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Abstract
Rationale—Recent clinical and preclinical studies have demonstrated that systemic lupus
erythematosus (SLE) is associated with an increased risk for cardiovascular disease (CVD).
However, unlike in the general population, little is known regarding the efficacy of
atheroprotective interventions in patients with SLE. The current study aims to determine the
benefit of lymphocyte inhibition on reducing the atherosclerotic burden in SLE-susceptible LDLr-
deficient mice.

Methods—Female LDLr−/− mice were lethally irradiated and reconstituted with bone marrow
from C57Bl/6 mice (LDLr.B6) or the SLE-susceptible B6.Sle1.2.3 mice (LDLr. Sle). At 16 weeks
post transplant, mice were treated with atorvastatin (10 mg/kg), mycophenolate mofetil (MMF; 40
mg/kg), or both (MMF-A) for 8 weeks, after which the extent of atherosclerosis and the presence
of SLE were assessed.

Results—Following 8 weeks of treatment, we observed that atorvastatin-mediated reduction in
cholesterol levels attenuated atherogenesis in LDLr.B6 mice but failed to significantly reduce
atherosclerotic lesion size in LDLr. Sle mice, in spite of a significant reduction in serum
cholesterol levels. Treatment with MMF and MMF-A attenuated atherogenesis in LDLr.B6 and
LDLr.Sle mice. In addition, MMF-containing regimens inhibited recruitment of CD4+ T cells to
atherosclerotic lesions in LDLr.Sle mice. In these mice, MMF also reduced the proportion of
activated splenic T cells, as well as interleukin 10 secretion by T cells. With regard to lupus
activity, MMF had no overt effect on anti-double-stranded DNA (dsDNA) antibody titres or
kidney function and pathology.

Conclusions—The current study demonstrates that reduction of cholesterol levels alone is not
atheroprotective in lupus-mediated atherogenesis. This is the first study to demonstrate that MMF
reduces the atherosclerotic burden in a model of lupus-accelerated atherosclerosis. Our results
suggest that MMF treatment may prove beneficial in preventing CVD in patients with SLE.
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INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic inflammatory disease characterised by the
dysfunction of T cells, B cells and dendritic cells as well as the production of anti-nuclear
autoantibodies.1, 2 SLE is associated with a myriad of comorbidities including renal failure,
haemolytic anaemia and neurological disorders. A potentially life-threatening complication
of SLE is the increased risk of cardiovascular disease (CVD). The propensity towards
increased CV risk cannot be attributed to traditional CV risk factors. Hence the increased
CVD risk in SLE is thought to be caused by interactions between classical risk factors,
immune cell activation and inflammation.3–6

One of the most successful clinical therapies for atherosclerosis is statin-mediated lowering
of the atherogenic low-density lipoprotein cholesterol (LDL). A recent placebo-controlled
trial in 200 patients with SLE, however, indicated atorvastatin did not reduce progression of
carotid intima–media thickness, a surrogate marker for atherosclerosis.7 Paradoxically, a
post hoc analysis indicated significantly more patients with SLE benefitted from atorvastatin
than from placebo. These conflicting findings suggest more research is needed regarding the
efficacy of statin treatment in patients with SLE and that studies of other immunomodulation
treatments for CVD in SLE are warranted.

Mycophenolate mofetil (MMF) is an inhibitor of the enzyme inosine monophosphate
dehydroxygenase (IMPDH) and has a strong cytostatic effect on lymphocytes by interfering
with DNA synthesis.8 MMF has emerged as an efficacious agent in patients with lupus
nephritis but has also been shown to exert atheroprotective effects in patients without lupus
recovering from cardiac transplantation or undergoing carotid endarterectomy.9, 10 However,
it is not known whether MMF has beneficial effects on lupus-mediated atherogenesis. To
examine the effects of MMF on SLE-associated atherosclerosis we examined treatment in
the LDLr.Sle bone marrow chimaeric mice. These mice lack the LDL receptor and develop
appreciable lesions in the aortic root by 8 weeks feeding high fat diet. LDLr−/− mice
reconstituted with B6.Sle1.2.3 bone marrow, a model of spontaneous SLE, have increased
atherosclerotic lesion burden at this timepoint without increased SLE-associated mortality.11

The aim of the current preclinical study was to establish the antiatherosclerotic potential of
MMF in SLE-prone LDLr−/− mice.

Here we show that MMF, but not atorvastatin, reduces the atherosclerotic burden in lupus-
susceptible LDLr.Sle mice. The reduction in atherosclerosis in MMF-treated mice was
accompanied by a reduction in CD4+ T cell infiltration to the atherosclerotic lesion, a
decrease in activated CD4+ T cells and decreased interleukin 10 (IL-10) secretion by T cells.
Our results provide strong evidence to suggest that MMF-based therapies may decrease
CVD in patients with SLE.

MATERIALS AND METHODS
Mice

C57BL/6J and B6.129S7-Ldlrtm1her/J mice (hereafter referred to as B6 and LDLr−/−,
respectively) were obtained from the Jackson Laboratory (Bar Harbor, Maine, USA) and
maintained in the Vanderbilt University animal care facility. Lupus-susceptible B6.Sle1.2.3
congenic mice were originally obtained from Edward K Wakeland (UTSW, Dallas, Texas,
USA) and have been described previously.12 All mice were given food and water ad libitum
and all procedures received Vanderbilt University Medical Center’s Institutional Animal
Care and Use Committee approval.
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Atherosclerosis studies
Lethally irradiated female LDLr−/− mice were transplanted with bone marrow from either
lupus-susceptible B6.Sle1.2.3 (LDLr. Sle) or C57BL/6 (LDLr.B6) mice as described
previously.11 At 16 weeks after transplantation, 4 groups of 15 LDLr.B6 mice and 4 groups
of 15 LDLr.Sle mice were placed on a Western diet (20% milk fat, 0.15% cholesterol)
containing either no treatment (control), MMF (40 mg/kg/day), atorvastatin (10 mg/kg/day)
or MMF and atorvastatin (MMF-A; 40 and 10 mg/kg/day) for 8 weeks. At the end of these 8
weeks, animals were killed and analysed for the extent of atherosclerosis and the presence of
SLE.

Serum lipoprotein analysis
Following a 4 h fast, circulating levels of total cholesterol and triglycerides were measured
using a colourimetric assay as described previously.11 Lipoprotein distribution was
determined by using fast protein liquid chromatography (FPLC).

Histopathology and immunohistochemistry
Atherosclerotic lesion burden was quantified in the proximal aorta by Oil-red-O staining.
Staining for macrophages (monocyte and macrophage antibody 2 (MOMA-2)) and CD4+ T
cells was performed as described previously.11 Cells were visualised and staining quantified
using Image-Pro Plus software (Media Cybernetics, Bethesda, Maryland, USA). For
immunoglobulin deposition, frozen kidney sections (7 μm) were stained by incubating with
a biotinylated anti-mouse heavy and light chain antibody (Southern Biotech, Birmingham,
Alabama, USA) at 37°C for 30 min, followed by incubation with Streptavidin-Texas Red
(Vector Laboratories, Burlingame, California, USA) for another 30 min. Gross kidney
pathology was assessed by Jones staining.

Autoantibodies
Serum titres of double-stranded DNA (dsDNA) were measured according to the method of
Shivakumar et al. and anti-oxidised LDL (oxLDL) antibodies were measured as described
previously.11, 13

Kidney function
Functional analysis of kidneys was conducted by measuring serum creatinine as described
previously.11

In vitro T cell stimulation
Splenocytes were stimulated with phorbol myristate acetate (PMA) (20 ng/ml) and
ionomycin (2 μg/ml) and cultured in the presence of Golgi plug/stop for 5 h and stained for
surface markers, followed by membrane permeabilisation and staining for intracellular
cytokine. For cytokine analysis, splenocytes were cultured in CD3/CD28-coated plates and
supernatant was collected after 24 h stimulation. Cytokine secretion was measured using a
Milliplex MAP Mouse Cytokine custom kit from Millipore (Billerica, Massachusetts, USA).

Flow cytometry
Spleens were processed and stained with appropriate antibodies for 20 min at 4° C. Cells
were then washed, fixed and analysed using a MACS Quant flow cytometer (Militenyi
Biotec, Auburn, California, USA). Flow data was analysed using FCS Express (De Novo
Software, Los Angeles, California, USA). Cells were excluded based on the forward and
side scatter profile. The following antibodies were used: anti-mouse TCRβ-V450, CD4-PE/
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APC, CD8-APC.Cy7/PE.Cy5.5, CD44-FITC, CD69-FITC, interferon γ (IFNγ) and IL-10-
PE and were obtained from BD Biosciences (San Jose, California, USA).

Statistical analysis
Statistical analyses were conducted using PRISM V.5.0 software (GraphPad Software, La
Jolla, California, USA). For comparisons between two groups, an unpaired Student t test
was used if the variance was normally distributed and a Mann–Whitney U test was used for
comparisons with a variance that was not normally distributed. For atherosclerosis studies,
values 2 SD above the mean were excluded from the analysis. For Milliplex analysis, values
less than 0.5 the mean were considered non-responders. Comparisons made between three or
more groups were performed using one-way analysis of variance (ANOVA). Values are
expressed as mean±SEM unless otherwise specified. A p value of <0.05 was considered
significant.

RESULTS
Effect of atorvastatin and MMF on atherosclerotic lesion size in lupus-susceptible mice

To determine the effects of lymphocyte inhibition and statin treatment on atherosclerosis in
lupus, female LDLr.Sle and LDLr. B6 mice were treated with MMF, atorvastatin or a
combination of both and placed on a Western-type diet for 8 weeks. Evaluation of the effect
of statin and immunosupressive treatment on lesion area by means of Oil-red-O staining in
LDLr.B6 mice demonstrated that treatment with atorvastatin, MMF and MMF-A diminished
atherosclerotic lesion area by 29.8%, 35.7% and 41.9%, respectively (figure 1A, left panel
and B). There was no statistical difference between the atorvastatin, MMF or MMF-A
treatment groups, indicating that combination treatment did not provide additional benefit
against atherogenesis in LDLr.B6 mice. In contrast, atorvastatin monotherapy in LDLr.Sle
mice, although showing a trend toward lesion reduction, did not significantly diminish
lesion area compared to control mice (figure 1A, right panel and B). MMF and MMF-A,
however, significantly attenuated atherosclerotic lesion area by 42.5% and 59.0%,
respectively, when compared to untreated mice. Moreover, combination treatment (MMF-A)
reduced the atherosclerotic burden in LDLr.Sle mice even when compared to atorvastatin-
treated mice.

LDLr.B6 and LDLr.Sle mice both responded to atorvastatin-containing therapies by
demonstrating reduced serum cholesterol (figure 1C). Therefore, despite significantly
reduced cholesterol in LDLr.Sle mice, atorvastatin failed to significantly reduce
atherosclerosis. Circulating cholesterol in both populations was not altered by MMF
monotherapy. FPLC analysis revealed that the reduction in total cholesterol is associated
with decreases in the LDL and very-low-density lipoprotein (VLDL) fractions (figure 1D).
The ability to lower LDL and VLDL was dependant on atorvastatin treatment in LDLr.B6
and LDLr.Sle mice. These data suggest that, unlike SLE-resistant LDLr.B6 mice, and
similar to preliminary studies in humans, lupus-mediated atherogenesis does not necessarily
benefit from LDL-lowering treatment alone.

Effect of atorvastatin and MMF on atherosclerotic lesion composition
Considering MMF and atorvastatin exerted differential effects on the atherosclerotic process
in SLE-susceptible animals, we decided to focus on LDLr.Sle mice specifically. To
determine whether treatment modifies the immune cell composition of the plaque,
immunohistochemical analysis specific for CD4+ T cells and macrophages was performed.
This analysis revealed that treatment with either MMF monotherapy or MMF in
combination with atorvastatin (MMF-A) lowered the number of CD4+ T cells in the lesions
of LDLr.Sle mice by 41.2% and 46.3%, respectively (figure 2A, left panel and B). There
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was no significant difference in lesion macrophage content between any of the different
treatments (figure 2A, right panel). Because atorvastatin alone did not significantly reduce
atherosclerosis or affect the number of CD4+ T cells infiltrating the lesion in lupus-
susceptible mice, we further investigated the effects of MMF treatment on the immune
compartment of treated mice.

Effect of MMF on lupus activity
To determine whether MMF-mediated effects on atherogenesis are secondary to altered SLE
disease, several parameters of lupus activity were analysed. MMF did not reduce anti-
dsDNA antibody titres in LDLr.Sle mice (figure 3A). No significant differences in serum
creatinine levels between the control or treatment group were observed (figure 3B). In
addition, MMF treatment did not result in changes in kidney pathology or deposition of
immunoglobulin complexes (figure 3C,D). These results suggest that, at the studied time
point, treatment with MMF does not significantly affect kidney function in LDLr.Sle, and
that changes in atherosclerosis are not an indirect effect of improved renal disease.

Effect of MMF on peripheral immunity
In order to evaluate the effects of MMF treatment on peripheral T cell responses in LDLr.Sle
mice, splenocytes from control and MMF-treated mice were stimulated with plate bound
CD3 and CD28 and cytokine secretion was measured in the supernatants by Milliplex assay.
As shown in figure 4A, MMF treatment of LDLr.Sle mice did not affect IFNγ or IL-4
secretion. In contrast, MMF treatment significantly reduced the ability of T cells to secrete
IL-10. Consistent with this, intracellular staining for IL-10 of T cells upon PMA/ionomycin
stimulation revealed a trend toward decreased IL-10 producing cells in the CD4+ T cell
population (figure 4B). We also assessed whether treatment of lupus-susceptible mice with
MMF reduced activation markers on splenic CD4+ T cells. MMF treatment of LDLr.Sle
mice significantly reduced the proportion of CD4+ T cells expressing the early activation
marker CD69 (figure 4C), but did not have an effect on the CD44-expressing CD4+ T cell
population (figure 4D).

Antibody responses to atherogenic stimuli in MMF-treated mice
Antibody responses to oxLDL are a hallmark of atherosclerotic disease in the context of
hyperlipidaemia. The contribution of this antibody response to the process of atherogenesis
is unclear. Also, it is not known whether MMF affects the production of oxLDL antibodies.
To determine whether MMF treatment of LDLr.Sle mice affects antibody responses to
modified lipoprotein, we measured serum antibody titres to oxLDL by ELISA. As shown in
figure 5, MMF did not influence the immunoglobulin (Ig) M (left panel) or IgG2c response
(right panel) to oxLDL but reduced IgG1 titres (middle panel), suggesting that MMF
downmodulates the IgG-associated T helper 2 (Th2) response to modified lipoprotein in
hyperlipidaemic SLE mice, while the more natural IgM response is intact.

DISCUSSION
In the current study we show that atorvastatin monotherapy inhibits atherogenesis in
LDLr.B6 mice but not in the context of lupus. Despite significantly lowering circulating
levels of cholesterol (primarily reductions of the atherogenic lipoproteins VLDL and LDL),
atorvastatin failed to significantly reduce lesion area in LDLr.Sle mice. In contrast, MMF
provided robust protection against atherogenesis in LDLr.B6 as well as LDLr.Sle mice.
These data indicate that the aetiology of atherosclerosis in the context of SLE may be
distinct from general atherosclerosis where lipid lowering appears sufficient to significantly
decrease disease progression.
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The finding that MMF-based treatment, which represents a more specific
immunomodulatory intervention, was in fact able to reduce atherogenesis in LDLr.Sle mice,
suggests that lymphocyte-mediated perturbations of the immune system play a relatively
large role in lupus-mediated atherogenesis than the classical risk factor of increased LDL. In
support of this hypothesis, we found that MMF treatment reduced the activated CD4+
CD69+ T cell population, as well as CD4+ T cell infiltration to the lesion. Interestingly,
MMF-mediated downregulation of the cytokine response was limited to a reduction in IL-10
secretion by T cells. Dysregulation of IL-10 responses are a prominent feature of SLE and
polymorphisms in the IL-10 gene correlate with susceptibility to SLE in human
populations.14–18 Moreover, increased levels of IL-10 in SLE correlate with disease activity
in humans.19–21 Consistent with this correlation, therapies that inhibit secretion of IL-10 in
lupus-susceptible mice result in decreased SLE-associated pathologies.22, 23 In this study,
however, MMF-mediated decreases in IL-10 did not appear to affect anti-dsDNA titres or
kidney pathology. It is possible that this is due to the fact that the time point studied is not
associated with overt renal disease, or that IL-10 secretion by other cellular subsets not
affected by MMF treatment is more important in modulating autoantibody production and
kidney pathology in SLE.24 While IL-10 has been shown to be atheroprotective in mouse
models of hyperlipidaemia, the specific contribution of IL-10-secreting CD4+ T cells to the
development of atherosclerosis in the context of SLE remains to be determined.25–28

In addition to MMF having effects on T cells, we observed a significant decrease in B cell
production of IgG1 specific for the prototypic atherosclerosis antigen, oxLDL. At the same
time, anti-oxLDL IgM levels remained unchanged by MMF treatment, leading to an
increase in the oxLDL IgM:IgG ratio. Recent studies have suggested that B cells may be
pathogenic for atherosclerosis via their production of T cell-dependent IgG.29, 30 Moreover,
Kyaw, et al. demonstrated that while IgG may be atherogenic, naturally secreted IgM
against oxLDL may be atheroprotective.30 Interestingly, a recent study demonstrated that
patients with lupus have significantly higher atherosclerotic plaque burden compared to
controls with lower anti-phosphorylcholine (anti-PC) IgM and higher anti-PC IgG titres.31

As it has been demonstrated that modified PC is the target protein antigen for oxLDL, these
data demonstrate an inverse correlation between IgM and atherosclerosis. Therefore, as
supported by our current study, one could hypothesise that a skew toward a more natural
IgM response to oxLDL in MMF-treated animals might contribute to reduced
atherosclerosis. It remains to be seen whether this is true in patients with lupus.

It is important to distinguish whether the beneficial actions of MMF are a result of a direct
protective effect on the atherosclerotic process or secondary to diminished lupus disease
activity. We observed that MMF treatment did not affect parameters associated with
autoimmunity in SLE, as assessed by serum titres of anti-dsDNA antibodies, serum
creatinine levels, kidney pathology and immunoglobulin deposition. This indicates that
either these treatments do not affect SLE-associated kidney disease in the context of
hyperlipidaemia, or that kidney disease in the control and experimental group was at an
early stage. Indeed, one important consideration is that our model was designed to examine
the effects of SLE on atherosclerosis before overt kidney disease is present. This may be one
explanation for the lack of treatment effect on immunoglobulin deposition and gross kidney
pathology. Because the control and MMF-treated group had a similar kidney phenotype, we
can conclude that MMF-mediated reduction in atherosclerosis is due to modulation of the
immune response and not dependent on renal function.

Altogether, our results demonstrate that MMF treatment, but not atorvastatin, reduces the
atherosclerosis burden in SLE mice. Our data suggests that MMF slows down the
progression of atherosclerosis by inhibiting CD4+ T cell activation and infiltration to the
atherosclerotic lesion. This T cell phenotype was accompanied by a reduction in IgG1 serum
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titres to oxLDL. Overall, these results provide strong evidence to suggest that treatment of
patients with SLE with MMF alone or in combination with statin treatment may prove
beneficial in the prevention of atherosclerotic vascular disease.
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Figure 1.
Effects of atorvastatin and mycophenolate mofetil (MMF) on atherosclerotic burden in
LDLr.B6 and LDLr.Sle mice. A. Quantitative analysis of atherosclerotic lesion area in
LDLr.B6 (left panel) and LDLr.Sle (right panel) mice. B. Representative sections of
LDLr.Sle mice, stained with Oil-red-O. C. Serum cholesterol of LDLr.B6 (left panel) and
LDLr.Sle (right panel). D. FPLC analysis of cholesterol lipoprotein distribution in serum of
LDLr.B6 (left panel) and LDLr.Sle (right panel). Means±SEM are represented. *p<0.05 by
one-way analysis of variance (ANOVA).
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Figure 2.
Effects of atorvastatin and mycophenolate mofetil (MMF) on atherosclerotic plaque
phenotype in LDLr.Sle mice. A. Quantitative analysis of aortic roots of LDLr.Sle mice
stained with CD4 (left panel, n=7 per group) and monocyte and macrophage antibody 2
(MOMA-2) (right panel, n=6 per group). B. Representative sections of lesions of LDLr.Sle
mice stained with CD4. Means±SEM are represented. *p<0.05 by one-way analysis of
variance (ANOVA).
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Figure 3.
Effects of mycophenolate mofetil (MMF) on lupus activity in LDLr.Sle mice. A. Serum
titres of anti-double-stranded DNA (dsDNA) antibodies (n=≥6 mice per group). B. Serum
creatinine levels (n=8 mice per group). C. Representative Jones stained sections of kidneys
of LDLr.Sle mice. D. Representative frozen kidney sections stained for Ig deposition. Means
±SEM are represented. *p<0.05 by t test.
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Figure 4.
Effects of mycophenolate mofetil (MMF) on immunity in the periphery in LDLr.Sle mice.
A. Levels of interferon (IFN)γ (left), interleukin (IL)-4 (middle) and IL-10 by splenocytes
stimulated with CD3 and CD28. B. Proportion of IL-10-producing CD4+ T cells in the
spleen of control and MMF-treated mice. Proportion of (C) CD69+ and (D) CD44+ T cells
in the spleen of control and MMF-treated mice. Means±SEM are represented. *p<0.05 by t
test.
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Figure 5.
Effect of atorvastatin and mycophenolate mofetil (MMF) on oxidised low-density
lipoprotein (oxLDL) antibodies in LDLr.Sle mice. Serum titres of IgM-oxLDL (left panel),
IgG1-oxLDL (middle panel) and IgG2a/c-oxLDL (right panel). Means±SEM are
represented. *p<0.05 by t test.
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