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Abstract

Atherosclerosis is responsible for a large percentage of all-cause mortality worldwide, but it is 

only now beginning to be understood as a complex disease process involving metabolic insult, 

chronic inflammation, and multiple immune mechanisms. Abs targeting apolipoprotein A-I 

(ApoA-I) have been found in patients with cardiovascular disease, autoimmune conditions, as well 

as those with no documented history of either. However, relatively little is known about how these 

Abs are generated and their relationship to diet and sex. In the current study, we modeled this 

aspect of autoimmunity using anti–ApoA-I immunization of male and female C57BL/6 mice. 

Unexpectedly, we found that autoantibodies directed against a single, previously unknown, epitope 

within the ApoA-I protein developed irrespective of immunization status or dyslipidemia in mice. 

When total IgG subclasses were analyzed over the course of time, we observed that rather than 

driving an increase in inflammatory IgG subclasses, consumption of Western diet suppressed age-

dependent increases in IgG2b and IgG2c in male mice only. The lack of change observed in 

female mice suggested that diet and sex might play a combined role in Th1/Th2 balance and, 

ultimately, in immunity to pathogen challenge. This report demonstrates the need for inclusion of 

both sexes in studies pertaining to diet and aging and suggests that further study of immunogenic 

epitopes present in ApoA-I is warranted.

INTRODUCTION

Atherosclerosis, a disease process characterized by the buildup of fatty plaques in the 

vasculature, involves chronic inflammation and targeting of modified self-antigens, 

including oxidized low-density lipoprotein (oxLDL) (1, 2). The autoantibody response to 

these modified self-antigens and possible connections between diet, aberrant adaptive 

immunity, and atherosclerosis have come under increasing scrutiny in recent years. A 

number of atherogenesis-promoting Ags, including oxLDL, heat shock protein 60 (HSP60), 
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and high mobility group box-1 (HMGB-1) protein have been identified, and studies have 

confirmed the development of autoantibodies to these in mice fed a Western diet (WD; high-

fat, high cholesterol) for as little as 2 mo (1, 3–5).

High-density lipoprotein (HDL) participates in reverse cholesterol transport primarily 

through apolipoprotein A-I (ApoA-I), which binds macrophage ATP-binding cassette 

transporter ABCA1 to facilitate cholesterol efflux (2, 6, 7). Because of this role in removing 

excess cholesterol, both HDL and ApoA-I are considered atheroprotective. As with oxLDL, 

ApoA-I can become immunogenic when modified by mechanisms such as neutrophil 

myeloperoxidase, leading to destabilization of atherosclerotic plaques (8, 9). Anti–ApoA-I 

Abs have been shown to play pathologic roles in both humans and mice with autoimmune 

conditions including systemic lupus erythematosus, a condition commonly characterized by 

altered lipid profiles and an increased incidence of atherosclerosis (10–12). ApoA-I 

autoantibodies have also been found in human patients with cardiovascular disease and no 

established autoimmune conditions (13, 14). However, there is little consensus on their 

function or their relationship to age, sex, and diet.

Most studies involving B cell function and diet have been conducted in the context of diet-

induced obesity and insulin resistance, albeit over short periods of time. For example, Winer 

et al. (15) observed significant increases in proinflammatory IgG2c in visceral adipose tissue 

and serum in C57BL/6 males fed a high-fat diet for 6–12 wk and suggested a pathogenic 

role for B cells in the development of insulin resistance. Another study of atherosclerotic 

progression found that MHC class II expression on B cells was required for oxLDL-specific 

IgM and IgG1 responses in mice given a high-fat diet for 8 wk (16). However, this study 

concluded that oxLDL-specific IgG1 responses were not required for atherosclerotic 

development and additionally suggested that IgM and IgG titers may exist in a regulatory 

balance. To the best of our knowledge, no other study has examined how IgG subclasses 

change over the course of more than 9 mo and how aging, sex, and diet might have confluent 

effects on both normal subclass development and abnormal anti–self-responses. In the 

current study, we show that anti–ApoA-I responses develop early in life and that diet may 

influence IgG subclass levels in a sex-dependent manner.

MATERIALS AND METHODS

Mice

Six-week-old male and female C57BL/6J mice (stock no. 000664) and male B6.129S7-

Ldlrtm1Her/J (low-density lipoprotein receptor knockout [LDLr−/−]; stock no. 002207) were 

purchased from The Jackson Laboratory (Bar Harbor, ME) and housed in a specific 

pathogen-free facility at the University of Kentucky. Mice were sedated for blood collection 

and immunization using isoflurane gas. Blood was collected by superficial temporal vein 

puncture using a small animal lancet (Medipoint) into a microcentrifuge tube and 

centrifuged for 10 min at 2000 × g after standing at 4°C for 1 h. Serum was stored at −80°C 

for later Ab and cholesterol detection. Study diet, consisting of ad-libitum normal chow (Fig. 

1 only; Teklad no. 2918), WD (no. D12079B; Research Diets), or controldiet, (CD; no. 

D14042701; Research Diets) was commenced following initial blood collection. All 

Pitts et al. Page 2

Immunohorizons. Author manuscript; available in PMC 2020 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



procedures were approved by the University of Kentucky Institutional Animal Care and Use 

Committee.

One cage of (5) sham-immunized female mice on CD was removed from study because of 

development of a skin condition unrelated to the study. Thus, Figs. 2 and 3 use five mice in 

that group and 10 in all others.

Immunizations

Mice were immunized s.c. three times at 7, 9, and 22 wk of age (LDLr−/−mice) or twice at 8 

and 10 wk (C57BL/6 mice)with 50 μl of a 20 mM liposomal formulation prepared as 

follows. A mixture of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Avanti Polar 

Lipids), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG; Avanti Polar Lipids), 

cholesterol, and monophosphoryl lipid A (MPL; Sigma-Aldrich) were mixed at a 15:2:3:0.3 

molar ratio and dried by rotary evaporation. The mixture was dissolved in equal parts 

chloroform and methanol and a portion was removed for preparation of peptide-free 

injections (sham immunization). The remaining lipids were combined with cholesteryl 

hemisuccinate (CHEMS)–conjugated ApoA-I peptide (ApoA-I141–184; Elim Biopharm) at a 

concentration of 1 mg/ml in chloroform and the lipids were dried down slowly to form a thin 

lipid film. On the day of immunization, lipids were rehydrated in sterile PBS and sonicated 

at room temperature until translucent. The resulting liposome solution was extruded 11 

times through a 0.2-μm filter (Avanti Polar Lipids) before injection.

ApoA-I peptide biotinylation

Biotinylation of a peptide sequence spanning residues 141–184 of the mouse ApoA-I protein 

(ApoA-I141–184) was carried out by adding 50 mg of crude peptide on resin (sequence 

βAGGLS PVAEEFRDRMRTHVDSLRTQLAPHSEQMRESLAQRLAELK SN) (Elim 

Biopharm) to a peptide synthesis vessel containing 0.28 mmol biotin (Sigma-Aldrich), 0.17 

mmol hydroxybenzo-triazole (HOBT; TCI America), 0.24 mmol hexafluorophosphate 

benzotriazole tetramethyl uranium (HBTU; TCI America) and 15 μl of 

diisopropylethylamine (DIPEA; TCI America) in 2 ml of N-methyl-2-pyrrolidone (VWR 

Chemicals). This mixture was charged with nitrogen gas and allowed to react for 7 d at room 

temperature.

After 7 d the reaction mixture was removed, and the resin beads were washed of excess 

biotin three times using methanol and chloroform, and dried. The resin beads were then 

transferred to a stirring solution of 4.7 ml of trifluoracetic acid, 125 μl of ethanedithiol, 125 

μl of water, and 50 μl of triisopropylsilane. After 30 min, this solution was pipetted through 

a glass wool filter into a conical vial containing cold ether (−20°C) and left overnight at 

−20°C. The following morning, the conical vial was centrifuged at 4000 rpm for 5 min and 

the peptide pellet was resuspended in cold ether and allowed to sit for overnight at −20°C. 

Centrifugation was repeated, and the resulting pellet was dried, weighed, and resuspended in 

a 1:1 mixture of water and tetrahydrofuran at 2 mg/ml. Concentration was confirmed by 

absorbance at 205 nm.
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Circulating Ab ELISA

Serum samples were diluted in PBS containing 0.05% casein (PBS-C; 124240; Beantown 

Chemical), as noted in figure legends, and kept frozen at −80°C until use. In all cases, plates 

were washed six times with 200 μl of PBS containing 0.1% Tween-20 (Sigma-Aldrich) 

between steps. Samples and HRP-conjugated detection Abs were incubated for 30 min at 

37°C using 100 μl of each. Binding was quantified by incubating the samples with 100 μl of 

tetramethylbenzidine (Rockland) for 30 min at room temperature and then quenched with 

0.5 M H2SO4. Absorbance at 450 nm was recorded using a BioTek Synergy H1 microplate 

reader.

For anti–full-length ApoA-I ELISA, 96-well high-binding plates (Greiner Bio-One) were 

coated with 100 μl of mouse ApoA-I (MBS206112; MyBioSource) diluted to 1 μg/ml in 

carbonate buffer (0.53% sodium carbonate [pH 9.7]; VWR LifeScience) and incubated for 2 

h at 37°C. Plates were blocked with 100 μl of PBS-C for 30 min. and diluted samples were 

subsequently applied in duplicate for an additional 30 min.Binding was detected using goat 

anti-mouse IgG-HRP (16066; Invitrogen) diluted 1:2000 in PBS-C.

For anti–ApoA-I141–184 (peptide) ELISA, 96-well streptavidin-coated plates (05124; 

Thermo Fisher Scientific) were coated with 100 μl of biotinylated mouse ApoA-I141–184 

diluted to 2 μg/ml in PBS containing 0.1% Tween-20 and incubated for 2 h at 37°C. Diluted 

samples were applied in duplicate and incubated for an additional 30 min. Binding was 

detected using goat anti-mouse IgG-HRP, as above.

Circulating Ab reciprocal end point titers (RET) were quantified by serial dilution beginning 

at 1:200 using capture and detection strategies as outlined above. The slope of the linear 

portion of the curve was calculated and divided by two times the average of the serum-free 

control wells to generate a RET.

For total subclass-specific ELISA, high-binding plates were coated with goat anti-mouse 

subclass-specific Abs diluted to 2 μg/ml in carbonate buffer (IgG1 [115-005-205; Jackson 

ImmunoResearch], IgG2b [115-005-207; Jackson ImmunoResearch], IgG2c [115-005-208; 

Jackson ImmunoResearch], IgG3 [115-005-209; Jackson ImmunoResearch]) and incubated 

for 2 h at 37°C. Plates were blocked with PBS-C for 30 min. Isotype controls (IgG1 

[02-6100; Invitrogen], IgG2b [02-6300; Invitrogen], IgG2c [MBS 679122; MyBioSource], 

IgG3 [14-4742-82; eBiosciences]) were used to create a standard curve and samples were 

diluted 1:2000-1:120,000, dependent on age and immunization status, before being added to 

plates in duplicate for an additional 30 min. Binding was detected with subclass-specific 

HRP Abs (IgG1 [ab98693, 1 μg/40 ml; Abcam], IgG2b [ab98703, 1 μg/40 ml; Abcam], 

IgG2c [ab98722, 1 μg/10 ml; Abcam], IgG3 [115-035-209, 1 μg/12.5 ml; Jackson]).

Epitope mapping by peptide array

Serum samples from the mice shown in Figs. 2 and 3 with an anti–full-length ApoA-I 

absorbance (A450) >1.0 at study termination were selected for epitope mapping by peptide 

array. Where possible, a matched sample from 11 wk of age was also included. Serum 

samples were analyzed by JPT Peptide Technologies (Berlin, Germany) PepStar peptide 

microarrays using a series of 58 synthetic 15-mer peptides with 4-aa offsets spanning the 
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entire 243-aa sequence of murine ApoA-I. Serum samples were incubated with the 

microarray slide for 1 h at 30°C. After washing the microarray, fluorescently labeled anti-

mouse IgG secondary Ab at 1 μg/ml was added and incubated for 1 h. Control wells lacking 

mouse serum were used to assess nonspecific binding of the secondary Ab toward each 

peptide. After washing, the array was scanned at 635 nm to obtain fluorescence intensity 

profiles and resulting images were quantified to yield a mean pixel value for each peptide, 

which is represented as a heatmap.

Cytokine ELISA

IL-6 and IFN-γ ELISA Max kits were purchased from BioLegend (no. 431305 and 430805) 

and assays were performed according to manufacturer instructions. Because of time 

considerations, serum samples were analyzed after being frozen overnight.

Cholesterol quantification

Serum was diluted in 0.9% saline and quantified at 492 nm using an enzymatic cholesterol 

reagent (C7510; Pointe Sci) and its accompanying standard (C7509).

Statistics

Statistical comparisons were performed using Graph Pad Prism version 8. Fig. 1A and 1B 

had n = 5 mice per group and Figs. 1C, 2, and 3 had n = 10 mice per group except for sham-

immunized female mice on CD, for which five females on CD were removed from 

consideration as stated in the Materials and Methods section on Mice. Statistical methods 

are detailed in each figure: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

RESULTS

Liposomal ApoA-I immunization generates a rapid Ab response

Autoantibodies to ApoA-I have been reported in human patients with cardiovascular disease 

(14, 17, 18). These Abs have also been observed in patients with various immunopathologies 

and correlate with increased levels of inflammatory biomarkers (14, 18, 19). To investigate 

the link between inflammation and potentially atherogenic autoantibodies, we immunized 

female C57BL/6 mice against the domain of ApoA-I spanning the lecithin:cholesterol 

acyltransferase (LCAT) binding region (ApoA-I141–184), which has been reported as a target 

of these Abs in humans (17). The liposomal vaccine (L-ApoA-I) consisted of natural lipids, 

the adjuvant monophosphoryl lipid A (MPL), and ApoA-I141–184, which was anchored to 

the liposome via CHEMS. The immunization strategy was tested at various concentrations 

of peptide (Fig. 1A) and demonstrated a robust antipeptide response in C57BL/6 females 

following two immunizations with peptide concentrations of 0.5 and 2 mg/ml, which aligns 

with the findings of previous studies using this strategy (20).

Because chronic inflammatory conditions, including autoimmune diseases, often correlate 

with altered serum lipid profiles and an increased risk of cardiovascular disease (21), we 

hypothesized that anti–ApoA-I immunization of dyslipidemic mice would provide a 

reasonable model to observe anti–self-responses over time. Male mice lacking the low-

density lipoprotein receptor (LDLr−/−) on a standard chow diet were immunized with 
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liposomal ApoA-I and MPL or given a sham immunization and then followed until 48 wk of 

age. The immunization resulted in a robust antipeptide response (Fig. 1B), and both groups 

of mice maintained total serum cholesterol levels of ~250–300 mg/dl throughout the study 

(data not shown), which is considered normal for the strain (22). However, there was no 

detectable response against the full ApoA-I protein until 1 wk after a booster at 23 wk of 

age, and after that point, responses in both immunized and sham-immunized mice increased 

similarly until a peak at 43 wk of age (Fig. 1C). This suggested that either aging or 

dysregulated lipid homeo-stasis might be a trigger for development of anti–ApoA-I 

autoantibodies, which led us to explore the interactions of WD, sex, and aging and how each 

might contribute to anti–self-responses.

Chronic anti–ApoA-I responses develop with age in male and female wild-type mice

Many autoimmune conditions, including systemic lupus erythematosus, scleroderma, and 

Grave disease are strongly biased toward females (23). Levels of leptin, the satiety hormone, 

are also higher in females (24) and have been linked to development of autoimmune diabetes 

in female nonobese diabetic mice (25). To separately examine the contributions of diet and 

sex to anti–ApoA-I responses, male and female C57BL/6 mice were placed on WD or a CD 

with no added cholesterol, given a sham immunization, and monitored until 41 wk of age. 

Consumption of WD prompted a rapid increase in total serum cholesterol levels to more 

than 250 mg/dl in male mice; however, no significant change was observed in females (Fig. 

2A). The difference was maintained or increased over the course of the study, with males 

ending at ~300 mg/dl. This observation agrees with previous studies performed over a 

shorter time span (26, 27).

Circulating levels of IL-6, a pleiotropic cytokine with roles in the acute phase response and 

development of autoimmunity (28), were also analyzed at 9 and 11 wk of age. IL-6 levels 

were not assayed at the outset of the study; however, females on both CD and WD displayed 

significantly higher levels of circulating IL-6 in comparison with males at 9 wk, averaging 

~3–4 μg/ml, respectively (Fig. 2B). By 11 wk of age, serum IL-6 in female mice had begun 

to decrease and was not significantly different from the values found in male serum. IFN-γ 
levels were also measured at the same times; however, no measurable IFN-γ was found in 

any treatment group (data not shown).

Previous unpublished observations from our laboratory have indicated that a very small 

percentage of mice tend to have transient anti–ApoA-I responses regardless of immunization 

or age, but that these responses do not persist over time. When total IgG directed against 

full-length ApoA-I was assayed (Fig. 2C), we again observed some mice, particularly 

females, with high A450 readings at the outset of the study and an overall increase in 

responses as the mice aged. Males on CD tended to exhibit growing anti– ApoA-I responses 

over time, although the increase was quite variable, and females fed CD had no significant 

change in overall responses. Although female mice on WD showed a tendency toward 

increasing anti–ApoA-I responses over time, large variations made differences ultimately not 

significant. Male mice on WD exhibited a slow but significant increase in anti–ApoA-I IgG 

between 7 and 41 wk of age, with all values rising above the limit of detection. Together, 
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these data indicated that a variable immune response toward ApoA-I started at a young age 

in both males and females, increased with time, and was not strictly dependent on diet.

WD suppresses age-dependent IgG2b and IgG2c increases in male mice

Sex and diet are known to influence immunity through diverse mechanisms such as 

microbiota metabolite production, TLR4 signaling, and inflammasome activation (29–34). 

Given that anti–ApoA-I responses increased with age and tended to be more pronounced in 

mice on WD, we hypothesized that consumption of WD would also cause an inflammatory 

shift in total IgG profiles and that the shift would become apparent as the mice aged. 

Therefore, total circulating IgG1, IgG2b, IgG2c, and IgG3 were monitored by ELISA in the 

same sham-immunized male and female mice until study termination at 41 wk of age. Of 

note, C57BL/6 mice do not possess the IgG2a allele, but instead produce IgG2c (35).

As shown in Fig. 3, IgG1 concentrations increased over time in both male and female mice 

by 2- to 3-fold regardless of diet. Females on either diet displayed a definite preference for 

IgG2b secretion, but male mice on WD had nearly 50% less IgG2b and 40% less IgG2c at 

41 wk of age than their counterparts on CD. IgG3 increased by ~5-fold in males, regardless 

of diet, whereas in females the increases were more gradual and variable. These data suggest 

that although young wild-type male mice are Th2 inclined, consumption of WD might 

paradoxically prevent age-related increases in inflammatory IgG subclasses as anti–self-Abs 

simultaneously increase with age.

Robust responses against a single nonimmunization epitope are detectable regardless of 
diet or sex

The target of the anti–ApoA-I Abs that developed without immunization remained of 

interest. To assess the specificity of immune response, serum from sham-immunized mice 

with anti–full-length ApoA-I A450 values over 1.0 at study termination (old) was selected for 

analysis by peptide array (Fig. 4A). Where possible, corresponding samples that met the 

threshold from 11 wk of age were also included (young). As a comparison, samples from 

mice that had received anti–ApoA-I immunization were also included (Fig. 4B). Of note, 

there were more samples that met the A450 threshold in mice that had received 

immunization, but IgG RET against the full protein at study termination were generally low, 

regardless of treatment (Table I).

The peptide array consisted of the entire 243-aa sequence divided into 58 15-mer peptides 

with a 4-aa offset. Remarkably, every sample analyzed showed a robust response to only one 

peptide: SQLQERLGPLTRDFW (ApoA-I57–71). Lower-intensity and more variable 

responses were detected in immunized mice to an area corresponding to the immunization 

peptide EEFRDRMRTHVDSLR (ApoA-I145–159) and the two overlapping peptides 

surrounding it. When recombinant full-length ApoA-I protein was assayed as a control, 

responses were as low as 10% of the values observed for the most reactive epitope; however, 

the conformation in which the full protein was affixed to the assay plate could have limited 

Ab binding in this case. Where samples were able to be analyzed from both young and old 

mice, there was little to no alteration in epitope specificity and no pattern observed in the 

intensity of the responses. Together, the data presented in this peptide array indicated that 
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anti–ApoA-I responses were likely to begin early in life and that an aberrant lipid profile 

was not required for their initiation, although their role in the pathology of atherosclerosis 

and inflammation remains to be elucidated.

DISCUSSION

Once thought to be primarily a disease of overconsumption and imbalance, atherosclerosis is 

now beginning to be understood as a multifactorial process involving metabolic insult, 

chronic inflammation, modification of self-antigens, and Ab responses (36, 37). Previous 

studies have found that autoantibodies raised against oxLDL, HMGB-1, and HSP60 could 

be generated in mice fed a high-fat diet for as little as 2 mo (1, 3–5). Although some have 

suggested that the initial development of these autoantibodies facilitates the removal of 

waste products (4), it seems likely that over time, detrimental effects would develop. In this 

study, we modeled autoimmunity with anti–ApoA-I immunization and unexpectedly found 

that both male and female mice developed Abs against a separate, discrete 15-aa sequence 

contained within the ApoA-I protein irrespective of immunization. Furthermore, we showed 

WD suppressed age-dependent increases in IgG2b and IgG2c in male mice, but not female 

mice, suggesting links to Th1/Th2 balance and implications in immunity. These results 

emphasize the necessity of using both sexes in studies of immune contributions to chronic 

inflammatory conditions and indicate that further exploration of the immunogenicity of 

certain epitopes in ApoA-I is needed.

In general, female sex is somewhat protective against metabolic changes induced by WD. 

For example, Zhu et al. (27) recently reported that activation of estrogen-α receptors in 

hepatocytes protects female mice on WD against insulin resistance and lipid deposition in 

the artery wall, but not males. Additionally, premenopausal women have less atherogenic 

plasma lipid profiles compared with body-matched men, indicating roles for estrogen 

signaling in lipid clearance (38). Over the course of our study, female mice on WD gained 

weight as expected but had very little change in serum cholesterol levels in contrast to the 

male mice, which reached an average of 300 mg/dl. These data support previous studies 

suggesting estrogen-mediated mechanisms of cholesterol control (27, 38, 39).

In mice, IgG1 directs a Th2- like response, whereas IgG2a/2c, IgG2b, and IgG3 are 

associated with Th1-like responses and cellular immunity (40). Total serum Ig levels 

increase with age in both mice and humans; however, human studies have found decreased 

class switch recombination with aging (41, 42). In C57BL/6 mice, age- and sex-dependent 

differences in total IgG2b and IgG3 composition have been noted with and without 

immunization (43). The relationship of diet to changes in total, nonspecific IgG subclass 

composition and the physiological relevance of these changes, however, is still unclear. In 

this study, we observed significant increases in total serum cholesterol levels and a blunting 

of IgG2b and IgG2c increases in WT male mice fed WD, but not CD. Females, in contrast, 

were not significantly affected by diet. Jones et al. (43) and others have reported that 

estrogen can modulate Ig levels in both mice and humans (44, 45). This effect was also 

observed ex vivo using B cells stimulated with LPS and suggests a sex hormone–mediated 

modulation of the immune response to pathogens (43). In this context it may be reasonable 

to expect deficient complement fixation in aged male mice on WD, where one or more Th1-
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type subclasses are suppressed. To the best of our knowledge, no studies have found major 

sex-based differences in IgG2c; however, this may be because of the fact that more isotyping 

has been done for IgG2a. One study that did isotype IgG2c found that feeding male 

C57BL/6 mice a high-fat diet for 6–12 wk resulted in increased serum IgG2c and no change 

in IgG2b (15); however, that study differed from ours in length of feeding, absolute diet 

composition, and the delivery of a sham immunization. Our study also supports the work of 

Zhouet al. (46), who found that feeding male ApoE−/−C57BL/6 mice a high-cholesterol diet 

for only 5 wk resulted in a switch of anti-oxLDL Abs to IgG1, with little change in 

IgG2a/2c. They suggested that hypercholesterolemia created a Th2 bias in the Ab response, 

agreeing with our finding that only male mice exhibited both high cholesterol and aberrant 

total subclass profiles when placedon WD. Although studies have been limited, it is known 

that a high-fat, high-cholesterol diet increases circulating ApoA-I levels in male C57BL/6 

mice but not females (47, 48). This suggests that in our mice, hypocholesterolemia-mediated 

increased availability of ApoA-I could have driven a T cell–mediated change in the Ab 

profile.

Despite being partially protected against WD-induced morbidity, females have been noted to 

have higher circulating levels of inflammatory mediators than study-matched males (49, 50). 

Sullivan et al. (50) recently showed that young women with coronary artery disease 

exhibited higher circulating levels of IL-6 after mental stress than did men. This study also 

suggested that IL-6 elevation following acute stress may play a causal role in early-onset 

coronary artery disease in young females. Because the mice all received a sham 

immunization, it is not possible to discern between immunization-related effects and simple 

stress; however, these data support the previous findings of Sullivan et al. and others. 

Interestingly, the IL-6 levels we report in this study are ~100-fold greater than what Schulte 

et al. (51) saw in a study of male ApoE−/− mice on a C57BL/6 background consuming an 

atherogenic diet. The authors of that study associated atherosclerotic lesion development 

with increased IL-6 levels but un-fortunately did not use female mice in their study.

The results of the peptide array showed that the most immunogenic sequence in mouse 

ApoA-I was found in aa 57–71. The specificity of the responses toward this very narrow 

sequence suggests molecular mimicry or a natural immune-mediated mechanism of ApoA-I 

regulation. Notably, although various epitopes have been described in human subjects, this is 

the first immunogenic epitope of ApoA-I identified in mice (18, 52). Although the function 

of the particular sequence identified in our studies has not been fully elucidated, data from 

humans and structural studies offer some insight. A mutant form of ApoA-I, known as 

ApoA-I Iowa, has been identified in the N-terminal segment and results in fibril formation 

(53). Although this mutation is outside of the identified epitope, modifications that alter the 

secondary structure of the protein may lead to increased immunogenicity in adjacent 

segments. Structural studies indicate that the N-terminal domain exhibits an open and closed 

state based on its interaction with the lipid content of HDL, which is influenced by 

cholesterol and ApoA-I content of the particle (54). However, the extent to which this 

conformational change occurs in vivo in a mouse is unclear. These data warrant continued 

evaluation of the immunogenicity of the identified epitope, which shares 66% sequence 

homology with human ApoA-I, and its significance in cardiovascular immunology.
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Our work, along with that of others, demonstrates that autoantibodies develop naturally to 

ApoA-I and that dysregulation of Ab class composition occurs as a result of aging and 

various other environmental factors. It has also been noted that because several hundred 

1000 Ig molecules are required to facilitate complement-mediated lysis of a single RBC, 

autoantibodies are nearly impotent unless their target is expressed very densely on self-cells, 

with a few notable exceptions (40). It remains to be seen, then, whether anti–ApoA-I 

autoantibodies are the exception or the rule, and how their development early in life is 

relevant to atherosclerotic plaque deposition. The potential ties between diet, sex, and Ig 

class switching should be further investigated in disease-prone mice for their biological 

relevance in the context of both atherosclerosis and diet-induced obesity, as well as overall 

immune system function, as these findings could help in the understanding of the immune 

components of atherosclerosis and may elucidate therapeutic targets to prevent or treat 

disease.
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FIGURE 1. Anti–ApoA-I immunization is not required to break tolerance in dyslipidemic mice.
(A) Female C57BL/6 mice were immunized at 9 and 11 wk of age with a liposomal 

formulation containing increasing concentrations of CHEMS-conjugated ApoA-I peptide 

subunit (L-ApoA-I). RET for anti–ApoA-I141–184 IgG were determined 1 wk after the 

second immunization and results analyzed by one-way ANOVA with Dunn multiple 

comparisons test. Horizontal lines indicate mean; n = 5 per treatment. (B and C) Male LDLr
−/− mice on a normal chow diet were immunized at 7, 9, and 22 wk of age with liposomes 

containing L-ApoA-I and 1.5 mol% MPL, or 1.5 mol% MPL alone (sham), and monitored 

regularly until 48 wk of age. (B) Average absorbance values ± SEM for IgG responses to the 

immunized Ag ApoA-I141–184 are shown. Significance determined by two-way ANOVA 

with Tukey multiple comparisons test; comparisons are shown for sham versus immunized 
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at 10 and 48 wk. (C) RET for anti– full-length ApoA-I IgG were determined through serial 

dilution. Bars indicate mean; symbols correspond to individual mice in each treatment 

group. Significance determined by one-way ANOVA with Dunn multiple comparisons test; 

n = 10 mice per treatment. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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FIGURE 2. Chronic anti–ApoA-I responses develop in wild-type mice over time.
Male and female C57BL/6 mice on CD or WD were given a sham immunization at 8 and 10 

wk of age; n = 10 mice per group except for female CD, where n = 5. (A) Total serum 

cholesterol values were determined by colorimetric assay; symbols indicate mean values ± 

SEM. (B) Serum IL-6 results are shown at 9 and 11 wk. (C) Absorbance values at 450 nm 

are shown for anti–full-length ApoA-I IgG; dashed line indicates limit of detection. (A) 

Significance determined by two-way ANOVA with Tukey multiple comparisons test. (B and 

C) Significance determined by one-way ANOVA with Dunn multiple comparison test; bars 

indicate mean and symbols correspond to individual mice. *p < 0.05, **p < 0.01, ****p < 

0.0001. ns, not significant.
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FIGURE 3. WD depresses IgG2b and IgG2c secretion in male mice.
Male and female C57BL/6 mice were sham-immunized and placed on diet as detailed in Fig. 

2. Total serum IgG1, IgG2b, IgG2c, and IgG3 were analyzed by ELISA. Mean values ± 

SEM for 7, 11, and 41 wk of age are shown; results analyzed by two-way ANOVA with 

Tukey multiple comparisons test. Significant comparisons only are shown for the terminal 

bleed. *p < 0.05, **p < 0.01. ns, not significant.
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FIGURE 4. Robust responses to a single peptide are detectable regardless of treatment.
Eighteen serum samples from immunized and sham-immunized C57BL/6 mice (see Table I) 

with A450 values above 1.0 at 11 wk (young [Y]) or terminal bleed (old [O]) timepoints were 

analyzed on a peptide array. The array spanned the entire 243-aa sequence of murine ApoA-

I with 58 peptides of 15 aa in length using a 4-aa offset. Portions of the heatmap and 

corresponding peptides where mouse sera were found to bind as determined using numerical 

values produced from scanning the fluorescent array at 635 nm are shown. A control (Ctl) 

lane is included in the microarray assay, which includes immobilized peptides and secondary 

Abs, but not mouse sera. (A) Values for sham-immunized mice are shown. (B) Values for 

ApoA-I immunized mice are shown.
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