection,
bacteria were diluted to 1 X 108 in sterile PBS and then
introduced into the peritoneal cavity. After infection,
mice were evaluated twice daily for up to 14 days.

Results

Generation of RAG1/LDL-R double knockout mice. Previous
efforts to examine the role of lymphocytes in the devel-
opment of atherosclerotic lesions were carried out in the
apoE-null model of atherosclerosis. However, studies
demonstrating that apoE-null mice exhibit an impaired
immune response during infection with Listeria monocy-
togenes raised a potential concern over using this model
to evaluate immune response in atherosclerosis (40).
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Figure 1

LDL-R knockout mice exhibit a wild-type survival response to Listeria
infection. C57BL/6 mice (n = 10) and age-matched LDL-R knockout
(ko) mice (n = 15) were infected intraperitoneally with 1 x 108 cfu of
Listeria monocytogenes. They were monitored twice daily for the fol-

lowing 2 weeks. There were no deaths beyond day 10.
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Figure 2

a C57BL/6 b LDL-R ko , ,
) 4 T "o 99 X RAG1/LDL-R double knockout (dko) mice do not express peripheral
- . lymphocytes. The number of CD3* (a pan T cell marker) and B220*
23 (a pan B cell marker) cells found in the peripheral blood of C57BL/6
S ] g (a), LDL-R ko (b), RAGT ko (c), RAGT*~ (d), and RAG1/LDL-R dko
8 " o (e) mice was determined by flow cytometry. These results are repre-
o3 sentative of more than ten independent experiments.
00 10! 102 108 10 10 10! 102 108 104
cD3 CcD3 .
C RAGT ko d LDL-R ko: RAG#~ mg/dl) on a chow diet. In contrast, LDL-R-null and the
2 o1 00 e =5 w double knockout cholesterol levels were elevated (~250
' mg/dl) on a chow diet and increased further ona WTD
° ° (~1,300 mg/dl). These studies confirm that the double
§ 10 % knockout mice exhibit the elevated cholesterol levels
found in LDL-R-null mice and the loss of mature lym-
phocytes found in RAGI-null mice.
i Development of atherosclerosis in RAG1/LDL-R double
knockout mice. Previous studies in the apoE-null model
€ _  RAG1LDL-R dko of atherosclerosis had suggested that lymphocytes have
= 02 0.0 their greatest influence early during murine atherogen-
=y esis (31). To examine lesion development in RAGI/LDL-
° R double knockout mice, RAGI*~/LDL-R7/- and
q RAGI7/-/LDL-R”~ littermates were placed on a WTD. As
@ shown in Table 2, mice in both study groups, especially
: males, gained weight at equivalent rates. Lesion devel-
RCRR TR ST S opment was then assessed at several time points over a
Ccb3 16-week period of study. At 4 weeks, lesions were
extremely modest (i.e., fatty streaks), but smaller (i.e.,
~30%) in the double knockout mice (Figure 3). By 8
Therefore, the immune response of another well-char-  weeks, lesions in both groups had grown considerably
acterized model of murine atherosclerosis, LDL-R and were 54% smaller (P < 0.001) in RAGI/LDL-R dou-
knockout mice (32), was evaluated. As shown in Figure ble knockout mice (Figure 3 and Table 3). This signifi-
1, the ability of LDL-R knockout (Figure 1, ko) mice to
resist Listeria infection was equivalent to that of wild-
type C57BL/6 mice. Thus, LDL-R mice were selected for
our study and crossed with RAGI-null mice, which are 120 4 weeks 300 8 weeks
defective in the generation of mature lymphocytes (34). €
The establishment of RAG1/LDL-R double knockout § 100 ° 250 g
mice (Figure 2, dko), monitored by a PCR, was con- =t
firmed by assessing peripheral lymphocytes and choles- et 80 ° 200 8
terol levels of double knockout mice. As anticipated, 2 e 150 & o
mice null (-/-) for the LDL-R and heterozygous (+/-) for 5 & 9 8
RAG1 exhibited the wild-type pattern of CD3M (i.e., 3 40 8 §. 100 é
mature T cells) and B220" (i.e., mature B cells; Figure 2). § 2 o 8 5 E
In contrast, these cells were absent in the both RAG1 = o
knockout and RAG1/LDL-R double knockout mice. 0 0 °
LDL-R ko dko LDL-R ko dko
Next, the total plasma cholesterol levels were evaluated
in these groups of mice (see Table 1). RAGI knockout 600 12 weeks 1200 16 weeks
mice exhibited a wild-type level of cholesterol (~80 o
£ 500 o 1000 o
g °® 2 °
Figure 3 X 400 ° 800 8
The development of atherosclerotic lesions is delayed in RAG1/LDL-R P o g o
double knockout mice. Lesion area from individual LDL-R knockout (ko) < 300 € S 600 o
and RAG1/LDL-R double knockout (dko) mice after 4, 8, 12, and 16 ,§ 200 ° - 200 'é' -
weeks on a WTD are indicated. Data from male and female mice are g 8 g o 8
combined (see Table 3). Mean lesion areas are represented by hori- § 100 o 200 ° 8
zontal bars. The only significant difference between the two study = ° 8 °
groups is at 8 weeks (**P < 0.001; Mann-Whitney U test; Student’s ¢
test of either areas or their square roots yielded even lower P values). LDL-R ko dko LDL-R ko dko
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Cell density in atherosclerotic lesions from LDL-R knockout and RAG7/LDL-R double knockout mice. Atherosclerotic lesions in the aortic
root of LDL-R ko (a and ¢) and RAG1/LDL-R dko (b and d) mice, fed a WTD for either 8 weeks (a and b) or 16 weeks (c and d), are stained
with Oil red O and hematoxylin (to visualize the nuclei). The average number of nuclei per square millimeter of lesion area, quantitated
from serial sections of both study groups at 4, 8, 12, and 16 weeks, is presented in e. LDL-R ko mice are represented by open bars, and
RAG1/LDL-R dko mice by filled bars. Error bars reflect differences in cell density between individual mice in each group. There are no sig-

nificant differences between study groups.

cant reduction in lesion area was greater in double
knockout females (i.e., 62.2%; P < 0.017) than in the
double knockout males (i.e., 52.5%; P < 0.008; see Table
3). Lesions also tended to be larger in the females.
Although reduced lesion area persisted in the double
knockout mice at 12 weeks (i.e., 22% in males and 32%
in females), this was no longer significant (i.e., P < 0.2).
Moreover, differences in lesion area between the
RAG1/LDL-R double knockout and LDL-R single knock-
out study groups were virtually absent by 16 weeks of
WTD (Figure 3). These observations indicate that lym-
phocytes play an important role early in atherogenesis.

Histological analysis of atherosclerotic lesions in RAG1/LDL-
R double knockout mice. To determine whether there were
any qualitative differences in the atherosclerotic lesions
that developed in LDL-R knockout and RAG1/LDL-R
double knockout mice, a series of histological studies
were carried out. H&E sections confirmed that lesions

Table 1
Total plasma cholesterol in C57BL/6, RAGT ko, LDL-R ko, and
RAG1/LDL-R dko mice

C57BL/6) RAGTko LDL-R ko RAG1/LDL-R dko
Chow 787 78+ 6 270 £ 68 248 + 47
WTD 210 160 1,388 + 251 1,258 + 169

Fasting total cholesterol levels were determined colorimetrically (Cholesterol
ClIl kit; Wako Chemicals USA Inc.) in plasma collected from C57BL/6, RAGT-
ko, LDL-R-ko, and RAG1/LDL-R-dko mice, after 4 weeks on a chow or WTD.

were larger and more developed in the RAGI/LDL-R
double knockout than in LDL-R knockout mice after 8
weeks of WTD (see Figure 4, a and b). In an effort to
characterize these apparent structural differences, two
quantitative studies were carried out. First, lesion cel-
lularity was accessed by determining the relative densi-
ty of nuclei in lesions throughout the study (Figure 4).
As anticipated, the steady increase in lesion area
observed on WTD correlated with a steady increase in
the number of cells (i.e., nuclei) in both study groups
(compare Figure 4, a and b, with Figure 4, c and d).
However, cellular density within these lesions remained
remarkably steady in weeks 4-12 and then dropped
modestly by week 16 (Figure 4e). Moreover, there were
no significant differences in the lesional cell density
between the LDL-R knockout and RAG1/LDL-R double
knockout mice during the study period.

An increase in collagen content is another important
feature in growing atherosclerotic lesions. Previous
studies had determined that a loss in the ability to
respond to the important T cell cytokine, IFN-y, corre-
lated with an increase in lesion collagen content (2, 22,
26). Aloss of T cells in RAG1/LDL-R double knockout
mice might therefore be expected to lead to increased
lesional collagen content. To examine this, sections
from both study groups were evaluated with
Trichrome, which stains collagen blue. As shown in
Figure 5, the well-developed lesions found in 8-week
LDL-R knockout lesions were rich in collagen content
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(Figure Sb). In contrast, the collagen content of the
smaller RAG1/LDL-R double knockout lesions was con-
siderably more modest (Figure Sb with Figure Se).
However, by 16 weeks considerably more collagen (and
complexity) was evident in the double knockout lesion
(Figure 5f). This corresponded with a more modest
increase in the LDL-R-null lesions (Figure 5c). These
observations were confirmed by a careful quantitation
of the collagen content in serial lesion sections from
both study groups (Figure 5g). These studies showed
that collagen content was significantly lower at 8 weeks
in the RAG1/LDL-R double knockout than in the LDL-
R single knockout lesions (P < 0.01). By 12 weeks, the
double knockout lesions had caught up and possibly
surpassed the LDL-R knockout lesions in collagen con-
tent. This trend continued at 16 weeks, but the modest
increase in collagen content found in double knockout
mice became more significant (P < 0.5).

A final set of studies on these lesions entailed immuno-
histochemistry to evaluate the cell types in these lesions.
First, lesions were examined for MHC class II, whose

Table 2
Body weight (grams) in RAG7/LDL-R dko and LDL-R ko mice

Weeks Female

on WTD LDL-R ko RAG1/LDL-R dko LDL-R ko

4 18.4+ 1.3 (n=4) 17.0 £ 1.6 (n = 4) 23.1+1.1 (n=4)
8 18.0£2.0(n=9)  18.0£2.1(n=10)  24.6%2.5(n=13)
12 183+2.0(n=6)  161:29(n=12)  253%43(n=7)
16 19.5+3.6 (n=8) 214+1.0(n=5)  30.3+4.9(n=18)

Body weights were measured at the time of sacrifice. Numbers of mice in each study group are indicated in
parenthesis. Data from male and female mice are shown separately. No significant differences were noted.
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Figure 5

Collagen contents in the atherosclerotic lesions in
LDL-R knockout and RAG1/LDL-R double knock-
out mice. Representative atherosclerotic lesions
from the aortic root of LDL-R ko (a-c) and
RAG1/LDL-R dko (d-f) mice, fed a WTD for either
8 weeks (a, b, d and e) or 16 weeks (c and f) are
presented. Specimens were prepared either as
paraffin sections (a, b, d and e) or frozen sections
(c and f), and stained either with H&E (a and d)
or Trichrome (b, ¢, e, and f). Collagen, which is
stained blue by Trichrome, was quantitated in
serial sections in both study groups at 4, 8, 12,
and 16 weeks. The average collagen content per
square millimeter of lesion area is presented in g.
LDL-R knockout mice are represented by open
bars and RAG1/LDL-R dko mice by filled bars.
Error bars reflect differences in collagen content
between individual mice in each group. Collagen
content is significantly lower in dko mice at 8
weeks (**P < 0.01, by Mann-Whitney U test) and
16 weeks (*P < 0.05, by Mann-Whitney U test).

expression is often considered to reflect a response to
IFN-y (1, 41). Although MCH class II-positive cells were
found scattered throughout lesions (i.e., in macrophages,
SMCs, and endothelial cells) in both study groups, they
were always more prevalent in LDL-R knockout lesions,
suggesting a response to lesional IFN-Y. A representative
analysis of 8-week lesions is shown in Figure 6 (compare
Figure 6a with Figure 6b). Lesions were also stained for a
macrophage specific marker. Consistent with evidence
from the histological evaluation (see Figures 4 and 5),
macrophages were the predominant cell type in the 8-
week RAG1/LDL-R double knockout lesions. The relative
decrease in macrophages in LDL-R knockout lesions at 8
weeks (Figure 6, ¢ and d), or later lesions (data not
shown), may reflect macrophage apoptosis (42). Staining
lesions for a-actin revealed a distribution of SMCs that
was similar in both RAG1/LDL-R double knockout and
LDL-R knockout lesions (Figure 6e with Figure 6f). That
is, SMCs were predominantly localized to the smooth
muscle layer, with a number of positive cells throughout
the lesions. These histological studies highlight differ-
ences found in early atheroscle-
rotic lesions from LDL-R
knockout and RAGI1/LDL-R
double knockout mice.

Plasma cholesterol in
RAGI1/LDL-R double knockout
mice. During the dietary trial,
plasma cholesterol levels of
both study groups were care-
fully measured. Consistent

Male

RAG1/LDL-R dko
23.4+2.1(n=5)
24.6 2.3 (n=16)
211 £1.6 (n=4)
32.5+7.5(n=7)

with previous reports (30, 31),
total plasma cholesterol levels
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tended to be modestly lower in all of the WTD-fed
RAG-null mice (Table 4). Although none of these dif-
ferences were statistically significant, they were more
striking in females. Of note, these small differences
persisted throughout the study, even when differences
in lesion area were rapidly decreasing, and demon-
strate a lack of correlation between the differences in
cholesterol levels and lesion area. Furthermore, these
differences did not correlate with the trend of study
mice, especially males, to gain some weight during the
study (Table 2).

Next, pooled samples of plasma were fractionated by
FPLC chromatography to evaluate lipoprotein frac-
tions (22, 38). As anticipated, LDL-R-null mice exhib-
ited prominent cholesterol rich VLDL and LDL peaks
(see Figure 7). Although the LDL peak, which corre-

Table 3
Mean lesion area (um?) in RAG1/LDL-R dko and LDL-R-null mice?

Figure 6

Immunohistochemical analysis of the atherosclerotic lesions in LDL-
R knockout and RAGT/LDL-R double knockout mice. Representative
8-week lesions from LDL-R ko (a, ¢, and e) and RAG1/LDL-R dko (b,
d, and f) mice, prepared as frozen sections, are stained with anti-
bodies specific for MHC class Il (a and b; AF6-120.1, PharMingen),
macrophages (c and d; F4/80), and SMCs (e and f; a-actin, Bio-
Genex Laboratories). Positive cells are stained brown (e.g., as indi-
cated with arrows in aand b).

lates more directly with atherosclerosis, remained rel-
atively constant in both groups throughout the study,
the VLDL peak in RAG1/LDL-R double knockout mice
was reduced at 4, 8, and 12, but not 16 weeks. Buoyant
density centrifugation determined that these differ-
ences were not due to changes in the levels of apoB and
apoA-I (data not shown). It has recently been demon-
strated VLDL is considerably less atherogenic than
LDL in mice (43). These observations indicate that
lymphocytes do not significantly affect the athero-
genic profile of plasma lipids. They may, however,
influence VLDL metabolism.

Discussion

The colocalization of activated T cells and macrophages
to early atherosclerotic lesions and to the shoulders of
more mature lesions, suggests that cellular immunity
may play an important role in the pathophysiology of
atherosclerotic disease (1, 3, 5, 44). The development of
murine models has provided an opportunity to evalu-
ate the potential role of these immune cells in disease
pathogenesis (12). Recent studies in mice have demon-
strated that macrophages and two T cell activators,
CD40 and IL-12, effectively promote atherogenesis (13,
21, 45); and that IL-10, a known T cell antagonist,
appears to moderate atherogenesis (46-49). Moreover,
IFN-y, a potent proinflammatory T cell effector, has
also been shown to promote atherogenesis (2, 5, 22).

A number of observations, however, argue against an
important role for T cells in atherogenesis. There has
been a limited success in identifying the antigen(s) that
is responsible for activating lesional T cells. Currently,
the most promising antigens appear to be epitopes of
oxidized LDL (e.g., malondialdehyde-LDL), which are
known to stimulate the formation of auto-antibodies

(1,3,5,50,51). Addi-
tionally, two studies
have reported that
atherosclerosis devel-

ops normally in lym-

Weeks Female Male hocvte-deficient
on WTD LDL-R ko RAG1/LDL-R dko LDL-R ko RAG1/LDL-R dko phocy

mice (30, 31). Howev-
4 55,038 + 34,003 42,040 + 20,777 48,486 + 5,393 30,573 + 9,382 et one of these stud-
8 186,376 + 84,893 70,499 + 21,2994 140,197 + 56,598 73,568 +37,6038 4 40%
12 355,987 + 119,849 239,952 + 114,201 273,770 + 145,150 214,863 + 57,918 'S noted ~a 4l
16 630,652 + 238,179 603,448 + 200,747 311,757 + 110,679 427,835+ 175,521 reduction in lesion

area when lympho-

Proximal aortic lesion area in LDL-R ko and RAG1/LDL-R dko mice fed a WTD for 4, 8, 12, and 16 weeks are presented. Data cyte-deﬁcient females

from male and female mice are shown separately. There are significant differences between the two study groups at 8 weeks
as indicated (Mann-Whitney U test; Student’s t test of either areas or their square roots yielded even lower Pvalues). See Table

were fed a chow diet

2 for the number of mice in each study group. AP < 0.017, Mann-Whitney U test. 8P < 0.008, Mann-Whitney U test. (3 1), whereas the sec-
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ond study focused on more mature lesions (30). This
observation suggested that lymphocytes might play a
more important role in the early development of ath-
erosclerotic lesions.

Several models have been suggested to account for
these conflicting results. For example, lymphocytes
may mediate responses that both promote and antag-
onize atherogenesis. Thus, a loss in lymphocytes might
not yield a significant change. In such a scenario, the
Th1 subset of T-lymphocytes (6, 7), which are impli-
cated in cellular immunity, may serve to promote ath-
erosclerosis. In contrast, Th2 cells, which antagonize
Th1 function (7), may serve to impede the development
of atherosclerotic lesions. Consistent with this notion,
IL-12, a potent Th1 inducer, has been shown to pro-
mote atherogenesis (45, 48). In contrast, IL-10, a potent
Th2 cytokine, has been shown to antagonize atheroge-
nesis (46-49). Another possibility may be that lympho-
cytes play a more important role early in lesion devel-
opment, but once a critical level of macrophage
recruitment/activation has been achieved, their role

Table 4

Total plasma cholesterol (mg/dl) in RAG1/LDL-R dko and LDL-R ko mice

becomes less important. This latter possibility is sup-
ported by one study on RAGI/apoE double knockout
mice, where the lymphocyte-deficient mice exhibited
diminished atherosclerosis on a chow diet (31).

To more directly explore the role of lymphocytes in
early atherogenesis, lymphocyte-deficient RAGI
knockout mice were crossed with LDL-R knockout
atherosclerosis-prone mice. Of note, we determined
that the LDL-R knockout model did not exhibit any
potentially confounding perturbations in immune
response, as is the case with apoE-null mice (see Fig-
ure 1). The RAGI/LDL-R double knockout mice devel-
oped the anticipated increase in plasma cholesterol
when fed a WTD (ref. 52; see Tables 1 and 4).
Although these levels tended to be lower than those of
RAGI-null mice in each matched group (except the
16-week males), these differences were never statisti-
cally significant (Table 4). Similar results have been
reported in the RAGI1/apoE double knockout mice
(31). Consistent with these observations, cholesterol
profiles of pooled FPLC fractionated plasma from
RAG1/LDL-R double knockout
mice revealed a notable loss in
VLDL cholesterol content (versus

Weeks Female

on WTD LDL-R ko RAG1/LDL-R dko LDL-R ko
4 1,354 + 368 1,102 + 126 1,229 + 279
8 1,570 £ 318 1,137 £ 256 1,454 £ 315
12 1,261 £ 251 1,247 £ 326 1,351 £ 271
16 1,500 + 234 1,195 + 94 1,427 £ 476

Fasting total cholesterol levels were determined in LDL-R ko and RAG1/LDL-R dko mice after 4, 8,12, and
16 weeks on a WTD. Data from male and female mice are shown separately. No significant differences

were

LDL-R single knockout mice),

Male except again at 16 weeks. These
RAG1/LDL-Rdko findings suggest that lympho-
1,063 + 82 cytes, or the factors they secrete,

1,164 + 350 have the capacity to regulate

1,204 = 186 VLDL metabolism. This regulato-
1,568 + 163 ry response could occur either

noted. See Table 2 for the number of mice in each study group.

directly in the circulatory system,
or in the liver. We favor the latter
possibility, as previous studies
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have shown that IL-6, IFN-y, and TNF (potentially
secreted by large population of lymphocytes found in
the GI tract) regulate the liver vitality and metabolism
(22, 53, 54). Differences in cholesterol and
apolipoprotein particles did not correlate with differ-
ences in atherogenesis (see below).

Comparison of atherosclerotic lesions in LDL-R
knockout and RAG1/LDL-R double knockout mice
identified important differences. Although differences
in the small 4-week lesions were not significant, by 8
weeks RAGI/LDL-R double knockout lesions were 54%
smaller than LDL-R knockout lesions (P < 0.001). This
suggested a significant delay in early lesion develop-
ment. Consistent with previous studies (30, 31), this
difference subsided over the subsequent weeks of the
study. Histological analysis highlighted the lower com-
plexity and smaller size of the lesions found in 8-week
RAGI1/LDL-R double knockout mice. They appeared to
consist solely of foam cells, with significantly lower col-
lagen content; again indicating a delay in early lesion
progression. In contrast, at 12 weeks collagen content
was slightly higher in the RAG1/LDL-R double knock-
out mice; by 16 weeks this difference had achieved
modest significance (P < 0.05). This latter observation
correlated with our previous finding that collagen con-
tent is increased in the atherosclerotic lesions of IFN-y
resistant mice (22). That is, because lesional IFN-y,
which is produced by T cells, serves to antagonize col-
lagen production (2, 5, 10, 26), then mice without
lesional T cells (i.e., RAGI-null mice) should have
increased lesion collagen content. Unexpectedly, we
observed only a modest increase in collagen content in
mature (i.e., 16-week-old) RAG1/LDL-R double knock-
out lesions. This raised the possibility that other cell
types (e.g., macrophages or NK cells; refs. 6, 55) may
have contributed to lesional IFN-Y production, which
in turn antagonized collagen production. Consistent
with this possibility, cells in the RAGI/LDL-R double
knockout lesions also exhibited modest levels of MHC
class IT expression at all study time points (Figure 5,
and data not shown). However, several other possibili-
ties may account for these unexpected observations.
For example, the RAG-null phenotype may lead to a
balanced loss of both proatherogenic activities (e.g.,
IFN-v-secreting Th1 cells; refs. 2, 22-25, 29) and anti-
atherogenic activities (e.g., IL-10-secreting TH2 cells;
refs. 45, 47-49). There may also be inherent differences
between collagen accumulation in the apoE knockout
model (exploited in earlier studies; refs. 30, 31, 56) and
the LDL-R knockout model in the current study. Recent
studies indicating that apoE directly antagonize SMC
activity support this idea (57). Thus, unique features of
the LDL-R-null model atherosclerosis may have served
to enhance the effect of a loss in lymphocytes on early
atherogenesis suggested by an earlier study (31).

The current studies demonstrate that lymphocytes
play an important role in the early pathogenesis of ath-
erosclerotic lesions, but with time (e.g., once a critical
mass of inflammatory cells has accumulated) other

atherogenic stresses compensate for the absence of lym-
phocytes. One likely stress is the presence of oxidized
lipids, which can activate important signaling cascades
within macrophages and other lesional cells, and whose
presence correlates well with atherogenesis (51, 58-60).
Oxidized lipids can stimulate the expression of impor-
tant proinflammatory molecules (e.g., IL-1, TNF,
MCP-1, IL-8, CCR2, VCAM, and ICAM-1; ref. 5) and
thus promote recruitment and activation of lesional
macrophages (61). This pattern of innate responses
may, however, be dependent on the high levels of serum
lipids found in murine models of atherosclerosis. This
may not, however, accurately reflect the events of
human atherogenesis, where lesions develop over a
more prolonged period. Moreover, in human lesions T
cells are predominantly localized to both smaller, less
stable lesions and to the more dynamic/pathogenic
shoulder region of mature lesions (2, 62). Thus, in
human lesions T cells may play a more important role
in both lesion development and instability that is asso-
ciated with acute coronary disease. A more detailed
characterization of immune response during early
events in murine atherosclerosis is likely to provide
important insight into the human atherogenesis.
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