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Abstract Chronic activation of Janus kinase/signal trans-
ducers and activators of transcription (JAK/STAT) pathway
contributes to vascular inflammation and atherosclerosis by
inducing expression of genes involved in cell proliferation,
differentiation and migration. We aimed to investigate
whether enforced expression of negative regulators, the
suppressors of cytokine signaling (SOCS1 and SOCS3),
inhibits harmful JAK/STAT-mediated responses and affects
atherosclerosis in apolipoprotein E knockout mice. Adeno-
virus-mediated SOCS1 transgene expression impaired the
onset and progression of atherosclerosis without impact on
lipid profile, whereas SOCS3 was only effective on early
atherosclerosis. Mechanistically, SOCS gene delivery, pri-
marily SOCS1, attenuated STAT1 and STAT3 activation
and reduced the expression of STAT-dependent genes
(chemokine/chemokine receptors, adhesion molecules, pro-
inflammatory cytokines and scavenger receptors) in aortic
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tissue. Furthermore, atherosclerotic plaques exhibit a more
stable phenotype characterized by lower lipids, T cells and
M1 macrophages and higher M2 macrophages and collagen.
Atheroprotection was accompanied by a systemic alteration
of T helper- and T regulatory-related genes and a reduced
activation state of circulating monocytes. In vascular smooth
muscle cells and macrophages, SOCS gene delivery inhib-
ited cytokine-induced STAT activation, pro-inflammatory
gene expression, cell migration and proliferation. In con-
clusion, targeting SOCS proteins, predominantly SOCS1, to
suppress pathological mechanisms involved in atheroma
plaque progression and destabilization could be an inter-
esting anti-atherosclerotic strategy.

Keywords SOCS - JAK - STAT - Atherosclerosis -
Inflammation - Gene delivery

Introduction

Atherosclerosis, a chronic multi-factorial disease of the vas-
cular wall, is one of the leading causes of death in Western
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countries. Inflammation participates in the atherosclerosis
process from the initial stages of plaque formation to the
thrombotic complications [15]. Besides lipid accumulation in
the arterial intima, increased expression of cytokines, adhe-
sion molecules and chemokines participate in endothelial
dysfunction, leukocyte infiltration and vascular inflammation,
thereby driving atherosclerotic plaque growth and maturation
[2, 36]. Therefore, approaches aimed to suppress pro-
inflammatory signaling hold the potential to limit cardiovas-
cular events caused by atherogenesis.

Activation of Janus kinase/signal transducers and acti-
vators of transcription (JAK/STAT) signaling pathway [12,
20] inducing the expression of inflammatory genes regu-
lates key atherosclerotic processes, such as leukocyte
recruitment, migration and proliferation of vascular smooth
muscle cells (VSMC), apoptosis and foam cell formation
[19, 32]. Different JAK/STAT components have been
detected in the heart and also in the inflammatory regions
of human atherosclerotic plaques [3, 7, 16, 22, 24, 31]. In
experimental models, either gene deficiency or pharmaco-
logical inhibition of JAK2, STAT1 and STAT3 prevented
atherosclerotic lesion formation [1, 5, 7, 16, 28].

The endogenous regulatory family of suppressors of cyto-
kine signaling (SOCS) controls the magnitude and duration of
JAK/STAT signaling through several mechanisms, including
JAK inhibition, STAT binding and targeting for proteasomal
degradation [12, 32]. SOCS proteins regulate development,
homeostasis and disease pathogenesis [34]. Indeed, SOCS
expression is found increased in inflamed human tissues [37],
making them potential markers of ongoing inflammation.
Furthermore, loss- and gain-of-function studies evidenced the
important role of SOCS proteins in regulating the course of
inflammation in different experimental models [6, 21, 27, 35],
including cardiovascular diseases [32]. In particular, SOCS1
and SOCS3 isoforms, which predominantly suppress STAT1
and STAT3 activation, have been linked to a variety of pro-
atherogenic molecules including cytokines, lipoproteins,
angiotensin II, immune complexes, and high glucose in dif-
ferent cell types [7, 10, 21, 22, 24, 31].

Because SOCS-based strategies to impair pathological
JAK/STAT activity might be of interest for the treatment of
cardiovascular diseases, the present work investigates the
anti-inflammatory and atheroprotective properties of
SOCS1 and SOCS3 gene delivery in experimental athero-
sclerosis and in cultured vascular cells.

Methods
Adenoviral vectors

The cloning and production of recombinant adenoviral con-
structs encoding mouse SOCS1 (Ad-S1) and SOCS3 (Ad-S3)
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were previously described [21]. Adenovirus were plaque-
purified and propagated in packaging human embryonic kid-
ney 293 cells, then purified and titrated by using Adeno-X
Virus Kits (BD Biosciences-Clontech, Palo Alto, CA), as
detailed [21]. Empty vector (Ad-null) and green fluorescence
protein-expressing adenovirus (Ad-GFP) were used as
controls.

Atherosclerotic mouse model

The housing and care of animals and all the procedures
carried out in this study were strictly in accordance with the
Directive 2010/63/EU of the European Parliament and
were approved by the Institutional Animal Care and Use
Committee (IIS-Fundacion Jimenez Diaz). Male apolipo-
protein E knockout (ApoE KO) mice (C57BL6; Jackson
Laboratory, Bar Harbour, ME) aged 8 weeks (early lesion
model) or 28 weeks (advanced lesion model) were
administered recombinant adenovirus by tail-vein injection
(1-2 x 10" plaque-forming units in 250 pL) and then fed
a high-fat Western diet (21 % fat and 0.15 % cholesterol,
Harlan Labs, Madison, WI) for 5 weeks. Groups of study:
(1) early model: untreated control (n = 15), Ad-null
(n=14), Ad-S1 (n=16) and Ad-S3 (n = 16); (2)
advanced model: untreated control (n = 6), Ad-null
(n = 6), Ad-S1 (n = 7) and Ad-S3 (n = 7). At the study
endpoint, 16 h-fasted mice were anesthetized (100 mg/kg
ketamine and 15 mg/kg xylazine), saline-perfused and
killed. Blood was collected by retro-orbital puncture.
Serum concentrations of lipids (cholesterol, HDL, LDL and
triglycerides) were measured by automated methods. For
gene transfer efficiency, mice were studied at 2—14 days
after injection (Ad-null, n = 8; Ad-GFP, n = 5; Ad-S1,
n = 8; Ad-S3, n = 8).

Flow cytometry

Single-cell suspensions from mouse spleen, femoral bone
marrow and EDTA-buffered blood were treated with
erythrocyte lysis buffer and then stained with combinations
of antibodies to CD45, CD3, CD4, CD8a and CD19 (BD
Biosciences) or to CD115 and Ly6C (eBioscience, San
Diego, CA). Data were analyzed using BD FACS Canto II
Flow Cytometer and BD FACSDiva software (BD Bio-
sciences) [17, 26].

Atherosclerotic lesion analysis

For en face analysis, the aorta was opened longitudinally,
stained with Sudan IV and quantified for lipid deposition.
To analyze plaque area and composition, aortic root was
embedded in optimal cutting temperature medium (Sakura
Finetek, Flemingweg, Netherlands) and cryosectioned.
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Atherosclerotic lesion area (um?) and neutral lipid content
were quantified in 8 pm cross-sections (covering
~ 1,000 um from valve leaflets) after Oil-red-O/hematox-
ylin staining and averages were calculated from 3-5 sec-
tions. Parallel sections were analyzed for collagen content
(picrosirius red staining) and immunoperoxidase detection
of T lymphocytes (CD4, BD Biosciences), macrophages
(Moma2, Serotec, Oxford, UK), and monocyte chemoat-
tractant protein-1 (CCL2, Santa Cruz Biotechnology, Santa
Cruz, CA) as described [22]. STAT phosphorylation (P-
STATI, Santa Cruz Biotechnology; P-STAT3, Cell Sig-
naling, Danvers, MA) and macrophage phenotypes (M1,
arginase (Arg) II; M2, Argl; Santa Cruz Biotechnology)
were analyzed by immunofluorescence using Alexa Fluor
568 and 488 secondary antibodies (Invitrogen, Carlsbad,
CA) followed by nuclear counterstain (4’,6-diamidino-2-
phenylindole) [18, 22]. Appropriate antibodies were used
as isotype controls. Image acquisition was performed on an
inverted epi-fluorescence microscope (Nikon, Melville,
NY) with ACT-1 (Nikon) and MetaMorph (Molecular
Devices, Sunnyvale, CA) image analysis software. Positive
staining was quantified in at least 3 sections per mice
(Image-Pro plus, Media Cybernetics, Bethesda, MD) and
expressed as percentage or number of positive cells per
lesion area [17, 18, 22].

Cell cultures

Mice were euthanized by cervical dislocation under isoflu-
rane anesthesia. Thoracic aortic VSMC isolated by enzy-
matic digestion (collagenase type II, 290 U/mg; Sigma-
Aldrich, St Louis, MO) were cultured in DMEM containing
10 % FBS, 100 U/mL penicillin, 100 pg/mL streptomycin
and 2 mM L-glutamine (Life Technologies, Rockville, MD)
as reported [18, 22]. Mouse peritoneal macrophages col-
lected by peritoneal lavage were seeded (1 x 10 cells/well)
into 6-well culture plates (Corning, NY) and adherent cells
were processed [17]. Murine macrophage cell line (RAW
264.7, TIB-71; American Type Culture Collection, Manas-
sas, VA) was maintained in DMEM with 10 % FBS. Cells
were incubated with recombinant adenovirus (multiplicity of
infection = 40) for 24 h before stimulation (10° U/mL
IFNYy plus 10% U/mL IL-6; Peprotech, Rocky Hill, NJ).

mRNA expression analysis

Total RNA from mouse tissues (liver, thoracoabdominal
aorta and spleen) and cultured cells was extracted with
Tryzol (Life Technologies) [18, 22]. Target gene expres-
sion (socsl, socs3, ccl2, ccr2, ccl5, cerd, icam-1, tnfa, ifny,
il-4, il-17, foxp3, ¢d204 and cd36) was analyzed by real-
time quantitative PCR (Applied Biosystem, Foster City,
CA) and normalized to 18S housekeeping gene.

Protein expression analysis

Cells were lysed in 10 mM Tris pH 7.4, 150 mM NaCl
containing 1 % Triton X-100, 0.5 % NP-40, 1| mM EDTA,
1 mM EGTA, 0.2 mM NazVO,, 10 mM NaF, 0.2 mM
PMSF, and protease inhibitor cocktail [17]. Total proteins
(20 ng) were electrophoresed and immunoblotted for
P-STATI, P-STAT3, SOCS1, SOCS3 and a-tubulin (Life
Technologies and Santa Cruz Biotechnology). Chemokine
levels in cell supernatants were measured by ELISA (BD
Biosciences and eBioscience).

Luciferase reporter assay

Cells were cotransfected with luciferase reporter vectors
(pSTATI1-Luc, pSTAT3-Luc and Renilla control; BD
Biosciences) and recombinant adenovirus, as reported [10,
22]. Twenty-four hours after transfection, cells were
stimulated with cytokines for additional 16 h. Dual lucif-
erase activity was measured using a luminometer (Berthold
Technologies, Bad Wildbad, Germany).

Cell migration and proliferation assays

VSMC migration was measured by the wound-healing assay
[18, 26]. Briefly, VSMC monolayers were incubated with
adenovirus followed by a wound injury using a plastic pipette
tip. Images were collected during the healing period using a
phase contrast microscope (Nikon). Wound closure was
measured and normalized to time O values. Cell proliferation
was assessed by methylene blue assay [22, 26].

Statistical analysis

Differences across groups were considered significant at
P < 0.05 using one- or two-way ANOVA followed by
Bonferroni’s pairwise comparison test (Prism 5, GraphPad
Software Inc, La Joya, CA).

Results

SOCS gene delivery inhibits STAT activation
in atherosclerotic mice

Transduction efficiency in mouse tissues was evaluated
after administration of either SOCS- or GFP-encoding
adenovirus to ApoE KO mice. Enhanced SOCS1 and
SOCS3 transgene expression was mainly detected in
liver, but also in aortic tissue of mice receiving Ad-S1
and Ad-S3, respectively, as compared with empty
adenoviral vector (Ad-null; Fig. 1a). Moreover, intense
green fluorescence was detected inside the aortic plaques

@ Springer



8 Page 4 of 11

Basic Res Cardiol (2015) 110:8

Fig. 1 SOCS gene delivery
inhibits STAT activation in
atherosclerotic mice. a Real-
time PCR analysis of SOCS
transgene expression in hepatic
and aortic tissues of ApoE KO
mice at 8 days post-injection of
Ad-null, Ad-S1 or Ad-S3.
Values normalized to 18S were
converted to fold induction vs.
Ad-null and expressed as

mean £+ SEM (n = 3 mice/
group). b Representative
fluorescence images (n = 2
independent experiments)
showing GFP (green, arrows
indicate positive cells) and
nuclear staining (DAPI, blue) in
aortic root sections from mice
injected with Ad-null or Ad-
GFP. ¢ Representative
immunoblots (n = 2
experiments) of SOCS protein
expression over time in mouse
aorta of Ad-S1 and Ad-S3
injected mice.

d Immunofluorescence
detection of P-STAT1 (red),
P-STAT3 (green) and nuclear
staining (blue) in atherosclerotic
plaques of Ad-null, Ad-S1 and
Ad-S3 mice. Arrows denote
immunopositive cells. e Box-
and-whisker plot showing
quantification of P-STAT1 and
P-STAT3 positive cells in early
(13 weeks, n = 8-9 mice/
group) and advanced (33 weeks,
n = 6-7 mice/group) lesions.
*P < 0.05, **P < 0.01 and e
*##%P < 0.001 vs. Ad-null
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of Ad-GFP transfected mice, predominantly in macro-
phage-rich areas (Fig. 1b). Time-course experiments also
demonstrated sustained SOCS protein expression in
mouse aortic tissue even at 14 days after infection
(Fig. 1c). Further experiments in ApoE KO mice (early
and advanced lesion models) revealed that Ad-S1 and
Ad-S3 infection suppressed JAK/STAT activation in
atherosclerotic plaques, as assessed by immunofluores-
cence analysis of STAT1 and STAT3 tyrosine phos-
phorylation (Fig. 1d, e).
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Effects of SOCS transgene expression
on atherosclerosis development

The impact of SOCS gene delivery on atherosclerotic pla-
que progression was explored in ApoE KO mice at both
early and advanced stages of lesion development. Quanti-
fication of early atherosclerotic lesions in the whole aorta
(en face; Fig. 2a) and the aortic sinus (Fig. 2b, e) of young
mice (8 weeks old, 5 weeks of high-fat feeding) showed a
marked decrease in plaque formation and lipid content in
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sections (early lesion model)
stained with Oil-red-O/
hematoxylin and quantitative
analysis of individual lesion
area (n = 8-9/group).

¢ Representative images and
summary of quantification in
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n = 6-7/group). d Average of
lesion area throughout the aorta
in each group (advanced
model). Mean + SEM
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Ad-S1 and Ad-S3 compared with Ad-null group (%
decrease: 48 + 6 and 27 + 4, respectively; P < 0.05).
Remarkably, atherosclerosis assessment in older mice
(33 weeks) revealed that only SOCSI1 retarded the pro-
gression of already developed atherosclerosis, as evidenced
by significant reductions of plaque size (Fig. 2c), extension
(Fig. 2d) and lipid content (Fig. 2e) in Ad-S1 mice, as

T T T T T T T
C null 81 S3 C null S1 S3
Ad Ad

compared with Ad-null. In both experimental models,
lesion area in a separate group of age-matched uninfected
control mice was similar to Ad-null group, indicating that
adenoviral infection per se did not affect atherosclerosis.
Moreover, no impact on body weight and serum lipid profile
was observed by SOCS gene delivery in both early and
advanced lesion models (Table 1).

@ Springer



8 Page 6 of 11

Basic Res Cardiol (2015) 110:8

Table 1 Body weight and serum lipid profile in mouse atherosclerotic models

Early lesions (13 weeks)

Advanced lesions (33 weeks)

Control Ad-null Ad-S1 Ad-S3 Control Ad-null Ad-S1 Ad-S3

(n=38) (n=38) (n=9) (n=23) (n=10) (n=16) (n="1) (n="1)
BW () 22+2 2+3 21 +3 2342 3244 33+5 29+ 6 34+3
Chol (mg/dL) 358 £ 32 337 £ 31 347 + 18 355 + 12 677 + 52 650 + 67 620 + 31 614 + 34
LDL (mg/dL) 330 + 28 305 £ 25 334 £ 17 340 £ 18 621 & 55 584 + 68 593 £ 30 589 =+ 39
HDL (mg/dL)  145+£09  132+15 9.5 +£07 9.9 £0.6 16.0 & 1.3 164 +23 127412 1214£07
TG (mg/dL) 92 +£38 112 £ 11 103 + 10 83+ 12 99 + 7 109 + 16 102 +9 96 + 14

Results are reported as mean £ SEM. The numbers of animals examined in each group are indicated in parentheses. No significant difference
was observed among the experimental groups (one-way ANOVA followed by Bonferroni’s post hoc test) at each time point

BW body weight, Chol cholesterol, LDL low-density lipoprotein, HDL high-density lipoprotein, 7G triglyceride

SOCS gene delivery alters atherosclerotic plaque
composition

Histological assessment of early atherosclerotic lesions
revealed a significant reduction of T lymphocytes (CD4),
macrophages (Moma?2), and CCL2 chemokine in the pla-
ques of Ad-S1 and Ad-S3 mice as compared with control
and Ad-null groups (Fig. 3a—d). Regression analysis
showed correlation of lesion area with CD4, Moma2 and
STATI1 staining in the experimental groups (Pearson
r values: 0.52, 0.47 and 0.46, respectively; P < 0.05; not
shown), thus indicating a more inflammatory component in
larger lesions. Additionally, analysis of collagen distribu-
tion (picrosirius red staining; Fig. 3a, e) and calculation of
collagen-to-lipid ratio in each group (picrosirius red area/
Oil-red-O area: Ad-null, 0.39 £+ 0.05; Ad-S1, 1.20 &+ 0.18,
P < 0.001; Ad-S3, 0.86 £+ 0.08, P < 0.05; not shown)
revealed a more stable plaque phenotype, preferentially in
SOCSI1 over-expressing mice.

Reduced vascular and systemic inflammation in SOCS
over-expressing mice

Given that SOCS gene delivery reduces the intra-plaque
macrophage accumulation, we examined the distribution of
macrophage polarization markers, namely Argll (pro-
inflammatory classical M1) and Argl (anti-inflammatory
alternative M2). Immunofluorescence analysis revealed
that both macrophage phenotypes are present in athero-
sclerotic lesions, being Argll (M1) most abundantly
expressed in controls groups and Argl (M2) the predomi-
nant macrophage marker in Ad-S1 and Ad-S3 lesions
(Fig. 3a, f).

We next investigated whether SOCS-mediated athero-
protection associates with decreased expression of JAK/
STAT-dependent genes. Quantitative real-time PCR ana-
lysis on aortic tissues from Ad-S1 and Ad-S3 mice
revealed a significant reduction in the gene expression of
chemokine/chemokine receptor pairs (CCL2/CCR2, CCLS5/
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CCRS5), adhesion molecule (ICAM-1), pro-inflammatory
cytokines (TNFa, IFNYy) and scavenger receptors (CD204,
CD36) as compared with Ad-null and untreated controls
(Fig. 4a).

The systemic expression of representative genes for T
helper (Th) and T regulatory (Treg) responses was assessed
in spleen samples. As shown in Fig. 4b, Ad-S1 and Ad-S3
mice exhibited a reduced splenic expression of Th1 (IFNYy)
and Th17 (IL-17), but not Th2 (IL-4) cytokines. Addi-
tionally, SOCSI1 resulted in enhanced expression of Treg-
associated transcription factor Foxp3 (Fig. 4b).

The impact of SOCS gene delivery on leukocyte for-
mation was examined by flow cytometry analysis of spleen,
bone marrow and whole blood. No significant differences
in the number of B cells (CD19), T cells (CD3 and CD4/
CD8 subgroups) and monocytes (CD115) were observed
among the four groups of mice (Supplemental Fig. S1).
Interestingly, analysis of monocyte subset distribution
revealed decreased CDI115TLy6C™e" and increased
CDI115TLy6C"" monocytes in Ad-S1 and Ad-S3 mice
when compared with control groups (Fig. 4c). However,
this trend only reached statistical significance in peripheral
blood, thus indicating that SOCS gene delivery reduces the
activation state of circulating monocytes.

SOCS proteins suppress STAT-mediated inflammatory
responses in vascular cells

The in vitro effects of adenovirus-mediated SOCS induc-
tion were studied on VSMC and macrophages, key cellular
constituents of the atherosclerotic lesion that participate
actively in plaque development. In primary mouse VSMC,
Ad-S1 and Ad-S3 incubation prevented STATI/STAT3
tyrosine phosphorylation (Fig. 5a) and STAT-regulated
gene expression (Fig. 5b) induced by cytokines (IFNy plus
IL6). Similarly, SOCS1 and SOCS3 transgene expression
suppressed the STATI/STAT3 luciferase transcriptional
activity in cytokine-stimulated RAW 264.7 macrophages
(Fig. 5¢), and also inhibited the mRNA expression of
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Picrosirius red

Argll

Fig. 3 Changes in atherosclerotic plaque composition by SOCS gene
delivery. a Representative images of CD4, Moma2 and CCL2
immunoperoxidase staining, picrosirius red staining, and macrophage
phenotype immunofluorescence (red, Argll (M1); green, Argl (M2);
blue, nuclei) in aortic root sections of early lesion model. Box-and-

scavenger receptors (CD204 and CD36) in peritoneal
macrophages (Fig. 5d). Remarkably, only SOCS1 was able
to prime macrophages to the anti-inflammatory phenotype,
as evidenced by high Argl (M2 marker) and low Argll (M1
marker) expression levels (Fig. 5d) and reduced secretion
of CCL2 and CCL5 chemokines (Fig. 5e). In addition,
SOCSI transgene expression significantly inhibited VSMC
migration (wound-healing assay; Fig. 5f) and suppressed
the mitogenic effects of cytokines on VSMC and macro-

phages (Fig. 5g).

Discussion

The present study describes that SOCS gene delivery
delays the onset and/or progression of atherosclerosis in a
mouse model relevant to human atherosclerosis and dem-
onstrates the pivotal role of SOCS family in maintaining a
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balanced pro- and anti-inflammatory response. Mechanis-
tically, SOCS1 and SOCS3 induction inhibits vascular
STATI1/STAT3 activation, reduces the expression of
STAT-dependent genes (chemokine/chemokine receptor
pairs, adhesion molecules, pro-inflammatory cytokines and
scavenger receptors) and therefore affects leukocyte influx,
monocyte/macrophage phenotypic balance, VSMC activa-
tion, lipid deposition and plaque stability.

Evidence indicates that impairment of SOCS regulatory
mechanism is involved in the pathogenesis of immune and
inflammatory disorders [12, 34], including cardiovascular
diseases [32]. Indeed, SOCS proteins increase locally in
acute and chronic inflammatory conditions [37] and SOCS
expression in peripheral blood mononuclear cells is pro-
posed as cardiovascular marker in chronic kidney disease
patients [25]. Our early studies demonstrated that SOCS1
and SOCS3 proteins are present in atherosclerotic plaques
from carotid endarterectomy patients, mainly located in
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Fig. 4 Impact of SOCS transgene expression on plaque and systemic
inflammation. a Real-time quantitative PCR analysis of inflammatory
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Ad-null

VSMC and macrophages at sites of inflammation [22], and
also in kidneys from diabetic patients [21]. Differential
SOCS expression in developing lesions of atherosclerotic
mice is also reported [14, 22, 33]. Further experimental
models demonstrate that inducers/mimics of SOCS pro-
teins delay arthritis development [35], improve survival in
lethal endotoxemia [6], impair innate immune responses
[27] and also prevent graft arteriosclerosis [24], autoim-
mune heart disease [30] and the progression of diabetes
complications [21, 26]. Conversely, SOCS knockdown,
leading to sustained STAT activation, exacerbates inflam-
matory responses in atherosclerosis-prone models [8, 22].
In line with these studies, our work is the first description
of the protective (including anti-inflammatory) effects of
adenovirus-mediated SOCS expression in the atheroscle-
rosis context.

Our data indicate that gene delivery of either SOCS1 or
SOCS3 impairs STAT1/STAT3 activation in developing
atherosclerotic plaques and, strikingly, limits atheroma

@ Springer

plaque formation in mice. The underlying mechanisms are
independent of changes in serum lipids. Instead, SOCS
induction alters the size and composition of atherosclerotic
lesions and inhibits plaque inflammation, as revealed by
attenuated expression of pro-inflammatory genes involved
in recruitment, migration and activation of vascular cells.
Remarkably, SOCS gene delivery impairs the accumula-
tion of leukocytes (T cells and macrophages) within the
lesions, but also affects the inflammatory state of lesional
macrophages. Particularly SOCS1, and to a lesser extent
SOCS3, is involved in confining classically activated M1
macrophage formation and fostering alternatively activated
M2 macrophage generation. Furthermore, aortic tissue of
SOCS over-expressing mice exhibited a reduced expres-
sion of CD204 and CD36, two relevant scavenger receptors
involved in modified LDL internalization and macrophage
foam cell formation [13]. Previous studies have established
that M2 macrophages in atherosclerotic plaques display
lower lipid-handling capacities and reduced foam cell
transformation capacity [4]. Moreover, loss of SOCS1 in
the LDL receptor deficient mouse model resulted in
enhanced atherosclerotic lesions with accumulation of M1
macrophage foam cells and CD36 expression [8], which is
totally compatible with our findings in SOCS transfected
mice. Concomitantly, developing atherosclerotic lesions of
SOCS over-expressing mice display less lipid and higher
collagen content compared with control groups, thereby
confirming a less inflamed, more stable plaque phenotype.
Considering that most acute complications of atheroscle-
rosis are caused by the rupture of an unstable (leukocyte-
and lipid-rich, collagen-poor) plaque [9], efficient SOCS-
based strategies to modulate JAK/STAT-dependent
responses could be of benefit in slowing lesion progression.

It is also noteworthy to mention that unlike SOCSI,
which has a major anti-inflammatory role in both early and
advanced atherosclerotic lesions, SOCS3 gene delivery
was only effective in the initial phases of atherogenesis.
This paradoxical effect of SOCS3 on atherosclerosis reg-
ulation could be mostly due to a dual function of STAT3,
the transcription factor mainly modulated by SOCS3 [12,
28, 32]. In fact, STAT3 is reported to induce both pro- and
anti-inflammatory cytokines, and also to suppress nuclear
factor-xB activation and inflammatory gene expression
[32]. In the heart, STAT3 signaling contributes to cardio-
protection after ischemia/reperfusion injury by promoting
cardiomyocyte survival [3]. Furthermore, our previous
research demonstrated that antisense oligodeoxynucleo-
tides targeting SOCS3 exacerbate the early atherosclerotic
process in ApoE KO mice by increasing lesion size, leu-
kocyte content, and chemokine production [22]. By con-
trast, T lymphocyte-specific deficiency in SOCS3 reduces
atherosclerosis and vascular inflammation in mice [31].
Therefore, it is conceivable that SOCS3 may play multiple
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roles at later stages of atherosclerosis, the reflected net
effect involving a more complex mechanism, all of which
require further validation studies.

In the current study we demonstrate that intravenous
adenoviral gene delivery is an effective in vivo method to
elucidate the role of SOCS in atherogenesis. Injection of
SOCS1- and SOCS3-encoding adenovirus resulted in local
transgene expression in vessel cells of apoE KO mice, thus
suggesting that atheroprotection is mainly derived from a
direct action of SOCS on vascular cell activation within the
plaques. In vitro data further support the essential role of
SOCS proteins in regulating excessive pro-atherogenic
activation of VSMC and macrophages, two major cellular
constituents of plaques. In both cell types, adenovirus-
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mediated SOCS1 expression suppresses STAT1, and to a
lesser extent STAT3 activation, while SOCS3 predomi-
nantly attenuated STAT3 induced by IFNy and IL-6, two
pro-atherogenic cytokines involved in plaque formation
and destabilization [2]. Noteworthy, SOCS1 abolished the
expression of STAT-regulated genes (e.g. cytokines, che-
mokines/chemokine receptors, adhesion molecules, and
scavenger receptors) which, together with the raise of M2
macrophage marker, resulted in impaired migratory, pro-
liferative and foam formation capacities of vascular cells,
all of which have been implicated as underlying mecha-
nisms of atherosclerosis acceleration in vivo.

Besides this local effect on atherosclerotic plaques, we
could not exclude the possibility that adenovirus-mediated
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SOCS transgene expression led to an indirect effect on
systemic inflammation. Indeed, we observed that SOCSI,
and in a lesser extent SOCS3, reduced the relative number
of circulating CD115 Ly6C™&" monocytes, the classical
inflammatory subset predominant in different experimental
mouse models of atherosclerosis that is preferentially
adhered to activated endothelium, accumulated in lesions,
and locally differentiated into macrophages [11, 29].
Additionally, splenic changes in the expression of Th- and
Treg-associated genes (IFNvy, IL-17 and Foxp3) suggests
that SOCS induction affects the outcome of the adaptive
immune response at this stage of the disease. Previous
studies have established that pro-inflammatory Thl- and
Thl17-related cytokines promote the development and
progression of the disease, whereas anti-inflammatory Th2
and Treg genes exert atheroprotective activities [2, 36, 38].
Evidence also indicates that SOCS1 controls the generation
of Thl and Th2 cells, while SOCS3 modulates Thl and
Th17 polarization [23]. Accordingly, our observations
suggest that systemic mechanisms (reduced activation state
of circulating monocytes and altered Th1l, Th17 and Treg
gene expression) also contribute to the in vivo atheropro-
tective effect of SOCS gene delivery in atherosclerotic
mice.

Collectively, our study provide first evidence that sys-
temic delivery of SOCS genes, and predominantly SOCS1,
diminishes the atherosclerotic burden and increases plaque
stability at two different stages of atherosclerosis in mice.
Differential targeting of SOCS family members to impair
pathological, pro-inflammatory JAK/STAT activity might
provide a therapeutic approach to prevent or retard the
course of atherosclerosis.
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