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ABSTRACT Atherosclerosis is a lipid-driven inflam-
matory disease of the vessel wall, characterized by the
chronic activation of macrophages. We investigated
whether the helminth-derived antigens [soluble egg
antigens (SEAs)] could modulate macrophage inflam-
matory responses and protect against atherosclerosis in
mice. In bone marrow-derived macrophages, SEAs in-
duce anti-inflammatory macrophages, typified by high
levels of IL-10 and reduced secretion of proinflamma-
tory mediators. In hyperlipidemic LDLR�/� mice, SEA
treatment reduced plaque size by 44%, and plaques
were less advanced compared with PBS-injected litter-
mate controls. The atheroprotective effect of SEAs was
found to be mainly independent of cholesterol lower-
ing and T-lymphocyte responses but instead could be
attributed to diminished myeloid cell activation. SEAs
reduced circulating neutrophils and inflammatory
Ly6Chigh monocytes, and macrophages showed high
IL-10 production. In line with the observed systemic
effects, atherosclerotic lesions of SEA-treated mice
showed reduced intraplaque inflammation as inflamma-
tory markers [TNF-�, monocyte chemotactic protein 1
(MCP-1), intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1), and
CD68], neutrophil content, and newly recruited macro-

phages were decreased. We show that SEA treatment
protects against atherosclerosis development by damp-
ening inflammatory responses. In the future, helminth-
derived components may provide novel opportunities to
treat chronic inflammatory diseases, as they diminish
systemic inflammation and reduce the activation of im-
mune cells.—Wolfs, I. M. J., Stöger, J. L., Goossens, P.,
Pöttgens, C., Gijbels, M. J. J., Wijnands, E., van der Vorst,
E. P. C., van Gorp, P., Beckers, L., Engel, D., Biessen,
E. A. L., Kraal, G., van Die, I., Donners, M. M. P. C., de
Winther, M. P. J. Reprogramming macrophages to an
anti-inflammatory phenotype by helminth antigens
reduces murine atherosclerosis. FASEB J. 28, 288–299
(2014). www.fasebj.org
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Atherosclerosis is the main underlying pathology of
cardiovascular events like stroke and myocardial infarc-
tion, which form the leading cause of death worldwide.
This chronic disease of the vessel wall is characterized
by local lipid deposits and sustained inflammatory
responses. In atherosclerosis, macrophages have been
shown to be critical players at all stages. During plaque
initiation, monocytes are attracted to the vessel wall and
differentiate into macrophages that engulf the modi-
fied lipids and become foam cells. On further lesion
progression, more macrophages accumulate and at-
tract leukocytes to the plaque, thereby aggravating
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intraplaque inflammation and contributing to lesion
growth and instability. Eventually, plaques may rupture
due to matrix degradation by macrophages, thereby
exposing prothrombotic material in the blood, causing
thrombus formation (1).

Macrophages are cells of the innate immune system
that play a central role in tissue homeostasis, orchestra-
tion of inflammation, and host defense against patho-
gens (2). Depending on their microenvironment, they
show plasticity with great phenotypical and functional
diversity. A generally used nomenclature to distinguish
macrophage subsets based on their activation status is
the M1 and M2 paradigm (3). Classically activated
macrophages (CAMs; M1) are typically generated by
proinflammatory factors like interferon � (IFN-�) or
Toll-like receptor (TLR) activation and secrete inflam-
matory cytokines [e.g., interleukin 1� (IL-1�), IL-12, and
tumor necrosis factor � (TNF-�)] and chemokines pro-
moting inflammatory responses. On the other hand,
alternatively activated macrophages (AAMs), sometimes
referred to as M2a, are induced by IL-4 or IL-13 and
provide signals for tissue repair, fibrosis, and wound
healing. Regulatory macrophages (M2c) have a deacti-
vating anti-inflammatory capacity and are induced by
IL-10, transforming growth factor-� (TGF-�), or gluco-
corticoids. These latter two M2 subsets are character-
ized by secretion of high levels of the anti-inflammatory
cytokine IL-10. Regarding atherosclerosis, both M1 and
M2 macrophages have been identified in human and
murine atherosclerotic lesions (4–6), and we recently
showed that the rupture-prone shoulder regions of
human atherosclerotic plaques are dominated by M1
macrophages (7). Since inflammatory mechanisms are
major contributors to plaque initiation, development,
and vulnerability, reprogramming the activation status
of macrophages to decrease the high inflammatory
burden may have therapeutic potential to fight compli-
cations of atherosclerosis (8).

Over the past decade, there has been great interest in
the inverse global prevalence of chronic autoimmune
diseases and helminth infection, linked to the so called
hygiene hypothesis (9). Helminths are eukaryotic par-
asitic worms that strongly modulate immune responses
in their hosts by induction of TH2 and regulatory T
(Treg) cells, anti-inflammatory cytokines, and AAMs
(M2a; ref. 10). During helminth infection, the IL-4-
induced AAMs are necessary to ensure host survival via
down-regulation of TH1 inflammatory responses that
are initiated by the schistosome eggs (11, 12). It has
been shown that helminths can be used to protect
against hyperinflammation seen in TH1-driven autoim-
mune disorders (9, 13). In animal models, infection
with live helminths or their eggs was beneficial in
experimental autoimmune encephalomyelitis (EAE;
ref. 14), type I diabetes (15), and colitis (16). At
present, the first results of small-scale human trials
show that infection with the pig whipworm Trichuris suis
beneficially improves remission in patients with inflam-
matory bowel disease (IBD; refs. 17–19) and multiple
sclerosis (MS; ref. 20, 21). However, as some live

parasitic worms may also cause detrimental side-effects
in their host, parasite-derived immune-modulating
components are potentially more suitable for therapeu-
tic use. In this aspect, several helminth-derived antigens
have already been shown to decrease disease progres-
sion of MS (22, 23) and diabetes type I (24) in mice.
Their efficacy in treating cardiovascular diseases, how-
ever, has not been investigated so far. In this study, we
assessed the effect of Schistosoma mansoni–derived solu-
ble egg antigens (SEAs) on macrophage function and
atherosclerosis development. SEAs are widely used an-
tigenic preparations from the crude extract of mature
schistosome eggs and contain a broad array of compo-
nents, such as proteins, glycoproteins, polysaccharides,
and glycolipids, that exert TH2- and M2a-driven im-
mune responses in vitro and in vivo (25).

MATERIALS AND METHODS

Mice

C57BL/6 wild-type and LDLR�/� mice (on a C57BL/6
background) were obtained from the animal breeding facility
at Maastricht University (Maastricht, The Netherlands). All
animal experiments were executed following the institutional
guidelines and were approved by the Ethical Committee for
Animal Welfare of the Maastricht University (permit 2008-
082).

SEAs

S. mansoni SEAs, solubilized in endotoxin-free phosphate-
buffered saline (PBS), were kindly provided by Fred Lewis
(Biomedical Research Institute, Rockville MD, USA) and
prepared as described previously (26). Briefly, SEAs were
prepared from homogenized eggs isolated from livers of S.
mansoni–infected mice. After ultracentrifugation of the crude
SEAs (100,000 g for 90 min at 4°C), the supernatant contain-
ing the SEAs was passed through a sterile 0.2-�m filter.
Protein concentration of SEAs was determined using the
Bradford method. SEAs alone did not induce dendritic cell
(DC) maturation, nor did they induce macrophage NF-�B
activation or cytokine secretion (data not shown), and they
were thus assumed to be endotoxin-free.

SEA treatment in LDLR�/� mice

In all animal experiments, the injection dose of SEAs per
mouse was determined as reported previously by others (23,
24, 27, 28). As SEAs are dissolved in sterile endotoxin-free
PBS, littermate control mice received injection with sterile
endotoxin-free PBS only. To investigate the immune modu-
latory effect of SEAs in vivo, LDLR�/� mice fed a high-
cholesterol diet (HCD; 16% fat, 0.15% cholesterol; AB Diets,
Woerden, The Netherlands) were weekly injected subcutane-
ously (s.c.) for 5 wk with 50 �g SEAs or control treatment
(n�20/group). To study atherosclerosis, LDLR�/� mice were
injected s.c. twice (d 0 and 7) with 50 �g SEAs or control
treatment before the animals were fed an HCD for another 10
wk, whereupon the mice were euthanized (n�20/group).
During the HCD period, mice received 50 �g SEAs or control
treatment s.c. weekly. Before the start of experiment, as well
as at 0, 5, and 10 wk of HCD, body weight was determined,
and blood was collected for further analysis.
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Atherosclerotic plaque quantification and scoring

Upon euthanasia, hearts were taken out, cut perpendicular to
the heart axis just below the atrial tips, and frozen in
Tissue-Tec (Shandon, Veldhoven, The Netherlands). The
aortic root was cut into sections of 7 �m, and serial cross-
sections from every 42 �m were stained with toluidin blue.
Lesion areas, as well as necrosis, were quantified on toluidin-
stained sections using Adobe Photoshop software (Adobe
Systems, San Jose, CA, USA). Moreover, plaques were pheno-
typically scored into early, moderate, or advanced. Early
plaques consisted mainly of macrophage-derived foam cells,
while moderate lesions also contained a protective fibrous
cap. Advanced lesions showed signs of media infiltration and
adventitial influx. Finally, lesions were pathologically exam-
ined for composition, i.e., collagen content, necrosis, foam
cell content, and amount of inflammatory cells.

Flow cytometry

Blood was collected, subjected to erylysis, and stained with
antibodies to distinguish leukocyte subsets. Absolute numbers
of circulating leukocytes were determined by flow cytometry
in combination with BD Trucount Beads (BD Biosciences,
San Jose, CA, USA). Leukocytes are described as CD45�, T
cells as CD45� CD3� NK1.1�, NK cells as CD45� CD3�

NK1.1�, B cells as CD45� CD3� NK1.1� B220�, granulocytes
as CD45� CD3� NK1.1� B220� CD11b� Ly6G�, and mono-
cytes as CD45� CD3� NK1.1� B220� CD11b� Ly6G�. Inflam-
matory and resident monocytes were divided as being
Ly6Chigh and Ly6C� respectively. T-helper cells were defined
as CD45� CD3� CD4�, cytotoxic T cells CD45� CD3� CD8�,
and Treg cells CD3� CD4� CD25� Foxp3�.

IL-10 and IL-12 production by peritoneal macrophages was
assessed after 6 h in vitro activation by 10 ng/ml lipopolysac-
charide (LPS) in presence of GolgiSTOP (1:2000; BD Biosci-
ences). Cytokine production in peritoneal cells was deter-
mined in macrophages as identified in the CD19� F4/80�

cell population.
All samples were measured on a FACS Canto II (BD

Biosciences). Antibodies applied are listed in Supplemental
Table S1.

Macrophage culture

Bone marrow-derived macrophages (BMDMs) were cultured
as described previously (29). Briefly, bone marrow cells were
isolated from femurs and tibiae of C57BL/6 mice and cul-
tured in RPMI 1640 (Life Technologies, Bleiswijk, The Neth-
erlands) with 10% heat-inactivated fetal calf serum (Bodinco
B.V., Alkmaar, The Netherlands), penicillin (100 U/ml),
streptomycin (100 �g/ml), and l-glutamine (2 mM; Gibco;
Invitrogen, Breda, The Netherlands; R10) supplemented with
15% L929-conditioned medium (LCM) for 8–9 d to generate
BMDMs. BMDMs were primed with 50 �g/ml SEAs for 24 h.
BMDMs primed with 20 ng/ml recombinant mouse IL-4
(Peprotech, London, UK) were used as positive controls for
M2a macrophages. Subsequently, BMDMs were activated with
10 ng/ml LPS for 3, 8, or 24 h. All data are representative of
�3 independent experiments, each time using triplicate wells
for every condition.

Resident peritoneal macrophages were obtained by flush-
ing the peritoneal cavity with 10 ml ice-cold sterile PBS,
followed by subsequent overnight adherence of macrophages
to plastic culture plates in RPMI 1640 medium (Life Tech-
nologies) with 10% heat-inactivated fetal calf serum (Bodinco
B.V.), penicillin (100 U/ml), streptomycin (100 �g/ml), and
2 mM l-glutamine (Gibco; Invitrogen; R10). After overnight

culture, nonadherent cells were removed, and the remaining
cells were restimulated with 50 �g/ml SEAs or 10 ng/ml LPS
for 24 h.

Immunohistochemical staining

Cryosections of the aortic root were fixed in acetone, followed
by incubation with antibodies against granulocytes (NIMP,
directed against Ly6G; a gift from P. Heeringa; University
Medical Center Groningen, Groningen, The Netherlands)
and newly recruited macrophages (ERMP-58; a gift from P.
Leenen; Erasmus University Medical Center, Rotterdam, The
Netherlands), followed by detection with a biotin-labeled
rabbit anti-rat antibody and staining with the ABC kit (Vector
Laboratories, Burlingame, CA, USA).

Cholesterol and triglyceride measurements

For size fractionation of lipoproteins, 60 �l of pooled plasma
(3 pools of 3 mice/group) was separated using an AKTA Basic
Chromotography System with a Superose 6PC 3.2/30 column
(Amersham Biosciences, Roosendaal, The Netherlands). To-
tal plasma cholesterol and triglyceride levels, as well as
cholesterol in lipoprotein fractions, were determined using
standard enzymatic kits according to manufacturer’s proto-
cols (Sigma-Aldrich, Zwijndrecht, The Netherlands).

Quantitative PCR (qPCR)

mRNA was isolated from BMDMs, peritoneal macrophages,
or splenocytes with the High Pure RNA Isolation Kit (Roche,
Woerden, The Netherlands) and from the aortic arch with
the Qiagen RNeasy mini column kit (Qiagen, Venlo, The
Netherlands) respectively. Total mRNA (500 ng) was reverse
transcribed using the iScript cDNA Synthesis Kit (Bio-Rad,
Veenendaal, The Netherlands). Quantitative PCR (qPCR)
was performed using 10 ng cDNA, 300 nM of each primer,
and sensiMix SYBR Hi-ROX (Bioline, Brussels, Belgium) in a
total volume of 20 �l. Gene expression levels were relatively
expressed and corrected for housekeeping genes acidic ribo-
somal phosphoprotein (ARBP) and cyclophilin. Primer
sequences were as follows: TNF-�, Fw 5=-CATCTTCTCAAAATTC-
GAGTGACAA-3= and Rv 5=-TGGGAGTAGACAAGGTACAACCC-
3=; IL-10, Fw 5=-GCTCTTACTGACTGGCATGAG-3= and Rv
5=-CGCAGCTCTAGGAGCATGTG-3=; IL-12, Fw 5=-GGTGCAAA-
GAAACATGGACTTG-3= and Rv 5=-CACATGTCACTGC-
CCGAGAGT-3=; inducible nitric oxide synthase (iNOS), Fw
5= -TTGCAAGCTGATGGTCAAGATC-3= and Rv 5= -
CAACCCGAGCTCCTGGAA-3=; CD68, Fw 5=-TGACCTGCTCTCT-
CTAAGGCTACA-3= and Rv 5=-TCACGGTTGCAAGAGAAACATG-
3=; vascular cell adhesion molecule-1 (VCAM-1), Fw
5= -GTGTTGAGCTCTGTGGGTTTTG-3= and Rv 5= -
TTAATTACTGGATCTTCAGGGAATGAG-3=; intercellular adhe-
sion molecule-1 (ICAM-1), Fw 5=-CTACCATCACCGTG-
TATTCGTTTC-3= and Rv 5=-CGGTGCTCCACCATCCA-3=;
cyclophilin Fw, 5=-TTCCTCCTTTCACAGAATTATTCCA-3= and
Rv 5=-CCGCCAGTGCCATTATGG-3=; macrophage mannose re-
ceptor (MMR), Fw 5=-CAACTCACTCAAGATTGTCAGCAA-3= and
Rv 5=-TGGCAGTGATGGCATGGA-3=; arginase 1 (Arg-1), Fw 5=-
CATGGGCAACCTGTGTCCTT-3= and Rv 5=-CGATGTCTTTG-
GCAGATATGCA-3=; Fizz-1, Fw 5=-CTGCCCTGCTGGGATGAC-3=
and Rv 5=-TCCACTCTGGATCTCCCAAGA-3=; chitinase 3-like 3
(Ym-1), Fw 5=TGGCCCACCAGGAAAGTACA-3= and Rv 5=-
AGTGGCTCCTTCATTCAGAAA-3=; ARBP, Fw 5=-GGAC-
CCGAGAAGACCTCCTT-3= and Rv 5=-GCACATCACTCA-
GAATTTCAATGG-3=.
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ELISA and NO assay

LPS-induced IL-10, IL-12p40, and TNF-� secretion was mea-
sured in the supernatant of the BMDM culture with ELISA
(Invitrogen) according to the manufacturer’s protocol. To
determine the activity of iNOS, NO2

� concentrations were
determined in the cellular medium using Griess reagent and
measured at 540 nm (Benchmark microplate reader; Bio-
Rad).

Adhesion assay

Macrophage adhesion assay was performed as described
previously (29). Briefly, a confluent monolayer of bEND5
endothelial cells (ECs) was grown in fluorescence 96-well
microplates (Greiner Bio-one, Frickenhausen, Germany).
ECs were activated with 40 ng/ml TNF-� for 4 h before the
adhesion experiment. BMDMs were primed with or without
50 �g/ml SEAs for 24 h, whereupon macrophages were
collected and fluorescently labeled with a PKH67 dye accord-
ing to the manufacturer’s instructions (Sigma-Aldrich). After
the ECs and BMDMs were incubated for 30 min, the wells
were washed 3 times with R10, and the adherence of BMDMs
was measured by fluorometry in a Synergy HT microtiter
plate reader (BioTek, Bad Friedrichshall, Germany) at an
excitation of 485 nm and emission of 520 nm. Data are
representative of 3 independent experiments; in each exper-
iment, 5 wells for all conditions were included.

Statistics

All statistical analyses were performed using Graphpad Prism
(GraphPad Software, Inc., San Diego, CA, USA). The statisti-
cal significance of differences was evaluated with Student’s
t test unless otherwise indicated. Data are presented as means 	 se.
Significance was accepted at the level of P 
 0.05. All mouse
data passed a normality test.

RESULTS

SEAs induce anti-inflammatory macrophages

To study the effect of SEAs on the macrophage pheno-
type, we examined M1 and M2 polarization features
after SEA vs. control treatment, followed by subsequent
LPS activation in BMDMs in vitro. BMDMs treated with

SEAs showed a decreased secretion of the proinflam-
matory factors IL-12, TNF-�, and NO2

� after LPS
activation (Fig. 1A–C). On the other hand, SEA pre-
treatment increased the production of the anti-inflam-
matory cytokine IL-10 on LPS activation (Fig. 1D). As
helminth infection is characterized by a marked induc-
tion of alternatively activated M2a macrophages via
IL-4R� signaling (30), we compared the expression of
acknowledged M2a genes in SEA- vs. IL-4-primed mac-
rophages. In contrast to IL-4 priming, which upregu-
lated the M2a genes Arg-1, MMR, and Ym-1, SEA-
treatment did not result in an induction of these genes
(Supplemental Fig. S1A–C). Thus, SEA treatment in-
duces macrophages with anti-inflammatory properties
in vitro that are distinct from alternatively activated M2a
macrophages.

To investigate whether SEAs also yield anti-inflamma-
tory macrophages under hyperlipidemic conditions in
vivo, LDLR�/� mice fed an HCD were treated weekly
with 50 �g SEAs or PBS for 5 wk (short-term treat-
ment). During the experiment, mice did not display
any health problems, and food intake and body weight
were equal between control and SEA-injected mice.
SEA-treated mice did not display any health concerns,
and no signs of inflammation or other abnormalities
were found in the organs after pathological examina-
tion on death. Since a key characteristic of schistosome
infection is the induction of TH2 T lymphocytes, the
T-cell polarization status was determined as proof of
principle. Relative numbers of circulating T cells were
unaffected (Fig. 2A), and we found a slight, although
significant, induction of TH2-related genes in SEA-
injected compared with PBS-injected mice, while TH1
and Treg genes were unaffected (Fig. 2B). In line with
our in vitro findings, peritoneal macrophages isolated
from SEA-treated mice displayed an anti-inflammatory
phenotype, as expression of LPS-induced IL-12 and
iNOS (Fig. 2C, D) was decreased and IL-10 (Fig. 2F) was
enhanced. Interestingly, IL-10 expression was signifi-
cantly augmented under nonactivated conditions in
macrophages from SEA-treated mice and even showed
an increase after restimulation with SEAs ex vivo. Again,
we did not find an up-regulation of alternative M2a
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Figure 1. SEAs induce anti-inflammatory macrophages in vitro. BMDMs were either left untreated (black lines) or primed
with 50 �g/ml SEAs (dotted lines) for 24 h, whereupon the cells were activated by 10 ng/ml LPS for 0, 3, 8, or 24 h
respectively. A–C) Secretion of the proinflammatory M1 factors IL-12 (A), NO2

� (B), and TNF-� (C) was reduced by SEA
priming, as measured in the cellular supernatant by ELISA or NO assay. D) Secretion of the anti-inflammatory M2 cytokine IL-10
was enhanced by SEA priming, as measured by ELISA. Data represent means 	 sem of triplicate wells of �3 independent
experiments. *P 
 0.05, **P 
 0.01.
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markers in peritoneal macrophages from SEA-treated
mice (Supplemental Fig. S1D–F). In agreement with an
anti-inflammatory macrophage profile, SEA treatment
significantly lowered the inflammatory status of the
circulating monocyte pool, as the ratio of inflammatory
Ly6Chigh vs. resident Ly6C� monocytes was decreased
compared with PBS-treated mice (Fig. 2F). Together,
these data show that SEA treatment induces a shift in
the inflammatory balance toward an anti-inflammatory
profile of monocytes and macrophages.

SEAs protect against atherosclerosis development

To examine the effect of SEAs on atherosclerosis
development, LDLR�/� mice were placed on a HCD
for 10 wk while treated weekly with PBS or 50 �g SEAs
(long-term treatment). Again, SEA-treated mice did not
display any health concerns or show any signs of
abnormalities on pathological examination. Food in-
take (data not shown) and weight gain (Table 1) were

comparable between PBS- and SEA-treated mice. Ath-
erosclerotic plaque size was reduced by 44% in SEA-
treated animals (Fig. 3A, B). Moreover, compared with
PBS-injected mice, SEA-treated animals showed a
strong reduction in lesion severity, as numbers of
advanced lesions were diminished, while early and
moderate plaques were significantly increased (Fig.
3C).

Atherosclerosis-protective effect of SEAs is mainly
cholesterol independent

As high plasma cholesterol levels are known to posi-
tively influence plaque development (31, 32), plasma
lipid parameters were analyzed to elucidate potential
mechanisms. Circulating triglyceride levels were unaf-
fected by SEA treatment, and no differences in plasma
cholesterol levels were observed between PBS and
SEA-treated animals on chow diet (Table 1). However,
after 5 and 10 wk of HCD, SEA-treated mice showed

Figure 2. Short-term SEA treatment induces a TH2 response and anti-inflammatory macrophages in vivo. LDLR�/� mice fed an
HCD were treated weekly with PBS or 50 �g SEA s.c. for 5 wk. A) No differences were observed in circulating levels of T cells
after SEA treatment. B) SEA-treated LDLR�/� mice show significant up-regulation of TH2 genes, while no difference in TH1 or
Treg gene expression was observed, as measured in splenocytes by qPCR. C–E) Peritoneal macrophages from SEA-treated
LDLR�/� mice show decreased expression of proinflammatory iNOS (C) and IL-12 (D) on 24 h LPS activation ex vivo, while
IL-10 gene expression (E) was significantly upregulated in unstimulated and LPS-activated conditions ex vivo (measured by
qPCR). F) SEA treatment diminished inflammatory Ly6Chigh blood monocytes while increasing the resident Ly6C� cells, as
measured by flow cytometry. All bars represent means 	 sem of 10 samples/group; ns, nonsignificant. *P 
 0.05, **P 
 0.01.

TABLE 1. Weight and plasma cholesterol and triglyceride levels in PBS- vs. SEA-treated mice

Time HCD Weight (g) Cholesterol (mM) Triglycerides (mM)

Before treatment 19.61 	 0.30 vs. 19.46 	 0.27 6.27 	 0.15 vs. 6.19 	 0.09 1.20 	 0.08 vs. 1.17 	 0.05
Before HCD 20.00 	 0.28 vs. 19.81 	 0.20 6.66 	 0.18 vs. 6.37 	 0.17 1.24 	 0.08 vs. 1.19 	 0.07
5 wk HCD 21.24 	 0.28 vs. 20.64 	 0.19 39.31 	 1.31 vs. 32.37 	 1.04*** 3.33 	 0.22 vs. 3.05 	 0.19
10 wk HCD 21.71 	 0.34 vs. 21.17 	 0.14 45.17 	 1.36 vs. 36.99 	 0.96*** 3.10 	 0.19 vs. 2.89 	 0.24

Comparisons are nonsignificant unless indicated. ***P 
 0.001.
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significantly reduced plasma cholesterol levels (by 17.5
and 18.1% respectively; Table 1), mainly in the VLDL-
and LDL-sized particles (Fig. 4A). Subsequently, we
tested whether the SEA-associated reduction in plasma
cholesterol was the main determinant of the attenuated
plaque formation by SEA treatment. After linear regres-
sion analyses of plasma cholesterol values in relation to
plaque size, no difference could be observed regarding
the slope of the curves, indicating an equal contribu-
tion of cholesterol in plaque development in both
groups (Fig. 4B). Interestingly, the intercept of both
curves was significantly different, indicating that at a
certain cholesterol level, plaques from SEA-treated
mice develop more slowly in comparison to plaques
from PBS injected mice. To confirm this, animals from
both groups with similar cholesterol exposure (range
35–45 mM) were selected, and plaque size was still
significantly reduced (Fig. 4C, D) in SEA-treated ani-
mals, thereby supporting the conclusion that SEA treat-
ment reduces atherosclerosis mainly independent of
cholesterol.

SEA treatment reduces systemic inflammation

As atherosclerotic plaques are characterized and formed
by the accumulation of inflammatory cells, circulating

leukocytes were analyzed by flow cytometry. SEA treat-
ment decreased total leukocyte numbers (CD45� cells)
by 24% (Fig. 5A). No significant effects were seen on
absolute numbers of circulating NK cells, B cells and T
cells, and their subsets (Supplemental Fig. S2A–E).
Surprisingly, in contrast to 5 wk of SEA treatment (Fig.
2B), long-term treatment did not show a clear T-cell
polarization profile, as TH1, TH2, and Treg gene expres-
sion, as well as Treg-cell numbers, were unaffected
(Supplemental Fig. S2F, G). Interestingly, the reduc-
tion in total number of circulating leukocytes was
mainly attributable to changes in cells of the myeloid
lineage, as both circulating granulocytes (Fig. 5B) and
monocytes (Fig. 5C) were significantly decreased. Re-
garding the latter, SEA treatment significantly dimin-
ished inflammatory Ly6Chigh monocytes both in
blood (Fig. 4D, E) and spleen (Supplemental Fig,
S3A). Decreased circulating monocytes and the
Ly6Chigh subset was found to be independent of
cholesterol lowering, as analyzed in mice from both
groups with similar cholesterol exposure (Supple-
mental Fig S3B, C). Again, peritoneal macrophages
from SEA-treated mice produced significantly more
IL-10, as measured by intracellular flow cytometry
(Fig. 4F, G) and at gene expression level (Supple-

Figure 3. SEA treatment reduces atherosclerosis development. LDLR�/� mice fed an HCD were treated weekly with PBS or 50
�g SEAs s.c. for 10 wk. A, B) Plaque size was determined on cryosections of the aortic roots and found to be significantly reduced
in SEA-treated mice, as determined by toluidin blue staining of the aortic root. A) Representative images. B) Quantification. Bars
represent means 	 sem of 20 animals/group. ***P � 0.0001. C) Plaque progression was reduced after SEA treatment. Statistics
�2 P 
 0.001.

Figure 4. SEA treatment reduces atherosclerosis, independent of lowering plasma cholesterol. LDLR�/� mice fed an HCD were
treated weekly with PBS or 50 �g SEAs s.c. for 10 wk. A) Decreased cholesterol at wk 10 of HCD in SEA-treated mice is especially
observed in VLDL and LDL fractions (measured in pooled plasma samples, n�3/group). B) Linear regression analyses of
plasma cholesterol and plaque size showed a significant difference in intercept of regression lines. Bars represent means 	 sem
of 20 animals/group. P � 0.007. C, D) After selecting mice with similar cholesterol exposure (range 35–45 mM; C) in both the
PBS- and SEA-treated groups, plaque size (D) was still significantly reduced in SEA- vs. PBS-treated mice. Bars represent means 	 sem of
8 animals/group. **P 
 0.01.
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mental Fig. S3D), while LPS-induced TNF-� gene
expression was decreased (Supplemental Fig. S3E).
Together, these data show that SEAs reduce circulat-
ing numbers as well as the inflammatory status of
myeloid cells systemically.

Intraplaque inflammation is reduced by SEA
treatment

Next, we assessed whether the systemic immune modula-
tion was also reflected in the atherosclerotic plaques. By
pathological examination, we found plaques from
SEA-treated mice to feature decreased plaque necro-
sis, less activated endothelium, and attenuated ad-
ventitial inflammation (Supplemental Fig. S4). More-
over, in line with the observed systemic effects,
plaques from SEA-treated mice featured less small
inflammatory macrophages, granulocytes, and re-
duced monocyte adhesion. On detailed quantifica-

tion, necrotic core and neutrophil content (NIMP1�

cells) were found to be decreased by SEA treatment
by 46 and 45%, respectively (Fig. 6B, C). Moreover,
newly recruited myeloid cells in the plaques, as
analyzed by ERMP-58 staining (33), were reduced by
39% in SEA-treated mice (Fig. 6D), and gene expres-
sion in the aortic root showed significantly decreased
CD68 expression (Fig. 7A), both indicative of re-
duced accumulation of macrophages on SEA treat-
ment. Furthermore, TNF-� expression (Fig. 7B) was
downregulated in arches from SEA-treated mice, as
were ICAM-1, VCAM-1, and MCP-1 mRNA expression
(Fig. 7C–E).

As these data point toward reduced monocyte
adhesion in lesions after SEA treatment, adhesion of
macrophages to endothelial cells was studied in vitro.
Interestingly, SEA-treated macrophages showed less ad-
herence to activated endothelium compared with con-
trols (Fig. 7F, G).
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DISCUSSION

In this study, we show that treatment with S. mansoni
SEAs highly protects against cholesterol-induced ath-
erosclerosis development. Our results show that besides
lowering plasma cholesterol levels, SEAs mainly act
atheroprotective by alleviating the hyperlipidemia-in-
duced proinflammatory status, as we found SEAs to
decrease total circulating leukocytes, predominantly
granulocytes and monocytes, and to skew these cells
toward an anti-inflammatory phenotype. In line with
this finding, atherosclerotic lesions of SEA-treated ani-
mals showed a strongly decreased inflammatory plaque
burden.

Schistosomes and schistosome-derived antigens are
known strong immune modulators (34). Schistosome
eggs and their soluble products induce an intense TH2
bias in their host (35), and macrophages are polarized
toward alternatively activated M2a macrophages (34).
Moreover, helminth antigens have been shown to in-

hibit proper maturation and activation of DCs, which
augments TH2 responses both in vivo and in vitro (36).
During chronic helminth infection, Treg cells are in-
duced and high levels of IL-10 are secreted by cells of
both the innate and adaptive immune system, which
suppress further immune responses (34). As a conse-
quence of these immune-modulating effects, infection
with helminths and the administration of their antigens
have been shown to counteract inflammatory responses
and improve the outcome of chronic inflammatory
diseases, such as colitis (16), multiple sclerosis (14),
type I diabetes (15), etc. Interestingly, immune damp-
ening by helminths and their products via Treg and
IL-10 induction has also been shown to suppress im-
mune reactivity to nonhelminth antigens, such as aller-
gens or self-antigens (34). Thus, these findings postu-
late valuable applications of helminths and their
antigens in the prevention of autoimmune and chronic
inflammatory diseases.

Figure 6. Intraplaque inflammation is decreased after SEA treatment. A, B) SEA treatment reduced plaque necrosis, as
determined on toluidin blue section of the aortic roots. C, D) Lesions from SEA-treated mice showed less plaque neutrophils,
as determined by NIMP1 staining. E, F) Plaques from SEA-treated mice showed less recruitment of myeloid cells, as determined
by ERMP58 staining. Bars represent means 	 sem of 20 animals/group. All were measured by immunohistochemistry. *P 
 0.05,
**P 
 0.01.
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Regarding cardiovascular diseases, Assaad-khalil et al.
(37) were the first to report reduced incidence of
atherosclerosis in patients with schistosomal infections.
Later, Doenhoff et al. (38) showed that murine plaque
formation was diminished by 50% after S. mansoni
worm infection, and this was mainly attributed to
reduced blood cholesterol levels. In contrast, La
Flamme et al. (39) could not find reduced plaque size
after chronic S. mansoni egg exposure in ApoE�/� mice
fed a western-type diet, although they also reported
reduced plasma cholesterol concentrations. Potentially,
the use of dead schistosome eggs in the latter study
could explain the observed differences between the
studies, and the researchers suggested that the protec-
tive effects on atherosclerosis cannot be replicated
without exposure to live helminths (39). However, in
this study, we are the first to show that treatment with
helminth-derived antigens itself leads to a great reduc-
tion in plaque size and progression in hypercholester-
olemic LDLR�/� without causing side effects. As high
cholesterol levels are positively correlated with plaque
growth, while reduction in plasma cholesterol values is
related to plaque regression (31, 32), the reduced
cholesterol levels we observe after SEA treatment may

partly explain the diminished plaque size in our study.
However, our data suggest that SEAs mainly protect
against atherosclerosis development in a non-lipid-
related effect but instead by alleviating the proinflam-
matory systemic response, as mice with similar choles-
terol exposure still showed a strong reduction in plaque
size after SEA treatment. Moreover, foam cell forma-
tion was not affected by SEA priming (data not shown).
Treating LDLR�/� mice with SEAs strongly reduced
inflammatory Ly6Chigh monocytes, which are known to
increase dramatically on high-fat feeding of mice (40,
41) and to be the key precursors to the majority of
plaque macrophages (41). Coinciding with the reduced
number of circulating inflammatory monocytes and
granulocytes, SEA treatment abrogated recruitment
and accumulation of myeloid cells in the plaques. In
addition, plaques from SEA-injected mice showed re-
duced cellular adhesion to endothelial cells and damp-
ened lesional expression of ICAM1, VCAM1, and
MCP-1. We are the first to show that SEAs specifically
target cells of the myeloid lineage and thereby have
great beneficial effects on inflammatory mechanisms
contributing to atherosclerosis development.

Another key finding in our study is the observed
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induction of anti-inflammatory macrophages after in
vitro and in vivo SEA treatment, characterized by de-
creased production of proinflammatory mediators and
high levels of IL-10. IL-10 is a known strong antiathero-
genic cytokine, and overexpressing IL-10 through in-
tramuscular gene transfer inhibited neointima forma-
tion by 45% in hypercholesterolemic APOE*3-Leiden
mice (42). Interestingly, similar reductions in lesion size
were observed after transplanting IL-10-overexpressing
macrophages to hyperlipidemic LDLR�/� mice (43).
Thus, increased IL-10 production by macrophages on
SEA treatment may likely contribute to the strong athero-
protective properties of SEAs in our study.

Regarding changes in cytokine production in macro-
phages, similar observations were made in DCs, where
SEAs decreased LPS-induced IL-12 and TNF-� while
increasing IL-10 (24) in a TLR2-, MyD88-, and MAPK-
ERK1/2-dependent manner (20, 44). Moreover, com-
ponents of SEAs have been shown to activate NF-�B
only transiently, in comparison to the persistent NF-kB
activation by LPS (45). Relating to mostly DC and T-cell
work, SEAs and derivatives have been shown to bind to
a wide array of cell surface receptors, such as TLRs
(TLR2, 3, and 4) and C-type lectins [DC-SIGN, MMR,
macrophage galactose lectin 1 (MGL1), and galectin 1
and 3], and thereby to activate a multitude of intracel-
lular pathways (13). The receptors and signaling path-
ways mediating the effect we observe in macrophages
need to be further elucidated in the future.

In contrast to previous studies (10, 12, 46), macro-
phages from SEA-treated mice did not show up-regula-
tion of any markers of alternative M2a macrophage
activation in our study, although a modest TH2 T cell
polarization was observed on short term SEA treatment.
Instead, we found a general anti-inflammatory M2
macrophage phenotype on SEA treatment, character-
ized by high IL-10 production and diminished IL-12,
NO, and TNF-� secretion. Long-term SEA treatment
resulted in a similar macrophage phenotype, while the
TH2 response faded during chronic SEA injection.
Diminished TH2 responses during chronic treatment
are also seen during chronic life helminth infection
(47). Together, these data imply that our observed
macrophage profile is largely independent of T-lym-
phocyte responses. Possibly, the C57BL/6 background
of the LDLR�/� mice in our studies has dampened TH2
skewing, as most helminth studies are performed in
BALB/c mice, which are known to develop more robust
TH2 T-cell skewing and M2a macrophage responses
than C57BL/6 mice (48). In addition, the hyperlipid-
emic feeding of the LDLR�/� mice potentially further
dampens TH2 skewing, while pushing it more into a
proinflammatory response. Regarding the strain diver-
sity, Burton et al. (49) showed differential expression of
SEA-binding recognition receptors on T cells of BALB/c
and C57BL/6 mice, thereby revealing dissimilarities in
cellular binding and subsequent cellular responses in cells
of different mouse strains. It is tempting to speculate
that a similar strain-dependent difference exists in cells
of the myeloid lineage, which could partly explain the

non-M2a macrophage phenotype observed in this
study.

As SEAs are a complex mixture of both secretory and
structural products of the helminth eggs (47), identify-
ing and functionally characterizing components of this
mixture may in the future contribute to novel and more
specific inflammation-suppressing tools (22). The high
glycosylation rate of SEA proteins, often with unique
sugar combinations that are not found in mammals, is
suggested to contribute to the immunomodulatory
functions of SEAs (50). For example, the glycoprotein
�-1 present in SEAs has been shown to elicit TH2 and
Treg responses comparable to those seen during worm
infection (51, 52). Furthermore, the glycan lacto-N-
fucopentaose III (LNFPIII) was found to induce TH2
responses (53) and alternatively activated macrophages
in vivo (54) and to be protective against psoriasis (55)
and EAE development (56). Interestingly, Bhargava et
al. (57) recently reported the utility of LNFPIII in
targeting metabolic syndrome-related pathologies, as
obese mice treated with LNFPIII showed improved
insulin sensitivity, decreased inflammation in white
adipose tissue, and suppressed lipogenesis in the liver.
Also here, a strong induction of IL-10-producing mac-
rophages and DCs was observed, which was suggested to
play important functions in reducing adipose tissue
inflammation and sensitizing the insulin response of
adipocytes.

Taken together, our results show that systemic repro-
gramming of monocytes and macrophages to an anti-
inflammatory profile strongly reduces atherosclerotic
plaque development. Future research should focus on
identifying the specific antiatherosclerotic components
of SEAs and other helminth-derived products with
similar immune modulatory capacities to open the gate
for the development of novel therapeutic tools to treat
chronic inflammatory diseases like atherosclerosis.
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