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Abstract
Background and Aims The long-term effect of immune tolerance has not been explored so far in atherosclerosis. In the
present study, we assessed the effect of mucosal tolerance to a multi antigenic construct expressing three peptides from
ApoB, HSP60, and outer membrane protein from Chlamydia pneumonia (AHC) for 30 weeks at every 6-week interval to
understand the kinetics of immune modulation in disease progression. The safety profile of the molecule was also
evaluated in mice.
Methods Apobtm2SgyLdlrtm1Her/J mice (5–6 weeks) were orally dosed with multi antigenic construct (AHC) molecule on
alternate days, followed by high-fat diet feeding to initiate atherosclerosis.
Results Treated animals showed an efficient reduction in plaque growth and lipid accumulation at 6 weeks (49%, p < 0.01) and
12weeks (42.3%, p < 0.01) which decreased to 29% (p = 0.0001) at 18 weeks and at later time points. Macrophage accumulation
was significantly lower at all time points (53% at 12 weeks to 27% at 30 weeks). Regulatory T cells increased in the spleen
following treatment until 12 weeks (week 0 (2.57 ± 0.18 vs. 6.36 ± 0.03, p = 0.02), week 6 (4.52 ± 0.2 vs. 8.87 ± 0.32, p = 0.02),
and week 12 (8.74 ± 0.37 vs. 15.4 ± 0.27, p = 0.02)) but showed a decline later. A similar trend was observed with tolerogenic
dendritic cells. We observed an increase in antibody levels to low-density lipoprotein and oxidized LDL at later stages. AHC
molecule was found to be safe in acute and repeated dose toxicity studies.
Conclusions Our results suggest that immune tolerance to AHC protein by oral administration is able to provide efficient
atheroprotection up to 18 weeks and moderately at later stages. Apart from immune regulatory cells, protective antibodies
may also have a role in controlling atherosclerosis.
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Safety studies

Introduction

Immune modulation to treat atherosclerosis has gained mo-
mentum in the past decade, and several studies have shown
atheroprotective effects of restoring tolerance to auto-antigens
[1–3]. Atherosclerosis is now considered as an autoimmune
disease, wherein the oxidized low-density lipoprotein (Ox-
LDL), HSP60, and molecular mimicry between pathogenic
antigens and self-antigens induce an immune response and
inflammation [4, 5]. Oxidation of LDL generates several
new epitopes known as oxidation-specific epitopes which
are not present in native LDL. These neo-epitopes are recog-
nized by both innate and adaptive immune response [6, 7].
Naïve T lymphocytes differentiate into helper T cells (Th)
and regulatory T cells (Treg) in response to cytokine and an-
tigen stimulation. The Treg cells are critical for maintaining
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immune tolerance to self-antigens, and dysregulation of Treg
activity is associated with several autoimmune diseases in-
cluding atherosclerosis [8, 9].

Immune tolerance to self-antigens is mediated by antigen-
specific Treg cells. These Tregs can suppress the inflammatory
and proatherogenic adaptive immune response and shown to
have a protective effect in several models of atherosclerosis
[10, 11]. The role of Tregs in atherosclerosis has been studied
extensively in animal models, wherein they reduce inflamma-
tion and induce protection against plaque development and
stabilize the plaque [12, 13]. Treatment with ApoB- or
HSP60-derived peptides was reported to reduce plaque inflam-
mation in association with regulatory T cell (CD4+CD25+)
response by us as well as several other groups [14–17]. Chyu
et al. [18] in a series of studies showed that a P210—a peptide
derived from ApoB100—activated CD8+ cells which could
confer atheroprotective immunity. Immunization with P210
peptide was also associated with Treg response and increase
in CD4+IL10+cells [15]. Other distinct peptides from ApoB
protein (ApoB3501–3516 and ApoB978–993) were also re-
ported to reduce atherosclerosis by an IL10-dependent mech-
anism [19]. Recently, ApoB100-specific T cell hybridoma ex-
pressing a single V beta chain has been identified. The peptide
derived from this study was found to block T cell recognition
of ApoB100 and significantly reduce atherosclerosis [20].
Similarly, treatment with HSP60 protein or peptides was re-
ported to induce protection by inducing CD4+GARP+ regula-
tory T cells (Tregs) [21], type 1 regulatory T cell (Tr1) cells, or
CD4+CD25+FoxP3+ Tregs [22].

In our previous studies, we have shown that the oral immu-
notherapy to atherosclerosis by a multi antigenic construct
“AHC protein” expressing peptide epitopes from apolipopro-
tein (Apo B), heat shock protein (HSP60), and Chlamydia
pneumonia outer membrane protein induces immune toler-
ance and has both protective and curative effects against ath-
erosclerosis in animal models. The AHC recombinant mole-
cule was generated by incorporating the ApoB peptide at the
N-terminal, Cpn Peptide at the C-terminal, and the HSP60
peptide replacing the loop II of dendroaspin scaffold as de-
scribed earlier [17]. Oral administration of AHCmolecule was
found to increase antigen-specific Treg response, reduce the
inflammatory cells, and activate the tolerogenic dendritic
cells, which was able to reduce both plaque development
and progression in both mice and rabbits [17, 23–25].

Most of the studies on immunemodulation are explored for
a short duration of 10 to 12 weeks. The effect of tolerance
induction has not been studied for any antigen for a long
period of time to comprehend the long-lasting effect of im-
mune modulation therapy. Moreover, understanding of pre-
clinical toxicity is also an important aspect of any therapeutic
model. In the present study, we explored the effect of tolerance
to AHC protein in Apobtm2SgyLdlrtm1Her/J mice model for a
period of 30 weeks and observed the disease progression and

immune response at 6-week interval to understand the protec-
tion at different stages and evaluated the acute and repeated
dose safety profile at escalated doses in Swiss albino mice.

Materials and Methods

Animals

Apobtm2SgyLdlrtm1Her/J-knockout mice on a C57BL/6 back-
ground (Jackson Laboratories) were used for all the experi-
ments. All animal experiments were approved by the
Institutional Animal Ethics Committee of the Thrombosis
Research Institute (Registration Number: 1261/c/09/
CPCSEA) in compliance with Government of India guide-
lines and conform to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication, 8th Edition, 2011). Mice were
kept under standard laboratory 12-h day and 12-h night cyclic
conditions and fed on either a chow diet or a diet high in fat
and cholesterol (21% fat and 1.25% cholesterol). Starting at
6 weeks of age, an equal number of males and females (6–8
animals per group) were used in each group.

Materials

Multi antigenic construct AHC (APOB, HSP60, and
Chlamydia pneumonia outer membrane protein) was purified
as described earlier [25]. High-fat diet (HFD) was purchased
from Harlan, TD 96121 Indianapolis, USA, with 21% anhy-
drous milk fat and 1.25% cholesterol. Details of AHC con-
struction and purification are included in the supplementary
section.

Generation of Recombinant Construct AHC

The construction of multi antigenic construct and the
detailed structural dendroaspin carrier for incorporating
multi antigens was described earlier [17, 26]. The epi-
tope derived from human ApoB100 (peptide sequence:
I688EIGLEGKGFEPTLEALFGK707, numbered includ-
ing signal peptide) was incorporated into the N-terminal
of dendroaspin with a poly-glycine linker between ApoB
peptide and dendroaspin. Epitope from hHSP60 (peptide
sequence: A153ELKKQSKPVT163) was incorporated in
dendroaspin loop III as a replacement of wild-type loop
III sequence. Cpn sequence in a combination form was
derived from the major outer membrane protein (MOMP)
of the Cpn (peptide sequence: G67DYVFDRI74) and
polymorphic outer membrane protein (OMP) 5 of Cpn
(peptide sequence: Q283AVANGGAI291) at the C-
terminal of dendroaspin.
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Synthesis, Expression, and Purification of Multi
Antigenic Protein

The genes were synthesized by Genescript, USA Inc. under
confidential agreement and cloned into a PUC57 vector. The
genes of constructs AHC were amplified by PCR and cloned
in a pGEX-3X and used for the transformation of E.coli BL21
strain. Protein expression was induced by 0.1 mm IPTG and
purified using glutathione-Sepharose affinity and ion ex-
change chromatography and analyzed by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting [17].

Experimental Design

Apobtm2SgyLdlrtm1Her/J double-knockout mice aged 5–
6 weeks (N = 72) were orally dosed with multi antigenic con-
struct AHC (1μg/dose/animal) or phosphate buffered saline
on five alternate days (N = 36 each) through oral gavage.
Animals were fed on HFD to induce atherosclerosis. Groups
of 6 mice were sacrificed humanely by using an overdose of
isoflurane inhalant anesthetic (15%) as per American
VeterinaryMedical Association guidelines (June 2007) imme-
diately after the oral dosing schedule, considered as 0 week
and at every 6-week interval at 6, 12, 18, 24, and 30 weeks,
and organs collected for further evaluation. The experimental
design is shown in Fig. 1a. The dose response was studied as
described earlier.

Atherosclerotic Lesion Assessment
and Immunohistochemistry on Aortic Sinus

Aortic sinuses from 6 animals per group were collected in
either OCT (optimum cutting temperature) or paraffin.
Minimum of 6 sections from each animal were stained with
elastic Van Gieson (EVG) stain to measure the percentage of
lesion area in the total aortic sinus, and Oil Red O was used to
assess the total lipid deposition in the sinus. Images were
processed using a confocal microscope (Leica DMI 4000 B,
Germany) and quantified using Image-Pro Plus software
(Media Cybernetics, Bethesda, USA).

Immunohistochemical Analysis of Atherosclerotic
Lesions

The frozen sections were collected on slides coated with 5%
amino-silane. Sections were permeabilized using 0.2% of
Triton X 100 for 30 min and fixed with ice-cold acetone.
Slides were incubated with primary antibodies, after blocking
with 5% serum followed by the appropriate secondary anti-
body (Alexa-633 tagged Invitrogen). Sections were mounted
in Vector Shield, imaged using a Leica DMI 4000 B confocal
microscope, and then analyzed using the Image-Pro software.

Immunophenotyping

Immunophenotyping for enumerating the Th1, Th17, Tregs,
monocytes, and dendritic cell population in the spleen at dif-
ferent time points was performed by FACS Canto II using
FACS DIVA software (Becton Dickinson, New Jersey,
USA). The antibodies used in the study were as follows: fluo-
rescein isothiocyanate (FITC) conjugated CD4 (clone RM4-
5), allophycocyanin (APC) anti CD25 (clone 3C7), phycoer-
ythrin (PE) anti-fork head fox p3 (Foxp3) (clone NRRF-30),
PE IFN-γ (clone XMG1.2), PE anti Ly6c (clone HK 1.4),
FITC anti CD103 (clone 2E7), APC-anti CD11c (clone
N418) (all from eBiosciences, San Diego, CA, USA), APC-
Cy™7 IL-17A (clone TC11-18H10, BD Pharmingen, San
Jose, USA), PE-Cy™7 anti CD11b (clone M1/70, BD
Pharmingen, San Jose, USA). The intracellular cytokines
and Foxp3 were assessed using the intracellular staining kit
(eBiosciences San Diego, CA, USA) according to the manu-
facturer’s instructions. Surface staining was performed ac-
cording to standard procedures at a density of 1 × 105 cells/
100 μL, and volumes scaled up accordingly. The fluorescence
minus one (FMO) controls were used along with tested sam-
ples from both AHC and HFD group for gating negative cell
population. The results were analyzed by Flow Jo software
(Tree Star Ltd., Oregon, USA). The gating strategy for both
T cell and monocytes was given in Figures S1 and S2
respectively.

ELISA

ELISAwas carried out for native LDL and Ox-LDL on plas-
ma samples at different stages of disease development. LDL
(Sigma Chemicals, St. Louis, USA) was oxidized overnight
with CuSO4 (5 μM), as described earlier [27], and plates were
coated with 10 μg/mL Cu-oxidized LDL or native LDL. Sera
from control and AHC-treated animals (1:100) were added to
coated plates for 90 min h at 37 °C. The plates were washed
and developed by adding horseradish peroxidase (HRP) la-
beled anti-mouse IgG or IgM (Sigma Chemicals, St. Louis,
USA) as secondary antibodies. Excess antibodies were
washed, and the plate was developed by adding substrate for
30 min in dark. Absorbance was recorded at 450 nm.

Plasma Lipid Profile

Blood from overnight fasted animals was collected from the
retro-orbital venous plexus under 3% isoflurane inhalant an-
esthesia in oxygen as per American Veterinary Medical
Association guidelines (June 2007). Diluted plasma (10 times
to get the values within the range) was used for measuring
lipid concentrations by using Siemens Dimension® Xpand®
plus following the manufacturer’ s instructions.
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Safety Studies

Acute and sub-chronic toxicity was evaluated in Swiss albino
mice to understand the safety profile of the AHC molecule. In
the acute study, 20, 100, and 200 μg/mL concentration of
AHC protein were orally administered to six animals (3M +
3F) once. Trypsin inhibitor neutralization of proteases in the
gut was carried out in all the animals 10–20min before the test
item administration. The animals were observed for any ad-
verse clinical symptoms for 14 days. At the completion of the
study period, all the animals were humanely sacrificed and
subjected to external and internal gross pathological observa-
tions. Repeated dose toxicity was conducted in two sets for
15 days and 30 days of repeated oral dosing with 1, 5, and 10
times the therapeutic dose with appropriate PBS control in a
total of 10 animals (5M and 5F) per group. Animals were
humanely sacrificed at the end of the study period and sub-
jected to external and internal gross pathological observations.
Hematological parameters; clinical biochemistry including

albumin, glucose, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), blood
urea nitrogen (BUN), creatinine, and calcium; and histopa-
thology of internal organs were carried out to understand the
safety data [27].

Real-time PCR

Total RNAwas extracted from the ascending part of the aorta
using TRIzol® Reagent from 6 control and 6 treated groups at
each time point of disease progression (Invitrogen, Carlsbad,
USA). Messenger RNA was reverse transcribed using
Invitrogen cDNA synthesis kit, and polymerase chain reaction
(RT-PCR) was performed using a two-step SYBR®
Superscript® RT-PCR kit (Invitrogen, Carlsbad, USA) using
an ABI PRISM 7900 qRT-PCR (Applied Biosystems,
California, USA). The oligonucleotide sequences of primers
used are presented in Table 1.

Fig. 1 Reduction in lesion size
and necrotic core by AHC. a
Experimental design: groups of 6
mice (5–6 weeks) were orally
dosed 5 times with 1 μg of
purified recombinant multi
antigenicmolecule (AHC) or PBS
on alternate days and were fed on
HFD for 6, 12, 18, 24, and
30 weeks. b Representative pho-
tomicrograph showing elastic
Von Gieson staining of aortic si-
nus sections at different time
points. The scale bar represents
200 μm. c Representative bar
graph showing the comparative
average lesion size at different
time points for both control and
AHC group. d Representative bar
graph showing the percentage re-
duction in necrosis in AHC group
compared with the control group.
The scale bar represents 100 μm
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Statistical Analysis of Data

Data are expressed as mean ± SEM. Differences between con-
trol and treated groups at each time point were evaluated by
Mann-Whitney test and were considered statistically signifi-
cant at p < 0.05. Statistical analysis was performed using
GraphPad Prism software version 6.01(GraphPad Software
Inc., La Jolla, CA, USA).

Results

Effect of Oral Immunotherapy on the Progression
of the Disease

Oral immunotherapy using the AHC protein was able to sig-
nificantly control the progression of the lesion size and lipid
accumulation in the aortic sinus of Apobtm2sgy/LDLrtm1Her/J
mice as seen by elastic Van Gieson (EVG). The size of the
lesion increased progressively as the disease progressed from
0 to 30 weeks. Significant reduction in the accumulation of
atherosclerotic plaques was observed at 6 weeks (9.53 ± 1.0
vs. 3.55 ± 0.45, p = 0.0002, 62%) and 12 weeks (30.75 ± 0.78
vs. 16.5 ± 0.376, p = 0.0001, 46%) but decreased to 23% by
18 weeks (42.89 ± 1.26 vs. 33.18 ± 0.57, p = 0.0001) and 20%
in later stages of atherosclerosis at 24 weeks (52.33 ± 0.49 vs.
40.7 ± 0.61, p = 0.0001) and 30weeks (60.81 ± 0.56 vs. 50.28
± 1.12, p = 0.0001) in the treated group of mice in comparison
with HFD controls (Fig. 1b, c). Necrotic changes in the plaque
were observed only by the 18th week, and the reduction in
necrosis was 42% at 18 weeks (4.05 ± 0.20 vs. 2.32 ± 0.14,
p = 0.0001), 30% at 24 weeks (8.17 ± 0.8 vs. 5.67 ± 0.26, p =

0.0001), and 25% by 30 weeks (9.88 ± 0.23 vs. 7.38 ± 0.20,
p = 0.0001) (Fig. 1d).

Effect of Oral Immunotherapy on Aortic Lipid
Accumulation, Plasma Lipids, and Macrophages

Lipid accumulation as a direct consequence of plaque
growth studied at different weeks by ORO staining also
showed a significant reduction of 49% at 6 weeks (8.42
± 0.76 vs. 3.55 ± .59, p = 0.0003) and 42.3% at 12 weeks
(30.73 ± 1.02 vs. 16.60 ± 1.15, p = 0.0006), and by
18 weeks the lipid accumulation decreased to 29% (41.4
± 1.12 vs. 29.91 ± 0.4, p = 0.0001) whereas at 24 weeks
(50.53 ± 0.86 vs. 37.81 ± 0.63, p = 0.0001) and 30 weeks
(59.62 ± 0.71 vs. 46.12 ± 0.61, p = 0.0001) it was able to
prevent around 22% when compared with the control
group (Fig. 2a). Having observed the lower levels of lipid
accumulation in the aortic sinus by ORO, we further mea-
sured the total cholesterol, triglyceride, and LDL levels in
the plasma. The total cholesterol (TC) concentration of the
treated group showed an insignificant difference in com-
parison with control, while the LDL levels were slightly
lower in treated animals throughout at all the time points.
Triglyceride levels were significantly lower only in the
early stages of disease (Fig. 2b). In correlation with the
total lesion area, the LDL and total cholesterol levels of
HFD group were steadily increased whereas in AHC group
the increase was lower when compared with the control
group (Fig. 2c).

Oral Immunotherapy Reduces the Inflammation
of the Aorta

The lipid-laden macrophages in the aortic sinus enumerated
by immunohistochemistry using CD68 antibodies showed
significantly lower levels in treated mice compared with the
control group throughout the disease progression. The reduc-
tion in macrophage accumulation in the lesion was lower by
40% at 6 weeks (0.087 ± 0.012 vs. 0.147 ± 0.08), 12 weeks
(0.337 ± 0.08 vs. 0.156 ± 0.03, p = 0.04), and 18 weeks
(0.453 ± 0.10 vs. 0.210 ± 0.04) 53% up to 24 weeks (0.773
± 0.12 vs. 0.371 ± 0.05, p = 0.02) which dropped to 27% at
30 weeks (0.998 ± 0.04 vs. 0.734 ± 0.03, p = 0.005)
Fig. 3a, b.The quantitative expression levels of inflammatory
and anti-inflammatory markers in the aortic sinus were nor-
malized to GAPDH compared with the respective control
group at each week. We observed a decrease in expression
levels of inflammatory cytokines IFN-γ, IL-17, and arginase2,
and increased anti-inflammatory cytokines like CTLA4,
Foxp3, TGF-β, and arginase1 in the aorta of treated mice
compared with control. The AHC therapy could control the
expression of inflammatory cytokines IFN-γ and IL-17 in the
early stages of disease up to 12 weeks, while at advanced

Table 1 List of primers and their sequence used for the gene expression
by qRT-PCR

TGF-β1-F TTG CTT CAG CTC CAC AGA GA

TGF-β1-R TGG TTG TAG AGG GCA AGG AC

FoxP3-F CCC ATC CCC AGG AGT CTT G

FoxP3-R ACC ATG ACTAGG GGC ACT GTA

CTLA-4-F GCT TCC TAG ATTACC CCT TCT GC

CTLA-4-R CGG GCATGG TTC TGGBATC A

Arginase1-F GGA ACC CAG AGA GAG CAT GA

Arginase1-R TTT TTC CAG CAG ACC AGC TT

Arginase2-F ACC AGG AAC TGG CTG AAG TG

Arginase2-R TGA GCATCA ACC CAG ATG AC

IFN-ϒ F ATGAACGCTACACACTGCATC

IFN-ϒ R CCATCCTTTTGCCAGTTCCTC

IL-17 F TTTAACTCCCTTGGCGCAAAA

IL-17 R CTTTCCCTCCGCATTGACAC

GAPDH-F AAC TTT GGC ATT GTG GAA GG

GAPDH-R ACA CAT TGG GGG TAG GAA CA
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Fig. 2 AHC reduces the lipid accumulation and plasma lipid levels in
progressive atherosclerosis. a Representative photomicrographs of aortic
sinus plaque area stained with Oil Red O for different weeks. The bar and
line graphs show the comparative amount of lipid accumulation over a
period of disease progression. The scale bar represents 200 μm. b

Representative bar graphs showing plasma lipid profile of the AHC and
control group. c Representative graph showing the comparative
correlation of lipid progression in aortic sinus with respect to plasma
total cholesterol and LDL
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stages of the disease no significant difference in expression
could be observed in comparison with control (Fig. 3c). The
expression of proteins associated with immune regulation,
including Foxp3 (7fold), TGF-β (5.3 fold), and CTLA4
(9.3fold) was highest at 12 weeks and decreased by 18 weeks,
while their expression was comparable to that of control by
30 weeks (Fig. 3e). A similar trend was observed for arginase
1, a marker of M2 macrophages. The ratio of arginase 1 to
arginase 2 was skewed towards arginase 1 in the early stages
of the disease, while at 24 and 30 weeks arginase 2 expression
was higher (Fig. 3d).

Changes in CD4 T Cell Population and Monocytes
in the Spleen

The change in Tcell andmonocyte population in the peripheral
immune system as a consequence of oral immune therapy was
studied by using flow cytometry. The CD4 cell population
from both AHC and HFD group at different time points were

comparable at all time points with a significant change only at
24 weeks (29.2 ± 2.3 vs. 35.8 ± 1.2, p = 0.04) (Fig. 4a). The
gating strategy and representative dot plots for sample analysis
for T cell and monocytes are given in Figure S1. Inflammation
by CD4 positive IFN-γ-secreting cells at 12 weeks (6.22 ± 0.4
vs. 4.32 ± 0.07, p = 0.015), 18 weeks (9.47 ± 0.27 vs. 6.37 ±
0.14, p = 0.007), and 24 weeks (8.91 ± 0.37 vs. 6.78 ± 0.18,
p = 0.015) was significantly lower in AHC treated group in
contrast with the HFD control group (Fig. 4b). Th17 cells as
seen by IL17-secreting CD4 positive cell were lower in AHC-
treated mice at all time points but showed a statistical signifi-
cance only at 12 (3.39 ± 0.22 vs. 2.65 ± 0.18, p = 0.02) and
24 weeks (2.30 ± 0.17 vs. 1.16 ± 0.05, p = 0.01) (Fig. 4c). We
observed significantly higher proportion of Treg cells (CD25+
Foxp3+) cells in the spleen of AHC-treated mice at week 0
(2.57 ± 0.18 vs. 6.36 ± 0.03, p = 0.02), week 6 (4.52 ± 0.2 vs.
8.87 ± 0.32, p = 0.02), and week 12 (8.74 ± 0.37 vs. 15.4 ±
0.27, p = 0.02), but from 18 weeks onwards the Tregs were
comparable between control and treated animals (Fig. 4d).

Fig. 3 Oral administration of
AHC reduces inflammatory
markers in the aorta. a
Representative photomicrograph
showing immunofluorescence
staining of aortic sinus sections
with CD68 (macrophage) at dif-
ferent time points. The scale bar
represents 50μm. b Percentage of
CD68 positive area from several
sections for each group (n = 6)
were measured using Image-Pro
Plus software and shown in bar. c
mRNA expression levels of in-
flammatory IFN-γ and IL-17 in
the ascending aorta were quanti-
fied using RT-PCR analysis and
normalized with GAPDH. Fold
changes in expression of the AHC
immunized mice relative to con-
trol mice are shown. d mRNA
expression levels of
ARGINASE1and ARGINASE2
and the ratio of arginase I and ar-
ginase II in the ascending aorta. e
mRNA expression levels of
Foxp3, TGF-β, and CTLA 4 in
the ascending aorta
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Fig. 4 Effect of oral administration of AHC in immune cells in the spleen.
Flow cytometer analysis of splenocytes from AHC-treated and control mice
at the end of the experiment. a The graph represents the percentage of CD4
positive cells within the CD4 population. b Percentage of Th1 as seen by
CD4 positive IFN-γ cells within the CD4 population. c Percentage of Th17

as seen by CD4 positive IL-17 cells within the CD4 population. d
Percentage of Treg cells as seen by CD425positive FOX-P3 within the
CD4 population. e Percentage of CD11C positive cells within the CD11b
population. f Percentage of CD103 positive cells within the CD11c popula-
tion. g Percentage ofLy6c positive cells within the CD11b population
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Monocytes associated with regulatory function such as
CD11b+CD11c+ and CD11c+CD103+ cells were higher in
AHC-treated mice only at earlier time points (0 week (3.14 ±
0.29 vs. 5.81 ± 0.33, p = 0.02), 6 week (2.70 ± 0.61 vs. 7.28 ±
0.96, p = 0.028), and 12 week (8.23 ± 0.3 vs. 22.52 ± 1.16, p =
0.04), and 0 week (2.49 ± 0.05 vs. 3.92 ± 0.31, p = 0.02) and
6 week (3.68 ± 0.75 vs. 8.05 ± 0.95, p = 0.02)) respectively
(Fig. 4e, f). The inflammatory monocyte cell population of
CD11b+LY6c+ was lower in AHC-treated group but was sig-
nificant only at 6 weeks (16.7 ± 0.83 vs. 13.25 ± 1.39, p = 0.02)
and 12 weeks (28.08 ± 1.01 vs. 8.31 ± 1.77, p = 0.005) (Fig.
4g).

Immune Response to Auto-antigens LDL and OX-LDL

Immune response to auto-antigens like native LDL and Ox-
LDL was measured in the serum of both treated and control
animal groups. Hyperlipidemia-induced IgM response to LDL
(0 week (0.022 ± 0.03 vs. 0.028 ± 0.06), 6 weeks (0.14 ± 0.02
vs. 0.08 ± 0.05, p = 0.007), 12 weeks (0.215 ± 0.008 vs. 0.146
± 0.006, p = 0.02), 18 weeks (0.273 ± 0.03 vs. 0.224 ± 0.009,
p = 0.03), 24 week (0.357 ± 0.03 vs. 0.336 ± 0.02), and
30 weeks (0.383 ± 0.07 vs. 0.346 ± 0.09)) (Fig. 5a) was sig-
nificantly lower in early to mid-weeks of disease progression,
whereas response to Ox-LDL IgM antibody was significantly
lower in the advanced disease stage in the treated group in

comparison with control (0 week (0.059 ± 0.06 vs.0.056 ±
0.01), 6 week (0.073 ± 0.017 vs. 0.059 ± 0.01), 12 week
(0.152 ± 0.02 vs. 0.106 ± 0.02), 18 week (0.184 ± 0.006 vs.
0.141 ± 0.03, p = 0.03), 24 weeks (0.219 ± 0.04 vs. 0.179 ±
0.05), and 30 weeks (0.274 ± 0.06 vs. 0.216 ± 0.08, p =
0.01)) (Fig. 5c). The levels of IgG antibody response to ox-
LDL were significantly higher in the AHC group throughout
the disease progression and peaked at 18 weeks and lowered
moderately at later stages (Fig. 5d). The IgG antibody levels to
native LDL were comparable but significantly higher at
24 weeks (0.335 ± 0.02 vs. 0.489 ± 0.03, p = 0.05) and
30 weeks (0.349 ± 0.03 vs. 0.562 ± 0.02, p = 0.02) (Fig. 5b).

Safety Profile of AHC Molecule

The animals were found to be healthy and normal for clin-
ical observation for 14 days following a single dose of
AHC at 200 times the efficacy dose in acute toxicity study.
No treatment-related clinical signs of toxicity and mortal-
ities or gross pathological changes were observed in the
animals. In the animals subjected to repeated doses of
AHC for 15 and 30 days at 10 times the efficacy dose,
hematological biochemical and clinical parameters were
found to be normal in both control and treated groups
(Tables 2, 3, and 4). The external and internal gross path-
ological examinations of control and AHC-treated groups

Fig. 5 Immune tolerance to AHC
and antibody response to self-
antigens. Antibody response to
the native LDL and Ox-LDL. a
Plasma IgM levels to LDL. b
Plasma IgG levels to LDL. c
Plasma IgM levels to Ox-LDL. d
Plasma IgG levels to Ox-LDL
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did not show any significant changes. Treatment-related
gross or microscopic changes were not noticed, and all

the microscopic changes noticed were considered to be
incidental and spontaneous in nature (Fig. 6).

Table 3 Summary of differential leukocyte count

Hematology parameters

Group Treatment and dose Sex Platelet count
(103 cells/μL)

Differential leucocyte count

Neutrophils (%) Lymphocytes (%) Monocytes (%) Eosinophils (%) Basophils (%)

G1 Control (PBS) Male 1505.8 20.60 72.0 5.0 2.40 0.4

± 68.44 ± 1.67 ± 4.18 ± 3.16 ± 0.55 ± 0.89

G2 AHC, 1 μg 1451.6 18.00 74.0 5.0 1.60 0.8

± 322.15 ± 3.00 ± 4.64 ± 3.16 ± 0.89 ± 0.84

G3 AHC, 5 μg 1407.8 20.80 72.2 3.8 1.80 1.4

± 199.99 ± 4.66 ± 5.26 ± 1.64 ± 0.45 ± 0.55

G4 AHC, 10 μg 1387.6 21.20 72.0 4.8 2.20 0.6

± 160.13 ± 3.11 ± 5.79 ± 2.39 ± 1.48 ± 0.55

G1 Control (PBS) Female 1239.2 18.80 75.4 4.0 2.60 0.8

± 124.48 ± 3.35 ± 3.36 ± 1.58 ± 0.55 ± 1.10

G2 AHC, 1 μg 1194.2 20.80 71.6 6.0 1.60 0.8

± 266.15 ± 5.07 ± 8.02 ± 2.35 ± 0.89 ± 0.84

G3 AHC, 5 μg 959.2 19.40 72.2 5.6 1.80 1.6

± 455.92 ± 3.21 ± 1.92 ± 2.30 ± 0.45 ± 0.55

G4 AHC, 10 μg 1191.6 21.80 69.4 5.6 2.20 1.0

± 123.53 ± 2.28 ± 2.51 ± 1.14 ± 1.48 ± 0.71

n = 5; values, mean ± standard deviation; p > 0.05

Table 2 Summary of hematology parameters

Hematology parameters

Group Treatment and dose Sex TEC (106 cells/μL) Hb (g/dL) Hct (%) TLC (103 cells/μL) MCV (fL) MCH (pg) MCHC (g/dL)

G1 Control (PBS) Male 9.67 14.24 49.8 7.46 51.64 14.78 28.6

± 0.88 ± 0.75 ± 2.79 ± 1.99 ± 2.39 ± 0.97 ± 0.62

G2 AHC, 1 μg 10.04 14.78 51.98 10.64 51.8 14.74 28.44

± 0.71 ± 0.81 ± 3.47 ± 5.59 ± 1.84 ± 0.70 ± 0.77

G3 AHC, 5 μg 9.42 14.18 49.98 8.68 53.6 15.28 28.42

± 1.35 ± 0.50 ± 3.12 ± 4.61 ± 4.64 ± 1.82 ± 0.96

G4 AHC, 10 μg 9.78 14.42 50.72 6.46 51.98 14.78 28.44

± 0.51 ± 0.80 ± 1.12 ± 2.37 ± 2.03 ± 1.00 ± 1.12

G1 Control (PBS) Female 9.96 14.6 50.38 7.12 50.66 14.72 29

± 0.89 ± 0.64 ± 3.34 ± 2.85 ± 1.70 ± 0.94 ± 0.96

G2 AHC, 1 μg 9.62 13.88 48.64 11.16 50.58 14.42 28.52

± 0.48 ± 0.69 ± 2.21 ± 3.34 ± 1.23 ± 0.57 ± 0.48

G3 AHC, 5 μg 9.77 13.94 49.02 7.7 50.22 14.3 28.44

± 0.36 ± 0.30 ± 1.37 ± 2.29 ± 1.52 ± 0.70 ± 0.80

G4 AHC, 10 μg 9.51 14.2 48.98 6.2 51.58 14.96 29.00

± 0.76 ± 0.54 ± 2.37 ± 1.78 ± 2.07 ± 0.79 ± 0.57

n = 5; values, mean ± standard deviation; p > 0

Hb, hemoglobin; Hct, hematocrit; TEC, total erythrocyte count; TLC, total leukocyte count;MCV, mean corpuscular volume; MCH, mean corpuscular
hemoglobin; MCHC, mean corpuscular hemoglobin concentration
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Discussion

In the present study, we show that oral administration of AHC
molecule induces an antigen-specific immune tolerance and
impedes the development of atherosclerosis, although the ef-
fect slows down with time. As the diseases advances, the

tolerance mechanism is besieged by inflammation and the lev-
el of protection drops from 60 to 20%. Interestingly, antibodies
to native and modified LDL were found to increase in the later
weeks. At this stage, we did not observe any difference in the
Treg cells between control and treated animals, leading to spec-
ulation that these antibodies may play a role in protection, once
the tolerance mechanism weans off. In our earlier studies, we
have shown that oral administration of AHC molecule induces
antigen-specific tolerogenic dendritic cells and regulatory T
cells, which control plaque development in mice and rabbit
models at a single time point of 12 weeks [24]. The concept
of inducing immune tolerance to atherogenic proteins has been
described by several groups for short duration, but this is the
first study which has monitored the effect in a progressive
manner from 6 to 30 weeks of age. Further, we have shown
that the AHCmolecule in both acute and repeated doses for 28
continuous days at 10 times the therapeutic dose does not show
any adverse reactions in mice.

During the early phase of development of the atherosclerotic
plaque, oral treatment with the AHC molecule showed remark-
able protection of 60% and 45% at 6 and 12 weeks respectively.
In control animals, 31% of the sinus was covered with the
plaque at 12 weeks, but it took 18 weeks for the plaque to grow
to 33% in the treated animal, suggesting that the tolerance
mechanism effectively impedes plaque growth. Oral therapy
was effective in controlling the plaque stability in the later
stages of the disease by delaying the appearance of necrosis.

Table 4 Summary of clinical chemistry parameters

Clinical chemistry parameters

Group Treatment and
dose

Sex Albumin
(g/dL)

Glucose
(mg/dL)

ALT
(IU/L)

AST
(IU/L)

ALP
(IU/L)

BUN
(mg/dL)

Creat.
(mg/dL)

Calcium
(mg/dL)

G1 Control (PBS) Male 4.07 57.67 49.29 108.61 106.75 19.46 0.82 9.52

± 0.32 ± 13.48 ± 12.77 ± 19.88 ± 18.01 ± 3.81 ± 0.19 ± 1.35

G2 AHC, 1 μg 4.01 43.74 41.86 97.23 79.50 23.03 0.90 9.09

± 0.67 ± 11.59 ± 14.24 ± 40.19 ± 20.18 ± 5.05 ± 0.34 ± 2.33

G3 AHC, 5 μg 4.38 70.63 50.64 90.47 91.21 19.95 0.95 8.64

± 0.16 ± 9.84 ± 7.92 ± 20.99 ± 51.99 ± 3.72 ± 0.40 ± 1.53

G4 AHC, 10 μg 4.09 77.94 37.81 128.96 82.41 18.04 0.73 10.93

± 0.16 ± 11.65 ± 10.52 ± 78.79 ± 41.60 ± 0.74 ± 0.27 ± 1.76

G1 Control (PBS) Female 3.26 51.77 56.04 116.14 88.50 22.60 0.67 8.65

± 0.40 ± 14.25 ± 25.10 ± 29.77 ± 10.63 ± 8.05 ± 0.13 ± 1.85

G2 AHC, 1 μg 4.27 59.72 38.49 81.70 78.94 18.84 1.34 9.33

± 0.96 ± 6.31 ± 9.12 ± 9.06 ± 22.32 ± 2.22 ± 0.45 ± 2.78

G3 AHC, 5 μg 4.06 49.55 28.36 103.31 111.76 18.29 0.84 7.82

± 0.66 ± 10.23 ± 8.47 ± 43.79 ± 34.05 ± 3.69 ± 0.21 ± 3.07

G4 AHC, 10 μg 4.12 56.94 48.61 106.67 90.11 20.51 0.74 9.90

± 0.28 ± 8.64 ± 20.62 ± 38.01 ± 44.22 ± 2.94 ± 0.14 ± 1.73

n = 5; values, mean ± standard deviation; p > 0.05

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; BUN, blood urea nitrogen, Creat., creatinine

Fig. 6 Histopathology of critical organs after repeated dosing with AHC
molecule. Representative tissue sections showing for different organs of
chronic AHC study. a Heart. b. Kidney. c Liver. d Lungs. e Ovary. f
Spleen. g Testes
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As observed in our earlier studies, induction of tolerance
was associated with lower inflammation, an increase in regu-
latory T cells, and reduction in pro-inflammatory cell types in
the plaque. Tolerance-induced regulatory T cells were ob-
served to significantly increase in the spleen until 12 weeks.
From 18 weeks onwards, the numbers were comparable be-
tween treated and control. In corroboration, the expression of
FoxP3 and CTLA4 (markers related to Treg cells) and TGF-β
(an anti-inflammatory cytokine) and tolerogenic dendritic
cells (CD11b+11c+ and CD11c+103+) were significantly
higher in 6 and 12 weeks in the plaque of treated animals,
and progressively decreased, starting from 18 to 30 weeks.
In contrast, the inflammatory monocytes (CD11b+Ly6c+)
and the Th1 cells (CD4+ IFNγ+), which were lower in the
treated animals until 12 weeks, showed an increase and were
comparable with untreated controls at later time points. The
gene expression ratio of arginase 1to arginase 2 was higher in
the aorta up to 24 weeks but by 30 weeks arginase 2 expres-
sion was higher, suggesting the presence of M2 macrophage
in the treated aorta which is replaced byM1macrophages with
time. These results reiterate our earlier findings that oral ad-
ministration of the AHC molecule induces a regulatory re-
sponse which is mediated by Tregs, tolerogenic dendritic
cells, and alternatively activated macrophages (M2) which
accumulate in the aortic sinus to cumulatively reduce aortic
inflammation. Significantly, higher expression of CTLA4 in
the sinus at early stages suggests that the Tregs may act by
inhibiting the co-stimulatory molecules CD80 and CD86 in
antigen presenting cells, thereby reducing the T cell activation
[28, 29], which was seen by the reduction in Th1 cells in the
treated animals.

The adaptive immune response is well recognized as a major
mediator of inflammation in atherosclerosis [30, 31]. The role
of antibodies in protection against atherosclerosis is still under
debate [32]. Natural cross-reactive antibodies of the IGM class
were reported to have a protective effect in animal studies
[33–35]. Natural and protective antibodies have been described
by several groups. These antibodies are secreted by a distinct set
of B1 lymphocytes, which interact with self determinants and
are reported to play a major role in immune homeostasis. The
germline encoded B-1 cell natural antibody, T15, has been re-
ported to interact with oxidation-derived epitopes on apoptotic
cells and oxidized low-density lipoproteins and are protective in
nature [36–39]. In a recent publication, Que. et al. [40] have
elegantly shown that secretion of the single-chain variable frag-
ment of the natural antibody by transgenic LDLr−/− mice re-
duced foam cell formation and inflammation.

Immunization with ox-LDLwas found to elevate the levels
of IgG antibodies reactive to MDA-LDL and oxidized phos-
pholipids, which could be correlated with the reduction in the
lesion in mice [41]. Immunization with p210 an ApoB100-
derived peptide was not found to alter the p210-specific anti-
body levels Apo E−/− mice. However, the study found that

mice receiving adjuvant only or p210 vaccine developed high
p210 IgG titer at 25 weeks [18]. Another recent study using
the peptide derived from apoB100-specific T cell hybridoma
observed that peptide immunization induced antibodies which
were responsible for the reduction in atherosclerosis. This
study clearly demonstrated that antigen-specific humoral im-
munity could block a pro-atherogenic cellular immune re-
sponse and have a protective role in atherosclerosis [41].
IgG antibodies to the Ox-LDL epitope were also found to be
protective in other studies [42, 43]. Interestingly, we observed
that IgM antibodies to LDL and OX-LDL were higher in
untreated animals, but IgG antibodies to these two antigens
increased in treated animals compared with control especially
in the later weeks, when the regulatory immune response to
the AHC molecule was much lower. Presence of antibodies to
LDL raises a question of whether they can contribute to
atheroprotection.

The results of this long-term study suggest that markers of
immune tolerance decline by week 18, but still the protection
is maintained at 20% until the 30 weeks. Low level of protec-
tion could be due to the background effect of immune toler-
ance, which slowed down the disease progression. Another
possibility is the increase in protective antibody levels induced
by tolerance which may have a role in controlling the lesion
especially in the later stages of the disease.

Preclinical safety is an important aspect of any interven-
tional therapy. In the preliminary toxicity studies, we observed
that the AHC molecule was well tolerated in a different spe-
cies of mice at a concentration as high as 10 times the thera-
peutic dose for 30 days repeated dosing. Thus the molecule is
likely to have a safe therapeutic window, which can be
ascertained by chronic toxicity studies.

The study has also opened a plethora of unanswered ques-
tions. Oral tolerance was induced at the age of 5–6 weeks in
animals. Our results suggest that during the period between 12
to 18 weeks, the autoimmune mechanism seems to overpower
the immune tolerance. Interestingly, the protection was main-
tained, albeit at a low level up to 30 weeks. Another dose of
AHC during this period may activate the tolerance and pro-
long the protective effect, which needs to be explored in future
studies. The molecular changes occurring during this stage
may help us to understand the process of disease development
and immune regulation and help us modify our approach of
immune therapy for greater benefits. We are trying to under-
stand the mechanisms by monitoring the gene expression
changes during the disease progression.

Conclusion

In summary, we have shown that inducing immune tolerance
to the AHC protein by oral administration is able to control the
progression of atherosclerosis up to 30 weeks in Apobtm2sgy/

396 Cardiovasc Drugs Ther (2019) 33:385–398



LDLrtm1Her/J mice. The therapeutic molecule was also found
to be safe for oral administration. Further studies on the mech-
anism of control of immune response and autoimmunity dur-
ing atherosclerosis will be very helpful in fine-tuning the ther-
apeutic modalities of immune modulation.
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