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Summary

 

Atherosclerosis is associated with activation of the immune system. Intrave-
nously applied normal polyclonal immunoglobulins (IVIg) have broad
therapeutic applications in the treatment of autoimmune and systemic
inflammatory diseases. Recently, IVIg have been shown to inhibit atherogen-
esis in experimental animal models. To investigate the role of the complement
system  in  this  process,  we  used  third  complement  component-deficient
(C3

 

–/–

 

)  and  control  atherosclerosis-prone  apolipoprotein  E  (ApoE)  and
low-density lipoprotein receptor (LDLR) double knock-out mice fed a
normal diet. IVIg treatment reduced lesion fraction area in the aortic root of
complement-sufficient mice whereas the lesion fraction area of C3

 

–/–

 

 mice was
not affected. Thus, complement activation plays a role in the anti-atheroscle-
rotic effects of IVIg, possibly by C3-derived fragments generated through Fc-
dependent complement activation.
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Introduction

 

Atherosclerosis is a multi-factorial process in which suben-
dothelial lipids accumulate in large arteries. The pathogene-
sis involves disturbed lipoprotein metabolism and immune
activation. Macrophages and T lymphocytes infiltrate the
artery wall, and autoantibodies to oxidized low-density lipo-
protein (LDL) [1] and activated complement components
[2–5] are also found in atherosclerotic lesions.

Intravenously applied normal polyclonal immunoglobu-
lins (IVIg) have broad therapeutic applications in the treat-
ment of infectious, autoimmune and systemic inflammatory
diseases [6–8]. Immunomodulation by IVIg administration
has been shown to effectively inhibit the progression of ath-
erosclerosis both during fatty streak and plaque phases, pos-
sibly by the modulation of T cell activation and/or antibody
production [9]. This work has been extended further by
recent findings of Yuan and coworkers that the atheropro-
tective effect of IVIg is mediated by the Fc-portion of Ig [10].

To investigate the role of the complement system in this
process, we used third complement component-deficient
(C3

 

–/–

 

) and complement-sufficient control atherosclerosis-
prone apolipoprotein E (ApoE) and low-density lipoprotein
receptor (LDLR) double knock-out mice fed a normal diet.

The IVIg treatment led to a reduction of lesion fraction area
in the aortic root of the complement-sufficient mice,
whereas it was not affected in C3

 

–/–

 

 mice. Thus the comple-
ment system plays a role in the anti-atherogenic effects of
IVIg.

 

Materials and methods

 

Mice

 

C3

 

–/–

 

 [11] mice were crossed with ApoE

 

–/–

 

 LDLR

 

–/–

 

 [12] mice.
Male C3

 

–/–

 

ApoE

 

–/–

 

LDLR

 

–/–

 

 and C3

 

+

 

/

 

+

 

ApoE

 

–/–

 

LDLR

 

–/–

 

 siblings
from the mating of C3

 

+

 

/–

 

ApoE

 

–/–

 

LDLR

 

–/–

 

 parents were used
for paired comparison to minimize the effect of other genes
on the mixed genetic background (C57BL/6 J/129Ola). The
mice were fed standard mouse chow. The study was
approved by the ethics committee at Göteborg University.

 

Biological immunomodulator IVIg

 

When reconstituted for therapeutic use, Sandoglobulin®
(Swiss  Red  Cross,  Bern,  Switzerland)  contains  50 mg/ml
of  IgG,  25–35 mg/ml  sucrose,  6–10 mg/ml  glucose  and
40–100 m

 

M

 

 NaCl (osmolality 515 mosmol). For this study, a
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stock solution of 100 mg/ml (0·6 mM) of IVIg was prepared
as described elsewhere [9].

 

IVIg treatment

 

Male C3

 

+

 

/

 

+

 

 (

 

n

 

 

 

=

 

 5) and C3

 

–/–

 

 (

 

n

 

 

 

=

 

 5) ApoE

 

–/–

 

LDLR

 

–/–

 

 mice
received intraperitoneal injections of 10 mg IVIg daily over a
5-day period at the ages of 6 and 11 weeks and were killed at
16 weeks of age. This experimental paradigm was shown
previously to reduce the atherosclerotic lesion size in
ApoE

 

–/–

 

 mice on a cholesterol-rich diet [9]. Age-matched,
uninjected C3

 

–/–

 

ApoE

 

–/–

 

LDLR

 

–/–

 

 and complement-sufficient
ApoE

 

–/–

 

LDLR

 

–/–

 

 male mice were used as control groups, as it
has been shown that mice injected with human serum albu-
min (HSA) instead of IVIg have lesions fully comparable to
uninjected mice [9].

 

Processing and analysis of the aorta

 

The vasculature was perfused with sterile phosphate-
buffered saline (PBS). The heart and 2 mm of the ascending
aorta were snap-frozen in optimal cutting temperature
(OCT) embedding medium and cryosections cut from the
aortic root. Four 10-

 

µ

 

m sections were collected at 100-

 

µ

 

m
intervals starting 100 

 

µ

 

m from the origin of the aortic valve
cusps. Formaldehyde-fixed sections were stained with Oil
Red O (Sigma-Aldrich, St Louis, MO, USA) and haematox-
ylin, and lesion size was analysed as described [9].

 

Histology and immunohistochemistry

 

Acetone-fixed aortic root sections were incubated with 1%
(w/v) bovine serum albumin in PBS containing 0·05%
Tween-20, and stained with rat anti-mouse monocyte and
macrophage marker MOMA-2 (Serotec, Oxford, UK) or rat
anti-mouse Fc

 

γ

 

 receptor (CD32, Fc

 

γ

 

R) (BD Pharmingen,
San Diego, CA, USA) antibodies. The antibodies were
detected using biotin-conjugated rabbit anti-serum against
rat immunoglobulins (Dako A/S, Glostrup, Denmark) fol-
lowed by ABC Vectastain Elite kit (Vector Laboratories, Bur-
lingame, CA, USA) and visualized by 3,3

 

′

 

-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich). For each lesion, cells
positive for Fc

 

γ

 

R were recorded per total number of cells.
Staining with MOMA-2 was registered as stained surface
area (MOMA-2-stained surface/total lesion surface) rather
than number of positive cells, since borders between individ-
ual cells could not be identified.

 

Statistical analysis

 

Data were analysed by using SPSS 10·0 and Statview 5·0 soft-
ware. A paired Wilcoxon signed-rank test was used to assess
the effect of genotype. An unpaired Mann–Whitney 

 

U

 

-test
was used to assess the effect of IVIg treatment. The results are
presented as individual values and median. Differences were
considered statistically significant at 

 

P

 

 

 

<

 

 0·05.

 

Results

 

IVIg treatment leads to reduced atherosclerosis in 
complement-sufficient but not in C3

 

–/–

 

 mice

 

In serial sections of the aortic root, the Oil Red O-stained
lesions of untreated C3

 

–/–

 

, C3

 

+

 

/

 

+

 

 as well as IVIg-treated C3

 

–/–

 

mice covered 11–13% of the aortic root. C3

 

+

 

/

 

+

 

 mice injected
with IVIg showed a nearly 50% reduction of lesion forma-
tion (

 

P

 

 

 

<

 

 0·05) with 7% of the cross-section area covered by
lesions (Fig. 1).

 

Fig. 1.

 

Normal polyclonal immunoglobulins (IVIg) treatment reduces 

atherosclerotic lesion size in the aortic root. Third component-deficient 

(C3

 

–/–

 

)apolipoprotein E (ApoE)

 

–/–

 

low density lipoprotein receptor 

(LDLR)

 

–/–

 

 and C3

 

+

 

/

 

+

 

ApoE

 

–/–

 

LDLR

 

–/–

 

 mice were injected with IVIg. Unin-

jected age-matched mice were used as control. (a) Oil Red O staining of 

cross-sections of the aortic root. (b) Oil Red O-stained lesion fraction 

area was measured on cryosections of the aortic root. Horizontal bars 

represent sample median. *
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Increased inflammatory cell infiltration in all 
IVIg-treated mice

 

The proportion of lesion area stained by the monocyte and
macrophage marker MOMA-2 was increased by 40% in
IVIg-treated control mice compared to the uninjected con-
trol mice (

 

P

 

 

 

<

 

 0·05). The same effect of the IVIg treatment
was observed in the C3

 

–/–

 

 mice (P 

 

<

 

 0·05). The comparison of
the injected C3

 

–/–

 

 

 

versus

 

 injected control mice showed no dif-
ference between the two groups (

 

P

 

 

 

=

 

 0·8927), thus giving
further support to the conclusion that the IVIg modulation
of macrophage/monocyte infiltration of the lesion is not
mediated by complement activation (Fig. 2).

 

Fcγγγγ

 

 receptor (CD32) expression is not affected by C3 
deficiency or IVIg treatment

 

The Fc receptors for IgG (Fc

 

γ

 

 R) play a critical role in immu-
nity by linking the IgG antibody-mediated responses with
cellular effector and regulatory functions of the immune sys-
tem [13]. Fc

 

γ

 

 R (CD32) was expressed in lesions of both
C3

 

–/–

 

 and control mice. The distribution pattern did not dif-
fer between lesions of C3

 

–/–

 

 and control mice, and was not
affected by IVIg treatment (data not shown).

 

Discussion

 

It has been shown previously that administration of IVIg
inhibits atherosclerosis in ApoE-deficient mice [9,10]. The
immunomodulatory functions of the IVIg preparations
seem to be responsible for this effect, as the IVIg injections
were associated with anergization of T cells and reduction of
IgM against oxidized LDL, whereas serum lipid levels were
not affected [9,10]. We have reported previously that C3
deficiency leads to the formation of larger atherosclerotic
lesions as assessed in 

 

en face

 

 preparations of the aorta,
whereas the lesion size in cross-sections of the aortic root
was not different from control ApoE

 

–/–

 

LDLR

 

–/–

 

 mice [14].
Similarly, Buono and coworkers reported a larger lipid pos-
itive area in 

 

en face

 

 preparations of descending aorta but not
in cross-sections of proximal aorta of C3

 

–/–

 

LDLR

 

–/–

 

 mice
[15]. Serial cryosections of the aortic root were used for eval-
uation of the affect of IVIg treatment on the formation of
atherosclerotic lesions, because lesion size in cross-sections
of the aortic root appears to be an atherogenesis parameter
that is not affected primarily by C3 deficiency. By selecting
such an evaluation paradigm, we were able to compare not
only the injected 

 

versus

 

 uninjected groups, but also the
injected C3

 

–/–

 

 

 

versus

 

 the injected control mice.
The principal finding of this study is that IVIg treatment

inhibits progression of atherosclerotic lesions by a com-
plement-dependent mechanism. Our study confirms that
IVIg treatment has anti-atherosclerotic effects; however,
these  were  seen  only  in  complement-sufficient  but  not
in C3-deficient ApoE

 

–/–

 

LDLR

 

–/–

 

 mice. Interference with

complement-mediated tissue damage, possibly by scaveng-
ing C3b and C4b, has been posited earlier in the literature as
one of the possible mechanisms for the immunomodulatory
effects of IVIg in autoimmune diseases associated with exces-
sive complement activation [16–21]. This explanation for
the anti-atherogenic effects of IVIg seems unlikely in the
light of findings from our as well as other laboratories, that
the lack of C3 does not lead to the reduction of lesion size as
assessed in cross-sections of the aortic root [14,15]. Instead,
it is likely that systemic activation of the complement cascade
by IVIg leads to a systemic rather than local modulation of
the host’s immune response. This reasoning is also consistent
with the fact that IVIg treatment has been shown to amelio-

 

Fig. 2.

 

Normal polyclonal immunoglobulins (IVIg) treatment increases 

macrophage/monocyte accumulation in the atherosclerotic lesions in 

the aortic root. (a) MOMA-2 staining of cross-sections of the aortic root 

from IVIg-treated and untreated third component-deficient (C3

 

–/–

 

) 

apolipoprotein E (ApoE)

 

–/–

 

low density lipoprotein receptor (LDLR)

 

–/–

 

 

and C3

 

+

 

/

 

+

 

ApoE

 

–/–

 

LDLR

 

–/–

 

 mice. (b) MOMA-2 positive fraction area was 

measured on lesions on cryosections of the aortic root. Horizontal bars 

represent sample median. *
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rate efficiently a number of autoimmune and systemic
inflammatory diseases [6–8].

Intravenous Ig activates complement 

 

in vitro

 

 as well as

 

in vivo

 

 [19,22,23]. The Fc portion of IgG, which is the main
constituent of IVIg preparation, is a potent activator of the
classical pathway of complement activation. Upon comple-
ment activation, C3b becomes bound covalently to both
Fab and Fc portion of IgG [24,25]. Through binding to
complement receptors with affinity for C3b or its degrada-
tion products, the IgG-bound C3b or fragments thereof
may regulate a number of immune functions such as
phagocytosis, activation and proliferation of B lymphocytes,
cell adhesion and cytotoxicity. Indeed, modulation of sev-
eral of these functions, such as the recruitment of mononu-
clear leucocytes mediated by vascular leucocyte-adhesion
molecules [26–28], chemokine production [29], antibody
production [30–32] and differentiation of monocytes to
macrophages [33] has been shown to ameliorate atheroscle-
rosis in animal models. In support of this, a recent study
demonstrated that intact IVIg, but not F(ab

 

′

 

)

 

2

 

 inhibit
atherosclerosis in ApoE

 

–/–

 

 mice [10]. The anti-atherogenic
effect was associated with reduced titre of IgM antibodies to
oxidized LDL [9], suppressed macrophage accumulation
[9,10] and reduced T-cell activation [9,10]. Our data show
that the anti-atherosclerotic effects of IVIg are mediated,
at least partly, by complement. Taken together, it is
conceivable that C3-derived fragments generated through
Fc-dependent complement activation and complement
receptor signalling are involved in this process. Interestingly,
we found that the expression of CD32 (Fc

 

γ

 

 R) in the lesions
was not affected by lack of C3 or IVIg treatment. This
would mean that IVIg inhibits atherogenesis by an Fc-
portion-dependent mechanism different from the anti-
inflammatory activity of IVIg in autoantibody-triggered
inflammatory diseases in which the protective effect appears
to be mediated through the induction of inhibitory Fc
receptor expression on effector cells [34].

Our results show that the IVIg treatment is associated with
an increased infiltration of the lesions with macrophages/
monocytes, but this effect of IVIg does not seem to be medi-
ated by complement activation. The finding of increased
infiltration with macrophages/monocytes in mice that
received IVIg is in contrast with reports showing reduction
in macrophage accumulation and no effect on inflammatory
infiltrate, respectively [9,10]. This discrepancy is probably
caused by differences in experimental models (ApoE

 

–/–

 

 mice
on high fat diet 

 

versus

 

 ApoE

 

–/–

 

LDLR

 

–/–

 

 mice on normal
chow) and the evaluation paradigms such as antibodies
against different markers (anti-Mac3, MOMA-2 and anti-I-
A

 

b

 

, respectively) labelling distinct subsets of inflammatory
cells (tissue macrophages, monocytes/macrophages and
MHC class II positive cells, respectively), and counting of
positive cells 

 

versus

 

 positively stained lesion areas used in
these three studies.

In conclusion, the complement system plays a role in anti-

atherosclerotic effects of IVIg. IVIg treatment is associated
with an increased accumulation of macrophages/monocytes
in the lesions, although this does not appear to be mediated
by complement activation products.
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