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Modulationn of immune complex-mediated inflammation by in-
travenouss immunoglobulins (IVIG) in a rat model. 
JessicaJessica L Teeling1, Wim K. Bleeker1, Gemma M.M. Rigter1, Taco W. Kuijpers2 and C. Erik Hack13. 

CLBB and Laboratory of Experimental and Clinical Immunology, Academic Medical Center, University of Amsterdam,2 Depart-
mentt of Pediatrics, Academical Medical Center, University of Amsterdam, 3 Dept. of Clinical Chemistry, Medical Center VU, 
Amsterdam,, The Netherlands. 

Abstrac t t 
Fcy-receptorss play a key role in the initiation of IgG-mediated inflammatory responses. The 

aimaim of the present study was to investigate whether IVIG can modulate these inflammatory responses 
byy interaction with Fcy-receptors. 

Inn a rat model for systemic anaphylaxis, anti-OVA antibodies were injected intraperitoneally 
followedd by intravenous injection of OVA and change in blood pressure was measured. The hypoten-
sivee effects of an OVA-challenge were partly mediated by PAF-release, most likely released from 
macrophages.. Pretreatment with a relatively low dose (250 mg/kg) of IVIG containing IgG dimers, 
whichh caused a drop in blood pressure, inhibited the change in blood pressure induced by OVA, 
whereass a similar dose of IVIG without IgG dimers did neither inhibited the hypotension, nor did it 
inducee hypotension itself. Binding studies suggested that pretreatment with IVIG resulted in Fcy-
receptorr downmodulation. However, the clearance rate of preformed immune complexes was not 
changedd by pretreatment with IVIG. The effect of monomeric IgG was further evaluated by preincuba-
tionn of human whole blood with either monomeric IgG or dimeric IgG. Both dimeric IgG and mono-
mericc IgG inhibited binding of preformed OVA-anti-OVA immune complexes to human neutrophils 
suggestingg that also IgG monomers might be protective in the model. Indeed, IVIG without dimers, 
alsoo inhibited the hypotensive effect of OVA challenge, administered when administered at a higher 
dosee (500 mg/kg) without inducing hypotension. 

Ourr results demonstrate that IVIG can modulate Fcy-receptor-dependent responses elicited 
byy immune complexes. This effect can be mediated by IgG dimers, which themselves trigger Fey-
receptor-dependentt cell signaling, and at higher concentrations also by IgG monomers, which do not 
stimulatee cells via Fcy-receptors. We suggest that similar effects may explain the beneficial effects of 
IVIGG observed in immune complex diseases. 

Introductio n n 
IVIGG has proved to be effective and safe in the long-term treatment of antibody deficiencies. 

Afterr the first report on the efficacy of IVIG in the treatment of idiopathic thrombocytopenic purpura 
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(ITP)1'2,, IVIG has increasingly been used in autoimmune and inflammatory conditions. In spite of its 
frequentt use in the treatment of these conditions, the biological mechanism for the efficacy of IVIG is 
nott clear. Some of the proposed mechanisms are dependent on a productive interaction of the Fc-
portionportion of infused immunoglobulin with the Fcy-receptors on target cells or with complement proteins 
whereass other mechanisms are primarily dependent on the variable regions of antibodies adminis-
teredd to the patients. Blockade of the Fcy-receptors on phagocytic cells is believed to be the mecha-
nismm of action by which IVIG is effective in the treatment of patients with ITP, preventing the removal 
off sensitized platelets by the reticuloendothelial system in the spleen and liver.1,3 Indeed, blockade of 
Fcy-receptorss by IVIG on macrophages has been shown to inhibit macrophage-mediated phagocyto-
siss of antigen bearing target cells.4 The ability of IVIG to interfere with complement activation in vivo 
wass demonstrated in the model of the Forssman shock in guinea pigs, where IVIG protected the ani-
malss from the acute complement-mediated tissue damage.5 

Hypersensitivityy responses have been categorized into four mechanistic types, with IgG-
mediatedd responses subdivided into fixed (type II) and soluble immune complex (type lll)-triggered 
inflammation.. Inflammatory responses to immune complexes, as modeled by the Arthus reaction, 
havee been attributed to the presence of antibodies, neutrophils, and complement components. Deple-
tionn of antibodies or neutrophils results in the ablation of the Arthus reaction.6,7 A role for Fcy-receptors 
inn the Arthus reaction has been unequivocally proven in Fcy-receptor deficient mice since immune 
complex-mediatedd inflammation is largely absent in these mice.8"12,13 In contrast, complement deple-
tionn with cobra venom factor has little effect10, indicating a minor, if any, role for complement in this 
model. . 

Onn phagocytic cells, Fcy-receptors mediate many important functions such as phagocytosis, 
endocytosis,, induction of the respiratory burst, release of cytokines and antibody-dependent cytotoxic-
ityy (ADCC), which functions contribute to destruction and clearance of pathogens. Thus, triggering of 
Fcy-receptorss by immune complexes may cause inflammatory responses. Therapeutic effects but also 
thee side effects of IVIG has been suggested to result from interactions with Fcy-receptors.14,15 It is, 
however,, unclear whether IVIG can modulate immune complex-mediated inflammatory triggering of 
Fcy-receptors. . 

Thee aim of the present study was to obtain evidence that IVIG can influence systemic re-
sponsess elicited by immune complex-mediated triggering of Fcy-receptors in vivo. We have previously 
usedd rat models to evaluate the effects of IVIG in vivo, ,17, and hence we decided to set up a model 
forr immune complex-induced anaphylaxis in rats. In this model for systemic anaphylaxis, anti-
ovalbuminn (OVA) antibodies are injected intraperitoneally one day prior to the intravenously adminis-
teredd antigen OVA. We demonstrate that both IgG dimers and, at higher concentrations, also IgG 
monomerss in IVIG preparations can completely inhibit systemic responses elicited by OVA in this 
model. . 
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Materia ll  and Method s 

AnimalAnimal model 
Thee animal experiments were approved by the institutional ethics committee and governed by 

thee pertinent national regulations. Any discomfort was avoided by the use of anaesthesia throughout 
thee whole experiment. 

Femalee Wistar rats (Harlan, Zeist, The Netherlands), weighing 200-250 g, were injected in-
traperitoneallyy with an IgG fraction of rabbit anti-OVA serum (Cappel, ICN Biomedicals, Germany 0.5 
mg/kg).. Twenty-four hours later the animals were anesthetized by intraperitoneal injection of 10 mg/kg 
off pentobarbital, and subcutaneous injection of 0.5 ml/kg of a solution containing fentanyl citrate (0.3 
mg/ml)) and fluanisone (10 mg/ml) (Hypnorm; Janssen Pharmaceutica, Belgium) and 0.05 mg/kg of 
atropine.. Cannulas (Silastic®) were introduced into in the left carotid artery for blood pressure moni-
toring,, infusion of test solution and blood sampling. Saline was infused at a rate of 2 ml/h in the can-
nulaa to ensure patency. The cannula was connected to a pressure transducer for continuous recording 
off the mean arterial blood pressure (MABP), averaged over 10-second intervals. Human aged IVIG 
preparationss were infused into the cannula within 10 seconds at different dosages (ranging from 15-
500500 mg/kg). One hour after the infusion of IVIG or saline, rats were challenged with OVA (Sigma 
Chemicall Co, Steinheim, Germany) at a dose of 2 mg/kg unless state otherwise. Leukocyte and eryth-
rocytee counts at various time points were determined with an electronic cell counter (Coulter Electron-
ics,, model 2F, Dunstable, UK) in blood samples anticoagulated with EDTA. Plasma was prepared 
fromm EDTA blood by centrifugation and stored in aliquots at C until analysis. 

ImmunoglobulinImmunoglobulin preparations 

Humann y-globulin for intravenous use was obtained from our institute (Immunoglobulin I.V., 
6%,, w/v). This is a freeze-dried product prepared from pooled plasma from at least 1000 donors by 
Cohnn fractionation followed by pH 4/pepsin incubation. Fresh IVIG was immediately frozen after re-
constitutionn and kept at C until further use. This preparation contained 2% IgG dimers. An aged 
IVIGG preparation was prepared by storing the reconstituted preparation at C for several months. 
Thiss yielded an increase in IgG dimer content to about 12%. IVIG preparations used in the experi-
mentss were analysed for actual monomer, dimer and polymer contents on a calibrated Superose 12 
gelfiltrationn column connected to a FPLC system (Pharmacia, Uppsala, Sweden). A computer program 
(Ezchromm Chromatography Data System version 6.5) was applied to determine the peak areas of the 
chromatograms.. Data of the preparations used are summarized in Table XIII. 
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ElisaElisa foranti-OVA 

Forr the detection of OVA-specific antibodies, plasma samples were added to a 96-well flat-
bottomm microtiter plate (Maxisorb: Nunc, Roskilde, Denmark) coated with OVA (2 ug/ml; Sigma), and 
boundd antibodies were detected by alkaline phoshatase-labelled antibodies to rabbit IgG (Sigma 
Chemicall Co., St Louis, MO). After addition of p-nitrophenyl phosphatase as substrate, the optical 
densityy at 405 nm was measured with Titertek Multiscan (Flow Labs. McLean, VA). Serial dilutions of 
polyclonall rabbit anti-OVA were used as a reference. The amount of anti-OVA in samples was ex-
pressedd as % of this standard. 

ImmuneImmune complex formation in vitro 

OVAA was radiolabelled with iodium (125l) using the chloramine-T technique. To analyse im-
munee complex formation, different concentrations of OVA were incubated with a trace amount of 1 2 5 l -
labelledd OVA (0.05 mg/ml), 0.8 mg/ml anti-OVA serum as well as normal rat plasma, in presence or 
absencee of IVIG (12 mg/ml). Immune complexes were allowed to form during an overnight incubation 
att . Immune complexes were precipitated by addition of PEG at different concentrations (1%, 2% 
andd 3%, respectively). After 1 hour, the samples were centrifuged at 2500 g for 30 minutes at . 
Thee amount of 125l-OVA in the precipitate was measured using a gamma-counter (Wallac model 500, 
Turku,, Finland) 

Immunee complex formation was also analysed using gel filtration. Trace amounts of radio-
labelledd OVA were added to different amounts of unlabelled OVA. The mixtures were subsequently 
incubatedd for 30 minutes at room temperature with plasma of the rats that had received rabbit anti-
OVA.. Thereafter, samples were separated by gelfiltration using a Superose-6 column (Pharmacia, 
uppsala,, Sweden). Fractions were analysed for the amount of 125l-OVA, as well as protein content 
(A280). . 

BindingBinding human IgG to rat cells 

Wholee blood samples from IVIG-treated rats were kept on ice until the end of the experiment. 
Afterr washing, the cells were analysed for human IgG binding by incubation with a PE-conjugated 
monoclonall antibody against human IgG (MH16, CLB, The Netherlands) for 30 minutes at . After 
thee incubation, erythrocytes were lysed using FACS lysing buffer (Becton and Dickinson, San Jose, 
CA)) according to manufacture's instructions. After washing them twice, cells were resuspended in 
incubationn medium (10 mM HEPES, 150 mM NaCI, 5 mM KCI, 1.5 mM CaCI2, 2 mM MgCI2, pH 7.4, 
supplementedd with 0.02% (w/v) NaN3, and 0.5% bovine serum albumin (BSA), and subsequently ana-
lysedd using a flow cytometer. To determine whether or not the cells had internalized IgG, cells were 
permeabilizedd with FACS Permeabilizing buffer (Becton and Dickinson), and incubated for 30 minutes 
withh PE-conjugated MH16 (mouse- anti human, CLB) at , as described above. 
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ActivationActivation neutrophils ex vivo 
Wholee blood from a rat treated with aged IVIG was collected at different time points, and di-

lutedd in endotoxin-free Iscove's modified Dulbecco's medium (IMDM; Biowithaker, Verviers, Belgium) 
supplementedd with 0.1% (v/v) endotoxin-free fetal calf serum (FCS; Biowithaker), 100 U/ml penicillin 
andd 100 M̂ g/ml streptomycin. The mixtures were then incubated with various concentrations of IVIG (0 
too 30 mg/ml) or various concentrations of LPS (1-5 ug/ml). After 2 hours at , rat cells were 
washedd and incubated in incubation medium (10 mM HEPES, 150 mM NaCI, 5 mM KCI, 1.5 mM 
CaCI2,, 2 mM MgCI2, pH 7.4, supplemented with 0.02% (w/v) NaN3 and 0.5% BSA) with FITC-
conjugatedd mouse-anti-rat CD11b mAb (ED8, lgG1, Instruchemie B.V., Hilversum, The Netherlands). 
Subsequently,, erythrocytes were lysed using FACS lysing solution according to the manufacture's 
instructionss (Becton Dickinson). Leukocytes were resuspended in incubation medium and kept in the 
darkk at C until analysis with a FACScan flow cytometer (Becton Dickinson). 

ElisaElisa for activated C4 
C44 activation in rat plasma was measured as described (G.A.C. Bos era/, manuscript submit-

ted).. Briefly, an IgG fraction of polyclonal sheep-anti-human C4 (SHC4), which cross-reacts with acti-
vatedd rat C4 (CLB, Amsterdam, the Netherlands), was used in a sandwich ELISA. As a standard, 
agedd normal rat plasma was used, prepared by storage for 7 days at . 

CH50CH50 assay 
Totall classical pathway hemolytic activity (CH50) of rat serum was measured by mixing of 

rabbitt antibody-sensitized sheep red blood cells (2 x 107) to appropriate dilutions of rat plasma in ve-
ronal-bufferedd saline (pH 7.4) containing 4 mM MgCI2 and 20 mM CaCI2 in a final volume of 200 ul. 
Thee mixtures were incubated for 1 hour at C under constant agitation. After centrifugation, the he-
moglobinn release was determined by measuring the absorbance of the supernatants at 405 nm in a 
microplatee reader. The CH50 was calculated as the reciprocal dilution giving a 50% hemolysis. 

AdministrationAdministration of rPAF-AH and WEB2086 
Recombinantt Platelet Activating Factor-Acetylhydrolase (rPAF-AH, kindly provided by Dr. Dietsch, 
ICOS,, Bothell, WA, USA) or the PAF-receptor antagonist WEB 2086 (kindly provided by Dr. Zimmer, 
Boehringerr Ingelheim, Germany) were used to evaluate the role of Platelet Activating Factor (PAF) in 
thee effects observed. Both agonists were given intravenously as a bolus, at a dose of 5 mg/kg, 5 min-
utess before injection of OVA. 
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ClearanceClearance of immune complexes 

OVAA was biotinylated with N-hydroxy-succimide-LC-biotin (Pierce, Rockford, IL) for 2 hours at 
roomm temperature. Anti-OVA serum was added and incubated for 1 hour at room temperature to allow 
immunee complex formation. OVA-anti-OVA immune complexes were isolated on a calibrated Su-
perose-122 gelfiltration column connected to a FPLC system (Pharmacia, Uppsala, Sweden). Fractions 
containingg immune complexes were pooled. 

Too determine the effect of IVIG on clearance of the OVA-anti-OVA immune complexes, anes-
thetizedd rats were pretreated with saline or aged IVIG at a dose of 250 mg/kg. After 60 minutes, 1 ml 
off the immune complexes was given intravenously and blood samples were collected at various time 
points.. The biotinylated OVA-anti-OVA immune complexes were measured using a sandwich ELISA. 
Platess were coated with a sheep polyclonal antibody against rabbit IgG (H+L) (CLB, Amsterdam, The 
Netherlands).. As a standard, the infused OVA-anti-OVA immune complexes were used. Plasma sam-
pless were appropriately diluted in PBS containing 0.02 % (v/v) milk. After incubation for 1 hour at room 
temperature,, the plates were washed 5 times in PT and incubated with 1:1000 diluted streptavidin-
HRPP in PBS/milk for 25 minutes at room temperature. Finally, the plates were developed with TMB 
(0.11 mg/ml in 0.11 M NaAc, 0.003% H202, pH 5.5). Absorbance was measured at 450 nm. 

BindingBinding of OVA-anti-OVA to human leukocytes in vitro 

Monomericc IgG and dimeric IgG were isolated from an aged IVIG preparation with a calibrated 
Superose-122 gelfiltration column connected to a FPLC system (Pharmacia, Uppsala, Sweden). Frac-
tionss containing either monomeric IgG or dimeric IgG were pooled. 

Humann whole blood in a 1:10 dilution was incubated for 30 minutes at C with either dimeric 
(11 mg/ml), monomeric IgG (1 mg/ml) or aged IVIG (1 mg/ml). After 30 minutes, cells were washed and 
differentt concentrations of biotinylated OVA-anti-OVA immune complexes were added and incubated 
forr 1 hour at . Thereafter, cells were washed and incubated with streptavidin-FITC to detect cell-
boundd OVA-anti-OVA immune complexes using flowcytometry. Neutrophils and monocytes were dis-
tinguishedd based on forward sideward scatter characteristics. 

StatisticalStatistical analysis 

Pairedd t-tests or ANOVA were performed to show significant differences. A p-value < 0.05 
wass considered. 
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Tablee XIII Actua l amoun t of IgG monomers , IgG dimers , and IgG poly -
merss presen t in the IVIG preparation s used in the experiments . 

Freshh IVIG 

Agedd IVIG 

n n 

4 4 

6 6 

polymers s 

) ) 

2 2 

6 6 

dimers s 

) ) 

1 1 

11.2+11 0 

monomers s 

) ) 

9 9 

87.1+1.77 0 

IVIGG preparations used in the experiments were analysed for actual mono-
mer,, dimer and polymer contents on a calibrated Superose 12 gelfiltration 
columnn connected to a FPLC system (Pharmacia, Uppsala, Sweden). A 
computerr program (Ezchrom Chromatography Data System version 6.5) 
wass applied to determine the peak areas of the chromatograms. * Indicates 
p<< 0.0001, indicating statistical difference between aged and fresh IVIG 
preparationn determined with Student's t-test.to indicate significant differ-
ences. . 

Result s s 

RatRat model for anaphylaxis 
Wee first determined the threshold dose of OVA for inducing hypotension in the rat model. All 

ratss received the same intraperitoneal dose of polyclonal anti-OVA, but were intravenously challenged 
withh different doses of OVA. At doses of 2 mg/kg or higher, OVA induced a decrease in blood pres-
suree of about 40% (Figure 40). 

Thee role of complement activation in the model was determined by measurements of C4b/c 
levelss in plasma of anti-OVA sensitized rats, challenged with OVA (n=5, data not shown). These rats 
showedd an increase of 1-2 % of C4b/c compared to baseline, which gradually returned to baseline 
levels.. Consistent herewith, CH50 levels only showed less than 20% decrease. These results indi-
catedd that complement activation did not play a major role in the induction of systemic responses to 
OVAA challenge. 

Too further characterize the experimental model, rats were pretreated with two PAF antago-
nists,, recombinant PAF-acetyl hydrolase (rPAF-AH) and a receptor blocker, WEB2086. Pretreatment 
off OVA-sensitized rats with rPAF-AH or WEB2086 resulted in a significant inhibition in the OVA in-
ducedd hypotension by 58  18% and 52  1%, respectively (Figure 41). 
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EffectEffect of IVIG on immune complex-mediated anaphylaxis 

Twoo different IVIG preparations, i.e. aged IVIG and fresh IVIG, differing in the amount of IgG 
dimers,, were used to determine the effect of IVIG in this model (Table XIII). Rats were pretreated with 
agedd or fresh IVIG, 60 minutes prior to the OVA challenge. Pretreatment with fresh IVIG at a dose of 
2500 mg/kg did not change the OVA induced systemic responses. Pretreatment of rats with aged IVIG, 
however,, resulted in a clear inhibition of the response to OVA, depending on the dose of OVA used 
(Figuree 40). The change in blood pressure in rats that were given 32 mg/kg OVA showed large varia-
tionss and was not affected by IVIG pretreatment. For this reason all further experiments were per-
formedd using 2 mg/kg OVA. Figure 42 shows typical examples of the change in blood pressure upon 
infusionn of IVIG and OVA in more detail. Administration of aged IVIG induced a change in blood pres-
sure,, which normalized after 45 minutes. Fresh IVIG or saline did not induce changes in blood pres-
sure.. Intravenous administration of OVA clearly caused immediate systemic anaphylaxis in saline-
pretreatedd rats. Following rapid changes in blood pressure in the first minute, a more gradual de-
creasee occurred over 10 minutes. No hypotensive responses were observed in rats pretreated with 
agedd IVIG upon administration of OVA, whereas pretreatment of rats with fresh IVIG had no effect on 
thee induction of anaphylaxis in 3 out of 6 rats analysed. 
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Figur ee 40 Averag e chang e in bloo d pres -
sur ee fro m t=5 min to t=60 min after OVA 
(%) ) 

Ratss were challenged with different doses of 
OVAA after intraperitoneal administration of 
polyclonall of anti-OVA (2 mg/ml) at t=-24 h 
andd intravenous pretreatment of aged IVIG 
(2500 mg/kg, black bars), fresh IVIG (250 
mg/kg,, hatched bars) or saline (1 ml, open 
bars)) at t=-60 min. For the individual rats, the 
averagee blood pressure was calculated in the 
timee interval from 5 to 60 minutes after OVA 
challengee and was expressed as a percent-
agee change with respect to the pre-infusion 
level.. Data are mean  SD of n=6 experi-
mentss for the 2 mg/kg OVA challenge and 
n=33 for the other groups. 
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Figur ee 41 The effect s of rPAF-A H and WEB2086 on 
averag ee chang e in bloo d pressur e upo n OVA chal -
lenge . . 

Averagee change in blood pressure in rats pretreated 
withh rPAF-AH (5 mg/kg) or WEB2086 (5 mg/kg) upon 
challengee with OVA (2 mg/kg) in OVA sensitized rats. 
Dataa are mean  SEM of 3 experiments, expert for 
salinee pretreatment (n=6). Asterisks indicate statistical 
significancee ( " = p<0.01, *** = p<0.001) compared to 
thee saline treated group (ANOVA) 

aged d 
IVIG G OVA A 

II I 
*0*0 125 

Q__ ~ 
CDD O 

2 2 

°° 100 

O) ) 

 saline 
agedd IVIG 

fresh h 
IVIG G OVA A 

'125 5 

10 0 
IS S 

o-ff  1 
mm  o 

c c 

-300 0 

timee (min) 

—— saline 
--- fresh IVIG 

w^ w^ 5nJ'*-Wf*» » 

-300 0 30 

timee (min) 

Figur ee 42 Mean arteria l bloo d pressur e (MABP) 

Typicall examples of recordings of mean arterial blood pressure (MABP) (represented as percentage of baseline) of OVA-
sensitizedd rats receiving saline (solid line), or aged IVIG (dotted line, A) or fresh IVIG (dotted line B) prior to OVA challenge (2 
mg/kg).. An arrow indicates the moment of IVIG and OVA injection. 

Figuree 43 shows the number of circulating neutrophils and erythrocytes at various time points 
duringg the experiment. Prior to the administration of OVA, infusion of aged IVIG resulted in a decrease 
inn circulating neutrophils after 5 minutes i.e., -54  6.7 % of baseline up to 263  106 % of baseline at 
thee time of the OVA challenge. Administration of saline or fresh IVIG alone did not have an effect on 
thee number of circulating neutrophils. However, immediately upon infusion of OVA, control rats as well 
ass rats pretreated with fresh IVIG showed a decrease in circulating neutrophils by -54  22.7 % and -
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599  4.0 %, respectively. Circulating neutrophils decreased by -9.7  5.5 % in rats pretreated with 
agedd IVIG, suggesting that neutrophil activation after OVA challenge is inhibited by pretreatment with 
ann IVIG preparation containing relatively high amounts of IgG dimers. Administration of OVA also 
affectedd the number of erythrocytes in peripheral blood. Both saline and fresh IVIG treated rats 
showedd an increase in number of erythrocytes after challenge, indicative for leakage of plasma pro-
teins,, whereas no effect was observed in rats pretreated with aged IVIG. 

AA possible explanation for the inhibitory effect of aged IVIG on the OVA challenge might be 
thatt the endothelial cells were desensitized for PAF by the pretreatment with aged IVIG. To rule out 
thiss possibility, short PAF infusions were given intravenously before and one hour after administration 
off aged IVIG, as well as directly after the OVA challenge. The short-lasting hypotensive effects of PAF 
weree unchanged, ruling out that the endothelial cells had become refractory to a second stimulation. 
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Figur ee 43 Change s in circulatin g neutrophi l and erythrocyt e count s after pretreatmen t wit h IVIG and OVA 
challenge . . 

Bloodd samples were obtained at several time points during the experiment from rat that were either pretreated 
withh aged IVIG (•) or fresh IVIG (*) at a dose of 250 mg/kg, or saline alone (open square). The number of leuko
cytess and erythrocytes was determined using a coulter counter as described in material and methods. Circulating 
leukocytess were differentiated by flowcytometry based on their characteristic forward scatter and sideward scatter. 
Neutrophill (A) and erythrocyte (B) counts are expressed as the number per ml blood. Data are mean  SEM of 3 
experiments.. Asterisks indicate statistical significance (* = p<0.05, ** = p<0.01) compared to the saline treated 
groupp (ANOVA) 
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InfluenceInfluence of IVIG on OVA-anti-OVA immune complex formation 

Plasmaa levels of anti-OVA, at the time of OVA administration, as measured by ELISA, were 
aboutt 0.2% of that in the infused preparation, which was given as an intraperitoneal dose of 0.45 
ml/kg.. This corresponded to an apparent distribution volume of about 200 ml/kg. No change in the 
levell of circulating anti-OVA antibodies were found in rats after pretreatment with IVIG, indicating that 
IVIGG did not contain any neutralizing antibodies against anti-OVA. These findings were confirmed in 
ann in vitro experiment, using an ELISA system, in which we could not detect any binding or neutraliz-
ingg effects of IVIG to anti-OVA. After challenge with OVA, no circulating anti-OVA antibodies could be 
detected,, indicating that all circulating anti-OVA antibodies were in complex (data not shown). 

Too determine whether IVIG had any influence on the formation and size of immune com-
plexes,, OVA-anti-OVA complexes were formed in vitro, by incubating different concentrations of OVA 
withh rat plasma containing anti-OVA levels similar to the vivo situation. The amount of immune com-

-jr-- -£• plexes as well as the size increased with 
increasingg concentrations of OVA (Figure 
44.. Addition of IVIG, irrespective whether 
agedd or fresh IVIG was used, did not have 
anyy effect on the amount and/or size of the 
OVAA anti-OVA immune complexes. These 
findingss were confirmed by PEG precipita
tionn of the OVA anti-OVA complexes. 
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Figur ee 44 Influenc e of IVIG on OVA-anti-OV A im-
mun ee comple x formatio n in vitr o 

Threee different concentrations of OVA were incubated 
withh a trace amount of 125l-labelled OVA, anti-OVA IgG 
andd normal rat plasma, with (solid line) or without (dot
tedd line) addition of IVIG (12 mg/ml). Immune com
plexess were allowed to form and samples were ana
lysedd by gelfiltration as described in material and meth
ods.. The amount for 1251 OVA in different fractions was 
measuredd using a gamma-counter. 
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TheThe effect of IgG dimers vs monomeric IgG 

Thee threshold dose of aged IVIG to inhibit the immune-mediated systemic responses in rats 
wass determined by giving different doses of aged IVIG prior to OVA challenge (Table XIV). Aged IVIG 
itself,, at a dose of 15 mg/kg, did not cause a change in blood pressure, whereas the effect of the OVA 
challengee could be inhibited by 59 % compared to rats pretreated with saline (n=3, p<0.0001). Ad-
ministrationn of 30 mg/kg caused a short lasting vasoactive response and responses to OVA was inhib-
itedd by 43% (n=3, p<0.01). Pretreatment with 60 mg/kg gave similar results as 250 mg/kg and resulted 
inn a slight increase in blood pressure after OVA challenge. However, these doses themselves induced 
significantt hypotensive effects. The responses to OVA were not significantly changed in rats pre-
treatedd with fresh IVIG at a dose of 250 mg/kg. However, this seemed to be close to a threshold for 
effect,, since 3 out of 6 rats analysed indeed demonstrated a diminished effect of OVA challenge. 
Freshh IVIG administered in a dose of 500 mg/kg showed no significant changes in blood pressure by 
thee IVIG preparation alone, whereas the response to OVA was inhibited by 87.3% (p<0.0001). These 
resultss suggest that monomeric IgG at high doses is also able to modulate systemic responses to 
OVA,, without inducing hypotension itself. 

Ratss were challenged with OVA (2 mg/kg) after intraperitoneal administration of polyclonal 
anti-OVAA (0.5 mg/ml; at t=-24) and aged IVIG, fresh IVIG or saline pretreatment at t=-60 min. For the 
individuall rats, the average blood pressure was measured in the time interval from -60 to 0 min before 
OVAA and 5 to 60 minutes after OVA challenge and was expressed as a percentage change with re-
spectt to the pre-infusion level. Data are mean  SEM. Student's f-tests were used to compare IVIG 
treatedd animals with saline pretreatment. 

Tablee XIV Average change in blood pressure from t=-60 mln to t=0 before OVA, and t=5 min to t=60 min after OVA (%) 

pretreatmentt Effect on bloodpressure (%) 

(mg/kg)) Pretreatment OVA challenge 

nn t=-60-0min SEM p-value t=5-60min SEM p-value 

saline e 

agedd 15 

agedd 30 

agedd 60 

agedd 250 

freshh 250 

freshh 500 

5 5 
3 3 
3 3 
3 3 
6 6 

6 6 
3 3 

-1.0 0 

4.0 0 
-11.0 0 

-23.7 7 

-13.2 2 

2.3 3 
5.2 2 

2.3 3 
9.7 7 
5.0 0 
1.5 5 
0.8 8 

1.9 9 
3.9 9 

ns s 
0.04 4 

0.0001 1 

0.0003 3 

ns s 
Ns s 

-34.2 2 

-14.0 0 

-19.7 7 

8.0 0 
5.7 7 

-19.0 0 

-4.0 0 

1.5 5 
2.5 5 
5.9 9 
3.8 8 
2.2 2 

8.4 4 
5.4 4 

0.0001 1 

0.008 8 

0.0001 1 

0.0001 1 

ns s 
0.0001 1 
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FeFe receptor binding studies 
Severall mechanisms by which aged IVIG could inhibit the responses to OVA were consid-

ered.. One of these consists of a down-regulation of Fcy-receptors due to blocking and internalization 
off Fcy-receptors after binding of IgG dimers. For this reason, we performed experiments to reveal 
changess in presence and functional properties of Fcy-receptors. Upon in vivo administration of human 
agedd IVIG, binding of IVIG to rat leukocytes was assessed (Figure 45). Binding of human IgG to circu-
latingg leukocytes occurred immediately upon infusion of IVIG, in particular to neutrophils. Analysis of 
subsequentt blood samples showed a gradual decrease in the amount of surface bound IgG, whereas 
thee percentage of circulating neutrophils having intracellular human IgG increased. To determine 
whetherr this uptake represented internalization of Fcy-receptors, whole blood samples were stimu-
latedd ex vivo with different concentrations of aged IVIG (Figure 46). Activation of neutrophils, deter-
minedd by the expression of CD11b, was observed after ex vivo stimulation with aged IVIG. Incubation 
withh LPS, used as a positive control for neutrophil activation, showed similar effects regarding the 
expressionn of CD11b on neutrophils. Fcy-receptor function in vivo was analysed by immune clearance 
off immune complexes (Figure 47). Preformed, biotin-labelled OVA-anti-OVA immune complexes were 
administeredd in rats pretreated with aged IVIG or with saline-treated rats. Rats pretreated with aged 
IVIGG showed an even increased rate of immune clearance compared to control rats. These experi-
mentss indicate that functional Fcy-receptors remained available on the surface of immune cells after 
pretreatmentt with aged IVIG in vivo. 

Too evaluate whether the binding of OVA-anti-OVA immune complexes to surface Fcy-
receptorss was altered by IVIG, human whole blood was preincubated in vitro with isolated monomeric 
IgG,, dimeric IgG or total IVIG and binding of OVA-anti-OVA was assessed. Preincubation of whole 
bloodd with dimeric IgG resulted in decreased binding of OVA-anti-OVA immune complexes in a dose-
dependentt way. Titration of OVA-anti-OVA complexes showed that the concentration of complexes 
wass not critical, which indicated that preincubation of dimeric IgG resulted in down modulation of the 
surfacee expression of Fcy-receptors on neutrophils (Figure 48) and monocytes (data not shown). 
Monomericc IgG showed the same effect although to a lesser extent compared to dimeric IgG. 
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Figur ee 45 Bindin g of huma n IgG to rat leukocyte s 

Humann IgG binding on cell surface (A) and intracellular IgG + surface bound (B) in blood cells from a rat treated with aged IVIG 
inin vivo as detected by flow cytometry. Data are expressed as MFI on neutrophils , lymphocytes and monocytes. Blood cell 
differentialss were determined by flowcytometry based on characteristic forward scatter and sideward scatter plots. Data are 
meann  SEM of 3 experiments. 
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Figur ee 46 Ex viv o activatio n rat neutrophil s wit h IVIG and LPS 

Differentt concentrations of aged IVIG (A), or different concentrations of LPS (B) were incubated with whole rat blood samples, 
collectedd before (open symbols) or 1 hour after aged IVIG administration (250 mg/kg) in vivo, (closed symbols). CD11b on 
neutrophils,, measured by flow cytometry, was used as activation marker. Data are mean  SEM of 3 experiments. Asterisks 
indicatee statistical significance (* = p<0.05), ** = p<0.01) compared to baseline values (Student's t-test) 
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Figur ee 47 Immun e clearance s of pre-
forme dd OVA-anti-OV A immun e complexe s 

Clearancee of preformed OVA-anti-OVA 
immunee complexes administered to rats one 
hourr after pretreatment with saline (open 
symbols)) or aged IVIG (closed symbols) at a 
dosee of 250 mg/kg. OVA-anti-OVA immune 
complexess in plasma were measured as 
describedd in material and methods. Data are 
meann  SEM of 2 experiments. 

Figur ee 48 Bindin g of OVA-anti-OV A im-
mun ee complexe s to neutrophil s in vitr o 

Bindingg of biotinylated OVA-anti-OVA im-
munee complexes to human neutrophils in 
wholee blood cultures preincubated with 1 
mg/mll of monomeric IgG, dimeric IgG, aged 
IVIGG or culture medium alone. Binding was 
measuredd by flow cytometry after staining 
withh streptavidin-FITC. Data are expressed 
ass MFI on neutrophils and represent the 
meann  SEM of 3 experiments. 
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Discussio n n 

Clinicall experience suggests an immune modulatory effect of IVIG in a number of autoim-
munee and immune complex-mediated diseases (2). Several underlying pathophysiological mecha-
nismss have been suggested to account for these effects. For example, the rapid increase in the circu-
latingg platelet counts in patients with autoimmune idiopathic thrombocytopenia after IVIG infusion has 
beenn postulated to be due to blockade of Fcy-receptors on phagocytes.1 In the present study we show 
thatt IVIG can modulate Fcy-receptor-dependent inflammatory reactions in vivo elicited by immune 
complexes. . 

Thee possible consequence of IVIG therapy on Fcy-receptor-dependent inflammatory re-
sponsess was studied in a rat model, in which anti-OVA-sensitized rats were challenged with OVA. 
Intravenouss injection of OVA resulted in a short-lasting biphasic change in blood pressure, followed by 
aa long lasting decrease in blood pressure. Evaluation of peripheral blood cells showed a transient 
decreasee of circulating neutrophils as well as an increase in the number of erythrocytes, indicative for 
aa certain degree of vascular leakage and hemoconcentration. It has been shown that the initiation of 
thee inflammatory cascade by immune complexes mainly depends on engagement and activation of 
thee ITAM-containing y-chain-associated Fcy-receptors.18 In the reverse passive-Arthus reaction, im-
munee complexes induce equivalent levels of hemorrhage, edema, and neutrophilic infiltration in com-
plement-deficientt and wild type animals. In contrast, mice that are genetically deficient in the expres-
sionn of Fcy-receptors exhibited diminished reaction to immune complexes. Considering these observa-
tionss in mice, we assume that the vasoactive responses in our model are mostly induced by interac-
tionn with Fcy-receptors, rather than by activation of complement. Indeed measurements of CH50 titer 
andd of activated C4 fragments in plasma of OVA challenged rats showed only minor complement acti-
vationn in our model. Moreover, the doses of IVIG used in our model (up to 0.5 g/kg) were far below 
thosee required to inhibit complement activation (2 g/kg).5,19 Hence, inhibition of complement could not 
explainn the inhibiting effect of IVIG in the anaphylaxis model. 

Inn the skin, resident Fcy-receptor bearing mast cells are necessary for the initiation of the im-
munee complex-triggered Arthus reaction, whereas the alveolar macrophage is likely to be responsible 
forr the initiation of the inflammatory response in immune complex-induced alveolitis.9 The macro-
phagee is a likely contributor to the initiation of the immune-complex triggered inflammatory cascade, 
byy elaborating a number of cytokines and PAF, which act in both a paracrine and autocrine manner. 
Pretreatmentt of rats with rPAF-AH or an antagonist of PAF-receptors demonstrated a 50% reduction 
inn mean arterial blood pressure upon intravenous injection of OVA. In a rat model where we studied 
thee hypotensive effects of IVIG, we have shown that the hypotensive reaction upon IVIG infusion is 
dependentt on the release of PAF from macrophages.17 Hence, also in the rat model described in this 
paper,, macrophages elaborating PAF likely contribute to the vasoactive response to OVA challenge. 
Ass administration of PAF antagonists only resulted in a 50% reduction, other mediators released from 
macrophagess or other cells, like mast cells, could be involved as well. 
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Inn previous studies, we demonstrated that IVIG interacts with Fey-receptors, resulting in the 
activationn of neutrophils. Activation of neutrophils in vitro was mediated by direct triggering of low affin-
ityy Fc^receptors by IgG dimers present in the IVIG preparation.20 Activation of neutrophils in vivo was 
mediatedd by macrophage activation, due to triggering of Fc^receptors by IgG dimers .In the present 
study,, we demonstrate that pretreatment of rats with a moderate dose of IVIG containing relatively 
highh amount of IgG dimers, i.e. aged IVIG, induces tolerance to OVA challenge, whereas an IVIG 
preparationn without IgG dimers, i.e. fresh IVIG, hardly showed an effect when administered at the 
samee dose. Immune complex formation was not affected by IVIG and there was no evidence for the 
presencee of anti-OVA Ab present in IVIG preparations, indicating that IVIG was effective at the level of 
effectorss and not by modulation of immune complex formation. 

Administrationn of aged IVIG was associated with a marked decrease in blood pressure, in-
dicativee for macrophage activation, as was shown previously.17 Vasoactive responses of IVIG have 
beenn ascribed to release of PAF from activated macrophages. The presence of PAF in the circulation 
mightt result in desensitization of endothelial celts, which then become unresponsive to a second 
stimulus.. However, pretreatment with aged IVIG did not alter the hypotensive response to PAF infu-
sion,, suggesting that the effect of IVIG on OVA challenge was not due to desensitization of endothelial 
cellss for PAF. 

Interferencee with both Fey receptor expression in the phagocyte membrane and Fey receptor-
mediatedd functions (such as phagocytosis) are well-established characteristics of polymeric IgG and 
immunee complexes.21,22 The presence of IgG dimers and aggregates and their binding to Fcy-
receptorss might result in reduction of Fey -receptor numbers due to alteration or internalization. It has 
beenn shown that monocytes and macrophages modulate surface Fc^receptor number or function 
afterr exposure to both surface-bound and soluble immune complexes. Similarly, in vivo clearance of 
passivelyy infused immune complexes may be altered by pretreatment with IgG dimers or polymers 
presentt in IVIG preparations. 

Variouss mechanisms can explain modulation of Fcy-receptor number and function. First, 
blockadee of Fcy-receptors due to excess ligand. Second, ligand-oriented diffusion of Fcy-receptors in 
thee plane of the membrane (induced by surface-bound ligands), and third, down-modulation of Fcy-
receptorss due to shedding or ingestion and degradation of ligand-receptor complexes. It has been 
shownn by others that IVIG indeed has an effect on the numbers of Fc receptors. ,24 Mannhalter et al 
showedd that monomeric IgG interferes with Fcy-receptor binding, in the absence of down-modulation. 
Inn addition, polymeric IgG induced down-modulation of Fc^receptors, which correlated with de-
creasedd expression of FcyRIII on monocytes.24 Kimberly et al demonstrated that treatment of IVIG in 
patientss suffering from ITP resulted in a marked increase in intracellular IgG and decreased clearance 
off autologous IgG-sensitized erythrocytes due to inhibition of Fcy-receptor-ligand interactions by 
monomericc IgG. In their study, the IVIG preparation used was not evaluated for the presence for IgG 
dimers.. In our study we demonstrated an increase in intracellular human IgG in rat leukocytes, sug-
gestingg internalization of Fc^receptors. However, ex vivo stimulation of whole blood from a rat treated 
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withh IVIG in vivo, showed that neutrophils were still activated by aged IVIG in vitro, suggesting that 
functionall Fcy-receptors were still available on the surface of this cell type. It should be noted that the 
discrepancyy between these results and those of Kimberly et al might reflect that we studied neutrophil 
ratherr than macrophage function. Furthermore, rats pretreated with aged IVIG showed a slightly in-
creasedd rather than decreased clearance rate of immune complexes, compared to saline-treated rats. 
Itt should be noted that administration of aged IVIG results in a marked granulocytosis (Figure 42) and 
thiss increased number of circulating neutrophils may have enhanced the clearance rate of immune 
complexess from plasma, in addition to clearance by macrophages. 

Ann alternative explanation for the effect of IVIG might be desensitization of macrophages at 
thee level of signal transduction due to previous activation through Fcy-receptors on these cells. Trig-
geringg of Fcy-receptors is followed by the transduction of signals, which are essential for various 
phagocytee functions. Upon receptor cross-linking, Src kinases become activated which results in 
phosphorylationn of receptor-associated immunoreceptor tyrosine-based activation motifs (ITAM). This 
leadss to recruitment and activation of Syk, which phosphorylates downstream molecules, including 
phospholipasee C (PLC), SH2-containing inositol 5-phosphatase (SHIP) and phosphoinosotide 3 
kinasee (PI-3 kinase).25 Activation of macrophages through Fcy-receptors may lead to an arrest of the 
signall transduction pathway, making the cells less sensitive for a second stimulus through Fcy-
receptors. . 

Thee results described thus far suggest that activation of macrophages is unavoidable to 
achievee inhibition of systemic responses to OVA challenge. Immune-complex mediated diseases are, 
however,, preferentially not treated with an agent that induces a similar clinical outcome itself, and IVIG 
containingg high amounts of IgG dimers seems therefore not be suitable for clinical application. By 
testingg varying amounts of aged IVIG, we found that aged IVIG at a dose of 15 mg/kg, which dose 
itselff does not induce vasoactive reactions, significantly attenuated OVA-induced hypotension. Fur-
thermore,, 50% of the rats pretreated with fresh IVIG (250 mg/kg) had hardly hypotension upon OVA 
challenge.. Increasing the dose of fresh IVIG (500 mg/kg) could inhibit responses to OVA, without ap-
parentparent activation by the preparation alone, suggesting that monomeric IgG at a high dose, interfere 
withh Fcy-receptor function without activation. These results were confirmed in an in vitro study in which 
thee binding of OVA-anti-OVA immune complexes to neutrophils was determined. Preincubation of 
wholee blood with dimeric IgG resulted in a dose-dependent decreased binding of OVA-anti-OVA im-
munee complexes. Monomeric IgG showed similar effect on OVA-anti-OVA binding to whole blood 
cells,, although not as pronounced as compared to dimeric IgG. The latter experiment suggests that 
uponn pretreatment with either dimeric or monomeric IgG, less Fcy-receptors were available on the 
membranee of immune cells. In the present study we demonstrate that IVIG modulates immune com-
plex-mediatedd inflammation. The effect was most pronounced with IVIG with a high content of IgG 
dimers,, which themselves can trigger Fcy-receptor-dependent inflammatory reactions, and hence are 
nott suitable for clinical application. However, high dose of IVIG consisting of almost exclusively IgG 
monomers,, which do not trigger low-affinity Fcy-receptors, similarly attenuated immune-complex in-
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ducedd hypotension . Hence, we sugges t that IVIG, preferabl y thos e with low dimer contents , can be 
usedd in the treatmen t of immune-complex-mediate d human diseases . 
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