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Abstract

Auto-immunity is believed to contribute to inflammation in atherosclerosis. The antimicrobial

peptide LL-37, a fragment of the cathelicidin protein precursor hCAP18, was previously

identified as an autoantigen in psoriasis. Given the reported link between psoriasis and coro-

nary artery disease, the biological relevance of the autoantigen to atherosclerosis was

tested in vitro using a truncated (t) form of the mouse homolog of hCAP18, CRAMP, on sple-

nocytes from athero-prone ApoE(-/-) mice. Stimulation with tCRAMP resulted in increased

CD8+ T cells with Central Memory and Effector Memory phenotypes in ApoE(-/-) mice, dif-

ferentially activated by feeding with normal chow or high fat diet. Immunization of ApoE(-/-)

with different doses of the shortened peptide (Cramp) resulted in differential outcomes with

a lower dose reducing atherosclerosis whereas a higher dose exacerbating the disease with

increased neutrophil infiltration of the atherosclerotic plaques. Low dose Cramp immuniza-

tion also resulted in increased splenic CD8+ T cell degranulation and reduced CD11b+

CD11c+ conventional dendritic cells (cDCs), whereas high dose increased CD11b+CD11c+

cDCs. Our results identified CRAMP, the mouse homolog of hCAP-18, as a potential self-

antigen involved in the immune response to atherosclerosis in the ApoE(-/-) mouse model.

Introduction

Atherosclerosis is a chronic disease linked to auto-immune, pro-inflammatory processes

potentially involving self-antigens [1]. Alterations of the host immune response involved in

the disease process remains a growing field of study, and increasing evidence supports a role

for self-reactive immune activation in atherosclerosis [2–5]. Control of self-reactivity by

immune homeostasis is mediated in part by self-antigen processing and presentation through

the MHC-I/CD8+ T cell pathway [6–8]. Under physiologic conditions, the host proceeds with

this process without significant consequence. However, when stressed by pathologic inflam-

matory conditions, the host immune response is altered [9]. This process is thought to play a

role in chronic diseases in humans [10,11]. Thus, the inflammatory response in coronary

artery disease (CAD) may inflict stress upon the host leading to alterations in normal MHC-I/

self-peptide immune responses.
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Auto-immune, inflammatory diseases such as psoriasis have been linked to atherosclerotic

cardiovascular diseases. After adjusting for key risk factors, early atherosclerosis was found to

be highly prevalent in psoriasis patients compared to controls [12]. CAD patients have a two-

fold higher prevalence of psoriasis [13]. LL-37, the cationic antimicrobial peptide fragment of

the cathelicidin protein hCAP-18 [14], is an auto-immune T cell antigen in psoriasis patients

[15]. The reported auto-immune response to LL-37 in psoriasis may be significant in CAD

given the increased risk of myocardial infarction in psoriasis patients [16]. In support of these

findings, LL-37 is found in atherosclerotic plaques [17,18], and prognosis after first-time myo-

cardial infarction is significantly impaired in patients with psoriasis [19], suggesting that auto-

immunity to LL-37 or other hCAP-18 fragments may be involved in atherosclerosis. In addi-

tion to its antimicrobial properties, LL-37 is a key component of neutrophil extracellular traps

(NETs) [20] and has immune-modulatory functions [21].

To investigate the potential role of immune auto-reactivity to hCAP-18 in atherosclerosis,

we designed experiments with the Apolipoprotein E(-/-) [ApoE(-/-)] mouse model of athero-

sclerosis using the mouse homolog of hCAP-18, called CRAMP (Cathelicidin Related Antimi-

crobial Peptide). The role of this potential auto-reactive antigen in atherosclerosis was tested

using immunization as a strategy to manipulate the auto-immune response in ApoE(-/-) mice.

Materials and methods

Generation of truncated peptide for in vitro stimulation

The CRAMP protein was analyzed using an epitope prediction site to determine possible epi-

topes for antigenicity (www.syfpeithi.de; S1 Fig). Regions with low predicted binding scores to

the mouse H2-Kb and H2-Db alleles, which are the 2 alleles found in the C57Bl6 strain back-

ground of the ApoE(-/-), were excluded and a truncated(t) version of the peptide (tCRAMP)

was synthesized (LifeTein) in order to test regions of CRAMP that were predicted to have high

CD8+ T cell immune reactivity (S1 Fig).

Animal protocol

The experimental protocols were approved by the Institutional Animal Care and Use Commit-

tee of Cedars-Sinai Medical Center. All mice were housed in a fully accredited animal facility,

kept on a 12-h day/night cycle, and had unrestricted access to water and food. All experiments

in the study were performed using male mice. Male ApoE(-/-) mice were purchased from Jack-

son Laboratories (Bar Harbor, ME). ApoE(-/-) mice were crossed with FoxP3GFP mice on the

C57Bl6 background (generously provided by Dr. Talal Chatila, UCLA). Male ApoE(-/-)

FoxP3GFP were used for regulatory T cell and mechanistic studies. Euthanasia was performed

by overdose of inhalation anesthesia until death and assured by bilateral pneumothorax fol-

lowed by tissue collection.

In vitro stimulation of splenocytes with tCRAMP

The truncated peptide was used to stimulate splenocytes from 13 week old ApoE(-/-) mice fed

with either normal chow (NC) or high fat diet (HC) consisting of 0.15% cholesterol, 21% fat

(TD.88137, Envigo). The splenocytes from ApoE(-/-) mice were stimulated in a 37˚C / 5%

CO2 incubator with tCRAMP for 24 or 48 hours at a dose of 2 or 20μg/mL in RPMI medium

(Thermo Fisher) supplemented with 10% Heat Inactivated FBS (Omega Scientific), antibiotic-

antimycotic (Gibco) and β-mercaptoethanol (Sigma). Mouse Serum Albumin peptide

(Abcam) was used as control. Albumin is an abundant serum protein with the peptide having

only moderate binding prediction scores for H2-Db and H2-Kb (S2 Fig).
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For cell proliferation, splenocytes were stained with CFSE (2.5μM) and stimulated with

tCRAMP (20μg/ml) for 4 days. Cells were harvested and stained with fluorescent CD4 or

CD8b antibodies and analyzed using a BD LSR Fortessa apparatus.

Plaque T cell stimulation with tCRAMP

ApoE(-/-) mice at 19 weeks of age were fed HC for 6 weeks until 25 weeks of age and the aortas

were collected at euthanasia for enzymatic digestion. Mice were used at this age in order to

assure presence of atherosclerotic plaques in the aorta. Aorta pooled from 6 mice were incu-

bated for 20 minutes in 37˚C sterile RPMI 1640 medium with 0.25 mg/ml Collagenase (Sigma-

Aldrich), 0.125 mg/ml Elastase (Sigma-Aldrich), and 60 U/ml Hyaluronidase. After enzymatic

digestion, the cells were strained through a 40 μm Nylon cell strainer (Falcon) to obtain single

cell suspension. The cells were cultured in triplicates for 24h in in a 37˚C / 5% CO2 incubator

with tCRAMP at a dose of 20μg/mL in RPMI medium.

Flow cytometry

Harvested cells were washed in PBS and stained for viability (LIVE/DEAD Fixable Violet

stain) and surface markers listed in Table 1. For intracellular cytokine staining, Brefeldin A

(eBioscience) was added to the cultured cells 4 hours before the staining procedure. After cell

surface staining, cell membranes were permeabilized with Fixation/Permeabilization buffer

(eBioscience) and subjected to intracellular staining using standard protocol with antibodies

in Table 1. For cells collected from enzymatic digestion of the aorta, CD3 antibody was used to

mark T cells. Flow cytometry was performed using a BD LSR Fortessa apparatus. General gat-

ing for analysis excluded cell doublets and non-viable cells. Specific gating strategies are

described in the results section.

Cramp peptide synthesis for immunization

The peptide sequence excluding the first 37 amino-acids of the protein (final length is 136 aa)

was synthesized (LifeTein) and used for immunization studies, referred to as Cramp through-

out the report (S1 Fig). The first 37 amino-acids were excluded due to the low MHC-I binding

prediction scores of that region.

Table 1. Antibodies used for flow cytometric analysis.

Antibodies Clone

anti-CD3e (BD Horizon) 145-2C11

anti-CD4 (BD Horizon) GK1.5

anti-CD8a (eBioscience) 53–6.7

anti-CD8b (eBioscience) H35-17.2

anti-CD11b (eBioscience) M1/70

anti-CD11c (eBioscience) N418

anti-CD25 (eBioscience) PC61.5

anti-CD44 (eBioscience) IM7

anti-CD49b (eBioscience) DX5

anti-CD62L (eBioscience) MEL-14

anti-CD107a (Biolegend) 1D4B

anti-CD122 (eBioscience) 5H4

anti-CD317/PDCA-1 (eBioscience) 129c

anti-IFN-γ (eBioscience) XMG1.2

anti-IL-12 (eBioscience) C17.8

anti-TNF-α (Biolegend) MP6-XT22

https://doi.org/10.1371/journal.pone.0187432.t001
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Immunization of ApoE(-/-) mice with Cramp peptide

The peptide was formulated with Adjuphos (Brenntag; 12.5 μl of a 2% solution) and 10μg

MPLA (MPLA-SM VacciGrade, InvivoGen) as adjuvant mixture, in a final volume of 200μl

with PBS as vehicle. Controls were PBS alone or adjuvant alone (Adjuphos and MPLA with

PBS at matched volumes). Male mice were immunized subcutaneously at a dose of 20μg or

100μg of the peptide at 7, 10, and 12 weeks of age. Two different doses were used to address

the potential role of antigen dose in self-reactive immune responses [9,22–24]. At 13 weeks of

age, mice were fed high fat diet until euthanasia at 25 weeks of age. Mechanism of action stud-

ies were performed utilizing ApoE(-/-)FoxP3GFP mice.

Tissue harvesting and preparation

At euthanasia the mouse hearts were harvested and embedded in OCT compound (Tissue-

Tek) for cryo-sectioning. Whole aortas were cleaned, fixed in Histochoice (Amresco) and

stained with Oil-red-o to assess the extent of atherosclerosis en face as described previously

[25,26].

Immunohistochemical and lipid staining of aortic sinus plaques

The aortic sinus sections were stained with Oil-red-o, MOMA-2 antibody (BioRad), anti- CD3

and Ly6G (Biolegend) antibodies to identify lipids, macrophages, T cells, and neutrophils,

respectively using standard immunohistochemical protocol. Three slides per animal in 5 slide

intervals were used for each staining parameter. Results from the 3 slides were averaged per

animal for the respective parameter. Secondary antibody conjugated to HRP with AEC as

color substrate was used for detection and sections were counter-stained with hematoxylin.

Omission of primary antibody served as negative control. Computer assisted morphometric

analysis by ImagePro software (Media Cybernetics) was performed on samples as described

previously [25,26]. The person performing the computer-assisted analysis was blinded to

mouse treatment groups.

Serum analysis

Anti-Cramp IgM and IgG titers were assessed using ELISA. Cramp peptide was coated onto

96- well plates at a concentration of 20μg/ml overnight. Wells were blocked with 1% BSA and

diluted sera added into the coated wells (IgM 1:200 dilution; IgG 1:50 dilution) for 1 hour.

Standard ELISA procedure was followed using HRP-conjugated goat anti-mouse IgM (South-

ern Biotech) or IgG (Thermo Scientific) and ABTS (Southern Biotech) as colorimetric sub-

strate. Results are expressed as optical density (OD) absorbance units at 405 nm. Cholesterol

levels were measured with a commercially available kit (Wako).

T cell profile in immunized mice

Spleens from immunized and control mice were harvested one week after last booster injection

(at 13 weeks of age) and the splenocytes were cultured with tCRAMP stimulation (20μg/ml)

for various times as indicated in the figure legends. Cells were harvested and subjected to stain-

ing for flow cytometry as indicated above.

CD8+ T cell degranulation

Spleens from immunized and control mice were harvested one week after last booster injection

and splenocytes from experimental groups were cultured as described above. Fluorescent-con-

jugated antibody to granular membrane protein CD107a (Biolegend) was added to the cell
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culture prior to stimulation with peptide. The cultures were then incubated for 1 h at 37˚C in

5% CO2, followed by incubation with transport inhibitor Monensin (eBioscience) for 4 hours.

The cells were then harvested, washed with PBS and stained as described above.

Statistics

All data are reported as mean ± SD. Based on normality test, data were analyzed using

ANOVA followed by Newman-Keuls test for group comparison or Kruskal-Wallis test fol-

lowed by Dunn’s multiple comparison test, respectively. Comparison between two groups was

performed using T-test. A P value < 0.05 was considered significant.

Results

Dose-response and kinetics of T cell response to tCRAMP

The potential immunogenic role of CRAMP in atherosclerosis in the context of MHC-I/self-

peptide T cell reactivity was tested first in vitro by 24h or 48h stimulation of splenocytes har-

vested from 13 week old naïve ApoE(-/-) mice fed normal (NC) using tCRAMP. Regions of

low binding prediction for H2-Db and H2-Kb were excluded from the synthesized peptide in

order to include only peptide fragments that are potentially MHC-I reactive (see Methods and

S1 Fig). Gating scheme for analysis is shown on S3 Fig.

Stimulation with tCRAMP (20ug/ml) showed no effect on CD8+ T cells with Effector

Memory (EM) markers (Fig 1A) but a significant increase in CD8+ T cells with Central Mem-

ory (CM) markers (Fig 1B) and a decrease in both EM and CM CD4+ T cells after 24 hours

(Fig 1C and 1D). The effects persisted after 48 hours (Fig 1F and 1G). Cytokine expression and

cell proliferation were also assessed after tCRAMP stimulation. There was increased CD8

+IFN-γ+ T cells in splenocytes after 48 hours of tCRAMP stimulation, with increased CD8+ T

cell proliferation 4 days after tCRAMP stimulation (Fig 2A and 2B, respectively). These results

show reactivity to tCRAMP stimulation by CD8+ T cells that manifest memory cell markers.

Next we tested whether the immunologic reactivity would be altered by high fat diet (HC)

feeding of naïve ApoE(-/-) mice for 6 weeks since pro-inflammatory HC feeding accelerates

atherosclerotic lesion formation in this mouse model. HC mice had increased EM CD8+ T

cells with 48 hour tCRAMP stimulation (Fig 2C). Similar to normal chow (NC) fed mice,

tCRAMP stimulation of splenocytes from HC ApoE(-/-) mice showed a significant increase in

CM CD8+ T cells (Fig 2D). The trend of reduced EM and CM CD4+ T cells was observed in

NC as well as HC mice (Fig 2E and 2F). To determine if another self-protein derived peptide

(S2 Fig) would provoke immune responses, a peptide fragment of mouse Albumin protein was

used as a potential self-reactive antigen. Stimulation of splenocytes from ApoE(-/-) mice fed

HC with mouse Albumin peptide had no effect (S4 Fig).

Increased inflammation by tCRAMP stimulation in CD11b+ DCs in high

fat diet fed mice

CD11c+CD11b+ cDCs are the dominant DC population in both human [27] and mouse pla-

ques [28] and associated with worsening of the disease. However, the scant number of CD11c

+ DCs in plaques was a technical limitation for subtype analysis of intra-cellular cytokine stain-

ing for flow cytometry. We therefore assessed the effect of tCRAMP stimulation on the CD11c

+CD11b+ cDC population in splenocytes from naïve apoE-/- mice fed HC. Stimulation with

tCRAMP resulted in increased pro-inflammatory profile of CD11c+CD11b+ cDCs which was

evidenced by increased IFN-γ and TNF-α within 4 hours of stimulation, and persisted for 24

hours (Fig 3A and 3B). Gating scheme for CD11c+ DCs is shown in S5 Fig.
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Fig 1. Response to tCRAMP stimulation of ApoE(-/-) splenocytes. Splenocytes from naïve 13 week old

ApoE(-/-) mice were stimulated with 2 or 20μg/ml truncated(t) CRAMP peptide for 24 hours (A-D) or 48 hours

(E-H). Analysis of cell stains was based on the gating scheme depicted in S3 Fig. Bars over graphed columns

indicate statistical significance (P<0.05; N = 4 each).

https://doi.org/10.1371/journal.pone.0187432.g001
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Fig 2. T cell response to tCRAMP and effect of high fat diet. Splenocytes from 13 week old naïve ApoE(-/-)

mice were stimulated with 20μg/ml truncated(t) CRAMP peptide for 48 hours (A) or stained with CFSE and

stimulated with CRAMP 4 days (B) then stained for intracellular IFN-γ or analyzed for cell proliferation,

CRAMP is a potential atherosclerosis self-antigen
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tCRAMP reactive T cells in the aortic plaques

To determine if CRAMP-reactive T cells were present in atherosclerotic plaques, aortas from

25-week old ApoE(-/-) mice were subjected to enzymatic digestion and the cells stimulated

with tCRAMP for 24 hours. Stimulation with tCRAMP elicited a significant response in CD8

+ Effector Memory (Fig 4A and 4B) and trending higher CD8+ Central Memory T cell popula-

tion (Fig 4C). The self-peptide response to tCRAMP was observed in the CD4+ EM T cell pop-

ulation (Fig 4D) but with no significant change in CD4+ CM T cell population (Fig 4E). Thus,

our results show reactivity to tCRAMP by CD8+ T cells that express memory markers, which

is exacerbated by high fat diet in ApoE(-/-) mice.

Differential effects of Cramp immunization dose on atherosclerosis in

ApoE(-/-) mice

Given that tCRAMP provoked memory-like responses from reactive CD8+ T cells, we rea-

soned that the immunogenic regions are contained within or near the sequences predicted to

have high MHC-I binding. tCRAMP was generated by editing out non-MHC-I binding

regions and linking the remaining segments for the tCRAMP peptide. It is potentially foreign

to the mice and therefore cannot be considered a self-peptide for immunization. However, we

wanted to immunize the mice to alter the immune reactivity to the self-protein, and not poten-

tially foreign peptide sequences in tCRAMP. Since the first 37 amino-acids that had low

MHC-I binding prediction scores were also excluded from tCRAMP, it was a reasonable to

assume that immune-reactivity to a significant portion of the CRAMP protein would still be

attained. Using the peptide sequence that excluded the first 37 amino-acids of the protein (S1

Fig), ApoE(-/-) mice were immunized with 20μg or 100μg of Cramp peptide at 7, 10, and 12

weeks of age using Adjuphos with MPLA as adjuvant. Adjuvant or PBS alone served as con-

trols. The mice were then fed with HC at 13 weeks of age and euthanized at 25 weeks of age.

Overall atherosclerotic burden was assessed using aortic en face oil red-o staining (Fig 5A, left

panel). Aortic plaque area was significantly decreased in the 20μg immunized mice compared

to controls. The aortic plaque area in the 100μg dosed group was trending higher and was sig-

nificantly increased compared to the 20μg dose (Fig 5A, right panel). The 100μg immunization

dose also significantly increased aortic sinus plaque size (Fig 5B and 5C). There was no

observed change in aortic sinus lipid staining (Fig 5B and 5D) or macrophage staining (Fig

6A) among the groups. There was significantly increased neutrophil infiltration of plaques in

the 100μg dosed-group compared to controls (Fig 6B), and no significant difference in CD3

+ T cell count in plaques among the groups (Fig 6C). The differential effects of immunization

with the 20μg or 100μg doses on atherosclerosis suggested that modifying antigenic exposure

to a self-peptide relevant in atherosclerosis can modulate the immune response to the self-anti-

gen and change atherosclerotic plaque development.

Serum cholesterol, anti-Cramp antibody response, and CD4+CD25

+FoxP3+ Treg cells

We examined the humoral response to Cramp immunization at the 25-week time point. Anti-

Cramp IgM antibody presence was unchanged in all groups compared to the PBS control (Fig

respectively. CD8+ T cells are on the left panels and CD4+ T cells are on the right panels. *P<0.05; N = 4 each.

Splenocytes from mice fed normal chow (NC) or a high fat diet (HC) for 6 weeks starting at 7 weeks of age were

treated with 20μg/ml tCRAMP for 48 hours (C-F). Analysis of cell stains was based on the gating scheme depicted

in S3 Fig. Bars over graph columns indicate statistical significance (P<0.05; N = 4 each).

https://doi.org/10.1371/journal.pone.0187432.g002
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7A). Increased anti-Cramp IgG (Fig 7B) occurred in both Cramp immunization doses to a

similar degree suggesting that the differential effects on atherosclerosis are unlikely mediated

by the antibody response. No differences were observed in serum cholesterol levels among the

groups (PBS = 1533±389 mg/dL; Adjuvant = 1475±235 mg/dL; Cramp 20μg = 1508±384 mg/

dL; Cramp 100μg = 1392±497 mg/dL).

Responses to self-antigens are governed by peripheral tolerance mechanisms mediated in

part by FoxP3+ T regulatory (Treg) cells. To elucidate the mechanism of action and the dichot-

omy of responses from the 20μg and 100μg immunization doses, Treg cell response was exam-

ined utilizing ApoE(-/-)FoxP3GFP mice. ApoE(-/-)FoxP3GFP mice were immunized using the

schedule described in the Methods section and euthanized one week after 2nd booster dose. No

differences were observed in CD4+CD25+FoxP3+ Treg cells among the groups (Fig 7C and

7D). Thus, the observed differential activation occurred despite similar CD4+CD25+FoxP3

+ Treg cell counts.

Antigen dose determines T cell activation profile

The immunologic changes in the T cell populations in immunized compared to control mice

in response to 24-hour recall challenge with tCRAMP were then tested. Compared to controls,

immunization with the Cramp 100μg dose significantly increased both CD4+ and CD8+ EM

T cells (Fig 8A and 8C) suggesting exacerbated immune activation. In contrast to the changes

seen in the 100μg dose, only CD8+ CM T cells were significantly increased in the 20μg immu-

nization dose (Fig 8H), suggesting selectivity in the response.

Dendritic cell profile of immunized mice

We next examined the dendritic cell (DC) population in the spleens of immunized mice eutha-

nized 1 week after the 2nd booster. Splenocytes from the various groups were challenged with

tCRAMP for 24 hours. Gating scheme for DCs is shown in S5 Fig. No change was observed in

the total CD11c+ DC population or in the CD8a+ conventional (c)DC subpopulation (Fig 9A

and 9B, respectively). The CD11cmed/low plasmacytoid (p)DC population was significantly

higher in both doses of Cramp immunized groups compared to controls (Fig 9C) suggesting

this cell population unlikely to be involved in the differential outcome of the two doses used.

Analysis of the CD11c+CD11b+ cDC population, on the other hand, revealed a significant

reduction in the 20μg dosed group with a contrasting and significant increase in CD11b

+ cDCs in the 100μg dosed group (Fig 9D). Thus, the increased CD11b+ cDC population in

the 100μg dosed group accompanied by the increased EM T cells further supports an exacer-

bated immune activation. On the other hand, the reduction in CD11b+ cDCs in the 20μg

dosed group needed further investigation.

Increased CD8+ T cell degranulation in 20μg-dosed mice

To determine the potential mechanism of the reduction in CD11b+ cDC in the 20μg dosed

group, we performed a 4h degranulation study utilizing CD107a as a marker of cytotoxic T cell

degranulation. Stimulation of splenocytes with tCRAMP revealed a significant increase in

degranulating CD8+ T cells from the 20μg dosed group compared to controls (Fig 9E), a

Fig 3. Inflammatory cytokine profile of CD11c+CD11b+ cDCs in mice fed high fat diet. Splenocytes from

naïve mice fed a high fat diet were treated with 20μg/ml tCRAMP for 4 or 24 hours and stained for intracellular

cytokines. Isotype staining was used as control. Gating scheme for CD11c+ DCs as depicted in S5 Fig.

Representative scatter plots are shown (A). Results were plotted on bar graphs (B). *P<0.05; †P = 0.08.

Splenocytes pooled from 2 mice and assayed in triplicates.

https://doi.org/10.1371/journal.pone.0187432.g003
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Fig 4. Plaque T cells are reactive to tCRAMP simulation. Aortas from ApoE(-/-) mice at 25 weeks of age

were subjected to enzymatic digestion and stimulated for 24 hours with 20μg/ml tCRAMP. Size gate is shown

after inclusion of singlets and exclusion of non-viable cells, followed by gating for CD3+ T cells (A). Isotype

was used as staining control. Cells were plotted on CD4 vs CD8 and selected for subtype analysis. Results

were plotted on bar graphs (B-E). Aortas from 6 mice were pooled and assayed in triplicates. Bars over graph

columns indicate statistical significance (P<0.05).

https://doi.org/10.1371/journal.pone.0187432.g004
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change reciprocating the CD11b+ cDC reduction in the 20μg dosed mice. There was a con-

comitant reduction in CD8+CD122+ Treg cells in the 20μg immunized mice (Fig 9F).

Discussion

Self-reactive T cells are purged during maturation of the immune system, but a small number

escapes into the periphery. In the context of atherosclerosis, prior reports provided evidence of

LDL-reactive CD4+ and CD8+ T cells [2] [3]. Heat-shock proteins (HSP) have also been dem-

onstrated to provoke T cell responses [4]. However, the diversity of the T cell receptor reper-

toire, which by its nature enables the recognition of a large number of antigens, suggests that

other potential self-antigens may also play a role in atherosclerosis. Atherosclerosis is a multi-

factorial disease [4], with various immune-inflammatory pathways and it is likely that only

incremental alteration of the disease process can be achieved from immune intervention with

a single self-antigen. Identification of other potential self-antigens is therefore important.

Self-antigens presented by MHC-I are important in the generation of normal immune

homeostasis. The CD8+ T cell memory repertoire is generated and maintained in the context

of self-reactivity, which is a determinant of normal immune functions [7,8,29]. Altered

immune reactivity to self-antigens in diseases may occur in the context of the MHC-I/self-pep-

tide-CD8+ T cell axis [10,11]. LL-37, the cationic peptide fragment of hCAP-18 [14], is a self-

antigen [15] potentially involved in atherosclerosis. LL-37 is a key component of NETs [20]

which are involved in athero-thrombotic events [30]. LL-37 has been detected in atheroscle-

rotic plaques [17,18] and its presence in plasma is reported to be modulated during myocardial

infarction [31]. LL-37 is a T cell auto-antigen in psoriatic patients [15] and there is increased

prevalence of psoriasis in CAD patients [13], with increased risk for myocardial infarction

[16]. Thus, it is possible that hCAP-18 fragments may be a source of auto-antigens in athero-

sclerosis. The mouse homolog of hCAP-18, called CRAMP, has been described as a pro-ath-

erosclerotic molecule [32,33]. Genetically altered mice lacking CRAMP have reduced

atherosclerotic burden [34].

We tested ApoE(-/-) mouse immune self-reactivity to CRAMP by first determining the

MHC-I binding potential using in silico analysis (www.syfpeithi.de). After segments of the

CRAMP protein with high binding prediction scores for H2-Db and H2-Kb were identified,

the regions with low binding prediction were excluded from the synthesized truncated

CRAMP. This was done in order to test only regions of the CRAMP protein with the potential

to stimulate CRAMP-reactive CD8+ T cells in the ApoE(-/-) mice through H2-Db and H2-Kb.

Using splenocytes from naïve ApoE(-/-) mice, we observed CD8+ T cell reactivity to tCRAMP

stimulation evidenced by the increase of cells with memory phenotype, and further increased

when the mice were fed a high fat diet. Thus, we were able to provoke memory-like responses

from CRAMP-reactive CD8+ T cells using the truncated CRAMP peptide that included high-

scoring predictions for MHC-I binding regions. Importantly, these CRAMP-reactive

Fig 5. Differential effect of Cramp immunization on atherosclerosis. The peptide sequence excluding the first

37 amino-acids of the protein (final length is 136 aa, S1 Fig) was synthesized and used for immunization studies.

ApoE(-/-) mice fed normal chow were immunized with either 20μg or 100μg of Cramp mixed with adjuvant at 7, 10,

and 12 weeks of age then switched to high fat diet at 13 weeks of age. Representative photographs of aortas

collected at euthanasia and subjected to en face oil red-o staining are shown for each experimental group (A, left

panel), as labeled. Bars = 0.5 cm. Percent aortic plaque area of the aorta obtained by image analysis is plotted for

each animal in the respective groups (A, right panel). Bars over graph columns indicate statistical significance;

P<0.05. PBS N = 12; Adj N = 13; Cramp 20μg N = 10; Cramp 100μg N = 10. Plaque size and lipid presence were

assessed in the aortic sinus of mice using oil red-o staining. Representative photographs are shown for each group

as labeled (B). Bar = 0.1mm. Image analysis measurement of plaque size (C) and percent lipid area (D) were

plotted. Bar over graph columns indicates statistical significance; P<0.05.

https://doi.org/10.1371/journal.pone.0187432.g005
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Fig 6. Effect of Cramp immunization on aortic sinus plaque inflammation. Aortic sinus plaque macrophage (A), neutrophil (B),

and T cell (C) infiltration were assessed using immuno-histochemical staining. Representative photographs on the right are shown for

each group as labeled. Top and middle photographs bar = 0.1mm; bar for bottom photograph = 0.02mm. Image analysis

measurement of percent plaque stain area and cell count were plotted. Bar over graph columns indicates statistical significance;

P<0.05. Negative staining controls are found in S6 Fig.

https://doi.org/10.1371/journal.pone.0187432.g006
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memory-like CD8+ T cells were also found in atherosclerotic plaques in the aorta. The rapid

response of these memory-like CD8+ T cells is consistent with the known properties of some

CD8+ memory T cell subpopulations with rapid recall responses [35]. The results are in agree-

ment with our recent report on the presence of self-reactive CD8+ T cells with memory pheno-

type specific for another self-peptide antigen derived from apolipoprotein B-100 [36].

We used immunization as a method to modify the immune response of ApoE(-/-) mice to

the self-antigen. The truncated CRAMP peptide was useful in determining steady-state

immune reactivity in the MHC-I/self-peptide-CD8+ T cell axis, but would not be appropriate

to use as a self-antigen for immunization. The generation of tCRAMP peptide for in vitro chal-

lenge involved excluding fragments with low MHC-I binding potential and linking the

remainder of the peptide sequence. These linked peptides have the potential to be recognized

as foreign by the mouse immune system since it does not conform to the native protein. The

objective was to alter the immune response to the self-protein, therefore we needed to keep the

native protein sequence intact for the immunization studies. Since the first 37 amino-acids of

the CRAMP protein did not contain high H2-Db or H2-Kb binding sites, it was reasonable to

exclude the segment during peptide synthesis. The peptide Cramp was then generated at a

Fig 7. Anti-Cramp Ig titers and FoxP3+ Treg cells in immunized mice. Serum anti-Cramp IgM titers (A)

and anti-Cramp IgG titers (B) were measured and plotted. *P<0.05 vs PBS and Adjuvant. FoxP3+ Treg cells

were assessed in ApoE(-/-)FoxP3GFP mice. Splenocytes from Cramp 100μg dosed mice (C) or Cramp 20μg

dosed mice (D) were collected one week after the last booster injection and challenged with 20μg/ml tCRAMP

for 24 hours and subjected to CD4 and CD25 staining and detection of FoxP3+ Treg cells using GFP

fluorescence shown in S3 Fig.

https://doi.org/10.1371/journal.pone.0187432.g007
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Fig 8. T cell activation in Cramp-immunized mice. Splenocytes from Cramp 100μg dosed mice (A-D) or Cramp

20μg dosed mice (E-H) were collected one week after the last booster injection and challenged with 20μg/ml
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high purity with no foreign peptide sequences and used for immunization. The choice of Adju-

phos with MPLA as adjuvant is based on the previously reported efficacy of this adjuvant for-

mulation to preferentially increase CD8+ T cell responses in experimental conditions [37]. We

chose 2 different dosing regiments to address the potential complexity of the effect of antigen

dose in auto-immune responses [9,22–24].

Our results reveal an interesting yet contrasting effect of the 100μg immunization dose

compared to the 20μg dose. Immunizing with the 100μg dose of Cramp triggered exaggerated

immune activation indicated by increased CD4+ EM and CD8+ EM T cells, along with

increased CD11b+ cDC subpopulation. This immunological change was associated with

increased atherosclerotic plaque burden, evidenced by increased aortic sinus plaque size and

increased neutrophil infiltration. The result of the 100μg immunization dose is consistent with

the reported reactivity to LL-37 by both CD4+ T cells and CD8+ T cells from psoriasis patients

[15]. On the other hand, immunizing with the 20μg dose revealed an intriguing effect on ath-

erosclerosis with a significant reduction in aortic atherosclerosis burden.

The differential effect of the 2 doses of antigens used in the immunization studies under-

scores the complexity of self-antigenic responses. Low or moderate antigen exposure generates

tolerance by high specificity reactive T cells. High antigenic exposure results in rapid deletion

[24]. However, this occurs in the context of the inflammatory milieu and may not result in com-

plete deletion of reactive cells if the inflammatory status is heightened. High antigen exposure

in this situation can result in the activation of lower specificity T cells and thus feed-forward

increased inflammatory signaling [9]. It has been reported that the amount of self-antigen deter-

mines the effector function of T cells [23]. Previous studies on the effect of antigen amount dur-

ing immune activation used two different transgenic mouse lines that expressed truncated

chicken ovalbumin (OVA) as a self-antigen in intestinal enterocytes at either low or high levels

[8,9]. Although both mouse lines appeared normal at steady-state, infection with OVA-encod-

ing vesicular stomatitis virus resulted in severe pathology after transfer of OT-I cells (OVA-spe-

cific CD8+ T cells) in the high OVA-expressing mouse line leading to the destruction of

intestinal epithelium. The low OVA-expressing mouse line on the other hand showed only a

mild, transient response and recovered rapidly [9]. Thus, self-reactive, high-specificity CD8+ T

cells that are generated in response to low antigen amount in the context of an inflammatory

response are kept under control. On the other hand, self-reactive, low-specificity CD8+ T cells

that are generated in response to high antigen amount are retained to actively participate during

immune challenges [8]. A similar outcome was reported in a Type 1 diabetes model where two

transgenic mouse lines expressed different levels of a LCMV protein as self-antigen in beta cells

of the pancreas. The mouse line that expressed high antigen amounts resulted in worse disease

[22]. Although the lower antigen amount in the cited reports only showed marginal effect on

the diseases studied, the lower dose in our study imparted a protective effect. It is possible that

that the difference in the kinetics of the disease model studied affects the immune profiles. In

support of this, it has been suggested that regulatory T cell response may not be effective in

long-term chronic conditions [23]. Both intestinal epithelial destruction and onset of Type 1

diabetes occurred rapidly over 2–3 weeks. Atherosclerosis on the other hand, extends over a

much longer period of time. In this context, a similar differential effect of dose on atherosclero-

sis was reported for a peptide derived from apolipoprotein B-100 called P6 [38,39]. The peptide

was previously shown to reduce atherosclerosis in mice, using dose ranges similar to our study

tCRAMP for 24 hours and stained for T cell activation markers. Gating is as depicted in S3 Fig. Bar over graph

columns indicate statistical significance; P<0.05. Mean of 3 separate experiments with at least 2 mice pooled per

group in 3–6 replicates per experiment.

https://doi.org/10.1371/journal.pone.0187432.g008
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[38]. A second report by the same authors subsequently investigated the immunogenicity of the

peptide in steady-state and performed immunization with a higher dose resulting in exacerba-

tion of atherosclerosis [39]. Our results are in agreement with their reports.

Differential outcomes with different amounts of antigen is attributed in part to peripheral

tolerance mechanisms, specifically CD4+ regulatory T cells. A report using transgenic mice

expressing two different amounts of influenza HA as a self-protein under control of the

CD11c promoter showed that low expression resulted in the generation of CD4+ Treg cells

whereas high expression was associated with stringent T cell negative selection resulting in

poor Treg development [23]. We therefore assessed whether the low-dosed mice in our study

had any increase in CD4+ Tregs. However, CD4+CD25+FoxP3+ Treg cells or CD8+CD122

+ Treg cells showed a lack of selectivity for the 20μg dosed-group, suggesting that they are not

involved in the protective effect on atherosclerosis.

While the exact mechanism underlying the protective effect of the lower dose in our study

remains to be completely elucidated, our results show increased CD8+ CM T cell activation

and degranulation [40] and a significant reduction in CD11b+ cDC suggesting the involve-

ment of these cell populations. We showed that the CD11c+CD11b+ cDCs from high fat diet

fed mice exhibit a pro-inflammatory cytokine profile with a significantly increased production

of both IFN-ffiγ and TNF-α after stimulation with CRAMP. CD11b+ cells are a major subtype

of cDCs and are the most abundant population of DCs in atherosclerotic plaques [27,28] but

their role in atherosclerosis is not yet clearly defined. However, they have been shown to rap-

idly increase during atherogenesis and are found in both mouse and human atherosclerotic

plaques. CD11b plays a role in leukocyte adhesion, migration, activation and phagocytosis.

CD11b deficiency in DCs leads to impairment of CD4+ T cell activation [41].

CD8+ T cell mediated killing of DCs is a potential mechanism of regulating immune responses

to control against heightened inflammation [42]. Our results show increased CD8+ T cell de-

granulation as detected by CD107a staining concomitant with reduced CD11b+CD11c+ DCs,

suggesting a role for this pathway in the favorable effect of the 20μg dose. The CD8+ T cell-DC

interaction has been described as a potential regulatory loop for immune regulation [43]. The sig-

nificant increase in CD11c+CD11b+ cDCs in the 100μg dosed group in our study suggests a

potential pathogenic role for subtypes of these cDCs and provides additional evidence of the exag-

gerated immune activation following high dose Cramp immunization.

The role of antigen-presenting DCs in atherosclerosis is currently subject to increasing

interest [44]. LL-37 activates pDCs through DNA/LL-37 complex formation [20], and pDCs

are involved in atherosclerosis [32,45–49]. Our results confirm the role of CRAMP in the

induction of pDCs seen in both immunization dose groups but the similar degree of change in

pDCs in both dose groups in our study suggested that the differential effects on atherosclerosis

are unlikely to be pDC dependent.

CD8a+ DCs are specialized for cross-presentation of necrotic tissue-derived antigens to

activate CD8+ T cells, are Batf3-dependent, and are important for peripheral immune homeo-

stasis. In agreement with a previous report showing that loss of CD8a+ DCs did not affect ath-

erosclerosis in mice [50], immunization did not alter CD8a+ DCs in our study. It is likely that

Fig 9. DC subtypes, CD8 cytotoxic degranulation, and CD8+CD122+ Treg cells in splenocytes of immunized mice. Splenocytes from

the different experimental groups were treated with 20μg/ml tCRAMP for 24 hours and stained for markers of DC subtypes (A-D). Gating is as

depicted in S5 Fig. Bars over graph columns indicate statistical significance; P<0.05. Mean of 3–5 separate experiments with at least 2 mice

pooled per group in 3–4 replicates per experiment. Splenocytes from mice immunized with 20μg Cramp, adjuvant, or PBS were treated with

20μg/ml tCRAMP for 4 hours in the presence of 2μg/ml fluorescently labeled CD107a monoclonal antibody. Cells were also stained for CD8b

and CD122, and analyzed for CD107a+ degranulation (E) or CD8+CD122+ Treg cells (F). Analysis excluded CD49b+ cells. Isotype staining

was used as control. Results of the analysis were plotted on bar graphs. Bars over graph columns indicate statistical significance; P<0.05.

https://doi.org/10.1371/journal.pone.0187432.g009
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the antigen source, context of antigen exposure, and specific disease milieu are important fac-

tors in determining the role of DC subtypes in atherosclerosis.

The lack of difference in anti-Cramp IgG antibodies generated by the immunized mice in

both the 20μg and in the 100μg dose suggests that antibodies do not have a direct role. Interest-

ingly, although LL-37 was reported as a T cell antigen in psoriasis patients, no evidence of anti-

body response was provided [15]. There were also no differences in serum cholesterol levels

among the groups suggesting that the effects on atherosclerosis were mediated mainly through

immune-inflammatory responses.

A limitation of the study is the lack of mechanistic insight on how self-reactivity becomes a

determinant in a chronic disease such as atherosclerosis. Previous reports suggest that the

magnitude of inflammatory signaling skews the immune system that can result in this outcome

[9,24]. How this specifically relates to atherosclerosis needs to be further elucidated. There is

also the relative difference in the actual disease in humans compared to the mouse disease

model. The development of atherosclerosis in ApoE(-/-) mice occurs over weeks compared to

several decades in humans. However, the presence of immuno-inflammatory responses to ath-

erosclerosis are comparable between the human and ApoE(-/-) model.

CAD is a condition that is manifested by atherosclerotic plaque formation and burden.

Auto-immune, inflammatory diseases such as psoriasis are linked to increased severity of

CAD. The hCAP-18 fragment LL-37 is a known autoantigen in psoriasis patients. Relevance of

auto-reactive self-antigens to atherosclerotic disease was tested using the mouse homolog

CRAMP in ApoE(-/-) mice. Our results show that the memory profile of CRAMP-reactive T

cells are changed by high fat diet feeding, and is affected by antigen dose used for immuniza-

tion with differential effects on atherosclerosis. It would now be interesting to investigate the

relationship between immune reactivity to LL-37 or other fragments of hCAP-18, and athero-

sclerosis in psoriasis patients. Our report will aid in identifying novel pathways of immune sig-

naling in response to self-antigens in atherosclerosis.

Supporting information

S1 Fig. The mouse CRAMP sequence was assessed for predicted MHC-I binding. A trun-

cated peptide (tCRAMP) was generated excluding segments with low MHC-I binding predic-

tion for use in cell stimulation. The peptide used for immunization (Cramp) was synthesized

excluding the first 37 amino acids because of low MHC-I binding prediction, but was identical

with the rest of the CRAMP sequence in order to maintain properties of self-peptides.

(TIF)

S2 Fig. The peptide derived from mouse serum Albumin contained segments with moder-

ate MHC-I binding prediction.

(TIF)

S3 Fig. Gating scheme for analysis of T cell populations in splenocytes. The gating scheme

depicted (A) is used for all T cell analysis throughout the report. Prior to the size-gating with

FSC vs SSC, cell doublets and non-viable cells were selected out as dump gates. Size-gated cells

were then plotted on CD4+ vs CD8b+ and used for analysis for CD44 and CD62L staining.

CD4+ T cells were further plotted on CD25+ vs FoxP3, which is GFP+. Isotypes were used as

references for the cell stains. Splenocytes from WT mice were used as reference for FoxP3

expression. Representative plot of intra-cellular IFN-γ staining in T cells as gated from CD8

+ or CD4+ cells (B). Representative histogram of CFSE labeled cells as a measure of proliferat-

ing cells gated for CD8+ or CD4+ T cells (C).

(TIF)
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S4 Fig. Stimulation of splenocytes from mice fed high fat diet. Splenocytes from naive ApoE

(-/-) mice fed a high fat diet for 6 weeks were stimulated for 24 hours with either mouse serum

Albumin peptide or tCRAMP (20mg/ml each). There was increased Effector Memory (EM)

and Central Memory (CM) CD8+T cells (A and B, respectively) after tCRAMP stimulation

but no effect by Albumin peptide stimulation. EM and CM CD4+ T cells (C and D, respec-

tively) were significantly reduced after tCRAMP stimulation but Albumin peptide had no

effect. Analysis of cell stains was based on the gating scheme depicted in S3 Fig. Bars over

graphed columns indicate statistical significance (P<0.05; N = 4 each).

(TIF)

S5 Fig. Gating scheme for dendritic cell (DC) analysis in splenocytes. The gating scheme

depicted is used for all DC analysis throughout the report. Prior to the size-gating with FSC vs

SSC, cell doublets, non-viable cells, and CD3e+ cells were selected out as dump gates. PDCA+

pDCs were determined based on size gated cells plotted as CD11c med/low (top right panel).

CD8a+ conventional (c) DCs (middle panels) and CD11b+ cDCs (middle and bottom left pan-

els) were size-gated and selected for CD11c+ staining. Isotype stained cells were used as refer-

ence.

(TIF)

S6 Fig. Negative controls for immuno-histochemical staining. Staining control for macro-

phages (A), neutrophil (B) and CD3 (C) as validation of specific stains in Fig 6.

(TIF)
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