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Natural regulatory T cells control
the development of atherosclerosis
1n mice
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Atherosclerosis is an immunoinflammatory disease elicited

by accumulation of lipids in the artery wall and leads

to myocardial infarction and strokel:2. Here, we show that
naturally arising CD4+CD25* regulatory T cells, which actively
maintain immunological tolerance to self and nonself
antigens34, are powerful inhibitors of atherosclerosis in several
mouse models. These results provide new insights into the
immunopathogenesis of atherosclerosis and could lead to new
therapeutic approaches that involve immune modulation using
regulatory T cells.

Atherosclerosis is a chronic disease of the arterial wall. Traditional risk
factors include hypercholesterolemia, smoking, male gender, hyper-
tension, diabetes and age. But an increasing body of evidence suggests
that the immune system is a major factor modulating the atherogenic
process2. There is solid evidence from several independent groups
that T helper type 1 (Tyl)-driven responses are detrimental to the
atherosclerotic process?. A current paradigm in atherosclerosis stip-
ulates that the opposing forces of Tyl and Ty2 responses control the
disease process">°. This idea is based on findings by our group and
others that interleukin (IL)-10, a Ty2-related cytokine, exerts major
antiatherogenic effects®. In addition, immunization of mice suscep-
tible to atherosclerosis with oxidized low-density lipoproteins is
associated with IL-5—dependent atheroprotection, suggesting a Ty2-
related effect’. However, deficiency in IL-4, the prototypic Ty2-related
cytokine, decreases the formation of atherosclerotic lesions®, and T2
responses may promote progression of atherosclerotic lesions’.

A specific component of the immune system, known as the
CD4*CD25" regulatory T cell (Tyg) repertoire, is specialized for the
suppression of both Tyl and Ty2 pathogenic immune responses
against self or foreign antigens, and controls T-cell homeostasis
(reviewed in refs. 3,4). Recently, we showed that administration of a
clone of type 1 regulatory T cells producing high levels of IL-10
downregulated the pathogenic immune response and led to a decrease

nature,, .
medicine

in development of atherosclerotic plaques and inflammation in the
apolipoprotein E—deficient (Apoe™”™) model'®. But the role of
the natural CD4*CD25" Ty, cell repertoire in the control of athero-
sclerotic plaque development remains unknown. Here, we tested the
hypothesis that in atherosclerosis, an imbalance between regulatory
and pathogenic immunity substantially contributes both to plaque
inflammation and plaque development.

We first examined the effect of deficiency of CD4*CD25% Ty cells
on the development of atherosclerosis. Because CD25 (IL-2 receptor
alpha chain)-deficient (II2ra”~) mice die prematurely from severe
autoimmune disease with cachexia and malabsorption!!, they are not
suitable for the study of the effect of Ty cell deficiency on athero-
sclerosis. Similarly, reconstitution of irradiated mice with I 2ra~"~ bone
marrow!! or transfer of II2ra”~ T cells to immunodeficient Apoe™~
mice (H.A.-O., BL.S,, P.G,, AT. & Z.M., unpublished data) induces
severe autoimmune disease leading to death. Interactions between the
costimulatory molecules CD80, CD86 and CD28 are required for the
generation and homeostasis of CD4*CD25" Ty, cells, and these
interactions control the development of autoimmune diabetes in
nonobese diabetic mice!>!3. Therefore, we examined the effect of
combined deficiency of Cd80 and Cd86 (which encode CD80 and
CD386, respectively) on the development of atherosclerosis in C57Bl/6
low-density lipoprotein receptor—deficient (Ldlr~) mice, known to be
susceptible to development of disease when fed a high-fat, high-
cholesterol diet. We used the irradiation—bone marrow transplantation
model in order to be less dependent on costimulatory activation of
T cells and to permit the study of the role of Ty cell deficiency.
Development of atherosclerosis was assessed by investigators blinded
to the study conditions (Supplementary Methods online). After 20
weeks of atherogenic diet, spleen Ty, cell number (CD25"¢"Y high Treg)
assessed by flow cytometry was significantly higher in mice recon-
stituted with bone marrow from Cd80*/*Cd86*/* mice (2.91 + 0.13%)
compared to those reconstituted with bone marrow from
Cd80~'-Cd86™~ mice (1.00 % 0.17%; P < 0.01). Despite similar
total serum cholesterol levels (12.41 + 0.44 g/l versus 12.65 +
0.51 g/l in controls and Cd80~ ~Cd86™"~ chimeric mice, respectively),
we found a marked twofold increase in lesion size at the aortic root in
mice reconstituted with CA807~Cd86~'~ bone marrow compared with
controls (Fig. la), indicating an inverse relationship between the
presence of Ty, cells and the development of atherosclerosis.
Similar results were obtained using Cd287~ bone marrow (Fig. 1a).
Several factors may explain the apparent discrepancy between our
results and other previously reported results'* showing a reduction in
lesion development in young CdA807~Cd86~-Ldlr'~ mice. In our
model, Ldlr’~ mice expressed CD80 and CD86 before irradiation
and most probably expressed these proteins on nonhematopoietic cells
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after bone marrow transplantation. Lymphopenia-induced T-cell pro-
liferation in our model is less dependent on costimulation, whereas
deficiency of CD80 and CD86 from birth'* would presumably have
affected proliferation and activation of naive T cells. Others'* have
noted a secondary ‘acceleration’ of atherosclerosis in Cd807/~Cd86~~
mice, which could be explained by a deficiency of T cells.

We next examined the causal relationship between deficiency of
CD4*CD25" Ty cells and the development of atherosclerotic lesions.
First, we examined whether transfer of splenocytes deficient in
CD4*CD25" Ty cells affected the development of atherosclerosis in
Apoe™~ mice also deficient in recombinase activating gene-2 (Rag2).
These mice develop marked atherosclerosis upon transfer of mature T
cells. We intravenously administered Tpeq cell-poor Cd28 /= splenocytes
to Apoe’~Rag2™'~ mice. Other Apoe”~Rag2~~ mice received wild-type
splenocytes and served as controls. No signs of spontaneous auto-
immune disease were present in these mice when they were killed (data
not shown). Lesion size more than doubled (P 0.012) in
Apoe”"Rag2”'~ mice injected with Cd287~ splenocytes compared to
mice injected with wild-type splenocytes (Fig. 1b), despite no differ-
ence in serum cholesterol levels (14.5 = 0.9 g/l versus 13.3 + 0.7 g/l in
mice injected with control or Cd287~ splenocytes, respectively, P >
0.5). The lesions of mice injected with the Cd28~ splenocytes showed
a more advanced plaque phenotype, as shown by an increase in
collagen content (Fig. 1) and a decrease in accumulation of macro-
phages (Fig. 1c). But substantial T-cell infiltration still occurred in
these lesions, suggesting an unabated inflammation (Fig. 1d). Notably,
cotransfer of CD4"CD25" T, cells abrogated the induction of athero-
sclerosis induced by Cd28~~ splenocytes (Fig. 1), indicating a major
role for natural CD4"CD25" Ty cells in the control of atherosclerosis.
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Figure 1 Natural regulatory T cells control the
development of atherosclerosis. (a) Represen-
tative photomicrographs and quantitative analysis
of atherosclerotic lesion size in the aortic root of
irradiated Ldlr’~ mice reconstituted with bone
marrow from either wild-type control mice (Cont,
n = 10), Cd80-Cd867 mice (n = 9) or Cd28™"-
mice (n = 11), showing increased lesion size in
Cd807-Cd867 and Cd287 mice. Cd80"Cd867"-
and Cd28" mice are deficient in natural
regulatory T cells. Values represent mean + s.e.m.
*P < 0.01. (b-e) CD4*CD25* Tieg cells control
the increase in lesion size and inflammation
induced by transfer of Cd287 splenocytes.
Eight-week-old female Apoe”~Rag2”~ mice were
transferred with 107 splenocytes from either wild-
type (one group of seven mice) or Cd287~ mice
(three groups, seven mice per group). Two of the
three groups injected with Cd287 splenocytes
were coinjected with either 108 CD4*CD25* or
106 CD4*CD25" cells isolated from wild-type
mice. Mice were put on a proatherogenic diet for
6 weeks. (b) Representative photomicrographs
and quantitative analysis of atherosclerotic lesion
size in the aortic root. Cont indicates injection
with Cd28'* splenocytes. (c) Representative
photomicrographs and quantitative analysis

of lesion macrophage content (MOMA-2).

(d) Representative photomicrographs and
quantitative analysis of lesion T-cell infiltration
(number of CD3* cells/mm?). (e) Representative
photomicrographs and quantitative analysis of
lesion collagen (Sirius red) content. Values
represent mean + s.e.m. *P < 0.05 compared
with control, **P < 0.05 compared with CD287-.
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In addition, cotransfer of Ty, cells resulted in a marked reduction in
infiltration of T cells (82% reduction) and macrophages (35% reduc-
tion) into plaques and a substantial increase in collagen content (58%),
suggesting reduced plaque inflammation and increased plaque healing
(Fig. 1). Cotransfer of CD25-depleted CD4" cells with Cd28~~ sple-
nocytes into Apoe”~Rag2”~ mice led to severe autoimmune disease
(colitis, dermatitis, splenomegaly) with a significant decrease in serum
cholesterol levels, probably resulting from malabsorption (8.3 + 0.8 g/l,
P < 0.0001 compared to the other groups). Nevertheless, these mice
still developed inflammatory lipid lesions that were comparable in size
to those observed in mice injected with wild-type splenocytes.

We next examined whether the cotransfer of T cells resulted
in the reconstitution of a regulatory CD4*CD25* compartment in
Apoe'"Rag2™"~ mice injected with Cd287~ splenocytes. Absolute cell
numbers recovered from spleens were similar between mice injected
with Cd28*/* or Cd287'~ splenocytes with or without Ty, cells (data
not shown). The percentage of CD4" cells that were also CD25% in
mice transferred with Cd28~~ splenocytes and coinjected with Treg
cells (11.6 + 0.3%) was similar to that found in mice injected with
wild-type splenocytes (9.0 + 0.6%), and significantly higher than the
percentage found in mice injected with Cd28~ splenocytes without
cotransfer of Trg cells (4.3 + 0.9%, P < 0.05) or with cotransfer of
CD25 cells (3.1 £ 0.5%, P < 0.05; Supplementary Fig. 1 online).
Using quantitative RT-PCR, we found substantial expression of Foxp3
mRNA in CD4" cells obtained from Apoe”’~Rag2”~ mice coinjected
with Cd287~ splenocytes and Treg cells, whereas this expression was
barely detectable in mice without contransfer of T cells or in mice
coinjected with Cd287~ splenocytes and CD4*CD25" cells (Supple-
mentary Fig. 1 online).
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Figure 2 Partial depletion in CD25* cells increases lesion size and inflammation in Apoe™ mice but
not in Apoe™~ Cd4-dnTGF-BRII mice. Representative photomicrographs and quantitative analyses of

atherosclerotic lesion size, lesion collagen content (Sirius red) and lesion infiltration by macrophages
(MOMA-2) and T cells (CD3) in Apoe™~ or Apoe™~ Cd4-dnTGF-BRII mice treated either with a CD25-
specific depleting antibody or isotype-matched control 1gG. n = 7 for mice treated with 1gG and n =8

for mice treated with PC61 antibody. Values represent mean + s.e.m. *P < 0.05, **P < 0.01.
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cells. Six weeks after Tyeq cell transfer, 6.6% of total
lymph node and spleen-derived cells were CD45.1%, and 33%
of CD45.1% cells showed high expression of CD25 (Supplementary
Fig. 1 online). In comparison, only 9.5% of CD45.1* cells showed
CD25
CD45.1*CD47CD25 cells. CD4*CD45.1" cells recovered from the
mice with Ty, cell cotransfer showed much higher expression of Foxp3
mRNA as compared with CD4*CD45.1" cells from mice coinjected
with CD25-depleted cells (Supplementary Fig. 1 online). We next
directly assessed the regulatory function of the recovered T, cells
using a coculture experiment. CD45.1" cells isolated from mice
coinjected with CD45.1¥CD4"CD25" Ty cells were anergic in culture
in response to stimulation with CD3, whereas CD45.1% cells recovered

with

=" from the mice coinjected with CD45.1*CD4*CD25" cells proliferated

vigorously. This proliferation was substantially inhibited by coculture
with CD45.17 cells from Tyeq cell—coinjected mice in a cell-cell contact-
dependent mechanism (Supplementary Fig. 1 online). Neutralization
of transforming growth factor (TGF)-f substantially reversed the
suppressive effect of Ty cells on the proliferation of effector T cells.
In addition, purified CD4* T cells from mice coinjected with Ty cells
showed a fourfold increase in production of Tgfbl mRNA (Supple-
mentary Fig. 2 online), a threefold increase in CD3-induced produc-
tion of IL-10 (P < 0.001; Supplementary Fig. 3 online) and a 64%
reduction in production of interferon (IFN)-y (P < 0.001; Supple-
mentary Fig. 3 online), compared with mice without T cell
coinjection. Cotransfer of Ty, cells did not affect production of
IL-4. Our results show that the transferred CD45.1*CD4*CD25*
cells survived in vivo, retained a regulatory potential, induced a switch
toward an ‘antiatherogenic’ cytokine profile and halted the develop-
ment of atherosclerosis.

To further substantiate the role of endogenous Ty cells on the

development of atherosclerosis and to confirm their role in
a setting with intact co-stimulation, we examined development of
atherosclerosis in Apoe”~ mice treated with a CD25-specific antibody
(PC61) that depletes Tpeg cells. In pilot experiments using escalating

doses of the antibody (data not shown), we
observed a >90% reduction in the percen-
tage of CD25"8" cells (in lymph nodes) at
day 14 and a >75% reduction at day 28 after
a single intraperitoneal injection of 100 pg of
PC61 antibody. Mice were killed 4 weeks after
the second injection. We found a 50%
increase in lesion size (P 0.029) in
Apoe™" mice treated with the CD25-depleting
PC61 antibody (n = 8) in comparison with
Apoe™~ mice treated with the control IgG
(n = 7; Fig. 2). In addition, lesions of mice
treated with the depleting antibody showed
less accumulation of collagen and increased
accumulation of macrophages and T cells
(Fig. 2), indicating enhanced plaque inflam-
mation and reduced healing. Notably,
depletion of CD25™ cells did not affect lesion
development or plaque inflammation in age-
and sex-matched littermate Apoe”~ mice
expressing a dominant negative TGF-f type
II receptor under the control of the Cd4
promoter!> (Fig. 2), suggesting a requirement
for T-cell TGF-B signaling in the Ty cell
protective effect on atherosclerosis.

In conclusion, we show that a specific subset of CD4" T cells,
termed natural regulatory cells and known to be crucial in the main-
tenance of peripheral tolerance, has an important role in the devel-
opment of atherosclerotic lesions. These results identify a new target
for the modulation of atherosclerosis and may shed light on potential
mechanisms relating autoimmune diseases and atherosclerosis.

Note: Supplementary information is available on the Nature Medicine website.
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