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Abstract
Objective The role of toll-like receptors (TLRs) in vascular remodeling is well es-
tablished. However, the involvement of the endosomal TLRs is unknown. Here, we 
study the effect of combined blocking of TLR7 and TLR9 on postinterventional remo-
deling and accelerated atherosclerosis.

Methods and Results In hypercholesterolemic apolipoprotein E*3-Leiden mice, 
femoral artery cuff placement led to strong increase of TLR7 and TLR9 presence 
demonstrated by immunohistochemistry. Blocking TLR7/9 with a dual antagonist in 
vivo reduced neointimal thickening and foam cell accumulation 14 days after surgery 
by 65.6% (P=0.0079). Intima/media ratio was reduced by 64.5% and luminal steno-
sis by 62.8%. The TLR7/9 antagonist reduced the arterial wall inflammation, with 
reduced macrophage infiltration, decreased cytoplasmic high-mobility group box 1 
expression, and altered serum interleukin-10 levels. Stimulation of cultured macro-
phages with TLR7 and TLR9 ligands enhanced tumor necrosis factor-α expression, 
which is decreased by TLR7/9 antagonist coadministration. Additionally, the antago-
nist abolished the TLR7/9-enhanced low-density lipoprotein uptake. The antagonist 
also reduced oxidized low-density lipoprotein–induced foam cell formation, most li-
kely not via decreased influx but via increased efflux, because CD36 expression 
was unchanged whereas interleukin-10 levels were higher (36.1±22.3 pg/mL versus 
128.9±6.6 pg/mL; P=0.008).

Conclusion Blocking TLR7 and TLR9 reduced postinterventional vascular remo-
deling and foam cell accumulation indicating TLR7 and TLR9 as novel therapeutic 
targets.
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Introduction
Postinterventional remodeling is a critical determinant of long-term efficacy of per-
cutaneous coronary interventions. Restenosis is characterized by acute elastic re-
coil and intimal hyperplasia attributable to inflammation, smooth muscle cell (SMC) 
proliferation, and extracellular matrix turnover.1 Under hypercholesterolemic conditi-
ons, this is accompanied by influx and accumulation of low-density lipoprotein (LDL)
cholesterol in the vessel wall that becomes oxidized and taken up by macrophages. 
Thereby these macrophages become foam cells and initiate a process of accelera-
ted atherosclerosis.2 Previously, we and others described an important causal role 
for extracellular toll-like receptors (TLRs) in postinterventional remodeling. It has 
been shown that TLR4 and the MyD88-dependent pathway play an important role in 
restenosis and postinterventional accelerated atherosclerosis.3–6 Similarly, a crucial 
role for TLR2 has been described.7

TLRs, as part of the innate immune system, are pattern recognition receptors known 
to recognize exogenous ligands that originate from bacteria or viruses as well as 
endogenous ligands. These endogenous ligands may be released after tissue da-
mage or cell stress, processes that may be initiated by percutaneous coronary in-
terventions. MyD88-dependent signaling is the dominant activation pathway of TLR 
signaling leading to nuclear factor-kappaB activation and upregulation of several 
proinflammatory cytokines. Because TLR2 and TLR4 are known to be expressed 
on the cell surface of vascular cells and activated in vascular disease processes via 
damage-associated molecular patterns as endogenous ligands, such as heat shock 
proteins, fibronectin containing extradomain A, tenascin-C, and high-mobility group 
box 1 (HMGB1),8–11 research in the cardiovascular field mainly focused on TLR2 and 
TLR4. Little is known about the role of endosomal TLRs that are mostly studied for 
their recognition of viral/bacterial DNA and RNA fragments, and were originally con-
sidered absent in the healthy arterial vessel wall.12 Activation of endosomal TLRs like 
TLR7 and TLR9 may lead to upregulation of interferon-α (IFN-α), interleukin-6 (IL-6), 
IL-12, or tumor necrosis factor-α (TNF-α) by innate immune cells (eg, macrophages). 
Recently, increased TLR7 mRNA was found in atheroma of human carotids.13 Mo-
reover, TLR9 was also found in human atherosclerotic plaques,14 and arterial cells 
were responsive to TLR9 ligand.15 Interestingly, it has been suggested that these 
receptors may also recognize self-DNA/RNA that is exposed after cell stress and 
damage causing a sterile inflammatory reaction.16–19 TLR7 and TLR9 have also been 
shown to recognize immune complexes containing selfnucleic
acids in autoimmune diseases.16,20 Percutaneous coronary interventions are con-
sidered to cause severe damage to the endothelium allowing influx of lipids and 
inflammatory cells into the vessel wall. Concurrently, deeper layers in the vessel wall 
experience severe stress, and cellular death at the place of intervention may cause 
a release of self-RNA/DNA or proteins that enhance the direct recognition of nucleic
acids by intracellular TLRs or binding of these nucleic acids to intracellular TLR sig-
naling regulators such as HMGB1.21 Most interestingly, activation of TLR9 is also 
reported to increase the secretion of HMGB1, the endogenous ligand for TLR4.22

Recently, we have identified a novel class of oligonucleotidebased compounds that 
act as dual antagonists of TLR7 and TLR9, and inhibit immune responses mediated 
through these receptors.23,24 In the present study, we focus on the therapeutic poten-
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tial of targeting TLR7 and TLR9 to reduce postinterventional remodeling by preven-
ting neointima formation and accelerated atherosclerosis. We illustrate the presence 
and upregulation of TLR7 and TLR9 and their colocalization with macrophages/foam 
cells in a murine model for neointima formation and accelerated atherosclerosis. A 
causal role of the TLR7/9 was studied in a murine model for postinterventional
vascular remodeling in hypercholesterolemic apolipoprotein E*3-Leiden (apoE*3-
Leiden) mice by the use of the TLR7/9 antagonist. Furthermore, we studied activa-
tion and antagonism of TLR7 and TLR9 on cultured macrophages and on foam cell 
formation using a novel TLR7/9 dual antagonist.

Materials and Methods
A detailed description of all materials and methods used is available in the online-on-
ly Data Supplement. In brief, nonconstricted polyethylene cuffs were placed around
the femoral arteries as a well-established model for neointima formation and ac-
celerated atherosclerosis in hypercholesterolemic apoE3-Leiden mice. Immunohis-
tochemistry for TLR7 and TLR9 was performed on paraffin-embedded sections of 
cuffed arteries of hypercholesterolemic apoE3-Leiden mice at t=0 and t=14. A TLR7/
TLR9 dual antagonist was synthesized, and specificity was determined. We studied 
its effect on neointima formation and accelerated atherosclerosis in hypercholes-
terolemic apoE*3-Leiden mice after femoral arterial cuff placement by injecting the 
antagonist biweekly to get sufficient TLR7/9 blockade. Intimal lesions were analyzed 
for CD45, MAC3, and HMGB1 by immunohistochemistry. The antagonist was used 
to study the effect of blocking of TLR7/9 on macrophage activation and lipid accu-
mulation in macrophages. Cytokine levels of TNF-α, IFN-γ–induced protein 10, IL-6, 
IL-12, and IL-10 were quantified by ELISA.

Results
Arterial Injury Leads to TLR7 and TLR9 Presence in the Vessel Wall 
Little is known about the presence of TLR7 and TLR9 in the vessel wall after surgical 
intervention. Using immunohistochemical analysis, we explored whether TLR7 and 
TLR9 are expressed in cuffed remodeled arteries with neointimal lesions after 14 
days and in noncuffed arteries of hypercholesterolemic apoE*3-Leiden mice, be-
cause TLR expression may differ among different arterial segments and also in res-
ponse to vessel damage.12,13 Cuff placement for 14 days provoked severe neointimal 
thickening, and showed the presence of TLR7/9 profoundly in the tunica media of 
these arterial segments. Presence of either TLR7 or TLR9 could not be observed in 
noncuffed femoral arteries (Figure 1A–1D). Lesions in cuffed arteries of wild-type 
mice on a chow diet that consist dominantly of vascular SMCs were also negative 
for TLR7 and TLR9 (Figure IA and IB in the online-only Data Supplement). Negative 
controls showed no staining (Figure IC in the online-only Data Supplement). The 
area with positive staining for both TLRs contained many macrophages, whereas in 
mice with normal cholesterol these lesions hardly show any of these cells. (Figure ID 
and IE in the online-only Data Supplement).
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Inhibition of TLR7- and TLR9-Mediated Immune Responses by Antagonist
Splenocytes were cultured with 0.01 to 10 μg/mL of the dual TLR7/9 antagonist in 
combination with TLR3, TLR4, TLR7, or TLR9 agonist. The antagonist showed a 
dose-dependent reduced production of TNF, IL-6, and IFN-γ–induced protein 10 on 
either TLR7 or TLR9 activation. Activation of TLR4, the most robust signaling TLR, 
was not affected. Also cytokine production via activation of intracellular TLR3, which 
recognizes double-stranded RNA, was not affected by the antagonist (Figure IIA–IID 
in the online-only Data Supplement). Culturing of splenocytes with the antagonist 
alone did not induce cytokine production (not shown). Administration of either TLR7 
or TLR9 agonists alone to mice resulted in elevated inflammation indicated by incre-
ased levels of serum IL-12. Mice administered with antagonist before TLR7 or TLR9 
agonist administration displayed lower levels of serum IL-12. TLR7/9 antagonist al-
one did not induce IL-12 expression, suggesting it does not induce immune respon-
ses. At the dose used, antagonist showed ≈64% and 85% inhibition of TLR9 and 
TLR7 agonist-induced IL-12 in mice, respectively. (Figure III in the online-only Data 
Supplement). Control oligo showed no inhibition of either TLR7- or TLR9-mediated
immune response in mice (Figure 2). 

TLR7/9 Antagonist Reduced Neointima Formation and Accelerated Athero-
sclerosis
After detecting TLR7 and TLR9 presence in remodeled arteries, we focused on vas-
cular remodeling. By in vivo administration of the antagonist, the causal involvement 
of TLR7/9 activation in intimal hyperplasia and accelerated atherosclerosis was as-
sessed in hypercholesterolemic apoE*3-Leiden mice that underwent femoral arterial 
cuff placement, a widely applied model for restenosis. These mice were fed a Wes

Figure 1. Toll-like receptor (TLR) expression in injured femoral artery lesions of hypercholesterolemic 
apolipoprotein E*3-Leiden (apoE3*-Leiden) mice. TLR7 expression (A) and TLR9 expression on femoral 
arteries with neoinitma 14 days after cuff placement (B). Noncuffed femoral arteries stained for TLR7 (C) 
and TLR9 (D). EEL indicates external elastic lamina; IEL, internal elastic lamina.
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tern-type diet, starting 3 weeks before surgery to induce hypercholesterolemia, and 
are well known to develop intimal lesions attributable to neointima formation and ac-
celerated atherosclerosis. No significant difference in plasma total cholesterol levels 
was detected before surgery (control 9.3±0.60 mmol/L; TLR7/9 antagonist 9.0±0.46
mmol/L), nor had antagonist-treated mice significant altered cholesterol levels com-
pared with control mice after 14 days at euthanizing (control 8.4±0.4 mmol/L; TLR7/9 
antagonist 7.7±0.8 mmol/L). Hematoxylin-phloxine-saffron–stained sections were 
used to study vessel wall composition and showed a profound neointima formation 
with foam cell formation, which was clearly reduced in the antagonist-treated group. 
After quantification, we observed reduction in neointima formation of 66% (n=9 ver-
sus n=7; 5838±1158 μm2 versus 2008±223 μm2; P=0.0079), a beneficial intima/
media ratio (0.473±0.09 μm2 versus 0.168±0.018 μm2; P=0.0021), and a reduction 
in percentage of lumen stenosis of 64% (33.9±6.6% versus 12.5±2.9%; P=0.0021) 
after administration of antagonist biweekly. No differences in total vessel wall area or 
media area were found (Figure 3A–3G). In addition, we found a difference in IL-10 
serum levels that were significantly higher in the antagonist-treated mice 14 days af-
ter cuff placement (0.43 versus 15.46 pg/mL; P=0.0003; Figure IV in the online only
Data Supplement). At euthanizing, the antagonisttreated mice had a higher number 
of circulating Ly6Clow monocytes compared with PBS-treated controls (Figure V in 
the online-only Data Supplement). In the lesions of the antagonist-treated mice, a re-
duced number of macrophages (MAC3-positive cells) was observed (Figure 3). This
difference may be attributable to reduced infiltration of the vessel wall by the circu-
lating monocytes because the expression of adhesion molecule CD11b was decre-
ased on the cells of the antagonist-treated mice (Figure 3H). Nonspecific oligonu-
cleotide administration not only had no effect on the number of circulating (Ly6Clow) 
monocytes or CD11b expression compared with PBS treatment, it also did not affect 
neointima formation (Figure 3I and 3J). 

Figure 2. Antagonist or control oligo was injected at 5 mg/kg, s.c. in the left flank of 6- to 8-week-old 
female C57BL/6 mice (n=2/group). RNA-based toll-like receptor 7 (TLR7) agonist at 10 mg/kg, s.c. or 
TLR9 agonist at 0.25 mg/kg, s.c. was injected 48 hours later in the right flank. Two hours post-TLR agonist
administration, blood was collected, and serum interleukin-12 (IL-12) level was determined by ELISA. 
TLR7 or TLR9 agonist alone was used as a positive control. Data shown are representative of at least 2 
independent experiments.
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Figure 3. Restenosis with accelerated 
atherosclerosis was initiated via cuff pla-
cement around the femoral artery in hy-
percholesterolemic apolipoprotein E*3-
Leiden (apoE*3-Leiden) mice. Areas of 
femoral arteries were quantified by using 
6 sections
per vessel of each mouse. A mean of 
these 6 sections was used as the out-
come of arterial remodeling per mouse. 
Outcomes of
analysis are expressed in μm2 

(mean±SEM). Mice treated with the an-
tagonist showed a significant reduction 
in neointima formation compared with 
controls (A). Antagonist-treated mice 
also showed a decrease in percentage 
of lumen stenosis (B) and a beneficial in-
tima/media ratio (C). Neither total vessel 
wall area nor media area were altered 
(D and E). Representative hematoxy-
linphloxine-saffron (HPS; F) and Wei-
gert elastin (G) stained cross sections of 
control mice and antagonist-treated mice 
14 days after cuff placement. Number of 
circulating Ly6clow monocytes (correc-
ted for total white blood cell count; H). 
Expression of adhesion molecule CD11b 
on Ly6clow monocytes (I). Neointima for-
mation of cuffed mice treated with PBS, 
control oligo, and toll-like receptors 7 
and 9 (TLR7/9) antagonist (J). *P<0.05. 
Statistical analysis was performed by 
use of a nonparametric Mann-Whitney 
test, *P<0.05. MFI indicates mean fluo-
rescence intensity.
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Figure 4. Lesion composition after treatment with toll-like receptors 7 and 9 (TLR7/9) antagonist in hy-
percholesterolemic apolipoprotein E*3-Leiden (apoE*3-Leiden) mice. Sections were stained for MAC3 
and CD45. Positive staining in areas of femoral arteries was quantified by using 6 sequential sections per 
artery of each mouse. A mean of positive staining of these 6 sections was used as the outcome of positive 
immunostaining per mouse. Outcomes of analysis are expressed in μm2 (mean±SEM) and percentage 
of area of either media or neointima. Macrophage infiltration was significantly reduced in the antagonist-
treated group compared with the controls in both neointima (A) as well as media (B). Percentage of 
positive staining for MAC3 was reduced in this group in both media (C) and neointima (D). Resentative 
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TLR7/9 Blockade Reduced Macrophage/Foam Cell-Positive Area
As stated above, we observed a significant reduced MAC3-positive area. This was 
the case in both media (2445±327 μm2 versus 661±199 μm2; P=0.002) as well as 
neointima (268±59 μm2 versus 26±9 μm2; P=0.003), indicating less infiltration of ma-
crophages that are importantly involved in the remodeling process. The percentage 
of positive area was also significantly reduced indicating a reduction of positive cells 
per μm2 in both media as well as in the formed neointima. We also checked whether 
the effects observed in vivo could be related to the accumulation of total leukocytes 
in the lesions. Therefore, we quantified the area of the vessel segments that was 
positive of CD45, a pan-leukocyte marker. Vessels of the antagonist-treated mice 
showed a trend toward a reduced CD45-positive area which was significant in the 
neointima (Figure 4A–4J). 

TLR7/9 Blockade Reduced Cytoplasmic HMGB1
Layers in the vessel wall undergo severe stress on intervention. Together with our 
finding of a significant decrease in macrophages, we searched for the presence 
of cytoplasmic or extracellular HMGB1 that is a marker of cell stress and macro-
phage activation. HMGB1 can be directly upregulated by TLR9 activation and is an 
important TLR7/9 signaling regulator and an endogenous TLR2/4 ligand. Kalinina 
et al previously showed that HMGB1 could be detected in atherosclerotic plaques. 
Furthermore, the authors showed that this was dominant in macrophages, and that 
in these macrophages there was a marked increase of HMGB1 in the cytoplasm.25

Therefore, we performed analysis for the presence of cytoplasmic HMGB1 in the ar-
terial wall. Because TLR7/9 was predominately expressed in the tunica media, where 
most macrophages/foam cells were present, the media area of the vessel segments 
that was positive for HMGB1 outside the nucleus was quantified. We found a signi-
ficant decrease in the percentage of positive cytoplasmic HMGB1 in the media area 
of mice treated with antagonist (12.97±1.03% versus 7.80±1.28%; P=0.011; Figure 
5A–5C). This is of special interest, because HMGB1 release is increased on TLR7/9 
activation, regulates TLR7/9 signaling, and is known to function as an endogenous
ligand for TLR2 and TLR4 (Figure 5A–5C).

TLR7/9 Blockade Reduced Macrophage Proinflammatory Cytokine Production 
on TLR7/9 Activation
Macrophage activation and foam cell accumulation play a crucial role in lesion for-
mation and accelerated atherosclerosis development after cuff placement. Because 
we found less macrophages and HMGB1 after blocking TLR7/9, we studied the ef-
fects of modulation of the TLR7/9 signaling in cultured bone marrow–derived ma-
crophages. Bone marrow–derived macrophages were cultured for 7 days, and then
stimulated with either TLR7 ligand imiquimod, TLR9 ligand C-phosphate-G (CpG)-
oligodeoxynucleotide, or a combination of both for 24 hours. Activation was monito-
red by analysis of TNF-α expression, a key proinflammatory cytokine also known to 

pictures of control mice and antagonist-treated mice (E). Leukocyte infiltration in the antagonist-treated 
group compared with the controls in media (F) as well as neointima (G). Percentage of positive staining 
for CD45 in the media (H) and neointima (I). Representative pictures of CD45 stained sections of control 
mice and antagonist-treated mice (J). Statistical analysis was performed with a nonparametric Mann-
Whitney test, *P<0.05.



170

Chapter 7

be regulated in vivo after cuff placement.26 Coadministration of TLR7/9 ligands with 
the antagonist caused a significant reduction in the production of TNF-α, whereas 
lipopolysaccharide-induced production of TNF-α was not altered by the antagonist 
(Figure 6A). 

Figure 5. Presence of cytoplasmic highmobility group box 1 (HMGB1) in the injured vessel wall of hy-
percholesterolemic apolipoprotein E*3-Leiden (apoE3*Leiden) mice 14 days after surgery. Sections were 
stained for HMGB1. Positive staining in areas of femoral arteries was quantified by using 6 sequential 
sections per artery of each mouse. A mean of positive staining of these 6 sections was used as the out-
come of positive immunostaining per mouse. Outcome of cytoplasmic HMGB1 analysis in percentage
(mean±SEM) of area of media (A). Representative pictures of HMGB1 staining in control mice (B) and 
antagonisttreated mice (C). Statistical analysis was performed with a nonparametric Mann-Whitney test, 
*P<0.05. TLR7/9 indicates toll-like receptors 7 and 9.
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TLR7/9 Blockade Reduced Foam Cell Formation by Macrophages
Additionally to the direct effect of proinflammatory cytokine excretion by macropha-
ges, we looked into the effect on lipid accumulation by macrophages because both 
processes are important in postinterventional remodeling. Because macrophage-
induced cytokine production and foam cell formation are major contributors to neoin-
tima formation and accelerated atherosclerosis, we studied whether TLR7 activation
in combination with native LDL could induce lipid uptake by macrophages as was 
shown previously for TLR9. Reduced TLR9 activation was previously described to be 
important in foam cell formation via oxidation of native LDL-cholesterol that normally 
is not capable of causing foam cell formation.27 Furthermore, we were interested in 
whether our antagonist could block this process efficiently like it did on inflammation
with only the agonists. Presence of native LDL with TLR7 stimulation alone caused 
lipid accumulation shown by positive Oil Red O staining in the macrophages whereas 
native LDL-cholesterol alone showed no staining at all (Figure 6A and 6B). The use 
of antagonist showed a clear reduction in lipid uptake, and thus foam cell formation 
indicated less intracellular Oil Red O staining in the fixed macrophages (Figure 6B–
6E). TLR9 activation and blockade in the presence of LDL gave the same results, 
and was described previously27,28 (data not shown). Foam cells, formed by oxidized 
LDL (oxLDL) uptake of macrophages, die of releasing lipids, intracellular molecules, 
and necrotic debris which can further activate the
remaining macrophages via endosomal receptors like TLR7/TLR9.29 Therefore, we 
cultured macrophages in the presence of oxLDL cholesterol (Figure 6F) to check 
whether the antagonist also could influence this lipid accumulation if we combined 
oxLDL administration with the antagonist. Oil Red O staining was found in the ox-
LDL-treated macrophages, whereas in combination with the antagonist showed only 
a few slightly positive cells (Figure 6F and 6G). To see whether this effect was de-
pendent on influx or efflux of lipids, we analyzed expression of scavenger receptor 
CD36 and IL-10 production. CD36 scavenger receptor expression was not different 
(positive CD36 macrophages; control 41.48% versus antagonist 41.32%; Figure V 
in the online-only Data Supplement), however we noticed significant change in IL-
10 levels (Figure 6G) indicating effects on lipid efflux whereas IL-10 enhances lipid 
efflux via the peroxisome proliferator-activated receptor-γ-liver X receptor- ATP-bin-
ding cassette subfamily A member 1/ATP-binding cassette subfamily G member 1 
pathway.30

Figure 6. Bone marrow–derived macrophages cultured with imiquimod (IQ) as a ligand for toll-like receptor 
7 (TLR7), C-phosphate-G–oligodeoxynucleotide (CpG-ODN) as a ligand for TLR9 or TLR7/9 antagonist 
for 24 hours. IQ and CpG induced macrophage activation. Use of the TLR7/9 antagonist caused a decre-
ase in tumor necrosis factor-α (TNF-α) production. TLR4- (lipopolysaccharide, [LPS]) induced activation 
was not altered by the antagonist. A, Foam cell formation was studied on cultured macrophages in the 
presence of empty medium, native low-density lipoprotein (LDL), IQ, IQ+LDL, and IQ+LDL+antagonist. 
All wells were screened for positive Oil Red O (ORO) staining, and representative pictures are shown. 
Macrophages with native LDL showed no lipid uptake after staining with ORO (B). Positive staining in the 
presence IQ with native LDL (C), IQ+LDL+antagonist (D), and IQ (E). Foam cell formation independent of
direct TLR activation was studied on cultured macrophages in the presence of oxidized LDL (oxLDL) or 
oxLDL+antagonist. All wells were screened for positive ORO staining, and representative pictures are 
shown. Macrophages with oxLDL showed lipid uptake after staining with ORO (F) but only a few positive 
spots in the presence of TLR7/9 antagonist (G). Analysis by ELISA showed a significant difference in in-
terleukin-10 (IL-10) levels in the presence of TLR7/9 antagonist (H). Student t test was used for statistical 
analysis, *P<0.05. CTR indicates control.
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Discussion
The present study describes the role of a novel TLR7/9 dual antagonist in resteno-
sis and accelerated atherosclerosis in mice. Individual presence of both TLR7 and 
TLR9 was noticed in femoral arteries of hypercholesterolemic apoE*3-Leiden mice 
with neointimal lesions and accelerated atherosclerosis after 14 days. These have 
to be infiltrating cells (eg, macrophages), whereas normal arteries or arterial lesion 
from normal mice that consist dominantly of vascular SMC stained negative for both 
TLRs and macrophages. In vivo administration of antagonist showed a significant 
reduction in neointima formation with a beneficial intima/media ratio in hypercholes-
terolemic apoE*3-Leiden mice. Moreover, blockade of TLR7/9 signaling led to a re-
duction in CD45- and MAC3-positive cells in both media as well as in the neointimal 
lesions, and we notice a decrease in cytoplasmic HMGB1 indicating a decrease in 
cellular stress and a difference in serum IL-10. In vitro, macrophages showed a sig-
nificant increase in TNF-α production on TLR7 or TLR9 activation that was reduced 
after receiving TLR7/9 dual antagonist. Administration with TLR7 ligand imiquimod 
or TLR9 agonist CpG caused lipid accumulation in macrophages that could be suffi-
ciently blocked by the antagonist. Moreover, oxLDL-induced foam cell formation was 
inhibited by antagonist, possibly via upregulation of IL-10.
Previously, we and others described involvement of TLR2 and TLR4 in postinter-
ventional neointima formation.3,6,7 Recently, a protective role for intracellular recep-
tor TLR3, important in recognition of double-stranded RNA, was found in vascular 
remodeling.31 Neointima formation attributable to postinterventional remodeling is 
strongly mediated by local activation and physiological changes, such as increased 
wall stress, cell damage, and inflammation. In the present study, we were able to 
notice the presence of TLR7 and TLR9 in the postinterventional remodeled arteries 
whereas noncuffed vessels show no presence of these TLRs at all. This can proba-
bly be related to leukocytes that express these TLRs and infiltrate the vessel wall as 
a result of the damage of the intervention such as macrophages, and start to clear 
apoptotic cells and infiltrated lipids. The level of TLR expression may vary among dif-
ferent vessel specimens and may be influenced by these changes.12 Other studies in 
addition to the present showed TLR7 expression in atheroma of carotids13 and TLR9 
presence in human atherosclerotic plaques14 that may be activated via unmethylated 
CpG motifs from bacteria.32 Furthermore, DNA from 17 different bacterial genera 
that can activate TLR9 was found in atherosclerotic carotids,15 together indicating 
a possibly important contribution of these pattern recognition receptors to vascular 
remodeling.
Blocking TLR7/9 signaling by antagonist strongly inhibited neointima formation the-
reby reducing the percentage of lumen stenosis. Neointima formation is strongly 
mediated by SMC proliferation/migration and macrophage activation and lipid up-
take. Because TLR7/9 presence could not be detected in undamaged arteries, it is 
unlikely that there is a direct activation of SMC. However, indirect activation of SMC 
is still possible via cytokines produced by leukocytes which express these TLRs. Our 
results may be explained, at least in part, by the difference in IL-10 production. On 
the other hand, TLR7 and TLR9 stimulation by their ligands causes a strong increase
in the upregulation of TNF-α, which is important in postinterventional vascular re-
modeling, indicating a direct influence of TLR7/9 activation on inflammation. This 
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response was nicely blocked by the antagonist in macrophages. Furthermore, we 
observed lower levels of HMGB1 in the cytoplasm after cuff placement in the anta-
gonist-treated mice, thereby reducing its effect via direct activation of TLR2/4 and 
activation of intracellular TLRs via its binding to their nucleic acid ligands.21,33 More-
over, there were significantly fewer numbers of macrophages/foam cells present in 
media as well as neointima.
Activation of TLR7/9 leads to nuclear factor-kappaB–mediated upregulation of proin-
flammatory cytokines. Furthermore, it is known that TLR9 activation causes release 
of nuclear HMGB1 that may become available in the cytoplasm or even outside the 
cell, where it is known to act as TLR2 and TLR4 ligand and was seen in macropha-
ges in atherosclerotic plaques.22,25,33,34 Not only can this release be initiated on cell 
stress but also on activated macrophages that are capable of releasing HMGB1.34,35 
Previously, we were able to detect HMGB1 in remodeled vein grafts in and outside 
the nucleus.4 On cuff placement, we noticed the presence of HMGB1 in the cyto-
plasm as well. Others previously showed that CpG-oligodeoxynucleotide stimulates 
macrophages to secrete HMGB1, and extracellular HMGB1 is known to accelerate 
the delivery of CpG-oligodeoxynucleotides to its receptor, leading to a TLR9-depen-
dent enhancement of IL-6, IL-12, and TNF-α.22 Interestingly, HMGB1 is also known 
as a regulator of TLR7/9 signaling itself because the absence of HMGBs also seve-
rely impairs the activation of TLR3, TLR7, and TLR9 by their cognate nucleic acids.21 
Therefore, these intracellular TLRs are thought to play a very important role in autoi-
mmune and other inflammatory diseases.20,21 Our data confirm causal involvement 
of TLR7 and TLR9 in vascularrelated diseases, and development of a novel TLR7/9 
dual antagonist may have important implications for understanding and treatment 
of exacerbation periods of other inflammatory diseases such as rheumatoid arthritis 
and after vascular interventions that cause direct vessel damage.
Blocking TLR7/9 signaling leads to a reduction in inflammation and reduced lipid 
accumulation. The role for TLR7/9 may therefore indicate regulation of cell stress 
and thereby providing activation of macrophages to start scavenging lipids, dying 
cells, and attracting more leukocytes to the inflammatory hazard. Our results confirm 
macrophage activation via TLR7/9 ligands and show a decrease of the presence 
of macrophages in the vessel wall after cuff placement in the TLR7/9 antagonist-
treated mice.
Several studies have demonstrated the effect of intracellular TLR activation on lipid 
uptake.27,28,36,37 Both TLR7 and TLR9 agonists cause upregulation of adipocyte diffe-
rentiationrelated protein that is involved in lipid droplet formation in macrophages.38 
TLR9 was previously described to be involved in foam cell formation via upregulation 
of nicotinamide adenine dinucleotide phosphate oxidase 1, lectin-type oxLDL recep-
tor 1, and perilipin 3.27,28 This foam cell formation was nuclear factor-kappaB– and 
IFN regulatory factor 7–dependent, and can be countered via liver X receptor acti-
vation.37 Both nuclear factor-kappaB and IFN regulatory factor 7 are also important 
mediators of TLR7 signaling, and additionally we show that TLR7 stimulation in the 
presence of LDL leads to lipid uptake in macrophages. Our data show that blocking 
of TLR7 receptor results in no lipid uptake in macrophages that receive only LDL. 
Interestingly, the antagonist was capable of decreasing lipid accumulation of oxLDL 
in macrophages probably via IL-10. This might be attributable to altered efflux of 
lipids rather than decreased influx because CD36 expression is not altered whereas 
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IL-10, like in vivo, is upregulated. Macrophage IL-10 is known to enhance the ef-
flux of cholesterol.30 Different mechanisms, directly related to TLR signaling, can 
be involved in changing IL-10 levels. Martin et al.39 showed that glycogen synthase 
kinase 3 can differentially regulate TLR-mediated cytokine production. In the nor-
mal TLR activation situation, there is little phosphatidylinositol 3-kinase stimulation, 
and glycogen synthase kinase 3 primarily remains constitutively active promoting 
the expression of IL-12. Alternative situations, with different pathogenic stimuli or 
blocking antagonists (small molecule inhibitors, RNA inhibitors), can lead to TLR-
dependent activation of phosphatidylinositol 3-kinase and thereby inhibition of glyco-
gen synthase kinase 3 that causes a decrease in IL-12 production and an increase 
in IL-10 production. Woodgett and Ohashi40 have provided a nice overview about 
this glycogen synthase kinase 3 in TLR signaling. Alternatively, it was previously 
described that TLR4 activation can cause an increase of HMGB1 in macrophages, 
and that this HMGB1 is capable of reducing IL-10 levels.41 OxLDL triggers inflam-
matory signaling through a heterodimer of TLR 4 and TLR6. Assembly of this newly 
identified heterodimer is regulated by signals from the scavenger receptor CD36.42 
Foam cells die of releasing lipids, intracellular molecules, and necrotic debris which 
can further activate the remaining macrophages via endosomal receptors like TLR7/
TLR9.29 Although HMGB1 can also be upregulated via TLR9 activation and it further 
enhances TLR7/9 activation, this might be a mechanism that causes the differences 
seen in IL-10 levels. Previously, it was already shown on regulatory T cells that ad-
ditional TLR9 activation could inhibit IL-10 synthesis.43 Further studies are needed to 
fully elucidate the mechanisms causing differences in IL-10 levels in relation to TLR 
signaling and blockade.
In summary, we observed upregulation of TLR7/9 expression during arterial resteno-
sis and reduced macrophage activation and foam cell formation after TLR7/9 bloc-
kade, which was accompanied with increase in IL-10 production. Additional blocking 
of TLR7/9 leads to a reduction in neointima formation, increased IL-10 production, 
reduced macrophage presence in the lesions as well as less HMGB1 release, in-
dicating the important role of TLR7 and TLR9 in postinterventional remodeling via 
reducing inflammation as well as lipid accumulation, thereby making it an interesting 
therapeutic target to reduce restenosis and accelerated atherosclerosis after vascu-
lar intervention.
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Supplements

Material and Methods
Animals
All animal experiments were approved by the animal welfare committee of our insti-
tute and are performed according to the regulatory guidelines. Ten week old male hy-
percholesterolemic APOE*3Leiden mice bred in our laboratory were used as previ-
ously described elsewhere.1 Mice were fed a Western-type diet starting three weeks 
before surgery that was continued throughout the entire experiment. Mice were al-
located randomly to different treatment groups. Cholesterol levels were measured 
one day before surgery and at sacrifice. All mice received water and food ad libitum.

Murine model for neointima formation
Non-constricted polyethelene cuffs were placed around the femoral arteries as a 
well-established model for neointima formation and accelerated atherosclerosis.1 

Mice were sacrificed 14 days after cuff placement. All mice received a subcutaneous 
(s.c) injection with either 200μl sterile water (n=9) or 200μl TLR7/9 antagonist (n=7) 
(15mg/kg dissolved in sterile water) for sufficient blocking of TLR7/9 continuously 
without infectious complications. The first injection was administrated directly after 
cuff placement and injections were repeated 4 times (schedule of two injection per 
week) until sacrifice of the mice.
Antagonist activity for TLR7 and TLR9 was assessed in six-to-eight-week-old female 
C57BL/6 mice obtained from Charles River Labs, (Wilmington, MA). Experimental 
procedures were performed according to the approved protocols and guidelines of 
the Institutional Animal Care and Use Committee of Idera Pharmaceuticals. Mice 
(n=2) were injected subcutaneously (s.c.) with 5 mg/kg antagonist. This was follo-
wed twenty/four hours later by 0.25 mg/kg TLR9 agonist 2 or 10 mg/kg of an RNA-
based TLR7 agonist.3 Two hours post agonist administration, blood was collected by 
retro-orbital bleeding.

Morphological Quantification
At sacrifice blood was taken for cholesterol measurement and perfusion/fixation 
was done at 100mmHg with 4% formaldehyde via the left ventricle. Paraffin-embed-
ded cross-sections were stained with either Weigert’s Elastin stain or Hematoxilin-
Phloxine-Saphrane (HPS) to visualize overall morphology. Six sections (5 μm thick) 
equally spaced throughout the cuffed segment were used to quantify intimal lesions, 
media and total vessel size using image analysis software for morphometric analysis 
(Qwin, Leica, Germany).

Cell cultures and reagents
Macrophages were derived from bone marrow from tibia and femur and seeded at a 
density of 250.000 cells/well in 6-wells plates and cultured for 7 days in RPMI Gluta-
Max (Gibco) supplemented with 100U/ml penicillin/streptavidin, 25% Fetal Calf Se-
rum (FCS) and 20μg/ml M-CSF (Myltec Biotechnologies) as described previously.4 

Cells were cultured in the presence of the TLR7 agonist imiquimod (5μg/ml, Invivo-
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gen), the TLR9 agonist ODN-CpG (10μg/ml, Invivogen), oxLDL 50μg/ml or native 
LDL 50μg/ml (Myltec Biotechnologies) and TLR7/9 antagonist (10μg/ml antagonist, 
Idera Pharmaceuticals). All analysis was done on triplicate wells each in three inde-
pendent experiments.
C57BL/6 spleen cells (1x106 cells/ml) were cultured with 0.01 to 10 μg/ml of a TLR7/9 
antagonist in combination with 1 μg/ml of a TLR9 agonist (DNA), 200μg/ml of a TLR7 
(sRNA) agonist or 50 μg/ml of a TLR4 agonist (LPS) or 1μg/ml TLR3 agonist (Poly 
I:C). As controls, spleen cells were cultured with medium alone, TLR9, 7, 4 or 3 
agonist alone, or highest dose (10 μg/ml) of the TLR7/9 antagonist alone. After 24 
hours, culture supernatants were collected and induction of selected cytokines and 
chemokines was assessed. All analysis was done on triplicate wells each in three 
independent experiments.

FACS analysis
Circulating monocytes were stained with anti-mouse CD11b (Biolegend 101224) and 
Ly6C (Bioconnect MCA2389A488). BMD Macrophages (non-stimulated, antagonist, 
oxLDL or oxLDL+antagonist, 24h) were stained anti-mouse CD36-PE, clone 72-1, 
isotype Rat IgG2a (Ebioscience) and analyzed by FACS (BDcalibur).

TLR7/9 antagonist
TLR7 and TLR9 antagonist (5’-TGUCG*TTCT-X-TCTTG*CUGT-5’; wherein, G/U 
are 2’-O-methyl-ribonucleotides, G* is 7-deaza-dG, and X is glycerol linker) was 
synthesized at Idera Pharmaceuticals on solid support on an automated DNA/RNA 
synthesizer with phosphorothioate backbone, purified by HPLC, and analyzed. The 
purity of full-length antagonist was over 93% with the material balance comprised of 
oligonucleotides shorter than the full-length product (n-1 and n-2) as determined by 
anion-exchange HPLC, capillary gel electrophoresis and/or denaturing polyacryla-
mide gel electrophoresis. Sequence integrity was confirmed by MALDI-TOF mass 
spectral analysis. Antagonist contained less than 0.2 EU/ml of endotoxin, as de-
termined by the Limulus assay (Bio-Whittaker). A novel control oligo was created 
with similar chemical modulations in the backbone as in our antagonist since these 
modifications are crucial to the functional activities of the antagonist. The following 
sequence was used as a control oligo=: 5’-CACCCAAGACAGCAGAAAG-3’; It is 
a phosphorothioate oligodeoxynucleotide with 2’-O-methyl-ribonucleotides at each 
end (nucleotides shown in bold).

Assessment of foam cell formation
Foam cell formation was assessed in macrophages that were either stimulated with 
native LDL 50μg/ml or oxLDL 50μg/ml (Myltec Biotechnologies). Incubation with na-
tive LDL was used to study the effect of TLR7 and TLR9 agonists (IQ, and ODN 
CpG) on lipid accumulation in macrophages, whereas oxLDL was used under con-
ditions where effects the antagonist are studied. Oil-red-O staining of macrophages 
was used to identify foam cells. Cells were washed with PBS, fixed in 4%formalde-
hyde and pretreated with 60% isopropanol followed by staining with 1% Oil-Red-O 
solution (Sigma Aldrich). Cells were washed with 60% isopropanol followed by three 
times washing with PBS and examined by light microscopy. Foam cell designation 
required positive Oil-Red-O staining. Each condition was tested in triplicate.
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ELISA assays
ELISA assays were performed with cell free supernatant using commercial available 
kits following the instructions of the manufacturer for TNFα, IL6, IL-10 (BD Bioscien-
ces) and IP-10 (Ebioscience).

Immunohistochemistry
Paraffin-embedded sections (5 μm thick) were stained with antibodies against TLR7 
(AbD serotec), TLR9 (AbD serotec), CD45 (BD Biosciences), Mac3 (BD Bioscien-
ces), HMGB1 (Abcam, Cambridge, United Kingdom) followed by the appropriate 
secondary antibody (Donkey anti Rabbit, GE Healthcare) (Goat anti Rat, Jackson 
labs) and incubated with AB complex (Vector laboratories) and were visualized with 
Novared (Vector laboratories). Slides were counterstained with haematoxylin.
To confirm the specificity of the IHC staining, parallel sections were incubated with 
1% PBS/BSA alone without adding the primary antibody or with Rabbit IgG or Rat 
IgG controls or staining without 1st antibody or staining without the 2nd antibody. Sec-
tions were incubated with the secondary antibody, AB complex and were visualized 
with Novared. Controls were all negative.

Statistics
For to the animal experiments, values are presented as mean ± standard error of the 
mean (SEM). Statistical significance was calculated in SPSS for Windows 17.0. Dif-
ferences between groups were determined using a non-parametric Mann-Whitney 
test. In vitro assays are presented as mean ± standard error of the mean (SEM) and 
were statistically analyzed with a students T test.
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Supplemental figures

Supplemental figure I: TLR7 staining on arterial lesion of wild type mice (A). TLR9 staining on arterial 
lesion of wild type mice (B). Example of negative control (C), Macrophage staining in lesions of hypercho-
lesterolemic mice (D) and in wild type mice (E). N= 4 mice per staining; at least 6 sections per mouse were 
stained for either TLR7 or TLR9. IEL= Internal Elastic Lamina. EEL= External Elastic Lamina
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Supplemental figure I: TLR7 staining on arterial lesion of wild type mice (A). TLR9 staining on arterial 
lesion of wild type mice (B). Example of negative control (C), Macrophage staining in lesions of hypercho-
lesterolemic mice (D) and in wild type mice (E). N= 4 mice per staining; at least 6 sections per mouse were 
stained for either TLR7 or TLR9. IEL= Internal Elastic Lamina. EEL= External Elastic Lamina
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Supplemental figure II: Effect of antagonist on different TLR stimuli. Cytokine production of TNFα, IL6 
and IP-10 upon TLR activation in the presence of 0.01 to 10 μg/ml of the TLR7/9 antagonist. TLR7 ago-
nist IQ+ TLR7/9 antagonist (A), TLR9 agonist ODN-CpG + TLR7/9 antagonist (B), TLR3 agonist PolyI:C 
+ TLR7/9 antagonist (C), TLR4 agonist LPS + TLR7/9 antagonist (D). Data shown is 1 representative 
experiment out of 3 independent experiments.
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Supplemental figure II: Effect of antagonist on different TLR stimuli. Cytokine production of TNFα, IL6 
and IP-10 upon TLR activation in the presence of 0.01 to 10 μg/ml of the TLR7/9 antagonist. TLR7 ago-
nist IQ+ TLR7/9 antagonist (A), TLR9 agonist ODN-CpG + TLR7/9 antagonist (B), TLR3 agonist PolyI:C 
+ TLR7/9 antagonist (C), TLR4 agonist LPS + TLR7/9 antagonist (D). Data shown is 1 representative 
experiment out of 3 independent experiments.
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Supplemental figure III: Inhibition of TLR9 and TLR7 agonist induced IL-12 by dual antagonist of TLR7/9 
in C57BL/6 mice. Mice (n=2/group) were injected s.c. with 5 mg/kg of antagonist in the left flank and 24 
hr later 0.25 mg/kg of TLR9 agonist or 10 mg/kg of TLR7 agonist s.c. in the right flank. Two hours after 
agonist administration, blood was collected and serum IL-12 levels were measured by ELISA.
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Supplemental figure IV: Plasma IL10 levels in hypercho-
lesterolemic ApoE3Leiden mice treated with or without 
TLR7/9 antagonist 14days after cuff placement. Statisti-
cal analysis was performed by use of a non-parametric 
Mann-Whitney test, * = P<0.05.

Supplemental figure V: FACS analysis of CD36 expression on oxLDL stimulated macrophages.
CD36 expression on macrophages stimulated for 24h with either oxLDL (A) and or with oxLDL in the 
presence of TLR7/9 antagonist (B) Isotype Control (C).




