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antibodies to Ox-LDL and Th17 cells in spleen showed 
greatest association with disease development. Our results 
suggest that anti Ox-LDL IgM antibodies, Th17 cells could 
be developed as a potential marker to study disease pro-
gression and to study the effect of therapeutic regulation of 
inflammation.
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Abbreviations
Apo B  Apolipoprotein B
Apo E  Apolipoprotein E
Con A  Concanavalin A
EVG  Elastica van Gieson
GAPDH  Glyceraldehyde-3 phosphate dehydrogenase
HDL  High-density lipoprotein
HFD  High fat diet
HBSS  Hanks’ balanced salt solution
IL-17  Interleukin-17
IL-10  Interleukin-10
IFN-γ  Interferon-γ
LDL  Low-density lipoprotein
LDL-R  Low-density lipoprotein receptor
NBF  Neutral buffered phenol
Ox-LDL  Oxidized low-density lipoprotein
ORO  Oil red O
PMA  Phorbol myristate acetate
RT-PCR  Real-time polymerase chain reaction
RPMI  Rosewell Park Memorial Institute
TC  Total cholesterol
Th1  T-helper 1
TGF-β  Transforming growth factor
TNF-α  Tumor necrosis factor α

Abstract The effect of hypercholesterolemia induced 
immune response and inflammation on progression of 
atherosclerosis in ApoBtm25gyLDLrtm1Her mice, expressing 
only ApoB100 and deficient in the low density lipoprotein 
(LDL) receptor, thus closely resembling human cholesterol 
transport is not well defined. Atherosclerosis was induced 
by a high cholesterol diet and its progression was studied 
at 8, 14 and 20 weeks. Antibody response was determined 
by ELISA. Lymphocytes in spleen and aortic expression 
of inflammatory markers were studied by flow cytometry, 
and immunohistochemistry respectively. A rapid increase 
in plasma LDL levels in the first 8 weeks was followed by 
the exponential development of atherosclerosis between 8 
and 14 weeks. Progression of the disease was accompanied 
by an accumulation of macrophages and increased expres-
sion of IL17 and IFN-γ in the aorta. Hypercholesterolemia 
resulted in increased immune response to modified lipids 
and aortic inflammation, with an expansion of Th17 cells in 
the spleen. Progression of atherosclerosis showed a positive 
correlation (r = 0.84, P < 0.001) with Th17 cells and a neg-
ative correlation with Treg cells (r = 0.83, P < 0.001). IgM 

 * Lakshmi Mundkur 
 lakshmi.mundkur@triindia.org.in

1 Research Scholar Manipal University at Molecular 
Immunology Unit, Thrombosis Research Institute, 
Bangalore, India

2 Molecular Immunology Unit, Thrombosis Research Institute, 
Narayana Hrudayalaya, 258/A, Bommasandra Industrial 
Area, Anekal Taluk, Bangalore 560099, India

3 Department of Molecular Biology and Biotechnology, Tezpur 
University, Tezpur 784 028, Assam, India

4 Thrombosis Research Institute, Bangalore, India
5 Thrombosis Research Institute, London, UK

http://orcid.org/0000-0003-2928-1726
http://crossmark.crossref.org/dialog/?doi=10.1007/s11745-015-4046-4&domain=pdf


786 Lipids (2015) 50:785–797

1 3

Introduction

Atherosclerosis is a complex chronic inflammatory disease 
of the large and medium sized arteries. Apart from lipid 
accumulation, inflammation and immune response play a 
major role in the initiation and progression of the disease 
[1, 2]. Despite the widespread occurrence of the disease, 
our understanding of chronological changes in cellular and 
biochemical components of lesions is still incomplete, pri-
marily due to the slow progression and complex pathophys-
iology of the disease, confounded by the unavailability of 
plaque material from human samples for systematic studies 
[3].

Animal models have provided valuable information on 
the sequential events and the mechanisms responsible for 
initiation and maturation of atherosclerotic lesions [3–6]. 
Apolipoprotein E deficient (ApoE−/−) and LDL receptor 
deficient (LDL-R−/−) mice are two hypercholesterolemic 
models used extensively in atherosclerosis research [7, 8]. 
The uptake of VLDL, LDL, and chylomicrons is disrupted 
in ApoE−/− deficient mice resulting in greater propor-
tion of these cholesterol in the plasma and development of 
spontaneous atherosclerosis even in normal diet [9]. Inac-
tivation of LDL-R results in moderate elevation of plasma 
cholesterol levels and mild atherosclerosis in mice [10, 11]. 
In contrast, individuals with familial hypercholesterolemia, 
caused by mutations in the LDL-R gene have 2–6 times 
higher LDL levels in plasma and higher predisposition 
for coronary artery disease [12]. This difference is due to 
the presence of two forms of Apolipoprotein B (ApoB100 
and ApoB48) in mice while only ApoB100 is present in 
humans. Mice deficient in ApoB mRNA editing synthesize 
exclusively ApoB100 and have markedly elevated LDL 
cholesterol in the absence of LDL-R. These mice develop 
widespread atherosclerosis and are reported to mimic 
human atherosclerosis more closely than other models 
[13, 14]. While ApoE−/− and LDL-R−/− mice have been 
extensively studied with regard to lipoprotein metabolism 
and development of atherosclerosis, its progression over 
time and its relation to adaptive immunity remains to be 
defined in ApoBtm2Sgy/Ldlrtm1Her/J mice [15, 16]. Moreover, 
the hypercholesterolemia induced immune response was 
found to be intrinsically different in ApoE−/− and LDL-
R−/− mice, reiterating the importance of investigating the 
role of hypercholesterolemia in disease progression in this 
animal model [17].

Arterial inflammation mediated by immune response to 
self antigens like modified lipids and heat shock proteins is 
known to initiate the development of atherosclerosis [18]. 
Activated helper T cells secreting interferon-γ are abun-
dantly present in mouse and human lesions while the role 
of Th2 and Th17 still remains controversial [18–21]. Other 

effector cells of the immune system. like the B lympho-
cytes, monocytes mast cells also contribute to the devel-
opment of the lesion [22]. In contrast regulatory T cells 
have been shown to have an atheroprotective effect [23]. 
A better understanding of the influence of hypercholester-
olemia on the immune system and the progression of ath-
erosclerosis could provide novel insights into the spectrum 
of the disease and its mechanism in mice. In addition, we 
also wanted to determine if changes in peripheral immune 
markers could be correlated to disease progression. In this 
study we studied the correlation of aortic lesions with the 
peripheral immune response to oxidized lipoprotein and 
lymphocyte population in the spleen and expression of 
inflammatory markers in the lesion.

Methods

Animals

Mice with C57BL/6 background and deficient in LDL-R  
and ApoB48 (Apobtm25gyLDLrtm1Her) were used for the 
experiment (Jackson Laboratory, USA). This study was 
carried out in strict accordance with the recommendations 
in the Guide for the Care and Use of Laboratory Animals 
of the Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals (CPCSEA), Ministry of 
Environment, Government of India and confirms to the 
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Pub-
lication, 8th Edition, 2011). The protocol was approved by 
the Institutional Animal Ethics Committee of the Throm-
bosis Research Institute (Registration Number: 1261/c/09/
CPCSEA).

Induction of Atherosclerosis in Apobtm25gyLDLrtm1Her 
Mice

Apobtm2Sgy/Ldlrtm1Her/J mice were kept under standard lab-
oratory conditions and fed a normal chow diet (Nutrilab, 
India) or a high-fat diet (Harlan, TD 96121 Indianapolis, 
USA). Food and water were administered ad libitum. Ath-
erosclerosis was induced in 40 (20 M and 20 F) experi-
mental animals (5–6 weeks old) by feeding diet rich in 
fat (21 % anhydrous milk fat and 1.25 % cholesterol). At 
each time point 8–10 mice were sacrificed humanely using 
an overdose of isoflurane inhalant anesthetic (15 %) as 
per American Veterinary Medical Association guidelines 
[24]. The mouse was exsanguinated using a 23 gauge nee-
dle through the apex of the ventricle. The spleen was col-
lected under sterile conditions in Hanks’ balanced salt solu-
tion (HBSS). The heart was dissected out and collected in 
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either optimal cutting temperature (OCT) medium (Tissue 
Tek, Leica, Germany) and neutral buffered phenol (NBF). 
Using microdissection scissors, fat around the ascend-
ing aorta was removed. The aortic arch was carefully dis-
sected and collected in RNAlater and frozen at −80 °C for 
RNA extraction. Aortic root Sections (10 μm) were cut 
from the hearts embedded in an OCT medium under fro-
zen conditions using a cryotome (Leica CM 1900 UV Cry-
otome) and from NBF after embedding in paraffin blocks. 
Samples were collected after 0.8, 14 and 20 weeks. Cells 
were isolated from the spleen by passing through a sterile 
cell strainer, washed twice with HBSS and stored in liquid 
nitrogen at a concentration of 1 × 107 cells/mL.

Atherosclerotic Lesion Assessment 
and Immunohistochemical Analysis

Quantification of atherosclerotic lesions was carried out as 
per the protocol approved by the Animal Models of Dia-
betic Complications Consortium (http://www.diacomp.org) 
and as previously described by Daugherty et al. [25]. For 
lesion analysis in each mouse, five Sections 80 μm apart 
were stained with Elastica van Geison (EVG) and Oil Red 
O (ORO) to quantify the percentage of lesion area and 
lipid in the aortic sinus. Plaque necrosis was quantified by 
measuring the size of the hematoxylin and eosin-negative 
acellular area, as described previously [26]. Total area and 
area covered with Lesion were calculated using Image-Pro 
Plus software (Media Cybernetics, Bethesda, MD, USA). 
Fluorescent labeled antibodies were used to quantify spe-
cific antigens and cytokines in the aortic sinus. Frozen 
sections were permeabilized using 0.2 % of triton ×100 
for 30 min, fixed with ice-cold acetone, blocked with 5 % 
serum and incubated with primary antibodies followed by 
appropriate secondary antibody and were mounted with 
Vectashield. Images were captured using a Leica DMI 4000 
B Confocal microscope and the analysis was done using 
Image-Pro plus software (Media Cybernetics, Bethesda, 
USA). Antibody staining including CD4 for T cells CD68 
for macrophages and tumor necrosis factor α (TNF-α) for 
inflammatory marker were carried out in frozen aortic sinus 
sections as described earlier [27].

Cytokine Quantification in the Aorta by Real‑Time 
PCR Analysis

Quantitative RT-PCR was carried out for different groups 
of genes that are involved with inflammation and immune 
regulation. Total RNA was extracted from the ascending 
part of the mice aorta using TRIzol® Reagent (Invitro-
gen, Carlsbad, USA). RT-PCR was performed with two-
step Express SYBR superscript RT-PCR kit (Invitrogen, 
Carlsbad, California, USA) using the ABI PRISM 7500 

sequence detection system (Applied Biosystems, 7500 real 
time PCR system) according to the manufacturers protocol 
and the amplification was carried out at 95 °C for 5 min, 
95 °C for 45 s, and 60 °C for 1 min for each step for 40 
cycles in triplicate. Gene levels were normalized to that of 
glyceraldehyde3-phosphate dehydrogenase (GAPDH). The 
sequence of primers used are given below:

TGF-β1-F  TTGCTTCAGCTCCACAGAGA
TGF-β1-R  TGGTTGTAGAGGGCAAGGAC
IFN-γ-F  ATGAACGCTACACACTGCATC
IFN-γ-R  CCATCCTTTTGCCAGTTCCTC
IL17- F  TTTAACTCCCTTGGCGCAAAA
IL17-R  CTTTCCCTCCGCATTGACAC
IL10-F  GTGGCAGTGAAGACCATGAAGTTG
IL10-R  GAACTCCGGGATAGGGAGTCAT
GAPDH-F  AACTTTGGCATTGTGGAAGG
GAPDH-R  ACACATTGGGGGTAGGAACA

Flow Cytometry

Cells from the spleen of mice were isolated after differ-
ent time periods. For intracellular cytokine staining, cells 
were activated for 4 h with phorbol myristate acetate 
(PMA-10 ng/mL) and ionomycin (1 µg/mL) in the pres-
ence of protein transport inhibitor brefeldin (100 ng/mL).
Flow cytometry analyses were performed by FACS Canto 
II using FACS DIVA software (Becton–Dickinson, New 
Jersey, USA) and FLOWJO software (Tree star Ltd, Ore-
gon, USA). The antibodies used were as follows: Fluores-
cein isothiocyanate (FITC)-conjugated CD4 (clone RM4-
5), allophycocyanin (APC)-anti CD25 (clone PC61.5), 
phycoerythrin (PE)-anti-fork head box p3 (Foxp3) (clone 
NRRF-30), PE- IFN-γ (clone XMG1.2) all from e-Bio-
sciences San Diego, CA, USA. APC-Cy™ 7 IL-17A (clone 
TC11-18H10, BD pharmingen, San Jose, USA) and iso-
type-matched control antibodies. Intracellular staining for 
cytokines and Foxp3 was performed using the intracellular 
staining kit (eBiosciences San Diego, CA, USA) accord-
ing to the manufacturer’s instructions. Surface staining was 
performed according to standard procedures at a density of 
1 × 105 cells/100 µL, and volumes scaled up accordingly.

Cell Proliferation Assays

Cell culture experiments were performed in Rosewell 
Park Memorial Institute (RPMI) 1640 medium (Bio Whit-
taker, Walkersville, MD, USA) supplemented with 10 % 
fetal bovine serum, 2 mM glutamine, 10 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 
sodium pyruvate, and antibiotics. Cells from individual 
spleens were passed through a sterile cell strainer (100 µm, 

http://www.diacomp.org
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SPL Life sciences, Gyeonggi-do, Korea), red blood cells 
were lysed with ammonium chloride, washed twice in 
HBSS and plated in 96-well culture dishes at a concen-
tration of 5 × 105 cells/mL in RPMI medium. Cells were 
stimulated with 10 µg/mL of native or copper oxidized 
LDL or concanavalin A (ConA; Merck, New Jersey, USA). 
The cell proliferation assay was carried out on spleen cells 
of mice at different time points by using Roche cell prolif-
eration BrdU assay kit by strictly following the manufac-
turers’ guidelines. This technique is based on the incorpora-
tion of pyrimidine analogue BrdU instead of thymidine into 
the DNA of proliferating cells. Cultured spleen cells were 
labeled with 10 µl BrdU reagent for the last 18 h of culture. 
The cells were fixed, and the DNA was denatured by add-
ing fixing and denaturation solution. (FixDenat), followed 
by anti-BrdU-POD antibody which binds to the BrdU 
incorporated into the newly synthesized cellular DNA. The 
immune complexes are detected by the subsequent sub-
strate reaction using tetra methyl benzidine and absorbance 
was recorded by an ELISA reader.

Lipid Profile

Blood was collected from the retro orbital venous plexus 
under 3 % isoflurane inhalant anesthesia in oxygen as per 
American Veterinary Medical Association guidelines. 
Lipid profile of plasma triglycerides, total cholesterol and 
low density lipoprotein was carried out by using Siemens 
Dimension® Xpand® plus following the manufacturer’s 
instructions. Plasma was diluted 10 times to get the lipid 
values within the range. Final concentration in plasma was 
calculated by taking the dilution factor into account.

ELISA Protocol

Antigen specific ELISA was carried out for native LDL and 
Ox-LDL on plasma samples at different stages of disease 
development. LDL (Sigma chemicals, St. Louis, USA) was 
oxidized overnight with CuSO4 (5 µM), as described earlier 
[28] and plates were coated with 10 µg/mL Cu-oxidized 
LDL or native LDL as capture antigen. Sera were diluted 
1:100, incubated on coated plates for 2 h at 4 °C, washed, 
and detected with horseradish peroxidase (HRP)-labeled 
anti-mouse IgG or IgM (Sigma chemicals, St. Louis, USA) 
as secondary antibodies [29].

Statistical Analysis

Graph Pad PRISM for Windows version 5.01 (GraphPad 
software inc. 2007) was used for statistical analysis. Data 
are expressed as means ± SEM. Non-parametric Spearman 
correlation analysis was used to test correlation between 
lipid levels in plasma, lesion area and immune response. 

Continuous data were log transformed for analysis. Nonpar-
ametric ANOVA and the Kruskal–Wallis test were used for 
the comparison of multiple groups and the Mann–Whitney 
test was used for comparison of continuous data between 
two groups. A P value <0.05 was considered significant.

Results

Plaque Progression in Apobtm2SgyLdlrtm1Her/J Mice

Progression of atherosclerosis was studied at 8, 14 and 
20 weeks. The percentage of lesion covering the aortic 
sinus was 16.7 ± 2.8 after 8 weeks, which increased to 
50.5 ± 5.3 by 14 weeks and 58.9 ± 1.5 by 20 weeks. The 
atherosclerotic lesion developed slowly in the first 8 weeks 
but progressed exponentially between 8 and 14 weeks, 
beyond which the progression slowed down. The increase 
in aortic lesion was significant between 8 and 14 weeks 
(P = 0.004) and between 8 and 20 weeks (P = 0.009) but 
not between 14 and 20 weeks (Fig. 1a, b). Plaque morphol-
ogy showed changes at 14 and 20 weeks with the appear-
ance of necrotic area (Fig. 1c). Lipid accumulation in the 
plaque continued to increase significantly with plaque pro-
gression. At 8 weeks 8.8 ± 2.3 % of the plaque showed 
positive staining for lipids (ORO), which increased to 
21.7 ± 1.4 %, P = 0.03 and 39.5 ± 6.8 %, P = 0.015 at 
week 14 and 20, respectively (Fig. 1d, e).

Plasma Lipid Concentration and its Correlation 
with Plaque Growth and Plaque Lipid Content

Total cholesterol, (275.0 ± 10.8 to 665.8 ± 46.7) and 
LDL (118.2 ± 6.22 to 393.8 ± 22.0) levels showed a 
rapid increase in the first 8 weeks followed by a moder-
ate increase in the next 6 weeks to a final concentration of 
843.5 ± 18.2 and 562.4 ± 40.3, respectively, at 20 weeks 
(Fig. 2a). We observed an increase in triglyceride levels by 
14 weeks which stabilized by 20 weeks while HDL levels 
were only moderately elevated over time. While plasma 
lipid levels rapidly increased in the initial phase of 8 weeks, 
its effect in exponential development of atherosclerotic 
lesion was observed between 8 and 20 weeks (Fig. 2b, 
c). Plasma LDL levels showed a significant association 
(r = 0.86, P < 0.001) with plaque growth and plaque lipid 
deposition (r = 0.83, P = 0.001) as quantified by oil red O 
staining (Fig. 2d).

Antibody Response and Splenocyte Proliferation 
to Oxidized LDL

To study the correlation between immune response to 
modified lipids and progression of atherosclerosis, we 



789Lipids (2015) 50:785–797 

1 3

assessed the antibody levels to LDL in the serum of mice 
at different time points of disease development. Hyper-
cholesterolemia induced IgM antibody response to both 
native LDL and Ox-LDL. While IgM antibody levels to 

native LDL peaked at 14 weeks and did not show fur-
ther increase, antibody levels to Ox-LDL significantly 
increased (P = 0.004) until 20 weeks (Fig. 3a). The lev-
els of IgG antibodies to LDL were very low in the serum, 

Fig. 1  Plaque Progression in Apobtm2SgyLdlrtm1Her/J Mice. a Repre-
sentative photomicrographs of EVG stained plaque area aortic sinus 
of 0, 8 14 and 20 weeks old ApoBtm25gyLDLrtm1Her mice. Scale bar 
represents 200 µm. b Quantitative analysis of percentage plaque area 
in total surface area of the aortic sinus (n = 6 animals per group). 
c Quantitative analysis of necrotic acellular area in the total surface 

area of the aortic sinus (n = 6 animals per group). d Representative 
photomicrographs of oil red O (ORO) stained plaque area aortic sinus 
of 0, 8 14 and 20 weeks old ApoBtm25gyLDLrtm1Her mice (n = 6 ani-
mals per group). Scale bar represents 200 µm. e Quantitative analy-
sis of percentage lipid deposition in total lesion area of aortic sinus 
(n = 6 animals per group)
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however the antibodies specific for Ox-LDL increased 
over time and peaked at 14 weeks, followed by a decrease 
at 20 weeks (Fig. 3b). Splenocyte proliferation to LDL 
increased slowly over time and was significantly higher 
at 20 weeks (8.7 ± 1.2 vs 4.1 ± 0.62, P = 0.046) com-
pared to 14 weeks, while Ox-LDL specific proliferation 
was significantly higher (P < 0.01) at 14 weeks compared 
to other time point (Fig. 3c). Response to Concanavalin A 
(Con A) remained comparable between the groups. In cor-
roboration with proliferation the concentration of IFN-γ 
was higher in the culture supernatant of Ox-LDL stimu-
lated splenocytes at 14 weeks and reduced by 20 weeks 
(P < 0.001) (Fig. 3d).

Changes in T Cell Population in the Spleen

Since hypercholesterolemia and atherosclerosis can influ-
ence the peripheral lymphocyte population, we enumer-
ated the T cell subpopulation in the spleen of mice at dif-
ferent time points of disease progression. The percentage 
of interferon-γ positive CD4 + cells in the spleen did not 
change significantly during the early stages of the disease, 
however they were significantly higher (P = 0.045) after 
14 weeks compared to week 8 (Fig. 4a, b). Interestingly 
the IL17 positive cells increased significantly over time 
(0.9 ± 0.1 to 5. 8 ± 1.2, P = 0.014 from 0 to 20 week) 
(Fig. 4a, c). In contrast, CD4+ CD25+ Foxp3+ cells 

Fig. 2  Plasma lipid concentrations and their correlation with plaque 
growth and plaque lipid accumulation. a Increase in lipid concen-
tration in plasma. b and c Increase in total cholesterol (TC) and low 
density lipoprotein (LDL) with plaque growth and lipid deposition 

in plaque. d Correlation of LDL levels in the plasma with increase 
in lesion and lipid accumulation in aortic sinus (n = 8 animals per 
group)
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decreased with severe hypercholesterolemia (0.3 ± 0.04 
to 0.06 ± 0.03, P = 0.025) at 0 and 20 weeks, respec-
tively (Fig. 4a, d). Since age related changes in the pro-
portion of different T cell subsets have been documented, 
we compared the T cell subpopulation in age and gender 
matched mice with and without diet-induced atheroscle-
rosis. The proportion of CD4 T cells were comparable 
between the two groups of mice until 14 weeks, however 
their numbers in diseased mice increased at 20 weeks 
(38.8 ± 1.5 vs 27.2 ± 0.66, P = 0.045). The IFN-γ posi-
tive CD4 cells showed an increase in hypercholester-
olemic mice at 14 (2.9 ± 0.3 vs 1.5 ± 0.2) and 20 weeks 
(2.9 ± 0.3 vs 1.5 ± 0.2). Treg cells as enumerated by 
CD4+ CD25+ Foxp3+ was significantly lower (0.20 ± 0.02 
vs 0.04 ± 0.014, P = 0.015), while IL17 secreting T 
cells were significantly higher (0.4 ± 0.04 vs 5. 8 ± 1.2, 
P = 0.028) at 20 weeks in hypercholesterolemic mice com-
pared to normal mice (Fig. 4e–h).

Accumulation of Pro Inflammatory Markers  
in the Plaque

Macrophages as enumerated by CD68 antibodies increased 
significantly with plaque progression in the aortic sinus 
(P < 0.01). The percentage of plaque positive for mac-
rophage staining showed a rapid increase from week 
8 (0.05 ± 0.01) to week 14 (0.31 ± 0.07, P = 0.03) and 
week 20 (0.44 ± 0.11 %, P = 0.02) (Fig. 5a). The percent-
age of pro-inflammatory marker TNF-α in the plaque was 
very low (0.02 ± 0.01) at 8 weeks thereafter increased 
significantly (0.57 ± 0.14, P = 0.03) and remained at 
high levels till week 20 (Fig. 5b). CD4 + cells in the sinus 
remained high at 8–14 weeks and showed a small reduc-
tion at 20 weeks (0.57 ± 0.07, P = 0.02 compared to 
week 8) (Fig. 5c). To understand the relationship between 
Th1, Th17 and Treg cells in the plaque, we studied the 
expression of IFN-γ, IL17 and TGF-β in the plaque with 

Fig. 3  Antibody response and Splenocyte proliferation to oxidized 
LDL. a IgM antibody levels in serum to Oxidized LDL (Ox-LDL) 
and native LDL as determined by ELISA at 1:100 dilution of serum 
(n = 8 animals per group). b IgG antibody levels in serum to Oxi-
dized LDL (Ox-LDL) and native LDL as determined by ELISA at 

1:100 dilution of serum (n = 8 animals per group). c Splenocyte stim-
ulation to Ox-LDL and native LDL as determined by bromo deoxyu-
ridine (Brdu) proliferation assay (n = 6 animals per group). d Con-
centration of IFN-γ in the supernatant of splenocytes stimulated with 
Ox-LDL (n = 6 animals per group)
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progression of disease. The RT PCR results were nor-
malized to GAPDH and compared with 0 week aorta as 
control (Fig. 5d). The changes in expression were also 
compared with an earlier time point to understand their 
relative increase or decrease in expression. The expression 

of IFN-γ was found to increase significantly from 0 to 
8 weeks (threefold) and 14 weeks (sixfold) but was not 
found to increase further. The IL17 expression was found 
to peak at 14 weeks (fourfold) beyond which there was a 
decline in expression. In contrast the TGF-β levels showed 

Fig. 4  Changes in T cell population in the spleen in correlation with 
plaque progression. a The percentages of Th1, Th17, and Treg cells 
in splenocytes of ApoBtm25gyLDLrtm1Her mice were detected by flow 
cytometry. Splenocytes from atherosclerotic mice were stimulated 
with phorbol myristic acetate PMA (10 ng/mL), ionomycin (1 μg/
mL), and protein transport blocking reagent-brefeldin A (100 ng/mL), 
incubated at 37 °C, 5 % CO2 for 4 h, and then assayed for assess-
ment of the number of CD4+IFN-γ+(Th1), CD4+IL-17+ (Th17), 

and CD4+CD25+Foxp3+ (Treg) T cells by flow cytometry. b–d 
Quantitative representation of changes in Th1, Th17, and Treg cells 
in spleen of ApoBtm25gyLDLrtm1Her mice after high fat diet feed for 
8, 14, and 20 wk (n = 6 mice per group). e–h Comparison of CD4, 
CD4+CD25+Foxp3+ (Treg) CD4+IL-17+ (Th17) and CD4+IFN-
γ+(Th1), between normal chow diet and high fat diet fed mice at 
same age) (n = 6 animals per group)
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an increase at week 20. Expression of both IL17 and IFN-γ 
were highest at 14 weeks. The ratio between IL17 and 
TGF-β expression was 1.4 at 8 weeks, 2.6 at week 14 and 
reduced to 0.83 % at week 20, while that between IFN-γ 
and TGF-β was 3.3 at week 8, 4.0 at week 14 and remained 
high at 3.7 at week 20 (Fig. 5d).

Correlation of Hypercholesterolemia and Disease 
Progression with Immune Response

Finally we studied the correlation between increased plasma 
LDL levels with changes in peripheral T cells, immune 
response to modified LDL and plaque inflammation and 

Fig. 5  Accumulation of pro-inflammatory markers in the plaque. 
Representative photomicrographs showing immunofluorescence 
staining of aortic sinus sections of mice at 8, 14 and 20 weeks fol-
lowing a high fat diet feed. Left panel represents a bright field image 
while the right panel represents immunofluorescent staining. a CD68 
(red) and its quantitative analysis (n = 6 per group). b TNF-α (red) 

and its quantitative analysis (n = 6 per group). c CD4 (red) and its 
quantitative analysis (n = 6 per group). d Relative mRNA levels 
of IL17, IFN-γ, TGF- and IL10 in the ascending aorta at 8, 14 and 
20 week time point compared with week 0 quantified by RT-PCR and 
normalized to GAPDH
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the relationship between the changes in circulating cells 
and immune response with plaque progression. Increase 
in plasma LDL concentration showed a strong positive 
correlation with antibody response to Ox-LDL, (r = 0.81, 
P = 0.003 for IgM and r = 0.77, P = 0.007 for IgG) and 
Th17 cells in spleen (r = 0.61, P = 0.02). LDL concentra-
tions showed a negative correlation (r = −0.63, P = 0.015) 
with Treg cells in spleen, while no correlation could be 
observed with Th1 cells in spleen and splenocyte prolifera-
tive response to Ox-LDL. Hypercholesterolemia was found 
to increase plaque inflammation as seen by the strong posi-
tive correlation between plasma LDL increase and TNF- 
and IFN- positive areas in lesion (r = 0.79, P = 0.004 
and r = 0.65, P = 0.014, respectively). We then analyzed 
the effect of these changes in the immune response on 
plaque progression. Antibody response and T cell prolif-
erative response to Ox-LDL showed a positive correlation 
with plaque progression (r = 0.89, P < 0.001 for IgM and 
r = 0.66, P = 0.001 for IgG and r = 0.63, P = 0.012 for 
splenocyte proliferation to Ox-LDL). Splenic Th17 cells 
showed a strong positive correlation with plaque growth 
(r = 0.84, P < 0.001) while negative correlation was 
observed with Treg cells (r = −0.83, P < 0.001). Surpris-
ingly the correlation between Th1 cells and plaque progres-
sion was not significant (Table 1).

Discussion

In this study we investigated the development of atheroscle-
rosis in ApoBtm25gyLDLrtm1Her mice and correlated the pro-
gression of disease with hyperlipidemia, adaptive immune 
response and changes in lymphocyte population in the 
spleen. These results provide an insight into the interplay of 
immune response to modified lipids, changes in circulating 
lymphocytes and the development of atherosclerotic lesions 
in a mice model closely resembling humans with respect to 
cholesterol transport.

As reported earlier, lipid levels in the plasma increased 
in animals fed on high cholesterol diet which was fol-
lowed by an increase in the aortic lesion. A rapid phase 
of lesion growth was accompanied by an accumulation of 
macrophages, increased expression of IL17 and IFN-γ in 
the plaque and an increase in adaptive immune response 
to Ox-LDL. The expression of inflammatory markers and 
adaptive immune response reduced at later phase of plaque 
development with a moderate increase in aortic expres-
sion of TGF-β and IL10. Although IFN-γ expression was 
high in the plaque, it did not reflect as increased number 
of Th1 cells in the spleen, but IL17/Th17 cells increased in 
the spleen with plaque growth with a concomitant decrease 
in Treg cells. Significant positive correlation was observed 
between Th17 cells and the Th17/Treg ratio in the spleen 
and plaque progression.

Hypercholesterolemia has profound effects on the 
immune response and host defense against pathogens [30, 
31]. Although atherosclerosis is a T-helper1 (Th1) mediated 
inflammatory disease, severe hypercholesterolemia was 
associated with a decreased Th1 response and increased 
levels of Th2 response to modified LDL in ApoE−/− mice 
[32–34]. LDL accumulation and oxidation is known to acti-
vate endothelial cells, macrophages and T cells. Ox-LDL 
has been identified as one of the most important auto anti-
gens and the major cause of inflammation and immune 
response in atherosclerosis [35–38]. Antigen presenting 
cells take up modified LDL and ApoB peptides and present 
them to naive T cells in spleen or lymph nodes differen-
tiating them to effector T cells which migrate to the arte-
rial intima. Resident macrophages and dendritic cells in the 
intima can amplify the effector T cell activation and expres-
sion of pro-inflammatory molecules which promote disease 
progression [39]. Therefore, we studied adaptive immune 
response to Ox-LDL during the progression of disease in 
mice.

Hypercholesterolemia was found to augment the anti-
body response to Ox-LDL as seen by the increase in both 
IgG and IgM antibodies in the serum. This enhanced 
immune response to Ox-LDL showed a positive correla-
tion with plaque progression in the aortic sinus of mice. 
Increase in LDL cholesterol resulted in an amplification 

Table 1  Correlation between panel A: plasma lipid levels and 
immune response and panel B: plaque progression and immune 
response

Correlation between the continuous markers was determined using 
non-parametric spearman correlation analysis. Th17: CD4+  T cells 
secreting IL17, Th1: CD4+ T cells secreting IFN-γ, Treg: regulatory 
T cells, Ox-LDL: oxidized LDL

Marker Spearman R P value

Panel A: Correlation between Plasma lipid levels and immune 
response

 Th17 0.61 0.02

 Th1 0.15 NS

 Treg −0.63 0.015

 IgM-ox-LDL 0.81 <0.001

 IgG-ox-LDL 0.78 <0.001

 T cell proliferation ox-LDL 0.31 NS

 TNF-α Expression in Plaque 0.79 0.004

Panel B: Correlation between Plaque progression and immune 
response 

 Th17 0.84 <0.001

 Th1 0.43 NS

 Treg −0.83 <0.001

 Th17/Treg 0.69 0.002

 IgM-ox LDL 0.89 <0.001

 IgG ox-LDL 0.66 0.001

 T cell proliferation ox-LDL 0.63 0.012
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of CD4 cells secreting IL17 and reduction of regula-
tory T cells in the spleen but showed no correlation 
with IFN-γ secreting CD4 cells. Hypercholesterolemia 
induced Th17 cells showed a strong positive correla-
tion with progression of atherosclerosis while a negative 
correlation was observed with CD4+ CD25+ Foxp3+ 
Treg cells in the spleen. These changes were specific 
for hypercholesterolemic mice as age-matched mice fed 
with normal chow diet did not show any increase in Th17 
cells. Studies in ApoE−/− mice have shown a positive 
correlation between Th1, Th17 and CD4 cells express-
ing both IL17 and IFN-γ with disease development and 
progression [40]. Surprisingly we did not observe a sig-
nificant association of Th1 cells secreting IFN-γ in the 
spleen with progression of atherosclerosis. These results 
are in contrast to previous evidence which has shown 
that atherosclerosis aggravated by Th1 cells and IFN-γ 
which contribute to lesion development by enhanc-
ing inflammatory cell recruitment and secretion of pro-
inflammatory cytokines [41, 42]. Recently Th17 cells 
were shown to have a pro-atherogenic role, and it was 
reported that T cells infiltrating human coronary artery 
produce both IL17 and IFN-γ and act synergistically to 
induce a pro-inflammatory response [43, 44]. Increased 
Th17 cells and recombinant IL17 were reported to be 
associated with the magnitude of atherosclerotic plaque 
in ApoE−/− mice which was inhibited by neutralizing 
anti-IL17 antibody, suggesting a direct role of IL17 in 
disease progression [45]. Although several studies impli-
cate IL17 producing T cells as pro-atherogenic, the role 
of Th17 cells or IL17 in atherogenesis are inconsistent 
[46]. Plaque burden was not altered by the deletion of 
IL17 gene and deletion of suppressor of cytokine signal-
ing 3 (Socs3) which indirectly increases IL17 production 
was atheroprotective [47, 48]. In a recent study using 
a biobank of human samples both Th17 and Treg cells 
were not detected in human aorta across the spectrum of 
the disease [49].

We observed an increase in the expression of IL17 and 
IFN-γ in the aorta through the development of lesions 
until 14 weeks, during the growth phase of the plaque. 
In the next 6 weeks, the increase in volume of the plaque 
slowed down and was associated with a decrease in IL17 
and IFN-γ expression with a moderate increase in TGF-β 
expression. Our results are in agreement with earlier stud-
ies in LDL-R−/− mice which showed that severe hyper-
cholesterolemia induced an accumulation of Treg in the 
atherosclerotic aorta [50]. We also observed a positive cor-
relation between higher LDL levels and plaque inflamma-
tion as observed by increased TNF-α and IFN-γ positive 
areas in the aortic sinus.

Thus in ApoBtm25gyLDLrtm1Her mice increase in 
plasma LDL levels is accompanied by high anti-Ox-LDL 

antibodies in serum, increased proliferation of Ox-LDL 
specific T cells, an increase in the proportion of TH17 cells 
in the spleen and expression IL17, IFN-γ and TNF-α in 
the plaque resulting in a rapid increase in the progression 
of lesions. From 14-20 weeks slowing of plaque growth 
was accompanied by a reduction in antibodies and T cell 
response to Ox-LDL and Th1 cells in spleen. Anti Ox-LDL 
IgM antibodies, Th17 cells and the ratio of Th17/Treg cells 
in the spleen emerged as markers which showed the great-
est association with disease development.

Our results suggest that the nature of immune response 
and the immune system mediated pathogenesis of athero-
sclerosis may be different in ApoBtm2Sgy/Ldlrtm1Her/J mice 
compared to ApoE−/− and LDL-R−/− mice. Earlier stud-
ies with these models have shown Th1 dominance in the 
disease process, while our study reveals a stronger role for 
Th17 cells during the disease progression. The proportion 
of IL17/Th17 cells and the imbalance between these cells 
and Treg cells in peripheral lymphoid organs seem to play 
a role in pathogenesis in these animals. Th17/Treg func-
tional imbalance has been reported in patients with acute 
coronary syndrome [44]. These results also suggest that 
this ratio could be developed as a potential marker to study 
disease progression and to study the effect of therapeutic 
regulation of inflammation.

Although the strain of mice used in this study closely 
mimics human disease, it does not represent human athero-
sclerosis. The animals in our study exhibited severe hyper-
cholesterolemia which is unlikely to occur in humans. The 
results of this study therefore can only be considered as a 
model to assess the effect of hypercholesterolemia regula-
tion of the immune system. A limitation of this study is that 
it is a small preliminary investigation and further elaborate 
studies with more time points for a longer duration in order 
to confirm our preliminary results.
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