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ABSTRACT 

Objective. To explore the bidirectional relationship between the development of 

rheumatoid arthritis and atherosclerosis using bovine collagen type II (col II) 

immunized B10.RIII.ApoE-/- mice, a murine model of spontaneous atherosclerosis and 

collagen-induced arthritis (CIA). 

Methods. B10.RIII.ApoE-/- male mice and wild type controls were immunized with 150 

g of col II emulsified in complete Freund’s adjuvant (CFA). The clinical, radiological 

and histopathological severity of CIA, the levels of circulating IgG1 and IgG2a anti-col 

II antibodies, the expression of pro- and anti-inflammatory cytokines in the joints and 

the percentages of Th1, Th17 and Treg lymphocytes in the draining lymph nodes were 

evaluated during CIA induction. In addition, the size of atherosclerotic lesions was 

assessed in these mice 8 weeks after CIA induction. 

Results. Col II-CFA immunized B10.RIII.ApoE-/- mice developed an exacerbated CIA 

that was accompanied by increased joint expression of multiple pro-inflammatory 

cytokines and by the expansion in the draining lymph nodes of Th1 and Th17 cells. In 

contrast, the size of vascular lesions in B10.RIII.ApoE-/- mice was not affected by the 

development of CIA. 

Conclusions. We demonstrate here that the deficiency in ApoE and/or its consequences 

in cholesterol metabolism act as accelerating factors in autoimmunity by promoting Th1 

and Th17 inflammatory responses.  
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INTRODUCTION 

Rheumatoid arthritis (RA), a chronic autoimmune disease resulting in joint 

inflammation and destruction, is associated with an increased risk of cardiovascular 

(CV) disease due to accelerated atherosclerosis (1, 2). The inflammatory environment 

associated to RA, rather than traditional CV risk factors, has been postulated to be 

implicated in the accelerated atherosclerosis of these patients (3). In addition, an 

association between active RA and altered lipid profiles in plasma, manifested by low 

high-density lipoprotein-cholesterol (HDLc) levels, high total cholesterol/HDLc ratio 

and high triglyceride levels, has been established (4-6). These unfavorable lipid changes 

may already be present at least 10 years before the onset of RA (7), suggesting their 

potential involvement in the initiation and/or activity of this systemic autoimmune 

disease. In fact, HDL not only participates in the reverse transport of cholesterol, 

promoting cellular cholesterol efflux from peripheral cells to the liver for excretion, but 

also possesses anti-inflammatory properties, including its ability to protect low-density 

lipoprotein (LDL) from oxidation (8-11). However, the mechanistical relationship 

between altered plasma lipid profiles and active RA lacks of appropriate experimental 

evidences in well defined animal models.  

Mice deficient in ApoE (ApoE-/-) constitute an excellent animal model to explore 

metabolic and immunological mechanisms involved in atherosclerosis (12, 13). These 

mice spontaneously develop atherosclerosis in a time and diet dependent manner in 

association with reduced HDLc and increased total cholesterol and LDL-cholesterol 

(LDLc) levels in plasma. On the other hand, immunization of susceptible strains of 

mice, such as B10.RIII (H-2r) mice, with bovine collagen type II (col II) emulsified in 

complete Freund’s adjuvant (CFA) develop a destructive joint inflammatory disease 

resembling human RA (14). Both atherosclerosis in ApoE-/- mice and col II-induced 
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arthritis (CIA) in predisposed animals are mediated by a particular functional 

subpopulation of antigen-driven CD4+ cells, termed Th17 cells, producing IL-6, IL-17A 

and IL-21 cytokines (15-19). In fact, blockade of IL-17A results in reduced 

atherosclerosis in ApoE-/- mice and animals with an impaired Th17 differentiation 

develop an attenuated form of CIA (13, 17, 18). Using B10.RIII.ApoE-/- mice 

immunized with bovine col II-CFA, here we investigated whether the pro-inflammatory 

and/or metabolic alterations that have been involved in the pathogenesis of each process 

separately, collaborate in promoting an accelerated atherosclerosis and/or arthritis. 

Unlike a recent study in C56BL/6.ApoE-/- (B6.ApoE-/-) mice immunized with chicken 

col II-CFA (20), our results demonstrate that B10.RIII.ApoE-/- mice develop an 

accelerated and exacerbated CIA after immunization with col II-CFA. This enhanced 

severity is accompanied by an increased expression of multiple pro-inflammatory 

cytokines in the joints and by the expansion of Th1 and Th17 cells in the draining 

lymph nodes. In contrast, the intensity of vascular lesions in col II-CFA immunized 

B10.RIII.ApoE-/- mice is not affected by the development of CIA.  

 

MATERIAL AND METHODS 

Mice. 

B6.ApoE-/- (H-2b) and B10.RIII (H-2r) mice were purchased from Charles River 

(Barcelona, Spain) and Harlan Iberica (Barcelona, Spain), respectively. B10.RIII.ApoE-

/- mice were obtained in our animal facilities by backcrossing B6.ApoE-/- mice with 

B10.RIII mice for 10 generations. At the second backcross generation, H-2r/r mice were 

selected by flow cytometry using specific mAbs against H-2b and H-2r (BD Biosciences, 

Madrid, Spain). At the 10th backcross generation, male and female B10.RIII.ApoE+/- 

mice were intercrossed and the resulting ApoE-/- homozygous mice were selected by 
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PCR of genomic DNA extracted from mouse tails. Mice were fed ad libitum with a 

normal chow diet and bled from the retro-orbital plexus 8 weeks after immunization.  

All studies with live animals were approved by the Universidad de Cantabria 

Institutional Laboratory Animal Care and Use Committee. 

 

Induction and assessment of arthritis. 

Bovine col II (provided by Dr Marie Griffiths, University of Utah) was dissolved 

at a concentration of 2 mg/ml in 0.05 M acetic acid and emulsified with CFA containing 

4 mg/ml of Mycobacterium tuberculosis (MD Bioproducts, Zürich, Switzerland). For 

the induction of CIA, 8-12 weeks-old male mice were immunized once at the base of 

the tail with 150 g of antigen in a final volume of 150 l. In some experiments, mice 

receiving an injection of PBS-CFA were used as CIA negative controls. A clinical 

evaluation of arthritis severity was performed as described (21).  

Radiological studies were performed using a CCX Rx ray source of 70 Kw with 

an exposition of 90 ms (Trophy Irix X-Ray System; Kodak Spain, Madrid) and Trophy 

RVG Digital Imagining system, as previously described (21). Radiological images were 

scale graded according to the presence of 4 different radiological lesions (1: soft tissue 

swelling, 2: juxtaarticular osteopenia due to alterations in bone density, 3: joint space 

narrowing or disappearance and 4: bone surface irregularities due to marginal erosions 

and/or periosteal new bone formation). The extension of every individual lesion in each 

paw (local: affecting one digit or one joint in the carpus; diffuse: affecting two or more 

digits and/or two or more joints in the carpus) was graded from 0 to 2 as follow: 0: 

absence; 1: local; 2: diffuse.  

Mice were killed 8 weeks after immunization and the hind paws were fixed in 

10% phosphate-buffered formaldehyde solution and decalcified in Parengy’s 
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decalcification solution overnight. The tissue was then embedded in paraffin. Sections 

(5 m) were stained with hematoxylin and eosin, examined in a light-phase microscope 

and scored according to a 0 to 3 scale as described previously (22). 

 

Serological studies. 

Total cholesterol, HDL-c, LDL/VLDL-c and triglyceride levels in serum 

samples were determined using enzymatic assays (cholesterol assay kit, BioVision, Inc., 

Mountain View, CA and Triglyceride-LQ assay, Spinreact, Girona, Spain) following 

the manufacturer instructions. Serum levels of IgG1 and IgG2a anti-col II antibodies 

were measured by ELISA as described (23). Results were expressed in TU in reference 

to a standard curve obtained from a serum pool from col II-CFA immunized DBA/1 

mice. Serum levels of total IgG1 and IgG2a were determined by ELISA as described 

(24). Results were expressed in mg/ml in reference to a standard curve obtained with a 

mouse reference serum (MP Biomedicals, Irvine, CA). 

 

Flow cytometry studies. 

The percentages of Th1and Th17 in the draining lymph nodes of B10.RIII.WT 

and B10.RIII.ApoE-/- mice before and 3 weeks after immunization with col II-CFA were 

determined by flow cytometry. Intracellular cytokine staining was performed using an 

intracellular staining kit (BD Biosciences). Lymphocytes from paraaortic lymph nodes 

were stimulated with phorbol myristate acetate (50 ng/ml) and ionomycin (750 ng/ml) 

in the presence of GolgiStop solution (BD Biosciences) for 6 hours and stained with 

fluorescein isothiocyanate–conjugated anti-CD4 and phycoerythrin-conjugated anti-

IFN or phycoerythrin-conjugated anti–IL-17 (all antibodies from BD Biosciences). A 

phycoerythrin-conjugated IgG2a irrelevant antibody was used as an isotype control of 
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cytokine staining. The percentages of CD4+CD25+FoxP3+ regulatory T cells (Tregs) 

were determined at the same time points by flow cytometry using conjugated mAbs, as 

described previously (21). A total of 5 x 104 viable cells were analyzed in a FACSCanto 

II flow cytometer using FACSDiva software (BD Biosciences). 

 

Quantitative real-time RT-PCR analyses. 

Total RNA was obtained from joints by TRIzol extraction (Invitrogen, Life 

Technologies Corporation, Carlsbad, CA). One g of the isolated RNA was used for 

cDNA synthesis with a RT-PCR kit (Amersham Pharmacia Biotech, Piscataway, NJ), 

according to the manufacturer instructions. Quantitative real time RT-PCR was 

performed on a MX-3000P Stratagene instrument (Agilent Technologies, Inc., Santa 

Clara, CA) using specific TaqMan expression assays and universal PCR Master Mix 

(Applied Biosystems, Life Technologies Corporation). Results (in triplicate) were 

normalized to GAPDH expression and measured in parallel in each sample. Data were 

expressed as mean fold change relative to control samples. 

 

Evaluation of atherosclerosis. 

The extension of atherosclerosis was quantified as previously described (25). 

Briefly, 8-10 sections (5 m) at 50-m intervals from paraffin-embedded aortic sinus of 

PBS-CFA immunized and col II-CFA immunized B10.RIII.ApoE-/- mice were stained 

with hematoxylin and eosin. Lesion size was determined by computer-assisted 

morphometry and expressed as the percentage of the surface area of the aorta occupied 

by lesions according to the following formula: [ Area of Lesion/ Total Internal 

Perimeter of the Aorta)]×100. For cellular characterization of atherosclerotic lesions, 

macrophages were detected by immunohistochemistry with a biotin-labelled rat anti-
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Mac2 monoclonal antibody (clone M3/38, Cedarlane Laboratories, Hornby, ON, 

Canada), followed by streptavidin-HRP (BD Biosciences), and DAB substrate (Dako 

Diagnósticos, S.A., Barcelona Spain). Specimens were counterstained with hematoxylin. 

Staining with anti-Mac2 was expressed as percentage of stained surface area within the 

lesions (anti-Mac2-stained surface/total lesion surface x 100), as described (26). 

 

Statistical analysis. 

 Statistical analysis of differences between groups of mice was performed using 

the Mann-Whitney test. Probability values <0.05 were considered significant. 

 

RESULTS 

Development of a severe CIA in B10.RIII.ApoE-/- mice. 

 To explore whether the deficiency in ApoE influenced the clinical progression of 

CIA in B10.RIII mice, we immunized B10.RIII wild type (WT) and B10.RIII.ApoE-/- 

mice with col II-CFA. We first analyzed serum lipid profiles in these groups of mice 8 

weeks after immunization. As expected (13), immunized B10.RIII.ApoE-/- mice 

presented circulating levels of total cholesterol and triglycerides higher than 

B10.RIII.WT mice (p<0.001) (Figure 1A and 1B). The elevated cholesterol levels in 

these mice was basically due to the increase in the LDL/VLDL-c fraction since the 

levels of serum HDL-c were essentially identical in both groups of mice (Figure 1). The 

circulating lipid profiles detected in B10.RIII.WT and B10.RIII.ApoE-/- mice 8 weeks 

after immunization with col II-CFA were similar to those observed before immunization 

(data not shown). Based on these results and to avoid additional metabolic alterations 

introduced by hypercholesterolemic diets, we decided to perform all the experiments in 

mice fed with a normal chow diet.  
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 We next compared the development of CIA between B10.RIII.WT and 

B10.RIII.ApoE-/- mice. Unlike previous reports (20), B10.RIII.ApoE-/- mice developed a 

more accelerated CIA than B10.RIII.WT mice and exhibited an increased cumulative 

incidence throughout the 8 week period of survey (Figure 2A). In addition, the clinical 

severity of CIA 8 weeks after col II-CFA immunization was also significantly higher in 

B10.RIII.ApoE-/- than in B10.RIII.WT mice (Figure 2B). In correlation with the clinical 

findings, the severity of every individual radiological sign considered here (soft tissue 

swelling, juxtaarticular osteopenia, narrowing or disappearance of the interosseous 

spaces reflecting cartilage loss and bone irregularities secondary to periosteal new bone 

formation and/or marginal articular erosions) was significantly higher in 

B10.RIII.ApoE-/- than in B10.RIII.WT mice (Figure 3A and B). By histological analyses, 

the joints from B10.RIII.ApoE-/- mice more frequently showed signs of severe 

autoimmune arthritis such as widespread infiltration of inflammatory cells, pannus 

formation, cartilage destruction and bone erosion (Figure 3C and D).  

 

Altered anti-col II antibody production in B10.RIII.ApoE-/- mice. 

 The intensity and quality of anti-col II humoral immune responses was 

compared between B10.RIII.WT and B10.RIII.ApoE-/- mice by analyzing the levels of 

circulating IgG1 and IgG2a anti-col II antibodies. Both groups of mice exhibited strong 

anti-col II antibody responses 8 weeks after CIA-induction (Figure 2C). However, 

qualitative differences in these antibody responses were observed between B10.RIII.WT 

and B10.RIII.ApoE-/- mice. Thus, whereas serum levels of IgG2a anti-col II antibodies 

were similar in both groups of mice, the titres of IgG1 anti-col II antibodies were 

significantly reduced in B10.RIII.ApoE-/- mice (Figure 2C). The altered anti-col II 

humoral immune response was antigen specific since the levels of circulating total IgG1 
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and IgG2a antibodies 8 weeks after CIA-induction were similar in B10.RIII.WT and 

B10.RIII.ApoE-/- mice (serum levels of total IgG1 antibodies in B10.RIII.WT mice: 0.9 

± 0.4 mg/ml; in B10.RIII.ApoE-/- mice: 1.1 ± 0.3 mg/ml; serum levels of total IgG2a 

antibodies in B10.RIII.WT mice: 3.6 ± 1.1 mg/ml; in B10.RIII.ApoE-/- mice: 3.1 ± 1.7 

mg/ml; p> 0.5 in both cases). 

 

Increased joint expression of pro-inflammatory cytokines and expansion of Th1 

and Th17 cells in B10.RIII.ApoE-/- mice. 

 The exacerbated development of CIA in B10.RIII.ApoE-/- mice together with the 

reduction in the levels of circulating IgG1 anti-col II antibodies compared to 

B10.RIII.WT mice, prompted us to explore by quantitative real time RT-PCR the 

pattern of cytokine expression in the joints during the induction of CIA in these strains 

of mice. As expected (27), a significant increase in the expression of the arthritogenic 

IL-1, TNF and IL-6 transcripts was observed in the joints of B10.RIII.WT mice 8 

weeks after immunization with col II-CFA (Figure 4). In addition, joint levels of IFN 

and IL-17 mRNAs but not of TGF1, IL-4 and IL-21 mRNAs were augmented in 

B10.RIII.WT mice with arthritis (Figure 4). In parallel with the aggravated CIA, the 

expression of IL-1, IL-6, IFN, IL-17 and IL-21 transcripts, but not of TNF TGF1 

and IL-4 in the joints of col II-immunized B10.RIII.ApoE-/- mice was even higher than 

that found in CIA-developing B10.RIII.WT mice (Figure 4).  

Due to the pattern of cytokine expression in the joints and to further explore the 

mechanisms implicated in the worsening of CIA in B10.RIII.ApoE-/- mice, we 

compared the percentages of different functional CD4+ T-cell subpopulations in the 

draining lymph nodes of B10.RIII.WT and B10.RIII.ApoE-/- mice before and after 

immunization with col II-CFA. Both IFN-producing Th1 and IL-17-producing Th17 

 10



cell populations were augmented in the paraaortic lymph nodes from B10.RIII.WT mice 

3 weeks after immunization with col II-CFA (Figure 5). Again, this increase was 

significantly higher (about two fold) in B10.RIII.ApoE-/- mice (Figure 5). No differences 

in the percentage of Tregs were observed between non-immunized and immunized 

B10.RIII.WT and B10.RIII.ApoE-/- mice (Figure 5).  

 

Lack of exacerbation of atherosclerosis in CIA-developing B10.RIII.ApoE-/- mice. 

We next investigated whether the development of a severe CIA in 

B10.RIII.ApoE-/- mice might in turn modify the clinical evolution of atherosclerosis in 

these mutant mice. Since adjuvants, including CFA, have potent atheromodulating 

capabilities in ApoE-/- mice (25), we used B10.RIII.ApoE-/- mice receiving only PBS 

emulsified in CFA at the base of the tail as the CIA negative controls of this experiment, 

and as expected, these mice failed to develop arthritis (data not shown). Morphometric 

studies in the aortic sinus 8 weeks after immunization revealed that the extent of 

atherosclerotic area in col II-CFA immunized B10.RIII.ApoE-/- mice was similar to that 

of PBS-CFA treated B10.RIII.ApoE-/- controls (Figures 6A and 6B; p>0.6). In addition, 

a similar content of Mac2-immunoreactive macrophages was observed by 

immunohistochemistry in the atherosclerotic lesions of PBS-CFA treated and col II-

CFA immunized B10.RIII.ApoE-/-mice (Figures 6A and 6C; p>0.5). 

 

DISCUSSION 

 In the present study we have explored the bidirectional relationship between RA 

and atherosclerosis development using an experimental model in mice. We demonstrate 

here that the deficiency in ApoE and/or its consequences in cholesterol metabolism 

promote an accelerated and aggravated form of CIA in predisposed B10.RIII mice. The 
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exacerbated CIA is accompanied by an increased joint expression of multiple pro-

inflammatory cytokines and by the expansion in the draining lymph nodes of Th1 and 

Th17 cell populations. On the other hand, the evolution of atherosclerosis in these 

B10.RIII.ApoE-/- mice seems to be unchanged by the development of CIA. Our results 

clearly contrast with a recent report showing a resistance to CIA development in ApoE 

deficient mice (20). Although the reasons for these discrepancies are not clear, they can 

be related to the different CIA models used in both studies that may involve 

immunological mechanisms that do not completely overlap. Thus, whereas we have 

used H-2r CIA-susceptible B10.RIII mice immunized with bovine col II, the other study 

has been performed in B6 (H-2b) mice immunized with chicken col II in which CIA is 

developed with a lower incidence and severity (18, 28). 

 Several non excluding mechanisms may explain the exacerbation of CIA in 

B10.RIII.ApoE-/- mice. ApoE-containing lipoproteins are very efficient suppressing 

mitogen-induced proliferative responses of lymphocytes (29). In CD4+ and CD8+ T 

cells this effect seems to be, at least in part, dependent on the reduction in the 

production of biologically active IL-2 (29). Furthermore, the intravenous administration 

of a small ApoE-mimetic peptide derived from the receptor-binding region of the ApoE 

holoprotein has been shown to suppress both systemic and brain inflammatory 

responses in mice after lipopolysaccharide administration (30). The anti-inflammatory 

capacity of ApoE appears to be isoform-dependent, and in the above mentioned 

experimental models of brain inflammation, animals expressing the E4 allele have 

greater inflammatory responses (30). Interestingly, there exists an association between 

the ApoE4 genotype and bone loss in human RA (31). Thus, the enhanced CIA of 

B10.RIII.ApoE-/- mice may be directly linked with the absence of the anti-inflammatory 

properties of ApoE. On the other hand, the deficiency in ApoE causes important 
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changes in the serum lipid profile of B10.RIII.ApoE-/- mice, with a remarkable inversion 

in the LDL-c/HDL-c ratio in comparison to B10.RIII.WT mice. These changes may be 

relevant for the induction of inflammatory responses since HDL possess 

immunomodulatory properties by inhibiting the expression of pro- rather than anti-

inflammatory molecules (32) or by its ability to protect LDL against oxidation (8-11). 

In humans, oxidized LDLs can be seen as an autoantigen inducing humoral immune 

responses that through the activation of complement may induce cytokine production by 

macrophages (33, 34). The absence of ApoE may also alter the protein composition of 

either the subclass of HDL with ApoE or the entire fraction of serum HDLs, secondary 

to the induction of inflammatory responses, promoting the generation of HDLs with 

pro-inflammatory functions. In this regard, the levels of pro-inflammatory HDLs with 

modified protein content have been reported to be increased in a cohort of patients with 

active RA (35). Experiments are in progress to explore such possibility in 

B10.RIII.ApoE-/- mice during CIA development.  

Studies performed in animals immunologically depleted or genetically deficient 

in B cells underline the importance of humoral immune responses in the induction of 

CIA (36, 37). Strikingly, B10.RIII.ApoE-/- mice developing a more severe CIA than 

B10.RIII.WT mice, exhibit lower serum levels of IgG1, but not IgG2a, anti-col II 

antibodies. However, it should be stressed that not all antibodies produced in the course 

of an autoimmune reaction may be indeed pathogenic. In this regard, it has been 

demonstrated that the IgG2a switch variant of an anti-red blood cell autoantibody is 

about 20 times more pathogenic that the IgG1 switch variant (38), in clear correlation 

with the different affinities of IgG2a and IgG1 antibodies for Fc receptors promoting 

antibody-dependent cellular cytotoxicity (39). In addition, IgG2a antibodies activate 

much better the complement cascade than IgG1 antibodies (40).  
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Independently of the pathogenicity of IgG1 and IgG2a anti-col II antibodies in 

CIA development, the reduction in the levels of circulating IgG1 anti-col II antibodies 

observed in B10.RIII.ApoE-/- mice compared to B10.RIII.WT mice indirectly reflects a 

distinct pattern of functional CD4 T cell differentiation between both strains of mice 

after col II immunization. The increased joint expression of the Th1 cytokine IFN and 

of the Th17 cytokines IL-17 and IL-21 but not of the Th2 cytokine IL-4 or of the Treg 

cytokine TGF1, and the expansion of Th1 and Th17 cells, but not Tregs, in the 

draining lymph nodes observed in col II-CFA immunized B10.RIII.ApoE-/- mice, 

confirm this assumption. Whereas the pathogenic role of Th17 cells in the development 

of CIA has been clearly defined (15, 16), the contribution of Th1 cells is less clear. Thus, 

IFN deficiency renders the normally resistant B6 strain susceptible to disease (41, 42), 

and lack of IFN or signalling through the IFN receptor enhances the severity of 

arthritis in susceptible strains such as DBA/1 (43, 44). On the other hand, enhanced Th1 

and Th17 immune responses are observed in experimental situations associated to 

exacerbated CIA, such as in mice with a deficiency of myeloid cell-specific IL-1 

receptor antagonist (45). Whether the increased joint expression of IFN and the 

expansion of Th1 cells in secondary lymphoid organs play a pathogenic or regulatory 

activity in CIA development of B10.RIII.ApoE-/- mice remains to be determined.  

 One of the final consequences of the exacerbated CIA in B10.RIII.ApoE-/- mice, 

was the increase in the expression of multiple pro-inflammatory and arthritogenic 

cytokines in the joint such as IL-1 and IL-6. However, despite the enhanced CIA 

observed in these animals, the expression of TNF in the joints remained similar to that 

of CIA-developing B10.RIII.WT mice. Although these results might appear to be 

paradoxical, it was described recently that TNF blockade using TNFR-Fc fusion protein 

or anti-TNF monoclonal antibodies unexpectedly, expanded populations of Th1 and 
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Th17 cells, which were shown by adoptive transfer to be pathogenic (46). Thus, an 

additional local increase in the expression of TNF over the already excessive and 

pathogenic production of TNF in RA (47) might have regulatory properties by limiting 

pathogenic CD4+ T-cell responses. Alternatively, since TNF expression can be 

regulated at multiple levels including post-transcriptional mechanism (48), it might be 

possible that the production and release of TNF protein in B10.RIII.ApoE-/- mice 

developing a severe CIA was increased in the absence of an upregulation of TNF 

mRNA expression in the joints.  

 Unlike CIA, the severity of atherosclerosis is not affected by the development of 

arthritis in col II-CFA immunized B10.RIII.ApoE-/- mice. Thus, the extent of vascular 

lesions in these col II-CFA immunized mice is similar to that of PBS-CFA immunized 

controls. In addition, a similar content of macrophages is observed in the atherosclerotic 

lesions of PBS-CFA treated and col II-CFA immunized B10.RIII.ApoE-/-mice, 

indicating that the lack of enhanced vascular lesions in col II-CFA immunized 

B10.RIII.ApoE-/-mice is not related to a preferential migration of inflammatory cells to 

the affected joints instead of the vessels. However, it should be noted that adjuvants, 

including CFA, possess a potent atheroprotective capacity (25) that can mask the 

potential pro-atherogenic effect associated to the systemic inflammatory environment 

found in the arthritis-developing animals. In agreement with this possibility and with 

previous reports (25), we have observed that the extent of atherosclerosis at the level of 

the aortic sinus in untreated B10.RIII.ApoE-/- mice is significantly higher than that of 

B10.RIII.ApoE-/- mice immunized with PBS-CFA, which fail to develop CIA (data not 

shown). This observation clearly indicates that an experimental model of RA requiring 

the use of CFA for its induction is not appropriated to study cellular and molecular 

 15



mechanisms responsible for the accelerated atherosclerosis associated to this systemic 

autoimmune disease. 

 In conclusion, we provide evidences about how a metabolic abnormality 

associated with dyslipidemia (ApoE deficiency) may influence the development of an 

autoimmune disease such as RA that can be useful for the design of new therapeutic 

strategies in humans. 
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FIGURE LEGENDS 

Figure 1: Serum lipid profiles in B10.RIII.ApoE-/- mice during CIA development. (A) 

Levels of total cholesterol, HDLc and VLDL/LDLc and (B) levels of triglycerides were 

determined in the sera of B10.RIII.WT and B10.RIII.ApoE-/- male mice 8 weeks after 

induction of CIA. Representative results of 3 independent experiments are expressed as 

the mean ± SD (8-10 animals/group). Statistic differences between B10.RIII.WT and 

B10.RIII.ApoE-/- mice are indicated as follow: ***p<0.001. For both A and B, the 

lowest limits of detection were 0.5 mg/dl. 

Figure 2: Exacerbated clinical signs and altered anti-col II antibody responses in CIA 

developing B10.RIII.ApoE-/- mice. 8-12 weeks-old B10.RIII.WT and B10.RIII.ApoE-/- 

male mice were immunized with col II-CFA. (A) Cumulative incidence of CIA. Results 

are expressed as the mean ± SD of the percentage of affected mice at the indicated 

weeks after immunization (n= 26 mice/group). (B) Clinical severity of CIA 8 weeks 

after immunization with col II-CFA. (C) Serum levels of IgG1 and IgG2a anti-col II 

antibodies before and 8 weeks after immunization with col II-CFA. In B and C values 

of individual mice are expressed. Bars represent the mean value of each examination. 

Statistic differences between B10.RIII.WT and B10.RIII.ApoE-/- mice are indicated as 

follow: *p<0.05, **p<0.01. 

Figure 3: Exacerbated radiological and histopathological lesions in B10.RIII.ApoE-/- 

mice during CIA development. 8-12 weeks-old B10.RIII.WT and B10.RIII.ApoE-/- male 

mice were immunized with col II-CFA. (A) Representative radiological images of the 

front paws of B10.RIII.WT and B10.RIII.ApoE-/- mice non-immunized (Non-I) and 8 

weeks after immunization with col II-CFA (Col II-I). (B) Radiological score of four 
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individual signs expressed as the mean ± SD from three independent experiments (20-

25 animals/group). (C) Representative histological appearance of the joints (x10) of 

B10.RIII.WT and B10.RIII.ApoE-/- mice non-immunized and 8 weeks after 

immunization with col II-CFA. (D) Histological score of the joints 8 weeks after 

immunization with col II-CFA expressed as the mean ± SD of the percentage of joints 

ascribed to each severity group from three independent experiments (20-25 

animals/group). In B and D statistic differences between B10.RIII.WT and 

B10.RIII.ApoE-/- mice are indicated as follow: *p<0.05, **p<0.01, *** p<0.005.  

Figure 4: Increased expression of pro-inflammatory citokines in the joints of 

B10.RIII.ApoE-/- mice during CIA development. Analysis by quantitative real-time RT-

PCR of mRNA from different cytokines in the paws of B10.RIII.WT and 

B10.RIII.ApoE-/- mice, non-immunized (open bars) and 8 weeks after immunization 

with col II-CFA (closed bars). Results from three independent experiments (15-20 

animals/group) are expressed as mean ± SD fold change of each cytokine relative to 

GAPDH expression measured in parallel in each sample. Statistic differences are 

indicated as follow: *p<0.05, **p<0.01, *** p<0.005. 

Figure 5: Expansion of Th1 and Th17 but not Treg cells in the draining lymph nodes of 

col II-immunized B10.RIII.ApoE-/- mice. 8-12 weeks-old B10.RIII.WT and 

B10.RIII.ApoE-/- male mice were immunized with col II-CFA. For intracellular cytokine 

staining, lymphocytes from paraaortic lymph nodes were stimulated 3 weeks after 

immunization with phorbol myristate acetate and ionomycin in the presence of 

GolgiStop solution. (A) Representative histograms of CD4+IFN+ Th1, CD4+IL-17+ 

Th17 and CD4+CD25+FoxP3+ Treg cells, determined by flow cytometry, in the different 

experimental groups. The percentage of each population is indicated. (B) Percentages of 
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CD4+IFN+ Th1 (left panel), CD4+IL-17+ Th17 (middle panel) and CD4+CD25+FoxP3+ 

Treg (right panel) cells in non-immunized (open symbols) and 3 weeks post-immunized 

(closed symbols) mice. Values of individual mice are expressed. Bars represent the 

mean value of each examination. Statistic differences are indicated as follow: ns: non 

significant, **p<0.01. No differences in the number of total lymph node cells were 

observed within each group (non-immunized or col II-immunized) between 

B10.RIII.WT and B10.RIII.ApoE-/- mice. 

Figure 6: Lack of exacerbation of atherosclerosis by CIA in B10.RIII.ApoE-/- mice. (A) 

Representative histological aspect of the aortic sinus stained with hematoxylin and eosin 

(upper panels, x10) and content of Mac2-immunoreactive macrophages in the 

atherosclerotic lesions (lower panels, x20) of age-matched non-treated B10.RIII.WT 

mice, 8 weeks PBS-CFA post-immunized B10.RIII.ApoE-/- mice and 8 weeks col II-

CFA post-immunized B10.RIII.ApoE-/- mice. (B) Percentages of the affected area, 

determined by computer-assisted morphometry, from two independent experiments in 

the different experimental groups. Values of individual mice are expressed. Bars 

represent the mean value of each examination. (C) Lesion content of macrophages 

determined by immunohistochemistry using an anti-Mac2 mAb. Representative results 

of 2 independent experiments are expressed as the mean ± SD (5 animals/group) of the 

percentages of stained area relative to the area occupied by atheroma. 

 














