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SUMMARY

 

Normal human immunoglobulin G (IgG) has anti-inflammatory and immuno-regulatory properties,
which are exploited in the therapy of selected diseases. A putative mechanisms of action is the direct
regulation of endothelial cell function by natural antiendothelial cell antibodies. Endothelium activa-
tion is a critical event in atherosclerosis. We have verified the ability of normal human IgG to modulate
endothelial responses to the atherogenic stimuli tumour necrosis factor-

 

a

 

 (TNF

 

a

 

) and oxidized low-
density lipoproteins (oxLDL) 

 

in vitro

 

. Confocal microscopy was used to visualize vascular cell adhesion
molecule-1 (CD106) expression on endothelial cells, cytoplasmic free calcium ([Ca

 

++

 

]

 

i

 

) modifications
and fluorescein-coupled oxLDL internalization. Cytokine secretion was measured by ELISA on cell
supernatants. IgG prevented TNF

 

a

 

 induced CD106 membrane expression and an increase in [Ca

 

++

 

]

 

i

 

,
and inhibited the secretion of interleukin-6 (IL-6) and macrophage-colony-stimulating factor (M-CSF).
IgG also inhibited CD106 expression induced by oxLDL and one pathway of their internalization, but
were ineffective on oxLDL induced [Ca

 

++

 

]

 

i

 

 rise and apoptosis. F(ab)

 

¢

 

2

 

 fragments from IgG, but not mon-
oclonal IgG, reproduce IgG effects. These findings point to a regulatory role for specific antibodies
included in circulating normal IgG towards proinflammatory responses of endothelial cells in athero-
genesis and suggest possible development of new therapeutic strategies.
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INTRODUCTION

 

Normal human IgG has anti-inflammatory and immunomodula-
tory properties well demonstrated 

 

in vivo

 

 and 

 

in vitro

 

. We have
previously reported that normal IgG pools and single healthy
donor IgG contains natural antiendothelial cell antibodies
(AECA) [1] that interact with living endothelial cell (EC) mem-
brane, are internalized by a process similar to ligand-receptor
endocytosis [2,3] and modulate EC basal secretion of thrombox-
ane and endothelin-1 with an anti-inflammatory effect [4]. We
have also shown that IgG inhibits EC response to TNF

 

a

 

 in terms
of secretion of metalloprotease 9 [5], an effect potentially relevant
to atherosclerosis, as metalloproteases are involved in plaque
matrix remodelling. We have thus addressed the question of

whether IgG modulates specific endothelial functions involved in
atherogenesis. Dyslipidaemia, vascular inflammation and infec-
tions are known to be involved in the development of atheroscle-
rosis through complex processes in which endothelial cells, rather
than merely targets, are active elements [6]. Exposed to lipopro-
teins, shear stress, glycosylated proteins, hypertension, smoke
components, and microorganisms, EC become activated and con-
tribute to the selective recruitment of monocytes and T lympho-
cytes. This events, together with the subendothelial deposition of
oxidized low-density lipoproteins (oxLDL), constitute an early
step in atheroma formation [7,8]. Autoimmune reactions trig-
gered by infectious or endogenous antigens are involved in the
development of atherosclerotic lesions [9]. However induced,
activation of endothelial cells entails the expression of adhesion
molecules and the secretion of cytokines, chemokines and growth
factors. Intercellular adhesion molecule-1 (CD54) and CD106,
which interact with leucocyte receptors leucocyte function anti-
gen-1 (CD11a/CD18) and very late antigen-4 (CD49D), respec-
tively, are present in human atherosclerotic plaques [10,11] and in
animal models of accelerated atherosclerosis [12]. In particular



 

220

 

N. Ronda 

 

et al.

 

© 2003 Blackwell Publishing Ltd, 

 

Clinical and Experimental Immunology

 

, 

 

133

 

:219–226

 

CD106 has been detected in lipidic striae, before the accumula-
tion of monocytes [13]. M-CSF and IL-6 produced by EC are
present in atherosclerotic plaques and are involved in monocyte
accumulation and activation.

The role of oxLDL is widely recognized in the atherosclerotic
process, and various mechanisms of action have been demon-
strated: induction of CD106 expression on EC membrane [14];
stimulation of M-CSF and monocyte chemoattractant protein-1
(MCP-1) secretion by EC [15]; induction of apoptosis in EC [16];
activation of macrophages to secrete cytokines [17]; overloading
of macrophages with subsequent foam cell formation [18]; and
release of enzymes and oxidant molecules [19].

TNF

 

a

 

, secreted by activated macrophages, increases proco-
agulant activity of EC, induces EC expression of CD106 and
secretion of M-CSF and IL-6 by vascular cells, stimulates smooth
muscle cell proliferation, thus amplifying the inflammatory-
atherogenic process.

In this study we investigated whether normal human IgG
interferes with EC responses to TNF

 

a

 

 and oxLDL by analysing
intracellular free calcium ([Ca

 

++

 

]

 

i

 

) modifications, CD106 expres-
sion, IL-6 and M-CSF secretion, and oxLDL internalization in
living endothelial cells. We utilized an IgG concentration in the
low range of normal serum, previously demonstrated to induce a
marked, although not maximal, regulation of endothelial cell
function, in studies evaluating dose-dependent effects of IgG
[4,5]. We also studied the effect of F(ab)

 

¢

 

2

 

 fragments from normal
IgG, and IgG with a predominant monoclonal component from a
patient with multiple myeloma.

 

MATERIALS AND METHODS

 

Endothelial cell culture

 

EC were obtained from umbilical cord by collagenase digestion
and cultured in DMEM with 20% fetal bovine serum (FBS) [1].

 

Sources of normal IgG

 

Normal human IgG were pools from thousands of blood donors
commercially available for intravenous therapy (IVIg) (San-
doglobulin, Sandoz, SA, Basel, Switzerland). IVIg was exten-
sively dialysed in the same DMEM aliquot used to grow EC, and
sterile filtered. IgG concentration was measured by radial immu-
nodiffusion (Nor Partigen Plates, Scoppito, L’Aquila, Italy) and
by spectrophotometry. It was adjusted to the desired value with
sterile medium. In all experiments incubation of EC with IVIg
was performed in the presence of 20% FCS.

 

F(ab)

 

¢

 

2

 

 fragments preparation

 

F(ab)

 

¢

 

2

 

 fragments were prepared from IVIg by pepsin digestion
(2% wt/wt) (Sigma Aldrich, Milan, Italy) as described [1]. After
confirming the absence of IgG contamination by means of poly-
acrylamide gel electrophoresis, F(ab)

 

¢

 

2

 

 fragments were dialysed in
the same DMEM aliquot used to grow EC. F(ab)

 

¢

 

2

 

 concentration
was measured by spectrophotometry and adjusted to the desired
value with sterile medium. In all experiments incubation of EC
with F(ab)

 

¢

 

2

 

 fragments was performed in the presence of 20%
FCS.

 

IgG from a multiple myeloma patient

 

IgG was purified from the serum of a patient affected by multiple
myeloma (MIgG) by affinity chromatography on a protein G-
Sepharose column as described [2]. Aliquots of IgG at the desired
concentration to incubate with EC were prepared as described for

IVIg. Total serum IgG in this patient was 46 mg/ml; the serum
electrophoresis pattern and the strong inhibition of IgA and IgM
production (serum concentrations of 0·99 and 0·1 mg/ml, respec-
tively) indicate that the monoclonal component was predominant
in circulating IgG. In all experiments incubation of EC with MIgG
was performed in the presence of 20% FCS.

 

TNF

 

a

 

 and oxLDL preparation

 

Recombinant TNF

 

a

 

 (Sigma Aldrich) was solubilized in DMEM
and sterile filtered. LDL were obtained from fresh plasma of
healthy donors by sequential centrifugation [20]. LDL concentra-
tion was measured according to Lowry’s method and adjusted to
200 

 

m

 

g/ml in PBS with 20 

 

m

 

mol/l CuSO

 

4

 

. After 24 h of incubation
at 37

 

∞

 

C, the oxidative reaction was blocked by adding 40 

 

m

 

mol/l
butylhydroxytoluene in ethanol, dialysed against culture medium
and sterile filtered. The oxidative modification was verified by the
change in the electrophoretic mobility as compared to normal
LDL [21,22].

 

EC surface IgG detection

 

EC were grown on coverslides, incubated with 0·05 mmol/l (cor-
responding to 8 mg/ml) IVIg for 24 h. Coverslides were mounted
on a microincubator fitted to the stage of a Multiprobe 2001 con-
focal microscope (Molecular Dynamics, Sunnyvale, CA, USA).
This device allows time lapse, long-term observation of a prese-
lected microscopic field in living cells and 

 

ad libitum

 

 changes of
the culture medium [3]. Cells were then washed with culture
medium and incubated with an antihuman IgG fluoresceinated
antibody (Dakopatt, Milan, Italy) and observed to verify whether
IgG was present on the cell membrane.

 

Immunohistochemistry for CD106 detection

 

EC grown on slides were incubated with 1 nmol/l TNF

 

a

 

 for 4 h,
washed and fixed for 2 min with methanol at 4

 

∞

 

C. After washing,
cells were incubated with a mouse monoclonal antihuman CD106
(Serotec Ltd, Oxford, UK), washed and the reaction revealed
with an antimouse antibody coupled to fluorescein. Slides were
observed under the confocal laser scanning microscope (CLSM).
When testing the effect of IgG on TNF

 

a

 

 induced CD106 expres-
sion, cells were pre-incubated for 24 h with 0·05 mmol/l IVIg and
washed before TNF

 

a

 

 addition. Color images were rendered in
discrete pseudocolor scale (range 0–255) and the relevant palette
is included in Fig. 1a (ImageSpace, Molecular Dynamics, Sunny-
vale, CA, USA).

 

Monocyte adhesion assay

 

THP-1, a human monocyte cell line, was obtained from the
American Type Culture Collection (TIB202) and cultured in
RPMI 1640 with 10% FBS. THP-1 were diluted at 4 

 

¥

 

 10

 

4

 

 cells/
ml in DMEM and added to EC grown on multiwell slides: (1)
non treated EC; (2) EC incubated with 0·05 mmol/l IVIg for 24 h
and washed with DMEM; (3) EC treated with TNF

 

a

 

 for 4 h and
washed with DMEM; (4) EC incubated with 0·05 mmol/l IVIg,
washed with culture medium and treated with TNF

 

a

 

 for 4 h and
finally washed with DMEM. After 20 min incubation with THP-
1, EC were extensively washed with PBS at 37

 

∞

 

C and fixed with
methanol at 4

 

∞

 

C for 2 min Slides were processed according to
May–Grunwald Giemsa staining. THP-1 and EC were counted
and results expressed as percentage THP-1/EC. Counting was
carried out on five microscopic fields for each EC treatment in a
series of 4 separate experiments.
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Measurements of IL-6 and M-CSF in EC supernatant

 

EC were grown to confluence on 24-well culture plates. After
incubating half of the cells with IVIg, or F(ab)

 

¢

 

2

 

 fragments of
IVIg, or MIgG at 0·05 mmol/l, for 24 h, all EC were washed with
culture medium and incubated with TNF

 

a

 

 at concentrations of
0·04, 0·2, 1, and 5 nmol/l or with culture medium only. Superna-
tants were collected after 24 h, centrifuged and tested for cytokine
concentration with commercially available ELISA kits (Amer-
sham Pharmacia Biotech Italia, Milano, Italy). Aliquots of the
solutions containing IVIg, F(ab)

 

¢

 

2

 

 and MIgG were also tested for
IL-6 and M-CSF concentrations. Cell supernatants were tested for
IgG concentration.

 

Free cytoplasmic calcium modifications

 

Coverslides with subconfluent living EC were mounted on the
microincubator fitted on the stage of the confocal microscope as
described above. EC were loaded with 15 

 

m

 

mol/l Fluo-3 (Molec-
ular Probes, Eugene OR, USA) until a stable intracellular signal
was recorded (usually 20 min). In this set of experiments we
employed EC both in standard culture conditions and upon pre-
incubation for 24 h with 0·05 mmol/l IVIg. IVIg was washed away
before the application of medium containing 1 nmol/l TNF

 

a

 

 or
40 

 

m

 

g/ml oxLDL. In the case of oxLDL, experiments were also
carried out in the presence of IVIg during the stimulation. TNF

 

a

 

and oxLDL were washed after 10 min with standard culture

 

Fig. 1.

 

(A–D) Effect of IgG on TNF

 

a

 

 and oxLDL-dependent CD106 expression by EC. (A) EC incubated with 1 nmol/l TNF

 

a

 

 for 4 h
exposed CD106 as shown by direct immunofluorescence with a monoclonal antihuman CD106. (B) expression of CD106 was entirely
inhibited in EC pre-incubated with 0·05 mmol/l IVIg for 24 h and washed before TNF

 

a

 

 incubation. (C) immunofluorescence membrane
labelling of CD106 after 4 h incubation with oxLDL 40 

 

m

 

g/ml. (D) pre-incubation with 0·05 mmol/l IVIg for 24 h completely prevented
CD106 expression. Scale bar 

 

=

 

 5 

 

m

 

m. (E–F)  Effect of IgG on oxLDL internalization by EC. Intracellular signal was detectable by CLSM
after about 10 minutes incubation of EC with 40 

 

m

 

g/ml oxLDL-FITC. (E) the fluorescence pattern after 40 min incubation includes filaments
and granules (arrowheads: granules). (F) pretreatment with 0·05 mmol/l IVIg for 24 h strongly reduces internalization of oxLDL, in
particular filaments are not detectable. This image was acquired after 40 min incubation with oxLDL. Scale bar 

 

=

 

 10 

 

m

 

m. The colour scale
shown in panel A applies to all colour images.
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medium. Images were acquired at fixed intervals. Intracellular flu-
orescence was measured by the software implemented with the
confocal microscope data system (ImageSpace, Molecular
Dynamics, Sunnyvale, CA, USA) which assigns to each cell-
pertaining pixel a discrete value of intensity from zero to 255.

 

Visualization of EC apoptosis

 

EC were loaded with the vital fluorescent probe calcein-AM,
which allows both the visualization of morphological signs of apo-
ptosis and assessment of the preservation of plasma membrane
integrity throughout the process [23]. For qualitative evaluation a
preselected microscopic field was tracked in time-lapse confocal
microscopy every 30 min up to 12 h. For quantitative purposes
cells were seeded on a four-chamber slide in four separate exper-
iments. In each one the percentage of apoptotic elements was
counted in 16 microscopic fields (4 fields per well) by two observ-
ers after 4, 6, 8 and 12 h from treatment with LDLox (40 

 

m

 

g/ml).
During observation cells were kept in controlled microenviron-
mental conditions as described above.

 

Visualization of oxLDL interaction with living EC

 

OxLDL were coupled to fluorescein isothiocyanate (oxLDL-
FITC) as described [2]. Coverslides with subconfluent EC were
placed in the above described CLSM flow chamber and incubated
for 20 min in standard culture medium with 40 

 

m

 

g/ml oxLDL-
FITC and then washed. Images were acquired every 5 min in the
first 30 min and every 30 min thereafter. Images were rendered in
a discrete scale of 256 colours. We also tested the effect of 24 h
pre-incubation with 0·05 mmol/l IVIg in DMEM.

 

Statistical analysis

 

Student’s 

 

t

 

-test for unpaired data was adopted to assess the statis-
tical significance of differences in cytokine production by EC and
one way 

 

ANOVA

 

 and Bonferroni’s test for THP-1 adhesion to EC.

 

RESULTS

 

IVIg effects on EC viability

 

The incubation of EC with IVIg, at the physiological concentra-
tions used, did not induce any modification in morphology, as
assessed by confocal microscopy, cell count and LDH measure-
ment on lysed cells (data not shown).

 

Clearing of IVIg from EC membrane

 

As reported in our previous papers IVIg partly and specifically
bind to EC membrane and this IgG subset is rapidly internalized
[2,3,5]. In this study we excluded the presence of residual mem-
brane bound IgG after incubation with IgG and washing: surface
immunoglobulins were not detectable by immunostaining with a
FITC conjugated antihuman IgG antibody (data not shown).

 

Effects of IVIg on endothelial responses to TNF

 

a

 

CD106 expression.

 

1 nmol/l TNF

 

a

 

 induced CD106 expres-
sion on endothelial cell membrane after 1 h. Longer incubations
up to 4 h resulted in a more intense labelling, although the immu-
nofluorescence pattern did not change (Fig. 1a). Control cells,
incubated with culture medium only, did not expose CD106 on
the cell suface (not shown).

Pretreatment of cells with IVIg completely inhibited CD106
expression elicited by TNF

 

a

 

 incubation, performed after removal
of IgG (Fig. 1b).

 

Monocytes adhesion assay.

 

THP-1 adhesion to EC was signif-
icantly enhanced by pretreatment of EC with 1 nmol/l TNF

 

a

 

 for
4 h. This effect was partially but significantly prevented by pre-
incubation of EC with 0·05 mmol/l IVIg (Fig. 2).

 

Cytokine secretion.

 

Basal IL-6 secretion of confluent EC
incubated for 12 h with standard culture medium was 165 

 

±

 

 15 pg/
ml (mean 

 

±

 

 SD). The treatment of cells with 0·04, 0·2, 1, and
5 nmol/l TNF

 

a

 

 induced a two to three fold dose-dependent
increase in IL-6 secretion (Fig. 3a). Pretreatment of cells with
IVIg before TNF

 

a

 

 stimulation, performed in absence of IgG, sig-
nificantly inhibited IL-6 production (Fig. 3a). Similarly a dose-
dependent increase in M-CSF secretion was obtained by TNF

 

a

 

stimulation. The increase ranged between seven- and nine-fold
for the lowest and the highest dose tested, respectively. Pre-
incubation with IVIg had a slight, but statistically significant
inhibitory effect on TNF

 

a

 

 action (Fig. 3b). The solutions contain-
ing IVIg, F(ab)

 

¢

 

2

 

 fragments of IVIg and MIgG were found nega-
tive for contaminating IL-6 and M-CSF. Cell supernatants
obtained for cytokines measurement were tested for IgG concen-
tration in the hypothesis that IgG could be released by EC during
the experiment. IgG were not detectable.

 

Free calcium modifications.

 

EC loaded with 15 

 

m

 

mol/l Fluo-3
showed a stable fluorescent signal after about 20 min, without
signs of cell distress. Immediately after addition of 1 nmol/l TNF

 

a

 

to the culture medium we recorded an increase in cell fluores-
cence that was maximal within 1·5 min (Fig. 4). The signal was sta-
ble for the following 3 min and then began to decrease, reaching
intensities close to baseline at about 15 min from time zero. IVIg
pre-incubation of EC completely prevented TNF

 

a

 

-induced
[Ca

 

++

 

]

 

i

 

 increase (Fig. 4).

 

Effects of IVIg on endothelial responses to oxLDL
Internalization of oxLDL.

 

40 

 

m

 

g/ml oxLDL-FITC was inter-
nalized by EC within about 10 min, although intracellular fluores-
cent signal was maximal after 1 h (Fig. 1E). The fluorescence

 

Fig. 2.

 

Pretreament with IVIg significantly inhibited TNF

 

a

 

 induced
increased monocyte adhesion to EC. (Mean 

 

±

 

 SD; 

 

n

 

 

 

=

 

 4; *

 

P

 

 

 

<

 

 0·05;
**

 

P < 0·001)
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pattern consisted mostly of filaments, but small granules were also
evident. When cells were pre-incubated with IVIg the fluores-
cence pattern differed markedly. In particular after 1 h fluorescent
filaments were almost absent, although granules were still detect-
able (Fig. 1F). In both cases the described patterns remained
unchanged during the following hour.

CD106 expression. CD106 expression was detectable by
immunofluorescence as membrane labelling after 4 h of incuba-
tion with 40 mg/ml oxLDL (Fig. 1C), but not in cells pre-incubated
with IVIg (Fig. 1D). At this time no signs of morphological dis-
tress were detectable in the culture.

Cytokine secretion. The concentration of IL-6 and M-CSF in
the supernatant of cells incubated with 0·5, 2·5, and 12·5 mg/ml
oxLDL did not differ from that of supernatant of control cells or
of cells pre-incubated with IVIg (data not shown). Higher con-
centrations of oxLDL (from 25 mg/ml and above) induced EC
disruption of cell monolayer (see below) which started after
about eight hours of incubation, thus preventing a reliable mea-
surement of secreted cytokines.

Free calcium modifications. EC were loaded with the calcium
sensitive non ratiometric probe Fluo-3 (15 mmol/l) until a stable
intracellular signal was recorded (typically 20 min). The addition
of oxLDL at 40 mg/ml caused an immediate increase in fluores-
cence signal, that was progressive and continuous (Fig. 5A). The
process was not stopped by washing the cells after 10 min of
incubation with oxLDL. After 4–6 h cells showed morphological

Fig. 3. (a) effect of IgG on TNFa-dependent increase in IL-6 secretion by
EC. TNFa induced a dose-dependent increase in EC IL-6 secretion (�),
that was partially inhibited in cells exposed to 0·05 mmol/l IVIg for 24 h
and washed before TNFa stimulation (▲). Lower panel: effect of IgG on
TNFa-dependent increase in M-CSF secretion by EC. TNFa induced a
dose-dependent increase in EC M-CSF secretion (�), that was partially
inhibited by 0·05 mmol/l IVIg for 24 h (▲). (Mean ± SD; n = 6; *P < 0·01,
**P < 0·001, ***P < 0·0001).
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modifications suggesting the beginning of an apoptotic process
(see below). Pre-incubation or coincubation of cells with IVIg did
not prevent [Ca++]i increase (Fig. 5A).

Apoptosis induction. In order to verify the actual onset of
apoptosis upon stimulation with oxLDL (40 mg/ml, 10 min), EC
were loaded with the vital fluorescent probe calcein-AM, which
allows both the visualization of morphological signs of apoptosis
and assessment of the preservation of plasma membrane integrity
throughout the process [23]. In particular, the first few cellular
elements undergoing the process were detected after 4–6 h by
chromatin condensation and initial bleb formation with preserved
membrane integrity. In advanced apoptosis the typical nuclear
fragmentation and apoptotic bodies were detectable (Fig. 5B).
After 12 h almost 100% of cells were found at different steps of
the process. A quantitative evaluation yield the following results.
After 4, 6 and 8 h the percentage of apoptotic cells was 14·8 ± 3·6,
36·2 ± 6·7, and 51·9 ± 9·4, respectively. Apoptosis could not be
prevented by pre-incubation nor coincubation with IVIg.

Effects of F(ab)¢2 fragments of IVIg and MIgG on 
TNFa-induced IL-6 secretion by EC
The ability of F(ab)¢2 fragments of IVIg and MIgG to reproduce
the effect of intact pooled IgG was investigated on TNFa-induced
EC secretion of IL-6. Incubation of EC with 0·05 mmol/l F(ab)¢2
fragments for 24 h before TNFa treatment resulted in a significant
inhibition of IL-6 secretion increase (52%), similar to that
induced by IVIg (55%). On the contrary, no inhibition of TNFa
response was observed in EC pretreated with MIgG obtained
from the patient affected by multiple myeloma (Fig. 6).

DISCUSSION

The role of endothelial cell activation and damage in early phases
of atherosclerosis and in vasculitis is well recognized [6,8]. We
have previously demonstrated that normal human IgG directly
modulates some functions of resting endothelial cells in vitro at
physiological concentrations, thus reducing proinflammatory
responses [4,5]. Similar findings have been reported on EC using

concentrations of IgG that are reached in the serum of autoim-
mune patients treated with high doses of IVIg [24].

In the present study we have investigated the ability of normal
human IgG to inhibit EC activation induced by TNFa and
oxLDL, two factors critically involved in early phases of athero-
sclerosis. The experimental design allowed us to exclude extracel-

Fig. 5. Effect of IgG on oxLDL-dependent free intracellular calcium modification in EC. (A) The Fluo-3 signal increase (�) induced by
oxLDL was progressive and continuous. High [Ca++]i lasted for several hours until cells started apoptosis. Neither EC pre-incubation nor
coincubation with 0·05 mmol/l IVIg changed the effect of oxLDL on [Ca++]i (�). (B) CLSM image of calcein loaded EC in advanced
apoptosis, 10 h after 10 min exposure to 40 mg/ml oxLDL. Note chromatin condensation and prominent blebbing. Neither pre-incubation
nor coincubation with IVIg prevented oxLDL-induced apoptosis. Scale bar = 5 mm.

Fig. 6. Effects of F(ab)¢2 fragments of IVIg and MIgG on TNFa-induced
IL-6 secretion by EC. The graph shows IL-6 concentration in the superna-
tants of control EC and EC treated for 24 h with 0·05 mmol/l IVIg, F(ab)¢2
fragments of IVIg and MIgG (bars on the left), and in the supernatant of
the same cells after stimulation with 1 nmol/l TNFa for 16 h (bars on the
right). F(ab)¢2 of IVIg, but not MIgG, reproduced the effect of intact IgG
(Mean ± SD; n = 4; *P < 0·01, **P < 0·001, ***P < 0·0001).
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lular direct interaction of IVIg with TNFa or oxLDL, as EC
were pre-incubated with IVIg, F(ab)¢2 fragments of IVIg or
MIgG, and then washed and finally exposed to the atherogenic
stimuli. At the physiological concentration employed in this study
IgG did not modify cell morphology, viability or number while
higher doses have been reported to induce apoptosis [24].

OxLDL and TNFa induced the expression of CD106 on EC
plasma membrane within 4 h of incubation. IVIg pretreatment
resulted in a complete inhibition of CD106 translocation on the
cell membrane. The finding of a direct modulation of endothelial
cell CD106 expression by IgG is relevant to atherosclerosis
because CD106, absent in resting endothelium, is expressed early
in lipidic striae [13] and in advanced lesions [11] in humans. It
binds to the receptor very late antigen-4 (CD49D) of monocytes
and T lymphocytes. It is noteworthy that neutrophils, which do
not express CD49D, are not present in atherosclerotic lesions
[13].

Indeed the reduced monocytes adhesion to EC incubated
with IVIg first and then with TNFa, as compared to cells treated
with TNFa only, that we have shown, is an additional evidence of
the relevance of CD106 inhibition and anti-inflammatory effect of
IVIg on EC.

EC stimulated with TNFa responded with a dose-dependent
increase in IL-6 and M-CSF production that was significantly
inhibited in cells pre-incubated with IVIg. The intereference of
contaminating cytokines in stimuli solutions and of surface-bound
or released IgG were excluded. IL-6 and M-CSF have been dem-
onstrated in atherosclerotic plaques in humans [25] and in lipidic
striae in animal models of atherosclerosis [26]. M-CSF is chemo-
tactic for leucocytes, activates macrophages and increases their
lipid uptake [27]. IL-6 activates platelets and the clotting cascade
[28] and its administration to animals accelerates the atheroscle-
rotic process [29]. Moreover IL-6 can react with EC in an auto-
crine loop, amplifying and sustaining EC activation. Thus IgG
modulation of EC IL-6 and M-CSF production in response to
TNFa may also be an important antiatherogenic and anti-
inflammatory factor.

TNFa induced a rapid and transient [Ca++]i increase, consis-
tent with that reported by others [30] and with the notion that free
cytoplasmic Ca++ is a second messenger mediating for instance IL-
6 and CD106 expression [31,32]. Therefore, the complete preven-
tion of [Ca++]i increase induced by IgG pre-incubation may
contribute to explain the observed inhibition of CD106 expres-
sion and IL-6 production. TNFa did not induce apoptosis on EC,
whether pretreated or not with IVIg. Our finding is only in appar-
ent contrast with a recent paper [33], reporting that apoptosis
occurs in EC after a two-step stimulation with TNFa first and then
with IVIg, both at much higher concentrations than those we
used. In that study, anyway, TNFa or IVIg alone did not induce
apoptosis, and a double step stimulation with IVIg first and TNFa
second was not performed.

Stimulation of EC with oxLDL induced both an immediate
and constant rise in [Ca++]i and apoptosis. A link between [Ca++]i

and apoptosis induced by oxLDL has already been reported [16].
IVIg pretreatment of cells did not prevent either [Ca++]i increase
nor apoptosis, even when IgG was present in culture media
throughout the entire experiment. However IgG prevented
oxLDL induction of CD106 expression in the first 4 h, when apo-
ptosis was not yet detectable. The apparent discrepancy with the
lack of inhibition of [Ca++]i increase may reflect the fact that trans-
duction mechanisms mediating CD106 expression other than

[Ca++]i may be activated upon oxLDL stimulation. OxLDL is a
complex mixture of molecules, including one form of apolipopro-
tein B, cholesteryl esters, triglycerides and phospholipids. Many
molecular alterations to LDL have been reported following oxi-
dation, e.g. increased lysophosphatidylcholine/phosphatidylcho-
line ratio, with increased length of acyl groups, peroxidation and
fragmentation of the lipid component and modification of apoli-
poprotein B, the presence of oxysterols, isoprostanes, and the for-
mation of a PAF-like substance [34,35]. The mechanisms of action
of oxLDL on EC may be the result of both oxidation of cell mem-
brane components and a specific interaction with the endothelial
receptor LOX-1 or other receptors [35,36]. We have shown here
that oxLDL internalization by EC is rapid and in the form of two
main morphological patterns, filaments and granules. IgG pre-
incubation of EC entirely inhibits filaments appearance unaffect-
ing internalization of oxLDL as granules. The new data on oxLDL
internalization by EC and its partial inhibition by IgG that we
present here suggest that oxLDL interaction with EC is a complex
event including more than one pathway.

Addressing the important question of the specificity of the
observed effects of IgG on EC, we have shown that F(ab)¢2 frag-
ments of IVIg entirely reproduce the action of intact IgG. More-
over our observation that IgG purified from a multiple myeloma
patient is ineffective provides a direct demonstration not only
that IgG action is specific, but also Fc-independent. Our present
observation that IgG modulates EC function independently of Fc
region well correlates with our previous results indicating that
internalization of natural antibody subpopulation reacting with
EC (AECA) is also a Fc-independent process [2].

In summary, in the present study we have shown that normal
human IgG specifically reduces EC proinflammatory functional
responses to TNFa in terms of CD106 expression and cytokine
secretion, and completely prevents the associated rise of [Ca++]i.
IgG also inhibits oxLDL-dependent CD106 expression, and at
least one of the observed internalization pathways for oxLDL,
but does not affect [Ca++]i increase and apoptosis induced by
oxLDL. These findings, together with our previous studies regard-
ing IgG modulation of endothelial functions, point to a physio-
logical homeostatic role for normal human IgG and contribute to
an explanation of the in vivo anti-inflammatory properties of IVIg
in humans. A detailed knowledge of molecular mechanisms of
endothelial function regulation by normal IgG may lead to novel
therapeutic strategies for the control of vascular inflammation
and atherosclerosis.
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