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Summaryy and General discussion 
IVIGG is widely used to treat immunodefciencies, autoimmunity and other immunologically 

basedd diseases.1"3 Best documented is the effect on idiopathic thrombocytopenic purpura4 and Kawa-
sakii disease5, but a number of other autoimmune and systemic inflammatory diseases have been 
reportedd to respond to this treatment. The mode of action of IVIG in replacement therapy is obvious. 
Thee means by which IVIG mediates its immunosuppresive and anti-inflammatory functions in autoim-
munee diseases are multiple and more subtle. Although the mechanisms by which IVIG exerts these 
effectss are largely unknown, several hypotheses have been postulated: blockade of Fc receptors on 
phagocyticc cells, neutralization of autoantibodies by anti-idiotype antibodies, modulation of cytokines 
andd lymphocyte functions, and effects on the complement system.1,6 However, there is no conclusive 
evidenceevidence for any of these mechanisms and other modes of action are still being proposed. Using both 
inin vitro whole blood cultures and experimental animal models in vivo, we further evaluated the interac-
tionn of IVIG with Fc receptors on different cell types. 

ActivationActivation of neutrophils in vitro 

Onee of the biological mechanism of action proposed is that IVIG inhibit Fc-mediated destruc-
tionn of antibody-sensitized cells, such as platelets, by blockade of Fcy-receptors on mononuclear 
phagocytes.44 However, other cells than mononuclear phagocytes, such as neutrophilic granulocytes, 
alsoo express Fcy-receptors, and interaction of IVIG with these cells may also induce biological effects. 
Triggeringg of these receptors, for example upon binding of IgG-complexes consisting of more that one 
IgGG molecule leads to activation of neutrophils and stimulates the respiratory burst, phagocytosis, and 
degranulation.7'111 To study whether IVIG may interact with neutrophils we developed an in vitro sys-
tem,, in which neutrophils, either purified or in whole blood, were incubated with IVIG and assessed for 
activationn and degranulation (Chapter 2 and 3). All IVIG preparations tested induced degranulation of 
neutrophilss when incubated for 2 hours at therapeutically relevant concentrations (Chapter 2). In stud-
iess with blocking antibodies against Fc^receptors (FcyR), this degranulation was shown to be de-
pendentt on FcyRII, whereas FcyRIII had no effect. Similar effects of IVIG on neutrophil degranulation 
weree found using blood obtained from a FcrRIM-deficient donor, i.e. degranulation of neutrophils upon 
incubationn with IVIG. Experiments with purified neutrophils as well as binding experiments indicated 
thatt neutrophil degranulation resulted from a direct interaction of IVIG with neutrophils. Furthermore, it 
wass found that polymeric and dimeric IgG present in IVIG was mainly responsible for the degranula-
tion.. In a follow-up study we determined that IVIG also alters the life span of neutrophils via triggering 
off Fc receptors (Chapter 3). Inhibition of neutrophil apoptosis does not only increase the life span of 
culturedd neutrophils, but also prolongs their functional longevity.12,13 In contrast to the direct effects of 
IVIGG on neutrophils after 2 hours, IVIG did not influence neutrophil apoptosis directly, but instead de-
layedd apoptosis indirectly via production of cytokines. The effect on neutrophil apoptosis likely resulted 
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fromm cell activation, since the surface expression of neutrophil activation markers and expression of 
FcyRII was increased upon incubation with IVIG. Measurement of cytokines in culture medium sug-
gestedd that release of IFN-y from mononuclear cells was responsible for the increased expression of 
FcyRII on neutrophils. Incubation of IVIG with isolated neutrophils did not have such an effect on cell 
survival,, indicating that the effect of IVIG on neutrophil apoptosis is mediated indirectly, presumably 
viaa activation of mononuclear cells resulting in the release of proinflammatory mediators. Taken to-
gether,, neutrophilic granulocytes become activated by IVIG by either a direct interaction via Fcy-
receptorss or indirectly via inflammatory mediators released by mononuclear cells. 

ActivationActivation of phagocyte functions via Fc receptors in vivo 

Inn a previous study, we observed in a rat model that intravenous administration of intramuscu-
larr immunoglobulin (IMIG) preparations induced a long-lasting hypotension, which appeared to be 
associatedd with the presence of IgG polymers and dimers in the preparations.14 This effect was unre-
latedd to complement activation, but instead mediated by platelet-activating factor (PAF) produced by 
macrophages.. Next, we compared the vasoactive effects of 16 intravenous immunoglobulin (IVIG) 
productss from 10 different manufacturers in a rat model (Chapter 4). The effects of IVIG varied from 
noo hypotensive effects (< 15% decrease), to relatively strong effects (15-50% decrease) and a 
correlationn was found between the IgG dimer content of the preparations and the magnitude of the 
hypotensivee effect. Pretreatment of the rats with recombinant PAF acetyl hydrolase completely 
preventedprevented the hypotensive reaction on IVIG infusion, and administration after the onset of hypotension 
resultedd in normalization of the blood pressure. In addition, PAF production was observed upon in 
vitrovitro incubation of human neutrophils with IVIG, which could be blocked by anti-FcyR antibodies. The 
biologicall activity of IgG dimers was further demonstrated using two different IVIG preparations, which 
differedd only in the IgG dimer content. Administration of a so-called "aged IVIG" preparation 
(containingg 10-15% IgG dimers) resulted in a long-lasting hypotension, whereas the same preparation 
withoutt IgG dimers (fresh IVIG containing <2% dimers) did not. 

Since,, polymers and dimers present in the preparations were responsible for the activation of 
humann neutrophils in vitro, we used these IVIG preparations to determine the effect of IVIG on neutro-
phill activation in vivo and in particular the effect of IgG dimers (Chapter 5). Rats received a bolus 
intravenouss injection of IVIG preparations containing either high (aged-IVIG) or low (fresh IVIG) 
amountss or IgG dimers. Administration of aged IVIG induced a neutropenia followed by a marked 
neutrophiliaa peaking at 2 hours. In contrast, infusion of fresh IVIG showed no neutropenia, and neu-
trophiliaa was less pronounced. Histological examination of lung tissue demonstrated mild influx of 
neutrophilss into the pulmonary tissue upon IVIG administration, though gross damage did not occur. 
Ann important role for macrophages was shown in macrophage-depleted rats, which no longer showed 
activationn of neutrophils upon infusion of aged IVIG. These experiments showed that neutrophils be-
comee activated by IVIG via an indirect, macrophage-dependent way. This is supported by the obser-
vationn that a second dose of aged IVIG did not induce neutropenia, suggesting that direct activation of 
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neutrophilss does not occur. The macrophage mediators involved in the activation of neutrophils, how-
ever,, still remain to be elucidated, since potential mediators like TNF-oc and PAF were not found to 
playy a role in our model. Complement activation and subsequent formation of C5a as a cause of the 
granulocytosiss cannot be ruled out, but seem less apparent considering the requirement of macro-
phages.. Continuous infusion of aged IVIG further demonstrated that the effects observed were caused 
byy the IgG dimers, and not due to the rapid administration of IVIG as such. 

IVIGG induces mild activation of neutrophils as well as vasoactive responses in vivo via trigger-
ingg of macrophages depending on the amount of IgG dimers. The latter are present at significant con-
centrationss in some of the commercially available IVIG preparations used in the treatment of patients. 
Wee suggest that IVIG preparations with a high content of dimers may not always be as harmless as 
generallyy believed and responsible for some of the side effects observed during IVIG infusions. Our 
findings,, described in Chapter 3 and 4, support the hypothesis that the clinical side effects of IVIG in 
patientss may be caused by macrophage and neutrophil activation through interaction of IgG dimers 
withh FcyR. Hence, interaction of IVIG with neutrophils in vivo may, among others, contribute to the 
developmentt of clinical (side) effects of IVIG. 

Administrationn of IVIG is the treatment of choice for primary immunodeficiency disorders as-
sociatedd with hypo/agammaglobulineamia.15 Although in general the neutrophil activation will be mild 
andd hence well tolerated by most patients, IVIG infusion may have serious consequences in patients 
withh an activated immune status and therefore pre-activated neutrophils in their circulation. Therefore, 
ann important question is whether neutrophil activation occurs in these patients receiving IVIG and 
whetherr or not neutrophil activation is associated with clinical side effects. To answer this question, we 
evaluatedd primary immunodeficiency patients receiving IVIG for neutrophil degranulation, complement 
activationn and cytokine release {Chapter 6). Plasma levels of neutrophil degranulation mediators 
(elastasee and lactoferrin) as well as proinflammatory cytokines were increased upon administration of 
IVIG.. Furthermore, a correlation was found between cytokine release (mainly TNF-cc and IL-10) and 
neutrophill degranulation. The kinetics of the release of the inflammatory mediator and peripheral leu-
kocytee counts suggest that the effect on neutrophil activation was indirectly, possibly resulting from 
activationn of mononuclear cells. Interestingly, patients who experienced clinical side effects to previ-
ouss IVIG infusions as well as patients with an activated immune status at baseline showed a more 
pronouncedd effect on cytokine release and neutrophil activation. Plasma levels of complement activa-
tionn products (C3b/c and C4b/c) were increased upon infusion of IVIG. However, no correlation was 
foundd between clinical side effects. In contrast to the general idea that clinical side effects are mainly 
causedd by complement activation, due to IgG aggregated present in IVIG preparations, these results 
showw that manifestation of clinical side effects may be partially mediated by neutrophil activation. 

Hence,, activation of neutrophils in the circulation by IVIG may contribute to the side effects of 
thiss immunotherapy. In these patients, IVIG may induce a stronger and potentially dangerous activa-
tionn leading to significant tissue damage. 

Thee patients in our group were selected based on their historical clinical experience to previ-
ouss IVIG treatments. Some of them did develop side effects to previous IVIG treatments whereas 
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otherr never did. We found an interesting difference regarding the expression of FcyRIl between the 
twoo patient groups: patients who never experienced clinical side effects showed a significant in-
creasedd expression of FcyRII on neutrophils as well as monocytes compared to patients with side 
effectss and healthy volunteers (Chapter 7). Recently, it has been reported that, beside FcyRIIA, 
FcyRIIBB is also expressed on neutrophils and monocytes.7 FcyRIIB contains an immunoreceptor tyro-
sinee based inhibitory motif (ITIM), and upon cross-linking, exerts an inhibitory effect on inflammatory 
responses8'9,, which might explain the different (sub)clinical outcome of these patients upon admini-
strationn of IVIG. 

InhibitionInhibition of phagocyte functions via Fc receptors in vivo 

AA key role of Fc receptors in the initiation of IgG mediated inflammatory responses is well es-
tablished.. Studies in Fcy-receptor deficient mice on inflammatory responses to immune complexes 
demonstratedd absence of immune complex mediated inflammation in these mice.16 Knowing now that 
somee commercially available IVIG preparations contain significant amounts of IgG dimers, we decided 
too study the effect of these dimers in immune complex mediated inflammation. Polymeric IgG and 
immunee complexes are well known to interfere with both the level of FcyR expression and FcyR-
mediatedd functions (such as phagocytosis). Furthermore, human IgG aggregates and IgG dimers bind 
moree efficiently to low-affinity Fc receptors than IgG monomers do. Dimeric IgG may therefore have a 
strongerr effect than monomeric IgG. To evaluate the role of IVIG and in particular the IgG dimers pre-
sentt in IVIG preparations, we developed two experimental animal models, i.e., a mouse model for ITP 
(typee II hypersensitivity) and a rat model for anaphylactic shock (type III hypersensitivity). 

Fcc receptors play an important role in antibody-dependent clearance and many studies have 
providedprovided evidence that reversal of thrombocytopenia can be induced by (non)specific blockade of Fc 
receptorss on phagocytes in the reticuloendothelial system (RES).17,18 Administration of IVIG leads to 
rapid,, yet often transient reversal of thrombocytopenia in the majority of patients with ITP.19 IVIG 
preparationss contain variable amounts of monomers, dimers and small amounts of aggregated IgG, 
andd it is not known, which of these fractions constitute the "active" component, making standardization 
off IVIG preparations for the treatment of ITP tedious. 

Inn two experimental models for ITP we show that the therapeutic efficacy of IVIG preparations 
iss related to the IgG dimer content present in these preparations (Chapter fl). An increased platelet 
clearancee was induced by a mAb directed to the murine platelet-specific integrin Ilb3 (gpllb/llla), ad-
ministeredd either as bolus injection or continuous infusion. Experiments with blocking mAb (2.4G2) or 
inn mice deficient for Fc receptors particular pointed to a role for FC7RIII in the clearance of antibody-
sensitizedd platelets, emphasizing the relevance of these models for human ITP. Upon continuous 
infusion,, platelet numbers had reached a steady state after 4 days, at about 25% of control. This re-
ductionn in platelets was, however, not observed in mice deficient for the FcR-ychain, lacking FcyRI and 
FcyRIII,, as well as FcyRIl I defecient mice. Clearance of platelets sensitized with the anti-platelet mAb 
couldd only be reduced by administration of an IVIG preparation containing significant amounts of IgG 
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dimers.. An IVIG preparation without IgG dimers hardly showed an effect. The effect of IgG dimers was 
observedd in both murine models for ITP, i.e a single intraperitoneal injection or continuous infusion of 
anti-platelett antibody. Thus, these data indicate that IgG dimers not only may mediate side effects, but 
alsoo therapeutic effects of IVIG. 

Wee also investigated the effect of IVIG in a second experimental model (Chapter 9), in which 
ratss were subjected to immune complex (OVA-anti-OVA) mediated inflammation. Systemic anaphylac-
ticc responses to OVA-anti-OVA immune-complexes were partly mediated by PAF release, most likely 
releasedd from macrophages. Pretreatment of rats with IVIG containing IgG dimers inhibited the hy-
potensivee responses induced by immune complexes, whereas a similar dose of IVIG without IgG 
dimerss did not. Interestingly, IVIG without dimers, administered at a higher dose also inhibited the 
hypotensivee effect, without apparent activation of macrophages. Both dimeric IgG as well as mono-
mericc IgG inhibited binding of preformed OVA-anti-OVA immune complexes to human neutrophils, 
suggestingg that pretreatment with IVIG resulted in Fcy-receptor down modulation. However, immune 
clearancee of preformed immune complexes in vivo was not changed by pretreatment with IVIG. These 
resultss demonstrate that IVIG can modulate Fc -receptor-dependent responses elicited by immune 
complexes.. This effect is mostly mediated by IgG dimers, however, IgG dimers trigger Fcy-receptors 
resultingg in undesirable vasoactive effects. However, pretreatment with IgG monomers, administered 
att high concentrations, resulted in similar effects as pretreatment with IVIG containing IgG dimers, 
withoutt stimulating macrophages via Fc^receptors. 

Wee suggest that therapeutic efficacy of different IVIG preparations used to treat human ITP 
andd to some extent also other immune complex mediated diseases, depends on the presence of IgG 
dimers,, with preparation containing relatively high amounts of IgG dimers having better therapeutic 
efficacy.. Since commercially available IVIG preparations may largely differ in IgG dimer content, our 
findingss strongly predict that they also will differ in therapeutic efficacy in the treatment of ITP or im-
munee complex mediated diseases. Furthermore, the therapeutic efficacy in ITP goes at the risk of the 
inductionn of side effects, which are most probably also related to the presence of IgG dimers, via acti-
vationn of macrophages and neutrophils. 

AcceleratedAccelerated clearance of autoantibodies 
Itt has been proposed the beneficial effect of IVIG in antibody-mediated autoimmune disorders 

iss based on an accelerated catabolism of autoantibodies.20,21 The identification of FcRn as protecting 
receptorr has led to the hypothesis that the effect of high dose IVIG in autoantibody-mediated disorders 
iss based on saturation of FcRn, leading to increased catabolism of IgG, including that of autoantibod-
ies.. By using a computational simulation we determine the time course and the magnitude of the de-
creasee of autoantibody levels by IVIG therapy (Chapter 10) in order to determine the clinical rele-
vancee of such a mechanism in the treatment of autoimmune diseases. By comparing our results with 
thosee from clinical studies we concluded that this mechanism explains some, but not all, clinical ob-
servationss on the reduction of autoantibody levels. Our model predicted a gradually occurring de-
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creasee in autoantibody levels after IVIG, with a maximum reduction of 25% after 3 to 4 weeks, 
whereass in some clinical studies a larger or more rapid effects on autoantibody levels have been ob-
served.. These data suggest that IVIG can also reduce autoantibody levels via other mechanisms, 
suchh as down-regulation of antibody production or neutralization by anti-idiotypic antibodies. A gradu-
allyy occurring and long-lasting complete disappearance may point to a down-regulation of antibody 
production,, for example by an effect on B-cells. It is possible that IgG dimers play a role in down-
regulationn of antibody production, since we have shown that IgG dimers bind to FcyRlla expressed on 
neutrophils,, resulting in activation and degranulation of these cells. B cells express FcyRIIB, with the 
samee binding affinity for dimers compared to F-ycRIIA, which upon cross-linking results in a down-
modulationn of inflammatory responses, due to an immuno tyrosine inhibitory motif (ITIM). It remains to 
bee investigated whether IgG dimers present in IVIG preparations indeed have such an immunomodu-
latoryy effect on B cells. 

ConcludingConcluding remarks 

Thiss thesis describes a number of findings relevant to our understanding of the biological 
mechanismm of IVIG. We describe that some commercially available IVIG preparations contain signifi-
cantt amounts of IgG dimers. The presence of these IgG dimers cause activation of neutrophils as well 
ass macrophages and result in an increased secretion of proinflammatory mediators, which may be 
relevantt in the development of clinical side effects. Indeed we found a correlation between the pres-
encee of IgG dimers and hypotensive responses as well as neutrophil activation. Therefore IgG dimers 
mayy not be as harmless as generally believed. On the other hand, the therapeutic efficacy of different 
IVIGG preparations used to treat experimental ITP depends on the presence of IgG dimers, with prepa-
rationn containing relatively high amounts of IgG dimers having better therapeutic efficacy. These re-
sults,, suggest that the treatment of some immune mediated diseased may be improved using IVIG 
preparationss containing relatively high amounts of IgG dimers. 
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