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Introductio n n 

History ,, biologica l mechanism s of actio n and clinica l indication s of intrave -
nouss immunoglobuli n (IVIG) preparation s 
JessicaJessica L Teefing, Wim K. Sleeker and C. Erik Hack 

Centrall Laboratory of the Netherlands Red Cross Blood Transfusion Service and Laboratory of Experimental and Clinical Im-
munology,, Academic Medical Centre, University of Amsterdam, Amsterdam, The Netherlands. 

TheThe history of intravenous immunoglobulin 

Thee history of the purification and potential therapeutic application of immunoglobulins in the 
treatmentt of human disease started in the 19th century by von Behring and Kitasato, who demon-
stratedd that transfer of blood drawn from rabbits immunized with tetanus toxins could protect non-
immunee rabbits from the lethal complications of tetanus infection.1 By 1933 the first application of hu-
mann IgG was introduced using globulin fractions from human placental tissue extracts purified by am-
moniumm sulphate precipitation. '3 Soon thereafter it was shown that better protection could be ob-
tainedd and that severe reactions less frequently occurred, with immunoglobulins isolated from normal 
humann sera.4 

Ass a result of World War II, there was tremendous demand for blood for transfusion, particu-
larlyy blood products that could be stored, transported, and administered easily without need for resus-
pensionn or reconstitution. The method that finally permitted large-scale production of blood plasma 
fractionn for such use, was discovered by Cohn who developed an alcohol fractionation process of 
humann plasma, resulting in four fractions of plasma proteins. One of these fractions, fraction M, had 
thee greatest clinical merit, containing the bulk of the antibodies from human plasma.7 At the end of the 
warr it was shown that this Cohn Fraction II, administered intramuscularly in relatively small amounts, 
wass an effective prophylaxis against measles and hepatitis A because it contained high concentra-
tionss of antibodies.8,9 

Althoughh the demand for purified immunoglobulin by the introduction of the Cohn fractionation 
methodd was solved, other problems were observed. Persons with acute infections, later realized to 
sufferr from congenital immunodeficiency disorders or antibody deficiencies, sometimes had immediate 
andd severe anaphylactic or anaphylactoid reactions when upon intravenous administration of these 
preparations.. * Barandun et al were the first to discover that the separated IgG molecules tended to 
aggregatee thereby becoming anticomplementary and able to produce anaphylactic reactions.10,11 In 
1960,, Barandun et al extended the method developed by Cohn and incubated IgG preparations at low 
pHH (e.g., pH 4).10 At first these incubation steps were done without enzymes, but later traces of pepsin 
weree added to inhibit re-aggregation. The IVIG formulation developed by Barandun, provided a cor-
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nerstonee of immunoglobulin (lg) therapy for primary immunodeficiencies and, as time elapsed, for a 
growingg number of other indications. 

Treatmentt with slow subcutaneous infusion of the gammaglobulin preparations was re-
introducedd by Berger et al (1980), in particular in patients who developed adverse reactions. A number 
off reports on the treatment of hypogammaglobulinemic patients soon followed. However, owing to the 
sloww rate of infusion, the limited volume that can be administered via this route, and the painful injec-
tionn sites, this form of treatment did not meet with widespread enthusiasm.12 Also intramuscular ad-
ministrationn of ig is not ideal since also via this route the volume to be administered is limited. Hence, 
manufacturerss have developed preparations that can be administered intravenously. Nowadays, the 
intravenouss route is the route most frequently used for administration of Ig, whereas the other routes 
aree sometimes used in patients with too severe side effects upon intravenous preparations. 

Immunoglobulinn (IVIG) for therapeutic use is a polyspecific immunoglobulin G prepared from 
plasmaa pools of at least 1000 healthy donors. Due to the large donor pools, regular IVIG preparations 
havee a broad spectrum of antibodies, reflecting the natural responses of the adult population against 
commonn microorganisms. Among the specific antibodies are those against foreign antigens (e.g. viral 
andd bacterial antigens and superantigens), and natural antibodies to self-antigens. Preparations of 
IVIGG for clinical use mainly contain intact IgG molecules, with small amounts of contaminating IgA and 
IgMM often present. IVIG also has been found to contain trace amounts of soluble CD4, CD8 and HLA 
moleculess and some cytokines.13 The distribution of IgG subclasses in IVIG is similar or close to that 
off IgG in normal serum. The half-life of infused IVIG is three weeks. Several methods have been de-
velopedd to ensure viral inactivation of the preparations, in addition to removal of potentially contami-
natingg virus particles by physical partitioning. 

IgGIgG dinners 
AA variety of methods have been employed to modify IVIG purified from fraction II. Early ap-

proachess involve chemical or enzymatic modifications of IgG in an attempt to eliminate anticomple-
mentaryy activity. Methods include reduction and alkylation of the interchain disufide bridges of IgG, 
alkylationn of a limited numbers of lysine residues with (5-propiolacton, or digestion with pepsin. Al-
thoughh the resulting preparations were well tolerated, many of the Fc mediated functions of IgG were 
substantiallyy diminished. The modification developed by Kistler14 is employed in several countries, and 
involvess the manipulation of five variables (pH, protein concentration, alcohol concentration, ionic 
strength,, and temperature) to selectively precipitate the various proteins of plasma. 

Preparativee methods have attempted to maintain the native structure of the molecule while 
removingg and preventing the formation of aggregates. High molecular weight aggregates can be re-
movedd by additional precipitation steps employing polyethylene glycol or ethanol, by ion exchange 
chromatography,, by treatment with trace amounts of pepsin at pH 4, or by maintaining the product as 
aa solution at pH 4 throughout its shelf life, in freeze-dried product, additives such as human albumin, 
polyethylenee glycol, glycine or sugars (sucrose, maltose, mannitol or glucose) may be added in order 
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too minimize aggregation resulting from lyophilization. These manipulations may affect not only the 
propensityy of the IgG molecules to aggregate, but also the tendency to dimerize. The Pharmacopoeia 
requiress that each lot of IVIG shall be prepared from a pool of approximately equal amounts of plasma 
fromm not less than 1000 donors. The rationale for this requirement is an attempt to assure a broad 
spectrumm of antibody specificity to various pathogens. However, this requirement also affects the po-
tentiall for the IVIG to contain anti-idiotypes recognizing other antibodies present either in the IVIG or in 
recipients.. Under certain conditions, these anti-idiotypes may pair with complementary idiotypes to 
formm a dimeric structure, or they may interact with complementary idiotypes in a recipient to modify the 
functionn of the latter. 

Therapeuticc Ig preparations contain a substantial amount of IgG dimers. Early investigations 
onn the nature of this dimeric species suggested that it was composed of two IgG molecules associated 
end-to-endd ( —< >— ).15'16 Later it was shown that dimerization reflected a reversible temperature-
dependentt transition, that the rate of dimer formation was exceedingly low (requiring several months 
too reach equilibrium), and that different Ig preparations differed greatly in their propensity to dimer-
ize.. Other investigators18 also reported that IgG isolated by ion exchange procedures contained little 
orr no dimer. Because of these observations, it was rather widely believed that dimerization of IgG 
moleculess in commercially IVIG was somehow a result of the ethanol fractionation process itself. 
However,, later it turned out that this was not the case. With high performance exclusion chromatogra-
phyy (HPLC) it became clear that the preparations differed substantially in dimer content, depending on 
thee number of donors used to prepare the preparation. It was demonstrated that IgG from single donor 
plasmaa contained essentially no dimers and, that the dimer content of IVIG depended on the number 
off donors contributing to the plasma pool.19 Furthermore, the dimer content was shown to decrease at 
decreasingdecreasing pH, increasing temperature, increasing ionic strength, and decreasing IgG concentration. 
Ass a matter of fact, dimers are almost completely dissociated at pH 4 or below. 

Afterr it was realized that IVIG may contain both natural autoantibodies and anti-idiotypes to 
autoantibodies,, it was shown that F(ab')2-fragments of IVIG also could form dimers implying involve-
mentt of antigen-binding sites rather than Fc-parts. Indeed dimers of complementary variable region 
weree directly demonstrated in IVIG preparations by electron microscopy.20 Such dimers involve up to 
30%% of IgG molecules in IVIG.21 The relative amount of dimers in IVIG increases with the number of 
donorss contributing to the plasma pool irrespective the purification process, cold ethanol fractionation 
orr anion exchange chromatopgraphy.19 Analysis of the antibody specificity of IgG involved in dimer 
formationn in IVIG revealed that dimers contained higher level of specific autoreactive antibodies than 
IVIGG molecules not engaged in dimer formation.22. Thus, taken together these studies suggested 
thatt the presence of dimers in IVIG preparations was due to idiotype-anti-idiotype interactions inherent 
onn the use of large pools of donors as a source for IVIG, rather than to a purification or fractionation 
artifact.. Thus, it can be expected that in general IVIG preparations will contain significant concentra-
tionss of dimers if the conditions for dimer-formation are suitable, i.e. normal pH, fluid formulation, nor-
mall ionic strength, etc. However, commercially available IVIG preparations may differ largely regard-
ingg the IgG dimers content, since the conditions that allow idiotype-anti-idiotype complex formation 

9 9 



differr among preparations due to differences in formulation such as freeze-dried or liquid, pH, ionic 
strengthh etc. 

FcFc receptors 

Feyy receptors (FcyR) form one of the front lines of membrane receptors in immune defense 
mechanismm by providing humoral immunity with powerful cell mediated mechanisms. The interaction 
off immunoglobulins with FcyR has profound biological effects, including, activation of cell mediated 
killing,, induction of mediator release, uptake, removal and destruction of antibody coated particles, 
includingg pathogens, transport of immunoglobulins, and the regulation of immunity. As they play a 
majorr role in the effects and adverse events of IVIG, FcyR will be discussed in some detail here. 

Thee FcyR for IgG constitute a family of hematopoeitic cell surface molecules that include re-
ceptors,, which can either stimulate or inhibit cellular responses upon binding of IgG or anti-body-
antigenn complexes (Figure 1). FcyR capable of triggering cell activation possess one or several intra-
cytoplasmicc activation motifs, a so-called immunoreceptor tyrosine-based activation motif (ITAM). 
FcyRR with ITAM are of two types: multichain receptors composed of a ligand-binding FcRa subunit, 
associatedd with one or two signal transduction subunits, or single-chain IgG receptors, unique to hu-
mans,, which possess a single ITAM in their cytoplasmic tail.24. The aggregation of FcR with ITAMs 
inducess two sets of responses: one results from activation of cells and another from internalization 
phenomena.. FcyR that do not trigger cell activation have no ITAM, and can be subdivided into two 
mainn categories. First, a family of single chain receptors whose intracytoplasmic domain, possess a 
motiff (immunoreceptor tyrosine-based inhibition motif (ITIM)), which inhibits cell activation by recep-
torss capable of triggering cell activation. FcR of the second category neither trigger nor inhibit cell 
activation.. They are involved in the transcytosis of immunoglobulins through epithelia. They are the 
polymericc IgA and IgM receptor (plgR), and the neonatal FcR for IgG (FcRn). 

Eightt genes have been identified coding for the human FcyRs: three genes for the high affinity 
IgGG receptor FcyRI (FcyRIA, FcyRIB and FcyRIC), and five genes for the low affinity IgG receptors 
FcyRIII (FcyRIIA, FcyRIIB and FcyRIIC) and FcyRIII (FcyRMIA, FcyRIIIB). 

10 0 



FcyRR huma n FcyR mous e 
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Figur ee 1 Schemati c representatio n of the structur e and signalin g complexe s of huma n and mous e Fc^receptor s 

FcyRI' FcyRI' 

Humann FcyRI (CD64) and mouse consist of three lg-like extracellular domains. The first two 
domainss are homologous with the two domains of FcyRII and FcyRIII, but the third extracellular do-
mainn is distinct and confers the unique high affinity IgG binding characteristics of FcyRI. (Ka = 107-109 

M"1).266 Both human and mouse FcyRI are non-covalently associated with the homodimer of the y-
subunitt initially described for FceRI.27"29 FcyRI does not require the presence of this gamma chain for 
assemblyy and transport to the cell surface, however, in vivo expression is reduced (80%) in the ab-
sencee of the gamma chain. FcyRI receptor is present on monocytes and macrophages30,31 ;ln human 

11 1 



neutrophilss it is inducible by interferon-y (IFN-y), G-CSF and other mediators.  Human monocytes 
havee some tens of thousands FcyRI, while murine macrophages express many more on their mem-

FcyRIl FcyRIl 

Thee FcyRII is widely expressed and found on virtually every FcyR-bearing cell with the excep-
tionn of the NK-cell. The number of copies expressed by cells varies greatly, ranging from 103 on plate-
letss to more than 105 on murine macrophages.35'36 Human and mouse FcyRII consist of two lg-like 
domains.. FcyRII (CD32) exhibits high avidity binding of complexed IgG but does not bind IgG mono-
merr in conventionally whole cell assays. Indeed in binding experiments it was shown that human and 
mousee FcyRII bind monomeric IgG poorly (Ka< 107 M"1).26 Thus, FcyRII seems to be meant to bind 
immunee complexes rather than monomeric IgG. FcyRIIB is unique among either FcyRs both structur-
allyy and functionally. This receptor molecule does not associate with the signaling membrane com-
plex,, the FcR-y homodimer, but instead possesses a characteristic intracellular amino acid sequence, 
immunoreceptorr tyrosine-based inhibition motif (ITIM).25 When B cells are stimulated with anti-lg 
F(ab')2,, the cells proliferate efficiently due to cross-linking of surface lg, but intact anti-lg antibody fails 
too do so. This phenomenon has been interpreted that FcyRIIB molecules on B cells bind the Fc-
portionn of the antibody and form co-cross links between antigen receptor and FcyRIIB via anti-lg anti-
body.. This observation suggested that FcyRIIB on B cells might inhibit antibody production in immune 
responsee in vivo. In addition to its expression on B cells, where it is the only IgG FcyR, FcyRIIB is ex-
pressedd on macrophages, neutrophils, and mast cells, missing only from T and NK cells.3 Daeron et 
alal have reported that the inhibiting signaling through FcyRIIB is a more general mechanism of immu-
nosuppressionn in a variety of cells. However, inhibitory receptors mediate this function only upon 
theirr clustering with an activating counterpart on the cell surface. Co-engagement of FcyRIIB to an 
ITAM-containingg receptor leads to tyrosine phosphorylation of the ITIM by the Lyn kinase, recruitment 
off SHIP, and the inhibition of ITAM-triggered calcium mobilization and cellular proliferation. The net 
effectss is block calcium influx and prevent sustained calcium signaling, which prevents calcium de-
pendentt processes such as degranulation, phagocytosis, antibody-dependent cellular cytotoxicity 
(ADCC),, and cytokine release.37 Mice only express one isoform of FcyRII, which resembles the 
FcyRIIBB isoform of humans. 

FcyRIII FcyRIII 

Twoo isoforms of membrane human FcyRIII have been defined, exhibiting different cellular dis-
tribution.26,39"433 The human FcyRllla is expressed in NK cells and macrophages and is absent in neu-
trophils,, whereas FcyRlllb is expressed only in neutrophils. FcyRIIIA is a transmembrane receptor 
whilee the FcyRII IB is a receptor tethered via a glycophosphatidylinositol anchor.43,44 Both isoforms 
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containn two lg-like domains and exhibit low to intermediate affinity to monomeric IgG and can bind IgG 
complexess avidly. Both isoforms of human FcyRlll display similar affinities for monomeric IgG with 
FcyRlllaa exhibiting an affinity of Ka 2 x 107 M-1and FcyRlllb a slightly lower affinity of Ka 107 M'1.26 

Profoundd functional consequences result from the subtle changes in the FcyRIII genes, with FcyRIIIA 
expressedd on NK cells and macrophages which are capable of mediating ADCC and phagocytosis45" 
47,, while FcyRIIIB is not. It has been postulated that the GPI-linked FcyR serves as a trap for immune 
complexess in the peripheral circulation, which do not activate neutrophils.48,49 On the other hand 
FCYRIIIBB may act synergistically with FcyRIIA, expressed on neutrophils, to mediate ADCC and 
phagocytosis,, suggesting that a threshold concentration has to be achieved before FcyRIIIB can inter-
actt with and trigger via FcyRIIA50. Stimulation of macrophages, monocytes and neutrophils with im-
munee complexes or anti-FcyR mAbs induces an increase in [Ca2+]j.51 Cross-linking of at least two 
receptorr molecules is necessary for activation of effector cells. 

Murinee FcyRIII shows 95% sequence conservation in its extracellular domains compared to 
FcyRII,, but it transmembrane and cytoplasmic domains are distinctly unrelated. The suggestion that 
murinee FcyRIII mediates a different function than murine FcyRII followed the recognition that it was the 
onlyy FcyR expressed by NK cells, where it mediates antibody-dependent cellular cytotoxicity (ADCC) 

.. Immune complexes are targeted to FcyRIII to trigger macrophage effector phenotypes, indicating 
thatt murine FcyRIII acts as an activating Fcy^receptor, in contrast to murine FcyRII. Both human and 
mousee transmembrane forms of FcyRIII require subunit association for efficient surface expression 
andd signaling. In macrophages, human FcyRllla is associated with the gamma chain and in NK cells 
withh the gamma subunit and the £ subunit of the CD3-TCR complex. 

Ratt FcyRs have not been as extensively characterized as their human and mouse counter-
parts.. A FcyRIII receptor has been cloned from a rat NK cell cDNA library, and analysed by Northern 
blott hybridization. A family of highly homologous FcyRIII receptors was found, unusual in their number 
andd diversity as compared with the single mouse FcyRIII receptor or the two human FcyRIII receptors. 
Thiss was an unexpected finding because human and mouse NK cells express only a single FcyRIII 
transcriptt encoding only one isoform. Like FcyRIII homologues expressed by mouse or human NK 
cellss and macrophages, however, all rat FcyRIII protein sequences have conventional transmembrane 
insertionn sequences. A rat homologue of the human FcyRIIIB isoform of human neutrophils has not 
beenn found in rats. It has been suggested that the diversity of rat FcyRIII isoforms might enable rat NK 
cellss and macrophages to recognize multiple rat IgG antibody isotypes, an idea consistent with the 
observationn that rat NK cells recognize a broader range of different IgG isotypes in ADCC that human 
NKK cells. It was found that several rat cell types expressing FcyRIII, including NK cells, macrophages, 
monocytes,, and neutrophils, also co-express FceRI y subunit transcript. Except for macrophages, the 
samee cell types also co-express transcripts for the T cell receptor CD3£ subunit known to interact with 
humann FcyRIIIA sununits of human NK cells, and to be phosphorylated after FcyRIIIA or T cell recep-
torr cross-linking.53 
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Itt was suggested previously that rat mast cells (RBL-2H3) express more than one type FcyR, 
butt this was not yet determined. Others suggested that RBL-2H3 cells are likely to express only 
FcyRII.. Two genes encoding rat FcyRII receptor have been cloned from RBL-2H3 cells and found to 
bee analogues of mouse FcyRllbl and FcyRbM2. Soluble forms have not yet been detected. 

Comparisonn to the mouse FcyRllbl and rat FcyRllb2 confirmed that the obtained sequence 
representss the product of an alternatively spliced exon encoding a 47amino-acid insertion in the rat 
FcyRllbl.. The insertion in the rat FcyRllbl shows 74.5% to 92% identity with its mouse homologue. 
Stimulationn with IgG immune complexes caused a slight reduction in the expression of FcyRIII (after 8 
hourss of stimulation) and a more pronounced reduction of both isoforms of FcyRII. 

FcRn FcRn 

Thee transepithelial transport of IgG is performed by an Fc-receptor, FcRn, that is structurally 
relatedd to MHC I molecules. This receptor is a 45 kDa membrane glycoprotein which bears little struc-
turall relationship to the leukocyte IgG receptors. The binding of IgG to FcRn is pH dependent, binding 
beingg favored at acid, and dissociation at neutral pH. This receptor has been identified both in rodents 
andd in man and has been shown to be responsible for the regulation of a catabolism of plasma IgG. 

Overr the last several years a number of mouse lines deficient in specific Fey receptor genes 
havee been developed, including FcRy54 FcyRII55 and FcyRIII56 or combinations of these. These mice 
havee been highly useful for analyzing the functions of individual FcR or their subunit molecule in the 
immunee system. 

Takaii et al has generated a mouse strain genetically deficient in FcRy by knocking out the 
genee coding for the y^chain54. The ablation of this chain results in the almost complete loss of the ef-
fectorr responses on NK cells, macrophages, and mast cells due to loss of at least FcyRI, FcyRIII 
FceRII on these cells. FcRy-deficient mice do not respond to various experimental induction protocols 
off inflammatory reactions and hence, these results demonstrate the FcR are key molecules triggering 
aa variety of inflammatory cascades. 
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Tablee I Characterizatio n of human , mous e and rat Fc receptor s 

Human Human Mouse Mouse Rat Rat 
Genes Genes hFcyRIA hFcyRIA hFcyRIB hFcyRIB hFcyRIC hFcyRIC mFcyRI mFcyRI rFcyFtl rFcyFtl 
Transcript t 
Alleles s 
Chromosomee location 
Extracellularr domains 
Receptorr form 
Molecularr mass 
Associatedd subunits 
Affinityy for IgG 

hFcvRIa a 

1q21 1 
3 3 
Transmembrane e 
72 2 
Y-chainn FceRI 
108-109M-1 1 

1q21 1 1q21 1 

mFcvRI I 

33 (45.2) 
3 3 
Transmembrane e 
40-60 0 
Y-chainn FceRI 
<107M1 1 

Genes Genes hFcyRIIA hFcyRIIA hFcyRIIB hFcyRIIB hFcyRllc hFcyRllc mFcyRII mFcyRII rFcyRI rFcyRI 
Transcript t 

Alleles s 
Chromosomee location 
Extracellularr domains 
Receptorr form 
Molecularr mass 
Associatedd subunits 

Transcript t 
Alleles s 

Chromosomee location 
Extracellularr domains 
Receptorr form 
Molecularr mass 
Associatedd subunits 

Affinityy for IgG 

FcYRIIal l 
sFcYRHa2 2 

FcvRllbl l 
FcYRIIb2 2 
FcYRIIb3 3 

FcYRIIaa R131'H131 

1q233 1q23 
2 2 
transmembrane e 
40 0 
Y-chainn FceRI 

FCYRIIC C 

1q23 3 

FcYRIIIa a 
FcYRHlaV158 8 

FcYRIHaF158 8 

1q23-24 4 
2 2 
transmembrane e 
50-80 0 
Y-chainn FceRI 

FcvRlllb b 
FcYRIHbNA1

r r 

FcYRIHbNA2 2 

1q23-24 4 
2 2 
GPI-anchored d 
50-80 0 

C-chainCD3-TCR R 

2 x 1 0 ^^ <107MT 

FcYRIIbl l 
FcrRllbr r 
FcrRllb2 2 
SFCYRIID3 3 

FcrRllbl l 
FcYRIIb2 2 

11 (92) ? 
22 ? 
transmembranee ? 
40-600 ? 
Y-chainn FceRI ? 

Affinityy for IgG 
Genes Genes 

2x107M-1 1 

hFcyRIIIA hFcyRIIIA hFcyRIIIB hFcyRIIIB 
<107M! ! 
mFcyRIH mFcyRIH 

? ? 

rFcyRIII rFcyRIII 
mFcYRIII I 

1 1 
2 2 
TM M 
40-60 0 
Y-chainn FceRI 

3-chainn FceRI 

<107M-1 1 

rtt FCYRIII 
several l 

? ? 

2 2 
TM M 
? ? 

Y-chain n 
FceRI I 
C-chain n 
CD3-TCR R 
? ? 
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MechanismsMechanisms of action of MG 

IVIGG has proved to be effective and save in the long-term treatment of antibody deficiencies. 
Inn addition, IVIG has increasingly been used in autoimmune and inflammatory conditions. After the 
firstt report on the efficacy of IVIG in the treatment of idiopathic thrombocytopenic purpura (ITP)57, the 
listt of diseases responding to IVIG now includes a broad spectrum of diseases, mostly with an im-
munee pathogenesis (Table II). In only a few diseases, however, a beneficial effect of IVIG has been 
clearlyy established in randomized clinical trials. For most immune disorders it holds that a beneficial 
effectt of IVIG therapy is not convincingly demonstrated. Furthermore, there is insufficient data on the 
optimall modalities for administering IVIG, and on the mechanisms of action of IVIG. 

Tablee II Immune mediated diseases in which a beneficial effect of IVIG has been reported 

Primaryy immunodeficiencies * 
X-linkedd agammaglobulinemia 
Commonn variable immunodeficiency 

Idiopathicc thrombocytopenic purpura (ITP) * 
Acquiredd immune thrombocytopenia 
Autoimmunee hemolytic anemia 
Autoimmunee erythroblastopenia 
Autoimmunee neutropenias 
Parvoviruss B19-associated red-cell aplasia 
Antii factor-VIII autoimmune disease 
Acquiredd Von Willebrand disease 
Guillainn Barre syndrome * 
Chronicc Inflammatory 
demyelinatingg Polyneuropathy (CIPD) 
Myastheniaa Gravis * 
Multifocall neuropathy 
Polymyositis s 
Dermatomyositiss * 
Kawasaki'ss disease * 
** indicates diseases in which evidence for the effect of IVIG 

ANCA-positivee systemic vasculitis 
Antiphospholipidd syndrome 
Recurrentt spontaneous abortions 
Felty'ss syndrome 
JRA A 
Systemicc erythematosus 
Rheumaticc arthritis 
Birdshott retinochoroidopathy * 
Graftt versus host disease * 
Multiplee sclerosis 
Insulin-dependentt diabetes mellitus 
Steroid-dependentt asthma 
Steroid-dependentt severe atopic dermatitis 
Cronh'ss disease * 
HIVV infection in children 

hass been obtained in controlled trials 

Theree is no discussion about the mechanism of action in primary immunodeficiencies: IVIG is 
givenn as a supplementation therapy, it compensates for the lack of immunoglobulins. However, in 
autoimmunee and inflammatory disorders the effects of IVIG are less easy to explain. Actually, several 
mechanismss of action have been proposed (Table III). Some of these mechanisms are dependent on 
thee interaction between the Fc-portion of infused immunoglobulins and the Fey-receptors (FcyR) on 
targett cells; other mechanisms are primarily dependent on the variable regions of antibodies adminis-
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teredd to the patients. An immunomodulating effect of IVIG has been proposed based on prevention or 
attenuationn of experimental autoimmune diseases with human IVIG. 

Tablee HI Proposed mechanism of action of IVIG 

Fcc receptor blockade 
Anti-inflammatoryy effects 

Attenuationn of complement-mediated tissue damage 
Alterationn of the structure and solubility of immune complexes 
Inductionn of anti-inflammatory cytokines 
Decreasedd production of proinflammatory cytokines 
Neutralizationn of microbial toxins 

Neutralizationn of pathogenic autoantibodies by anti-idiotypes 
Neutralizationn of superantigens 
VV region and Fc dependent selection of immune repertoires 

Controll of emergent repertoires of bone marrow B cells 
Modulationn of cytokine production by monocytes and T cells 
Regulationn of expansion and activation of lymphocyte subsets 

Modulationn of immunoglobulin production and changes in antibody repertoires 

Effec tt  of IVIG on effecto r function s 

FcFc receptors 
Triggeringg of Fc receptors leads to profound biological effects, including, activation of cell-

mediatedd killing, induction of mediator release, uptake, removal and destruction of antibody- coated 
particles,, and the regulation of immunity. Many of the beneficial effects of IVIG administration in vari-
ouss clinical disorders may be mediated through monocytes and macrophages. These cells express 
threee different types of FcyR. Occupancy of these receptors stimulate a variety of cell responses in 
vitro.vitro. The binding of IVIG to Fc receptors results in a reversible blockade of the receptors of phago-
cyticc cells in vivo. This interaction accounts for the rapid and transient reversal of peripheral autoim-
munee cytopenias, e.g., idiopathic thrombocytopenia (ITP). Binding of the Fc-portion of IgG to Fc re-
ceptorss is also likely to affect the function of B cells and monocytes through the ability to trigger inter-
cellularr signaling upon binding to the FcR on these cells.58,59 Finally, the binding of IgG to Fc receptors 
onn normal peripheral blood mononuclear cells induces the release of soluble FcR in vitro, and intrave-
nouss infusion of Fc fragments was shown to be followed by an increase in the serum concentration of 
sCD166 in vivo.60 The clinical relevance of the latter in relation to IVIG therapy as yet remains unclear. 

Itt has been suggested that the rate of IgG catabolism is a plausible explanation for the benefi-
ciall action of high doses of exogenous IgG in antibody-mediated autoimmune disorders.61 The 
mechanismm by which plasma IgG concentrations regulate the rate of IgG catabolism have been re-
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vealedd in beta2-microglobulin knock-out mice, which had an extremely low serum level of IgG. Immu-
nizationn of these mice did not evoke a sustained increase in serum IgG, but IgM responses were nor-
mal.. The low serum level of IgG in these mice was attributed to the loss of FcRn. This receptor is 
abundantlyy expressed in endothelial cells and binds pinocytosed IgG only in the acidic environment of 
thee endosome. It releases intact IgG when its transport vesicle is redirected to the neutral pH on the 
celll surface. Unbound IgG is transferred to lysosomes for degradation. The protecting receptors be-
comee saturated at high plasma IgG concentration resulting in the degradation of a larger proportion of 
thee endocytosed IgG. Therefore, the effect of high dose IVIG in autoantibody-mediated disorders is 
basedd on saturation of FcRn, leading to increased catabolism of IgG, including that of autoantibodies. 

Complement Complement 

Thee ability of IVG to interfere with the complement activation in vivo was demonstrated in the 
modell of the Forssman shock in guinea pigs, where IVIG protected the animals from the acute com-
plement-mediatedd tissue damage induced by rabbit IgG antibodies to endothelial cells, and from 
death.622 The effect of IVIG is dependent on the ability of normal immunoglobulin G to prevent C3 and 
C44 uptake on IgG- and IgM coated targets. The inhibition is achieved by offering a high concentration 
off suitable acceptor sites for the thioester exposed in activated C3 and C4. From these studies they 
concludedd that immunoglobulins might function as scavengers for activated C3 and C4, favoring the 
depositionn of these products to the IgG molecules. Inhibition on the binding of C3 and C4 to target 
cellscells by IVIG is one explanation in conditions where the complement-mediated tissue injury plays a 
majorr role, e.g., in acute dermatomyositis.63 The effect of IVIG on complement is clearly proven in 
dermatomyositis,, and is probably relevant to other complement-mediated diseases in which IVIG is 
effective,, such as Guillain-Barré syndrome and myasthenia gravis, in which there is also activation of 
thee complement pathway.64 

Mollness et al have provided a second mechanism by which IVIG interferes with the comple-
mentment system65. They found that the complement inhibition of IVIG was largely dependent on competi-
tivee C1 binding by the IgG molecule, with binding of C1q essential for the inhibitory effect, rather than 
aa scavenging effect for activated C3 and C4. 

CytokinesCytokines and cytokine receptors 

Cytokiness play a major role in inflammatory as well as in autoimmune diseases. The mecha-
nismm of action in these disorders, in which IVIG appears to be effective, seems to be down regulation 
off cytokine production. The ability of IVIG to modulate the production and release of proinflammatory 
monocytess cytokines is a major mechanism claimed to account for the rapid anti-inflammatory effects 
off IVIG observed in acute inflammatory diseases, e.g. Kawasaki's syndrome. Normal human periph-
erall blood mononuclear cells (PBMC) cultured with normal IgG, produce IL-1-receptor antagonist (IL-
1ra).66,677 PBMC of children with acute Kawasaki disease, cultured in the absence of specific agonists, 
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spontaneouslyy secrete high levels of IL-1. Hence, the effect of IVIG in this disease has been postu-
latedd to be due to production of IL-1 ra. Only little information is available on changes in patterns of 
cytokinee production in patients with IVIG, due to limitations in methods to assess cytokine production 
inin vivo. This limitation exerts to T cell cytokines which, in order to be measured, often require that 
patientss cells are stimulated in vitro prior to quantitation of cytokine production in cell cultures. IVIG 
hass been shown to suppress significantly the production of several T cell lymphokines upon incubation 
withh PBMC, stimulated with PMA-ionomycin in vitro.69 By studying the production of cytokines at single 
celll level, Andersson era/observed that the synthesis of IL-2, TNF-p,, GM-CSF, IL-3, IL-4, IL-10 and 
IL-55 was reduced for up to 48 hours of stimulation with IVIG. Non-significant effects were seen on the 
capacityy to produce INF-y and TNF-a. The general finding was that the production of T cell derived 
lymphokiness was down-regulated by IVIG, while that of monokines was rather unaffected, with the 
exceptionn of IL-6, which was down-regulated, and IL-1ra and IL-8, which were up-regulated. IVIG in-
ducedd IL-1ra formation and, to a minor extent, that of TGF-3. Suppressive influence of these media-
torss may explain certain down-regulated functions of T cells upon infusion of IVIG. A significant and 
rapidd rise in plasma levels of IL-6, IL-8 and TNF-a and IL-1ra was observed in primary hypogammag-
lobulinemiaa patients upon infusion of a single dose of IVIG, indicating that cytokine release also oc-
curss in vivo.

IVIGG may also interfere with cytokine functions through the presence of natural antibodies to 
cytokines,, some of which exhibit neutralizing properties and of antibodies to cytokine receptors that 
mayy block or alter receptor-mediated functions71. IVIG preparations are reported to contain unbound 
TGF-B,, which may exert an additional immunomodulating or immunosuppressive effect.72 Thus, the 
beneficiall effects of IVIG administration in human disease may be due, at least in part, to stimulation 
off (anti-)inflammatory cytokine production by monocytes or macrophages. 

Anti-idiotypeAnti-idiotype interactions 

IVIGG is derived from normal healthy donors, and therefore, it should be relatively free of 
pathogenicc autoantibodies. However, there is no reason to expect that anti-idiotypes to such antibod-
iess would not occur, and indeed the presence of such anti-idiotypes in IVIG has been demon-
strated.73,744 Several mechanisms have been proposed by which these anti-idiotypes might ameliorate 
autoimmunee disease. They may directly inhibit the binding of autoantibody to its target, or they may 
bindd to and destroy the cells expressing or secreting autoantibody.21 Thus, IVIG may supply anti-
idiotypee antibodies that are expected to bind to and neutralize pathogenic autoantibodies and prevent 
theirr interaction with autoantigen. Experimentally, the anti-idiotypic antibodies extracted from IVIG can 
neutralizee or bind to known autoantibodies22,75 Indeed, F(ab)2 fragments prepared from IVIG neutral-
izee the functional activity and/or inhibit the binding of a number of autoantibodies to their respective 
autoantigens,, i.e., autoantibodies to factor VIII74, thyroglobulin, DNA and intrinsic factor.73 The neutral-
izingg capacity of IVIG toward autoantibodies is likely to explain the rapid decrease in plasma titer of 
anti-factorr VIII and ANCA autoantibodies, seen in hemophilic patients developing neutralizing anti-
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factor-Vltll as a consequence of factor VIII administration, or in patients with Wegener's disease, re-
spectively,, following treatment with IVIG.76 

Thee suppressive effects of IVIG on disease-associated autoantibodies in patients with auto-
immunee disease are short- and long-term. In the short-term, i.e., within hours following infusion of 
IVIG,, the serum titers of autoantibodies may rapidly decrease, because of passive transfer of anti-
idiotypee neutralizing antibodies of IVG. However, the suppressive effect of IVIG infusion may last 
longerr to be far beyond the half-life of the infused IVIG. The latter long-term suppressive effects are 
likelyy dependent on the influence of IVIG on the B cell repertoire in recipients. There is in vitro evi-
dencedence for a direct inhibitory capacity on immunoglobulin production by B cells.77 Furthermore, IVIG 
hass been shown to dose-dependently suppress the production of IgG by EBV-transformed B lym-
phoblastoidd cells.78 However, the mechanism by which IVIG inhibits proliferation of in wYro-activated B 
enn T cells is yet poorly understood.79"81 Binding of the anti-idiotypic antibodies to antigenic determi-
nantss and the surface IgM or IgG on B cells could cause negative signals on B cells and result in 
downn modulation of antibody production.82,83 Moreover, IVIG may reduce antibody levels because it 
containss antibodies against CD5 molecules, which could inactivate the (auto)antibody-producing 
CD20++ (B1) subset of B cells.84 Furthermore, it has been documented that IVIG induces apoptosis of 
BB (Raji) and T (Jurkat) cell lines by activating the Fas pathway and in a caspase-dependent fashion.85 

Thus,, IVIG may also modify antibody repertoire in patients by killing B cells. In neurologic diseases, 
thiss mechanism of IVIG may be relevant to antibody-mediated autoimmune diseases in which IVIG 
hass proven effective such as myasthenia gravis, Lambert Eaton myasthenic syndrome (LEMS), and 
somee neuropathies with anti-MAG, glycolipid, or GM1 antibodies.86 

Otherr  effect s of IVIG 

Superantigens Superantigens 
IVIGG contains neutralizing antibodies against epitopes of superantigens and antibodies 

againstt the VB3, V68, and the VB17 gene families of the T cell receptor peptides.87 The ability of IVIG 
too inhibit superantigen-elicited T cell activation has been documented.88 The inhibitory capacity of IVIG 
iss not dependent on binding to the TCR, but rather on the direct neutralization of staphylococcal toxin 
superantigenss by specific antibodies in IVIG. Because superantigens (i.e., bacterial toxins, enterotox-
ins,, and viruses) stimulate a large fraction of VB chain-expressing unsensitized T cells and cytokine 
secretion,, their inhibition should prevent the unwanted activation and clonal expansion of the superan-
tigen-triggeredd cytotoxic T cells. The effect of IVIG on superantigens has been claimed to be the 
mechanismm explaining its effects in Kawasaki's disease.88 In addition, IVIG contains antibodies to 
variablee and constant regions of the CD4, and HLA class I molecules. It has been suggested that anti-
bodiess directed to such functional molecules of lymphocytes are important for the immunomodulatory 
effectss of IVIG. 
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Anti-CD44 antibodies isolated from IVIG were shown to bind to human CD4-positive T cells, in-
hibitt proliferate responses and the infection of CD4+ T cells with HIV in vitro. Antibodies to HLA class I 
peptidess isolated from IVIG by affinity chromatography have been shown to inhibit CD8-mediated 
classs l-restricted cellular cytotoxicity of an influenza peptide-primed target cell, suggesting a role for 
IVIGG in modulation of class l-restricted cellular interactions in the immune response. Moreover, the 
administrationn of IVIG to hyperimmunized dialysis patients was shown to decrease the plasma titer of 
cytotoxicc anti-class I antibodies suggesting that IVIG could be used as a treatment to prepare these 
patientss for transplantation.89 

Givenn the present state of knowledge, it is not clear whether a single mechanism might ac-
countt for the efficacy of IVIG in all autoimmune diseases or even in a particular disease. 

Sidee effect s of IVIG 
Administrationn of high dose IVIG may result in side effects. These side effects can be sepa-

ratedd into adverse reactions due to the "impurities" of the commercial preparations (viruses, soluble 
substancess or immunoglobulins other than IgG) and undesirable effects of their active component, 
IgG.. The mechanisms underlying these side effects are complex and to some extent speculative. 

GeneralizedGeneralized reactions 
Thee incidence of generalized reactions occurring during and/or after the administration of IVIG 

iss reported to be in the range of 1-15% (usually less than 5%).90 Most of the side effects begin 30-60 
minutess after the start of the infusion. They are often mild and self-limiting, and include pyrogenic re-
actions,, minor systemic reactions such as headache, myalgia, fever, chills, low back pain, nausea 
and/orr vomiting, vasomotor and cardiovascular manifestations such as changes in blood pressure and 
tachycardia.900 Occasionally, shortness of breath and chest tightness may occur.91 Frequently, clinical 
sidee effects can be managed quite easily, sometimes just by reducing the rate of IVIG infusion or 
stoppingg it. Alternatively, NSAIDs and/or anti-histaminic drugs may palliate these symptoms efficiently. 

Farr less frequently, the onset of symptoms of a generalized reaction is delayed until a few 
dayss after IVIG infusion suggesting a type III allergic reaction.92 

Adversee reactions of IVIG are generally considered to be due to aggregated immunoglobulin 
molecules,, which activate complement. IgG dimers, consisting of idiotype-anti-idiotype or antigen-
antibodyy complexes, in the preparations, or the formation of these dimers in vivo following IVIG infu-
sionn could induce adverse reactions, especially if these complexes are formed rapidly. Vasoactive 
proteasess such as prekallikrein activator (PKA) or kallikrein, have also been suggested to cause ad-
versee reactions93, although nowadays IVIG preparations are carefully screened for the presence of 
thesee compounds. 

Cytokiness and other inflammatory mediators may also mediate adverse reactions. Aukrust et 
atat have reported increased plasma levels of IL-6, IL-8, TNF-a and soluble TNF receptors in patients 
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withh primary immune deficiency who were infused with an IVIG preparation. These authors sug-
gestedd that the release of such substances might be important for the therapeutic effects of IVIG. 
However,, others found a correlation between plasma IL-6 and thromboxane B2 (TX-B2) and adverse 
reactionss to IVIG in healthy volunteers.95 Furthermore, one recipient complained of headache one 
hourr after the start of the infusion. This headache was associated with increased plasma levels of IL-6 
followedd by increased levels of prostaglandin E2 (PGE2), TX-B2, IL-1p and histamine 3 hour post-
infusion.. Immune complexes and IgG can interact with Fc receptors resulting in receptor blockade in 
inflammatoryy cells and lymphocytes. On the other hand, immune complexes have also been shown to 
inducee the secretion of cytokines such as TNF-a70,96, and IL-697 from human monocytes via Fc recep-
torr interaction. Similarly, aggregates of IgG in IVIG may inhibit or enhance inflammation. 

Severee or even fatal anaphylactic reactions98"99 may occur during IVIG treatment in patients 
withh IgA deficiency. The appearance of anaphylactic shock is correlated with the presence of anti-lgA 
antibodiess of the IgG and IgE isotope in the patient's serum.98 Among hypogammaglobulinemia pa-
tients,, those with combined subclass deficiency are more likely to develop this complication. Seriously 
illl patients with a compromised cardiac function may be at increased risk for vasomotor cardiac com-
plicationss manifested by elevated blood pressure and/or cardiac failure. These cardiovascular effects 
mayy be due to hyperosmolarity induced by IVIG. Alternatively, in some IVIG preparations kallikrein 
activityy has been incriminated as contributing to these adverse vasomotor reactions. 

Renall failure related of IVIG treatment has been reported in eight cases. Renal biopsy 
wass performed and some pathological features suggested a high solute load-induced damage of the 
proximall tubule, similar to that associated with the use of dextran or mannitol. This is supported by the 
factt that renal failure is more frequently observed after infusion of IVIG with high sucrose content than 
afterr infusion of IVIG stabilized with other additives. Most of these patients already had an impaired 
renall function before IVIG treatment. Thus, IVIG treatment probably just compromised renal function. 
Supportt for this conclusion comes from observation that elevated serum creatinine levels occur in 
patientss with glomerulonephritis who receive IVIG for nephrotic syndromes. Whether patients intended 
too be treated with IVIG should be screened for impaired renal function, is, however, not yet estab-
lished,, but probably wise. 

TheThe aim of this study 
Thee aim of our study was to further analyse the biological mechanisms of IVIG, and in particu-

larr the interaction of IgG dimers with Fc receptors expressed on effector cells, including neutrophils, 
macrophagess (and NK cells). The studies were performed in whole blood cultures in vitro as well as in 
vivovivo using different animal models (rat and mouse) or a/hypogammaglobulinimia patients receiving 
IVIG. . 
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Abstrac t t 
Intravenouss immunoglobulin (IVIG) preparations have biological effects in vivo that are not 

fullyy understood. Possible effects include the property to stimulate Fcy-receptors on various cell types. 
Too study whether IVIG may interact with neutrophils we developed an in vitro system, in which neutro-
phils,, in whole blood or purified were incubated with IVIG and assessed for degranulation by measur-
ingg the release of elastase and lactoferrin in culture medium. 

Alll IVIG preparations tested induced degranulation of neutrophils when incubated for 2 hours 
att therapeutically relevant concentrations. In studies with blocking antibodies against FcyR, this de-
granulationn was shown to be dependent on FC7RII, whereas FcyRIII had no effect. Experiments with 
purifiedd neutrophils as well as binding experiments with labelled IVIG preparations, indicated that neu-
trophill degranulation resulted from a direct interaction of IVIG with neutrophils. Using gel-filtration frac-
tions,, it was found that polymeric and dimeric IgG present in IVIG was mainly responsible for the de-
granulation.. We suggest that degranulation of neutrophils may contribute to the (side) effects of IVIG-
treatmentt in vivo. 

Introductio n n 
Administrationn of intravenous y-globulin (IVIG) is a treatment of choice for primary immunode-

ficiencyy disorders associated with hypo-/agammaglobulinemia. In addition, IVIG is increasingly used 
ass a therapy for a number of secondary immunodeficiencies and (auto)-immune diseases.1"5 Though 
IVIGG preparations are said to have a wide range of biological effects in vivo, their mechanism of action 
inn the latter group of diseases is not fully understood. One of the mechanisms proposed is that IVIG 
inhibitt Fc-mediated destruction of antibody-sensitized cells such as platelets by binding to Fey recep-
torss on mononuclear phagocytes.6 However, also other cells than mononuclear phagocytes carry Fey 
receptors,, and interaction of IVIG with these cells may also induce biological effects. 
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Underr normal conditions neutrophils express two types of receptors for the Fc region of IgG, 
FcrRllaa and FcyRlllb7, whereas upon stimulation with interferon-y they also express FcyRI.8 Triggering 
off these receptors, for example upon binding of IgG-complexes consisting of more that one IgG mole-
cule,, leads to activation of neutrophils and stimulates the respiratory burst, phagocytosis, and de-
granulation.9"11,266 To examine whether neutrophil activation may play a role in therapeutical and/or 
sidee effects in patients receiving IVIG, we developed an in vitro system, in which neutrophils either in 
wholee blood or purified were incubated with IVIG and assessed for degranulation. Furthermore, the 
contributionn of FcyRII or FC7RIII to the observed phenomena was observed. Our results indicate that 
commerciallyy available IVIG is capable of stimulating neutrophils by interacting with their Fey recep-
tors. . 

MATERIALL AND METHODS 

ImmunoglobulinImmunoglobulin preparations 
Humann gammaglobulin for intravenous use was obtained from our institute (Immunoglobulin 

I.V.,, 6% (w/v); Lot no. 960215), and used in most experiments. Other commercial freeze-dried prepa-
rationss evaluated were Gammagard® (5%; Lot no. 94119AB21B, Baxter Healthcare Corp., Glendale, 
CA)) and Sandoglobulin® (6%; Lot no. 4.364.446.0, Sandoz Pharma Ltd, Basel, Zwitzerland). An IgG 
preparationn for intramuscular administration (Immunoglobulin I.M., 16% w/v; 921223-034) was ob-
tainedd from our institute. 

Initiall experiments with the freeze-dried preparations were performed immediately after re-
constitution;; the preparations were stored at C for later experiments. 

EE LISA for elastase 
Elastasee levels were assessed with a sandwich-type ELISA modified from a radioimmunoas-

sayy procedure described previously.12 Briefly, affinity-purified polyclonal rabbit anti-human elastase 
wass diluted in 0.1 M carbonate buffer, pH 9.6, at a final concentration of 1.5 ug/ml, and incubated 
overnightovernight at room temperature in ELISA plates (Maxisorb; Nunc, Roshilde, Denmark). After washing 
withh PBS-0.02% (w/v) Tween-20 (PT), residual binding sites were blocked by incubation with PBS 
containingg 2% (v/v) cow milk for 30 minutes at room temperature. The plates were washed 5 times 
withh PT. Supernatants of whole blood cultures were appropriately diluted in PBS-0.1% (w/v) Tween-
20-0.22 % (w/v) gelatine (PTG), and incubated for 1 hour at room temperature. Thereafter, the plates 
weree washed 5 times with PT and incubated for 60 minutes at room temperature with biotinylated IgG 
fractionn of polyclonal rabbit-anti-human-elastase in PTG supplemented with 0.1 % (v/v) bovine/rabbit 
serum.. After 5 washes with PT, the wells were incubated with 1:1000 diluted streptavidin-horseradish 
peroxidasee (Amersham Life Sciences; Buckinghamshire, UK) in PTG for 30 minutes at room tempera-
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ture.. Finally, after 5 washes the plates were developed with tetramethyl-benzidine (TMB, Sigma 
Chemicall Co. St. Louis, MO). At a concentration of 100 ug/ml in 0.11 sodium acetate, pH 5.5, contain-
ingg 0.003% (v/v) H202. Substrate conversion was stopped by adding 1 volume of 2 M H2S04 and ab-
sorbancee at 450 nm was determined with a Titertek Multiscan (Flow Laboratories, Mc Lean, VA). 

AA serial dilution of human neutrophil elastase purified from sputum (Elastin Products Co.; Pa-
cific,, MO) was used as a standard. The amount of elastase in samples was expressed as ng/ml 

ELISAELISA  for  lactoferrin 

Levelss of lactoferrin in whole blood cultures were assessed by a sandwich-type ELISA similar 
too that for elastase except that plates (polysorb; Nunc) were coated with 1 ug/ml affinity purified rabbit-
anti-human-lactoferrinn in 0.1 M carbonate buffer, pH 9.6, and that bovine-anti-human-lactoferrin con-
jugatedd with peroxidase were used as detecting antibodies. Human lactoferrin was used as a stan-
dard,, the amount of lactoferrin was expressed as ng/ml. Lactoferrin as well as the anti-lactoferrin anti-
bodiess were kindly provided by Dr. J.H. Nuijens, Pharming BV, Leiden, The Netherlands. 

Antibodies Antibodies 

mAbb AT10 directed against Fcr/RII13 (CD32, IgGI,) was a generous gift from Prof. dr. 
J.v.d.Winkel.. CLB-FcR/gran-1 (5D2, lgG2a) was produced in our own institute.14 Monoclonal antibod-
iess against TNF-a (aTNF/5, aTNF/7) and IL-8 (alL-8/1) have been described before.15,16 

F(ab')22 fragments were prepared by digestion with 2% (w/w) pepsin at pH 3.5 for 16 hours at 
.. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis revealed that 

thee preparation did not contain detectable intact antibodies or Fc-fragments. 

BloodBlood  samples 

Venouss blood was collected from healthy volunteers by venapunture in vacutainer tubes con-
tainingg heparin at a final concentration of 15 U/ml (Becton Dickinson, Rutherford, NJ). Whole blood 
wass cultured in 96-well micotiter plates (Nunc, Roshilde, Denmark) at a final volume of 0.2 ml/well in a 
humidifiedd atmosphere of 5% C02 at 37 . When indicated, blood was diluted in endotoxin-free Is-
cove'ss Modified Dulbeccos Medium (IMDM, Biowhitaker, Verviers, Belgium) supplemented with 0.1 % 
(v/v)) endotoxin-free fetal calf serum (FCS; Biowhithaker), 100 lU/ml (w/v) penicillin and 100 ug/ml 
(w/v)) streptamycin, further referred to as culture medium. Except when indicated otherwise, whole 
bloodd was incubated for 2 hours in culture medium. For cell activation, varying concentrations of IVIG, 
TNF-aa (kindly provided by Dr. A. Creasey, Chiron Corp., Emeryville, CA) or lipo-oligosaccaride (LOS; 
kindlyy provided by Dr. J. Poolman, RIVM, the Netherlands) were added to the culture medium. To 
harvestt the supernatants, the plates were centrifuged at 2000 rpm for 1 minute at room temperature, 
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andd the cell free supernatants were transferred into microtiter-plates and stored at C until further 
analysis. . 

IsolationIsolation  of  human  neutrophils 

Neutrophilicc granulocytes were purified from peripheral blood anticoagulated with 0.4 % (w/v) 
trisodlumm citrate, as described before.7 Briefly, mononuclear cells and platelets were removed by 
densityy centrifugation over isotonic Percoll with a specific gravity of 1.078 g/ml, at room temperature. 
Thee pellet (granulocytes and erythrocytes) was lysed for 10 minutes in ice-cold isotonic NH4CI solution 
(1555 mmol/l NH4CI, 10 mmol/l KHC03, 0.1 mmol/l EDTA, pH 7.4). After centrifugation, the granulo-
cytess were washed twice at room temperature, and resuspended in culture medium containing 5% 
FCSS at a concentration of approximately 5x106 cells/ml. 

FlowcytometricFlowcytometric  analysis 

Expressionn of surface markers was assessed with different mAbs diluted at appropriate con-
centrationss in incubation medium (10mM HEPES, 150mM NaCI, 5mM KCI, 1.5mM CaCI2, 2mM MgCI2, 
pHH 7.4) supplemented with 0.01 % (w/v) NaN3. Incubation medium was kept on melting ice during the 
experimentt and was used to wash the cells. The expression of the surface marker CD66e on the neu-
trophill surface was used as an indicator of degranulation18, CD15 was used as an overall neutrophil 
marker.. PE-conjugated mouse monoclonal anti-CD66e and fluorescein-(FITC)-conjugated anti-CD15 
weree obtained from our institute (CLB, Dept. of Immune Reagents). 

DegranulationDegranulation  of  neutrophils 

Wholee blood at a 1 to 10 dilution was incubated with IVIG (10 mg/ml), TNF-a (50 ng/ml) or cul-
turee medium alone as a control, for 2 hours at . Thereafter, the cells were washed and incubated 
withh PE-conjugated anti-CD66e mAb for 20 minutes. Subsequently, erythrocytes were lysed after 20 
minutess using FACS lysing solution, according to manufacturer's instructions (Becton Dickinson). The 
cellss were resuspended in incubation medium supplemented with 0.1% (w/v) bovine serum albumin 
(BSA)) and kept in the dark at  until analysis. 

DetectionDetection  of  cell-bound  IVIG 

IVIGG was biotlnylated according to standard procedures and used to detect binding of IVIG to 
neutrophilicc granulocytes. Whole blood was washed 4 times to remove plasma proteins, diluted 10 
timess in incubation medium, and incubated with biotinylated IVIG (12 ug/ml) for 20 minutes at . 
Thee cells were then washed and incubated with phycoerytrin-labelled streptavidin (Becton Dickinson) 
forr 30 minutes at . 
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Too assess the contribution of FcyRII and/or FRyRIII to the binding of IVIG by neutrophils, 
wholee blood was preincubated for 30 minutes with F(ab')2 or F(ab) fragments of mAbs against FcyRII, 
FcyRIIII or a combination of both antibodies. Binding of labelled IVIG to cells was then assessed as 
describedd before. 

Sampless were analysed with a FACScan flowcytometer (Becton Dickinson). Apart from char-
acteristicc forward-scatter and sideward-scatter patterns, neutrophils were identified on basis of CD15 
expression,, using a FITC-labelled mAb against CD15. 

FractionationFractionation of IVIG 

IVIGG (300 mg) was fractionated by gelfiltration on a Sephacryl S-300 HR (100 cm/500 ml, 
Pharmacia,, Piscataway, NJ) column with PBS as a running buffer. Fractions corresponding to the 
monomericc dimeric, and polymeric peaks were collected and analysed for actual mono-, di-, and 
polymerr contents by using a calibrated Superose 12 gelfiltration column in a FPLC® system (Phar-
macia,, Sweden) and a computer program (EzchromChromatography Data system version 6.5) for 
determiningg the peak areas of the chromatograms. 

Result s s 

DegranulationDegranulation of neutrophils upon stimulation with IVIG 

Differentt commercially available IVIG preparations from various manufactures were tested for 
theirr capacity to degranulate neutrophils in the whole blood culture system. As shown in Figure 2, all 
preparationss tested induced the release of elastase at low concentrations of IVIG, indicative for de-

granulationn of neutrophils (Figure 
2A).. Similar results were obtained 
whenn the release of lactoferrin was 
measuredd (not shown). However, 
furtherr experiments were done 
withh high doses of IVIG (10 
mg/ml),, which represent therapeu-
ticc concentrations. 
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Figur ee 2 Degranulatio n of neutrophil s by 
differen tt  commerciall y availabl e IVIG 
preparation ss in whol e bloo d cultures . 
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Too investigate the mechanism via which IVIG induced degranulation, the preparations were 
testedd in presence of F(ab')2 or F(ab) fragments of anti-FcyRII mAb or anti-FcyRIII. Figure 3 shows 
thatt anti-FcyRII partially prevented elastase and lactoferrin release induced by high doses of IVIG, 
whereass anti-FcyRIII had no effect. Inhibition by a combination of F(ab')2 anti-FcyRII mAb and anti-
FcyRIIII blocked the release of granule proteins to the same extent as anti-FcyRII alone. Notably, the 
amountt of elastase in the experiment shown in Figure 3 was higher than that shown in Figure 2. This 
appearedd to be due to the fact that the blood used in these experiments was from different donors. 
Thesee results suggested that the degranulation was mainly induced via triggering of FcyRII. 
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Figur ee 3 Effec t of anti-Fcy R mAb s on IVIG or TNF-a- induce d elastas e and lactoferri n releas e in whol e bloo d cultures . 

Wholee blood cultures were incubated at C in the presence of 10 mg/ml IVIG with or without F(ab')2 fragments of mAb against 
FcyRIII (5 mg/ml), Fab fragments of FcyRIII (5 mg/ml) or a combination of both mAbs. After 2 hours, degranulation was assessed 
byy measuring elastase (A) or lactoferrin (B) in the supernatant. Cultures incubated with TNF-a (50 ng/ml) or culture medium 
alonee were tested as control. Results represent mean and SEM (error bars) of 8 experiments. 

IVIGG may induce degranulation of neutrophils via various mechanisms including direct stimula-
tionn of neutrophils via binding to FcyR on these cells or indirect stimulation via cytokines released by 
mononuclearr blood cells upon triggering of their FcyR by IVIG. This was investigated in various ex-
periments.. First, we incubated purified neutrophils with IVIG and assessed degranulation. Release of 
elastasee and lactoferrin by purified neutrophils was indeed observed upon stimulation with IVIG 
(Figuree 4). Second, the involvement of the cytokines TNF-a or IL-8 in the activation of neutrophils was 
investigatedd by examining the effect of F(ab')2 fragments of blocking anti-TNF-a or anti-IL-8 in the 
wholee blood system. Neutralization of either cytokine, however, had no effect on the degranulation of 
neutrophilss by IVIG (Table IV). As a control, degranulation induced by TNF-a was also tested. This 
cytokinee caused a marked release of elastase, which could not be blocked by F(ab')2 fragments of 
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anti-FcyRIII mAb. Together these results indicated that IVIG induced degranulation via a direct effect 
onn neutrophils. 

Degranulationn was also studied phenotypically by measuring the up-regulation of membrane 
markerr CD66. CD66 resides in the specific granules of resting neutrophils and appears in the mem-
branee upon degranulation.19,20 Expression of CD66 was assessed using a mAb against CD66e, of 
whichh expression is strongly increased following granulocyte activation. Neutrophils were identified in 
thee whole blood system by double staining with FITC-labelled mAb against CD15. As a control, cells 
weree pre-incubated with an irrelevant isotype-matched antibody. As shown in Figure 5, up-regulation 
off CD66e was observed in whole blood cultures incubated with IVIG, and was blocked by addition of 
mAbb against FcyRN. Incubation of whole blood cultures with TNF-oc also induced up regulation of 
CD66e,, which in contrast to IVIG-induced up regulation, was not inhibited by anti-FcyRII antibodies. 
Similarlyy as for elastase or lactoferrin release, blocking antibodies against TNF-a had no effect on 
IVIG-inducedd upregulation of CD66e, whereas that by TNF-a was completely blocked. 
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Figur ee 4 Effec t of anti-Fcy R mAb s on IVIG- or TNF-a-induce d elastas e and lactoferri n releas e by purifie d huma n neu-
trophils . . 

Purifiedd human neutrophils (1x105 cells/ml) were incubated at C in the presence of 10 mg/ml IVIG with or without mAb 
againstt FcyRII (5 mg/ml), FcyRIII (5 mg/ml) or a combination of both mAbs. After 1 hour, degranulation was assessed by meas-
uringg elastase (A) or lactoferrin (B) in the supernatant. Cultures incubated with TNF-a (50 ng/ml) or culture medium alone were 
testedd for control. Results represent mean and SEM (error bars) of 8 experiments. 
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Figur ee 5 Upregulatio n of CD66e on neutrophil s in IVIG or TNF-a-stimulate d whol e bloo d cultures . 

Wholee blood was incubated at C with IVIG (A; bold line) or TNF-a (B: bold line) or with culture medium alone (shadowed 
curves).. Addition of mAb against FcyRII (dotted line) resulted in blockade of CD66e expression in IVIG-stimulated whole blood 
cultures,, while this mAb had no effect on TNF-a stimulated cells. Addition of mAb against TNF-a (thin continuos line) didnot 
blockk the upregulation of CD66e on IVIG-stimulated cells, whereas anti-TNF-a blocked CD66e expression by TNF-a-stimulated 
bloodd cells. Neutrophils were distinghuised from contaminating cells on basis of their CD15 expression. CD15-negative cells 
weree excluded from the analysis. 
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BindingBinding of IVIG to neutrophils 

Thee results thus far indicated that IVIG induced degranulation of neutrophils by binding to 
FcyRII.. To further substantiate this we performed binding experiments. Peripheral blood cells were 
washedd three times and preincubated with aFcyRII and/or aFcyRIN antibodies, followed by addition of 
biotinylatedd IVIG. Neutrophils were identified by staining for CD15. As shown in Figure 6, CD15-
positivee cells bound IVIG. Binding of IVIG to neutrophils was abolished by addition of mAb against 
FcyRII.. Antibodies against FcyRIII had no effect either or not in combination with anti-FcyRII. 
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Figur ee 6 Bindin g of IVIG to neutrophil s 

Peripherall blood cells were incubated with biotinylated IVIG 
ass described in material and methods. Involvement of FcyR 
wass investigated by preincubation of mAb against FcyRII 
and/orr FcyRIII. To detect cell-bound IVIG, cells were incu-
batedd with PE-labelled streptavidin (FL 2). FITC-labelled 
CD155 was used as a neutrophil marker (FL 1), and CD15 
negativee cells were excluded from the analysis. The figure 
showss mean FL2 of CD15 positive cells. Results are mean of 
44 experiments  SEM. 

PolymericPolymeric and dimeric IgG cause de-
granulationgranulation of neutrophils 

Too identify which of its constituents caused de-
granulationn of neutrophils, IVIG was fractionated. 
Att the time of the actual experiment, the mono-

meric,, dimeric, or polymeric composition was verified by FPLC-analysis (Table IV). Immediately after 
gel-filtration,, IVIG fractions were incubated with whole blood of 3 different donors. Incubation of whole 
bloodd cultures with fractions in a 1:1 dilution resultes in elastase release (Figure 7A) As the total 
amountt of protein in the fractions containing monomeric IgG was about 10 times higher than the dimer 
orr polymer enriched fractions, all fractions tested were titrated in the whole blood cultures to compare 
releasee after incubation. Fractions containing polymer and dimeric enriched IgG appeared to be more 
potentt than monomeric IgG in degranulating neutrophils (Figure 7B). To study whether polymeric and 
dimericc IgG were also more potent in binding to neutrophils compared to monomeric IgG, peak frac-
tionss were biotinylated and used in binding experiments as described before. A large percentage of 
CD155 positive cells bound polymeric and dimeric IgG (mean FL2 = 0 and 0 respectively 
(n=3),, whereas only a small percentage CD15 positive cells bound monomeric IgG (mean FL2 = ; 
n=3),, compared to cells without addition of IgG (mean FL2 =  n=3). 
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Too identify which of its constituents caused degranulation of neutrophils, IVIG was fractionated 
onn a S-300 Sepharose colomn as described in material and methods. At the time of the actual experi-
ment,, the monomeric, dimeric, or polymeric composition was verified by FPLC-analysis (table-2). Im-
mediatelyy after gel-filtration on the S-300 column, IVIG fractions were incubated with whole blood of 3 
differentt donors. Figure 6 shows the results of elastase release during a 2 hours-incubation by the 
fractions.. Fraction containing polymer and dimeric enriched IgG appeared to be more potent than 
monomericc IgG in degranulating neutrophils (see also figure 7). Notably, degranulation of neutrophils 
byy polymeric and dimeric fractions was observed with blood obtained from each donor, whereas 
monomericc IgG induced a measurable release of elastase in the whole blood system in only 1 of the 3 
donorss (results with this donor are shown in figure 6 and 7). 
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Figur ee 7 Release of elastas e by variou s fraction s of IVIG in whol e bloo d cultures . 

IVIGG was fractionated on a Sephadex S-300 column as described in materials and methods. Fractions were collected 
andimmediatelyy assessed tor degranulation by measuring elastase (figure A). Figure B represent the amount of protein whichis 
necessaryy to release 250 ng of elastase/ml. Protein concentration as measured by assessing absorption at 280 nm is repre-
sentedd by the solid line. 

Tablee IV Polymer , dime r and monomeri c IgG conten t (%) of tota l IgG of differen t 
fraction ss separate d on a S-300 colum n as measure d by FPLC. 

Polymer r dimer r monomer r 
o/ / /o o % % % % 

IVIG G 
fractionn 19 
fractionn 30 
fractionn 50 

0.4 4 
33.7 7 
0.5 5 

0.04 4 

3.8 8 
8.9 9 

32.4 4 
0 0 

91.7 7 
32.3 3 
63.5 5 
99.5 5 
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Discussio n n 
Thee beneficial effect of IVIG administration in idiopathic thrombocytopenia (ITP) has been 

claimedd to de due to the capacity of IVIG to bind to Fey receptors.1 Here we show that IVIG induces 
neutrophilss to degranulate by binding to Fey receptors on these cells. Neutrophils mainly express Fcy-
receptorss type Ha and type 1Mb which both have low affinity for monomeric IgG9'11, and a higher affinity 
forr immune-complexes or IgG dimers. The latter are present at significant concentrations in IVIG 
preparations21"23,, and, as we show here, may interact with neutrophils. 

Too study interaction of IVIG with neutrophils we developed an in vitro system, in which whole 
bloodd or purified neutrophils were incubated with IVIG and assessed for degranulation. All IVIG prepa-
rationss tested in this system appeared to induce a dose-dependent degranulation of neutrophils at 
concentrationss that are therapeutically achieved in vivo. Furthermore, degranulation was observed 
withh blood obtained from various donors. Thus, degranulation of neutrophils by IVIG is not a particular 
effectt of a given IVIG preparation with blood from a particular donor, but rather represents a general 
featuree of IVIG. 

IVIGG preparations are able to induce the secretion of cytokines by monocytes.24'25 Hence, a 
possiblee mechanism for the observed degranulation of neutrophils was the secretion of cytokines such 
ass TNF-oc or IL-8 by mononuclear blood cells stimulated by IVIG. However, mAb against IL-8 and 
TNF-aa were not able to block IVIG-induced degranulation in the in vitro system, whereas TNF-a-
inducedd degranulation was inhibited at least by the anti-TNFa mAb. We therefore concluded that IVIG 
didd not activate neutrophils via the release of cytokines from activated mononuclear cells. In contrast, 
degranulationn was at least in part prevented by the addition of a blocking antibody against Fey recep-
torr type-lla, whereas a blocking antibody against Fey receptor type-HIb had no effect. Huizinga et al 
havee shown that IgG-mediated activation of neutrophils is initiated by IgG binding to FcyRII resulting in 
respiratoryy burst and phagocytosis, whereas the IgG-dependent release of granule proteins can be 
mediatedd via either FcyRII or FcyRIII.26 Hence, our results fit with a mechanism that IVIG by binding to 
FcyRIII induce degranulation of neutrophils. Consistent herewith was that IVIG also induced degranula-
tionn when incubated with purified neutrophils, and that labelled IVIG bound to neutrophils, which was 
reducedd with blocking anti-FcyRII. Notably, that the degranulation of neutrophils by IVIG was not al-
wayss completely inhibited by anti-FcyRII, suggesting involvement of other mechanisms. We are cur-
rentlyy investigating the molecular background of these mechanisms and have some evidence that 
complementt is involved. 

Polymerr and dimer enriched fractions of IVIG on a weight-base appeared to be more potent in 
inducingg degranulation than the monomeric fraction. The degranulation observed after incubation with 
monomericc IgG was donor-dependent and could be blocked by a mAb against FcyRII. Falk era/dem-
onstratedd that anti-neutrophil cytoplasmic antibodies (ANCA) directed against antigens at the surface 
off neutrophils can induce the respiratory burst and degranulation of normal neutrophils primed with 
TNF-a.. This activation by ANCA is FcyRII-dependent and not mediated by F(ab')2 fragments alone. 
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Hence,, the degranulation observed upon stimulation with the monomeric fraction of IVIG may have 
beenn caused by ANCAs or other antibodies in IVIG directed against antigens on the neutrophil. Taken 
together,, these findings suggest that degranulation of neutrophils by IVIG preparations occurs via at 
leastt two different FcyRII-dependent mechanisms: one involving direct cross linking of FcyRII by Fc-
partss of poly- or dimeric IgG, another involving binding of monomeric IgG via their antigens on the 
surfacee of the neutrophils and subsequently triggering of FcyRII by the Fc-regions of this monomeric 
IgG.. The latter mechanism would suggest that IVIG preparations might contain ANCAs or ANCA-like 
antibodiess against neutrophil antigens, which upon binding trigger activation. Tam et al who described 
aa child that developed neutropenia upon treatment with IVIG for Guillain-Barré syndrome illustrate 
suchh a mechanism. This IVIG preparation was found to contain high levels of antibodies against the 
neutrophilss of the patient.29 

Severall cases of neutropenia induced by treatment with IVIG have been reported, indicating 
thatt degranulation of neutrophils by IVIG may also occur in wVo.30"32 However other mechanisms have 
beenn proposed to explain the neutropenia induced by IVIG treatment, including the presence of ag-
gregatess of IgG in the infused IVIG which, like immune-complexes, alter the expression of neutrophil 
CR33 thereby increasing the adhesion of neutrophils to the endothelium and reducing the number of 
circulatingg neutrophils. 1 In addition, IVIG-induced complement activation and formation of C5a may 
resultt in activation and increased adherence of neutrophils. Which of these mechanisms predominate 
inin vivo is currently not known. 

Inn summary, we show that all IVIG preparations tested induced degranulation of neutrophils in 
ann in vitro blood culture system, which was largely inhibited by mAb against FcyRII. We suggest that 
degranulationn of neutrophils by IVIG not only may contribute to the side effects of this immunotherapy, 
butt also may add to the anti-inflammatory therapeutic effects of IVIG since activation and degranula-
tionn of neutrophils in the circulation may impair the migration of neutrophils through the vessel wall and 
reducess infiltration of neutrophils in inflamed tissues as has been shown for example for TNF-a and IL-
S.33,344 We are currently investigating the validity of this concept. 
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Abstrac t t 
Despitee widespread use of IVIG in immune disorders, the mechanism of action of intravenous 

immunoglobulinn (IVIG) preparations is not well known. We previously described that neutrophils de-
granulatee upon incubation with IVIG due to interaction of IgG dimers and/or polymers with FcyRlla. 
Activationn of neutrophils in vitro by various pro-inflammatory agents results in a delay apoptosis of 
neutrophils.. The aim of this study was to determine whether IVIG could affect the survival of neutro-
philss and to assess the role of Fey receptors in this process. 

Ass detected by analysis of Annexin-V binding, expression of CD16, and size/shape changes 
off neutrophils, apoptosis of neutrophils in whole blood cultures was delayed by IVIG, but not by albu-
min,, in a dose-dependent way. In contrast, IVIG did not induce delay of apoptosis of isolated neutro-
phils.. Monomeric IgG, dimeric IgG, as well as polymeric IgG in the IVIG preparation were able to delay 
apoptosiss of neutrophils in whole blood. Expression of CD16 and CD64 on neutrophils was also al-
teredd during incubation with IVIG: expression of CD16 was down regulated, while expression of CD64 
wass increased. As CD64 can be up regulated on neutrophils by interferon-y (INF-y) or G-CSF, we 
measuredd these cytokines in the whole blood cultures and found the former to be dose-dependently 
releasedd during incubation with IVIG. 

Wee conclude that IVIG delays the apoptosis of neutrophils in vitro, probably via inducing cyto-
kinee release by mononuclear cells and suggest that this effect may add to the immunomodulating 
effectss of IVIG in vivo. 

Introductio n n 
Cellss undergoing apoptosis rapidly shrink and lose their normal intercellular contacts and sub-

sequentlyy exhibit dense chromatin condensation, nuclear fragmentation, cytoplasmic blebbing, and 
cellularr fragmentation into small apoptotic bodies. These apoptotic bodies are quickly phagocytosed 
andd digested by macrophages in general without evoking inflammation.1 The apoptotic demise of in-
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flammatoryy neutrophils provides a recognition signal for phagocytes, which eliminates the inflamma-
toryy neutrophils before these cells become leaky and release their cytotoxic intracellular compounds 
thatt could damage the surrounding tissues.2 Among the leukocytes, mature neutrophils have the 
shortestt life span and die rapidly via apoptosis resulting in the demise of the entire population within 
722 hours. Apoptosis is associated with a loss of neutrophil functions, such as chemotaxis, phagocyto-
sis,, stimulated shape change, ability to degranulate, and generation of a respiratory burst. Therefore, 
itt has been proposed that apoptosis represents a mechanism that contributes to the resolution of 
acutee inflammation.3 

Apoptosiss of neutrophils can be inhibited in vitro by proinflammatory mediators such as granu-
locytee colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-
CSF),, IFN-y, TIMF-a, IL-1, IL-2 and LPS. The inhibition of neutrophil apoptosis through these media-
torss does not only increase the life span of cultured neutrophils, but also prolongs their functional lon-
gevityy assessed by a number of parameters including secretion of toxic products.4 Thus, certain 
agentss may up-regulate neutrophil function both by priming for enhanced functional responsiveness to 
agonistss and by delaying apoptosis, which prolong their functional life span.5 

Memberss of the Bcl-2 family regulate apoptosis in many cells, some of which are expressed in 
neutrophilss as well (Mcl-1, Bcl-x, Bad, Bax) The Bcl-2 family consists of members with either anti- or 
pro-apoptoticc function. Bax is a member of the Bcl-2 family that stimulates apoptosis. Bcl-2 antago-
nizess the pro-apoptotic activity of Bax by forming heterodimers with it.6 Because Bax, but not Bcl-2 is 
expressedd in neutrophils, it has been proposed that functional Bax homodimers contribute to the short 
lifee span of these cells.6 

Intravenouss immunoglobulin (IVIG) preparations were originally developed as replacement 
therapyy for the treatment of primary and secondary antibody deficiencies. In addition, controlled clini-
call trials suggest that IVIG also has beneficial effects in systemic inflammatory diseases.7 Several 
mechanismss of action of IVIG have been proposed including blockade of Fey receptors on phago-
cytes,, modulation of cytokine production, the inhibition of T and B cell effector functions and inhibition 
off complement-deposition.8,9 Previously, we found that IVIG binds to neutrophils via interaction of 
FcyRIII and FcyRIII. Binding of IVIG, in particular IgG dimers, which were present in the IVIG, resulted 
inn activation and degranulation of neutrophils. 

Recently,, it was shown that triggering of Fey receptors by immune complexes could delay 
apoptosiss of human neutrophils.10 In the present study we determined that IVIG also alters the life 
spann of neutrophils via triggering of Fey receptors. We show that IVIG does not influence neutrophil 
apoptosiss directly, but instead delays apoptosis indirectly via production of cytokines. 
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Materia ll  and Method s 

ImmunoglobulinImmunoglobulin preparations 
Humann y-globulin for intravenous use (IVIG) 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 
byy Cohn fractionation followed by pH 4/pepsin incubation. Fresh IVIG was immediately frozen after 
reconstitutionn and kept at C until further use. This preparation contained 2% (w/w) IgG dimers. An 
agedd IVIG preparation was prepared by storing the reconstituted preparation at C for several 
months.. This yielded an increase in IgG dimer content to about 12%. IVIG preparations used in the 
experimentss were analysed for actual monomer, dimer and polymer contents on a calibrated Su-
perosee 12 gelfiltration column connected to a FPLC system (Pharmacia, Uppsala, Sweden). A com-
puterr program (Ezchrom Chromatography Data System version 6.5) was applied to determine the 
peakk areas of the chromatograms. 

ReagentsReagents and antibodies 
Thee following monoclonal antibodies (mAb) against cell surface markers were used: CLB ir-

relevantt murine control mAbs of the lgG1 and lgG2a subclass, Leu-8, (CD62L, lgG1), CD15 (CLB-
gran/2,, B4, IgM), CD16 (5D2, lgG2a), CD66e (lgG1, CLB-gran/10, IH4Fc), PE-conjugated F(ab')2 

fragmentss of goat-anti-mouse Ab (DAKO) was used as a secondary mAb to detect non-conjugated 
mAb.. CD62L was obtained from DAKO (Glostrup, Denmark). All other mAbs were produced in our 
ownn laboratory (CLB, Amsterdam, The Netherlands). Anti-Bcl-2 (Bcl-2/100, lgG1), anti-Bax (6A7, 
lgG1),, polyclonal rabbit anti-human Mcl-1, and anti granulocytes colony-stimulating factor (G-CSF, 
BVD11-37g10,, rat lgG2a) mAb were purchased from Pharmingen (San Diego, CA, USA). Lipopoly-
saccaridee was obtained from Sigma (Sigma Fine Chem, St. Louis, MO) 

WholeWhole blood cultures 
Venouss blood was collected from healthy volunteers by venapuncture in vacutainer tubes con-

tainingg heparin at a final concentration of 15 U/ml (Becton Dickinson, Rytherford, NJ). Blood was 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 ug/ml streptamycin, further referred to as culture medium. Whole blood was cultured in 96-
welll flat-bottom microtiter plates (Nunc, Roskilde, Denmark) at a final volume of 0.2 ml/well at a 1 to 
100 dilution incubated with different concentrations of IVIG or culture medium alone as a control in a 
humidifiedd atmosphere of 5% C02 for 20 hours at o harvest the supernatants, the plates were 
centrifugedd at 2000 rpm for 1 minute at room temperature, and the cell free supernatants were trans-
ferredd into microtiter plates and stored at C until further analysis. 
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IsolationIsolation of neutrophils 
Neutrophilss were isolated from peripheral blood anti-coagulated with heparin as described be-

fore.111 Briefly, mononuclear cells and platelets were removed by density gradient centrifugation over 
isotonicc Percoll with a specific gravity of 1.078 mg/ml, at room temperature. Erythrocytes were lysed 
byy incubating the pellet fraction with ice-cold isotonic NH4CI solution (155 mmol/L NH4CI, 10 mmol 
KHC03)) 0,1 mmol/L EDTA, pH 7.4). The remaining granulocytes were washed twice and resuspended 
inn culture medium. 

FlowFlow cytometric analysis 
Expressionn of surface markers and exposure of phosphatidyl serine was assessed with differ-

entt mAbs or Annexin V (Bender) diluted at appropriate concentration 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% w/v bovine serum albumin (BSA). During the incubation procedure, the cells 
weree kept at . Incubation using non-conjugated mAbs was followed by PE-conjugated F(ab)2 goat-
anti-mousee Ab (DAKO). Subsequently, erythrocytes were lysed using FACS lysing solution according 
too the manufacture's instructions (Becton Dickinson). Leukocytes were resuspended in incubation 
mediumm and kept in the dark at C until analysis with a FACScan flow cytometer (Becton Dickinson). 

ELISAELISA for nucleosomes 
Nucleosomee levels in the supernatant were assessed with a sandwich-type ELISA as de-

scribedd by van Nieuwenhuijze et al (manuscript in preparation). Briefly, affinity-purified monoclonal 
mouse-antii human histon (CLB-ANA/60) was diluted in 0.1 M carbonate buffer, pH 9.6, at a final con-
centrationn of 2 ug/ml and incubated overnight at room temperature in ELISA plates (Maxisorb; Nunc, 
Roskilde,, Denmark). After washing with PBS-0.02% (w/v) Tween-20, supernatants of whole blood 
culturess were appropriately diluted in HPE buffer (high performance Elisa buffer, CLB, The Nether-
lands)) containing 5% (v/v) DNAse-treated normal mouse serum and 0.1 M sodium EDTA pH 8.4 and 
incubatedd for 1 hour at room temperature. Thereafter the plates were incubated with biotinylated 
monoclonall mAb CLB-ANA/58 in PBS. ANA-58 was detected with streptavidin poly-horse-radish per-
oxidasee (CLB). Finally, the plates were developed with tetramethyl-benzidine (TMB, Sigma Chemical 
Co.,, St Louis, MO). Serial dilutions of a culture supernatant of confluently grown Jurkat cells, cultured 
forr an additional week to obtain 100% dead cells, were used as a standard. The amounts of nu-
cleosomess were expressed as arbitrary U/ml. One unit is the amount of nucleosomes released by 
approximatelyy 100 Jurkat cells. 

ELISAELISA for IFN-yor G-CSF 

IFN-yy was assessed with a sandwich-type ELISA as described in detail elsewhere.12 
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G-CSFF was assessed with a sandwich-type ELISA using a matched monoclonal antibody pair 
againstt human G-CSF purchased from Pharmingen. The detection limit was 10 ng/ml. Serial dilutions 
off rmetHuG-CSF (Neupogen, Amgen, Inc. Thousand Oaks, CA) was used as a standard and samples 
weree expressed as ng/ml. 

ExpressionExpression  of  Bcl-2  family  members 

Bcl-22 and Bax expression was analysed by flowcytometry. Briefly, whole blood from healthy 
individualss was stimulated with various concentration of IVIG for 20 hours at . After incubation, 
erythrocytess were lysed and leukocytes were fixed using FACS lysis buffer (Becton and Dickinson) 
accordingg to the manufacturer's instructions. After pelleting and washing them, leukocytes were incu-
batedd for 10 minutes at room temperature with FACS permeabilization buffer (Becton and Dickinson). 
Thereafter,, cells were incubated with mAb mouse anti-human Bcl-2 (Pharmingen) or mouse anti-
humann Bax mAb (Pharmingen) for 60 minutes at 4 . After two washes, cells were incubated with 
PE-labelledd F(ab')2 fragments of goat-anti-mouse Ab for 30 minutes at . Expression of Mcl-1 was 
detectedd using rabbit polyclonal antibodies against human Mcl-1 (Pharmingen). After two washes, 
cellscells were incubated with FITC-labelled goat-anti-rabbit for 30 minutes at . Finally, cells were 
washedd twice, resuspended in buffer B and kept on ice until analysis by flow cytometry. 

RNAseRNAse  protection  assay  (RPA) 

Totall RNA was extracted from whole blood cultures, incubated for 30 minutes, to 20 h with 
medium,, aged IVIG (6 mg/ml) or fresh IVIG (6 mg/ml), using Trizol isolation reagent (Life Technolo-
gies,, Paisley, Scotland) and subjected to RNAse Protection analysis (RPA) using the RiboQuant Mul-
tiprobee RPA System from Pharmingen according to the manufacturer's instructions. Briefly, a ^P-
labelledd antisense RNA probe set specific for different human cytokines (human cytokine set, hCK-2) 
wass hybridized in excess to 10 ug of total RNA from each sample, after which free probe and other 
ssRNAA were digested with RNases. The remaining RNAse-protected probes annealed to homologous 
sequencess in the sample RNA, were purified by ethanol precipitation and resolved on denaturating 
PAGE.. Following separation by PAGE, protected ^P-labelled probe fragments were visualized by 
autoradiographyy (Kodak, Rochester, NY, USA): the presence of the target mRNA in the sample was 
revealedd by the appearance of an appropriately sized fragment of the probe. 

StatisticalStatistical  analysis 

Pairedd t-tests were performed to show significant differences. A p-value < 0.05 was consid-
eredd to indicate significant differences. 
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Result s s 

SpontaneousSpontaneous apoptosis of neutrophils is delayed by IVIG 
Too analyse the effect of IVIG on neutrophil apoptosis, whole blood was cultured with various 

concentrationss of IVIG for 20h at . The degree of neutrophil apoptosis was assessed by two in-
dependent,, flow-cytometry methods, e.g. a change in the FSC vs. SSC profiles and the externalization 
off phosphatidyl serine (PS), as detected by Annexin V-FITC). The apoptosis of neutrophils cultured for 
200 hours in the presence of 5 mg/ml IVIG is shown in Figure 8. Neutrophils in whole blood cultured for 
200 h at C without addition of IVIG spontaneously underwent apoptosis as shown by an increase in 
thee amount of cells positive for Annexin V binding. In addition, the typical features of apoptosis, such 
ass cell shrinkage, were observed, as indicated by decreased forward versus side angle light scatter. 
Titrationn of IVIG showed a dose dependent inhibition of neutrophil apoptosis (data not shown). The 
optimall concentration of IVIG was 5 mg/ml, with increasing concentrations of IVIG showing less effect 
onn apoptosis. A time course study showed that the delay of neutrophil apoptosis induced by IVIG 
startedd after 6 hours and was still present after 3 days of incubation (data not shown). IVIG delayed 
neutrophill apoptosis for 8 donors tested except for 2 in whom apoptosis already appeared to be de-
layedd (Figure 9). IVIG did not affect the spontaneous apoptosis in purified neutrophils (Figure 11), 
suggestingg that the effect on apoptosis induced by IVIG was indirect, i.e., mediated by PBMC, rather 
thann as a result from a direct effect on neutrophils. 

InIn vitro, cells may release nucleosomes from 10 hours after apoptosis induction. Hence, the 
degreee of apoptosis was also determined by measuring the amount of nucleosomes in the super-
natantt upon incubation with different stimuli. Incubation of whole blood for 20 hours, with culture me-
diumm alone showed release of nucleosomes in the supernatant, whereas incubation with IVIG resulted 
inn a dose-dependent decrease of nucleosome release into the supernatant (Figure 10). 
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Figur ee 8 IVIG delay s apoptosi s of neutrophil s in whol e bloo d culture s 

Wholee blood was cultured for 20h at C with or without addition of IVIG (5 mg/ml) to the medium. Data are plotted as forward 
lightt scatter (FSC), a measure for relative cell size, versus sideward scatter (SSC) of the leukocytes (A) and Annexin V binding 
(FLL 1) to the neutrophils (B) present in the whole blood cultures. 
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Figur ee 9 IVIG delay s apop -
tosi ss  of neutrophil s in whol e 
bloo dd fro m mos t donor s 

Wholee blood from 8 donors 
wass incubated with or without 
IVIGG (5 mg/ml) for 20 hours, 
whereafterr apoptosis was 
assessedd as percentage (%) 
off total number of neutrophils 
analysedd with decreased cells 
sizee compared to that of fresh 
bloodd as determined by de-
creasedd forward scatter (A) 
andd the percentage (%) of 
totall cells positive for Annexin 
VV binding (B). 
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Figur ee 10 Nucleosom e releas e in whol e 
bloo dd is inhibite d by IVIG in a dos e 
dependen tt  way. 

Wholee blood was cultured for 20h at C 
inn the presence of different concentrations 
off aged IVIG. After 20h, nucleosome 
levelss were measured in the supernatant 
ass described in Material and Methods. 
Resultss represent mean and SEM of 10 
independentt experiments. Data values 
aree significantly different from control 
withoutt IVIG when indicated (* = p< 0.05, 
pairedd t-test) 
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Figur ee 11 IVIG does not delay apop -
tosi ss  in purifie d neutrophil s 

Purifiedd neutrophils were cultured for 20h 
att C with or without (medium) addition 
off IVIG (5 mg/ml) or LPS (100 pg/ml). 
Dataa are plotted as forward scatter versus 
sidewardd scatter (A) and Annexin V bind-
ingg (FL1)(B). 

Too identify the constitu-
entt in the IVIG preparation that 
mediatess the survival effect on 
neutrophils,, IVIG was fraction-
atedd by gel chromatography. 
Fractionss with highest content of 
eitherr IgG monomers (99%), IgG 
dimerss (40%) or IgG polymers 
(40%)) were pooled, and these 3 
differentt fractions were incubated 
withh whole blood and assessed 
forr their ability to modulate neu-
trophill apoptosis. The actual 
monomeric,, dimeric and poly-
mericc composition of the fractions 

^^ was verified by fast performance 
liquidd chromatography (FPLC). 

AnnexinAnnexin V binding No differences were observed 
betweenn monomeric or complexed IgG; all three fractions were equally potent in delaying apoptosis. 
Too definitely rule out pro-survival effect of endotoxin contamination due to fractionation, also com-
paredd two different IVIG preparations, i.e. aged IVIG and fresh IVIG, both kept under aseptic condi-
tions,, which only differed in the amount of IgG dimers. These preparations showed no major differ-
encess with regard to the inhibition of neutrophil apoptosis. 
Inn a next series of experiments, the effect of IVIG on neutrophil activation and survival was determined 
byy simultaneous analysis of Annexin V and CD16 (Figure 11 A). Whole blood cultured for 20 h at C 
withoutt addition of IVIG resulted in spontaneous apoptosis of neutrophils as shown by an increase in 
thee percentage of cells positive for Annexin V binding with coinciding decrease in CD16 surface ex-
pression.. Incubation with aged IVIG showed that approximately 10% of the cells analysed showed 
bindingg of Annexin V (Figure 11B) while simultaneously showing a decreased expression of CD16, 
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whereass the majority of the cells analysed showed decreased expression of CD16 without binding of 
Annexinn V. A similar effect on apoptosis was observed after incubation with fresh IVIG, although this 
wass less pronounced compared to aged IVIG. 

Too further investigate whether neutrophils were activated by IVIG, the expression of CD66e 
wass analysed. CD66e is constitutively expressed on neutrophils, and expression is up regulated upon 
activationn of neutrophils by fusion of granules with the plasma membrane. Incubation of IVIG indeed 
showedd a significant increased expression of CD66e (p<0.05, n=5), whereas culture medium alone 
didd not have an effect (Figure 13). In addition, neutrophils showed a significant increased expression 
off FcyRI (p<0.05, n=5) as compared to unstimulated cells (Figure 13). It is known that surface 
expressionn of FcyRI on neutrophils can be up regulated by IFN-y and G-CSF.13 

Too study cytokine expression in whole blood upon stimulation with IVIG, an RNAse protection 
Assayy (RPA) was performed. Whole blood was incubated with aged IVIG, fresh IVIG or culture me-
diumm alone and total RNA was isolated at different time points after addition of IVIG. Induction of IL-1p 
mRNAA was observed already after 30 minutes in whole blood cultures incubated with aged IVIG as 
welll as fresh IVIG, whereas culture edium alone did not induce mRNA of this cytokine. After 2 hours of 
incubation,, expression of IL-1RA mRNA was observed with aged IVIG as well as fresh IVIG, and in-
terestingly,, IFN-y mRNA was induced upon incubation with aged IVIG, which was not visible in sam-
pless taken after 4 hours of incubation. After 20 hours, expression of IL-12p40, IL-1a, IL-1RA, IL-6 and 
IFN-yy mRNA was observed after incubation with IVIG, whereas no mRNA of these cytokines was in-
ducedd by culture medium alone. Analysis of the supernatants of whole blood cultures using an ELISA 
indeedd showed a dose-dependent increase of IFN-y secretion upon incubation with aged IVIG (Figure 
14),, whereas G-CSF remained undetectable (< 10 ng/ml, data not shown). 
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Figur ee 12 Analysi s of CD16 and 
Annexi nn V bindin g to neutrophil s 

S8%% in whol e bloo d incubate d wit h 
IVIG G 

Wholee blood was cultured for 20h at 
CC without or with aged IVIG. 

Afterr 20h, whole blood was triple-
stainedd for CD16 surface expres-
sion,, Annexin V binding and CD15 
too distinguish neutrophils from other 
cellss and analysed by flow cytome-
tryy as described in M&M. (A) Data 
aree expressed as Annexin V bind-
ingg (FL1) versus CD16 surface 
expressionn (FL2) on CD15-positive 
cells.. Results represent a represen-
tativee experiment. (B) Cells with 
decreasedd CD16 expression 
(CD16dull)) were gated and ana-
lysedd for Annexin V binding. Data 
aree expressed as % of total number 
off neutrophils analysed negative 
(Q1)) or positive (Q2) for Annexin V 
bindingg on CD16 dull cells (5B). 
Resultss represent mean  SEM of 3 
independentt experiments. 

Agedd IVIG Fresh IVIG m e d i u m Agedd IVIG Fresh IVIG 
medium m 
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Figur ee 13 Expressio n of CD64 
andd CD66e on neutrophil s in 
whol ee bloo d culture s 

Wholee blood was cultured for 20h at 
CC with or without stimuli. After 

20h,, whole blood was stained for 
CD644 and CD66e surface expres-
sionn and analysed by flow cytometry 
ass described in M&M. A neutrophil 
gatee was made based on the for-
wardd and sideward scatter. Data are 
expressedd as Mean Fluorescence 
Intensityy (MR) of CD64 (A) and 
CD66ee (B) on neutrophils. Results 
representt mean  SEM of 5 inde-
pendentt experiments. Data values 
aree significantly different from con-
troll without IVIG when indicated (* = 
p<< 0.05, paired t-test (one tailed). 
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Figur ee 14 lnterferon- y is release d in 
whol ee bloo d incubate d wit h IVIG in 
aa dos e dependen t way. 

Wholee blood was cultured for 20h at 
CC with different concentrations of 

agedd IVIG. After 20h, interferon-g 
releasee was measured in the super-
natantt as described in M&M. Results 
representt mean M of 12 inde-
pendentt experiments. Data values 
aree significantly different from control 
withoutt IVIG when indicated (* = p< 
0.05,, ** = p< 0.01, paired t-test). 
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Expressionn of Bcl-2, Bax, and Mcl-1 by neutrophils in whole blood upon incu-
bationn with IVIG 

Thee expression of Bcl-2, Bax and Mcl-1, major determinants of apoptosis in a number of cells, 
wass examined in neutrophils and lymphocytes cultured in whole blood with or without IVIG by flow-
cytometryy using specific antibodies. Figure 15 shows that lymphocytes expressed Bcl-2 abundantly, 
whereass the expression of Bcl-2 in neutrophils expression was absent. Bax was strongly expressed in 
bothh lymphocytes and neutrophils. Incubation of whole blood with increasing concentrations of IVIG 
showedd a down-regulation of Bax in neutrophils, whereas the expression of Bax in lymphocytes re-
mainedd the same. Expression of Mcl-1 was also changed upon incubation of IVIG. Up-regulation of 
thiss anti-apoptotic protein was observed in a dose-dependent way. 

IVIG IVIG cultureculture  medium IVIG IVIG cultureculture  medium 

X3 3 

J J _J J Mcl-1Mcl-1  j 

Bax Bax 

Bcl-2 Bcl-2 

J J i i 
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PMN N Lymphocyte s s 

Fluorescenc e e 

Figur ee 15 Expressio n of Bcl-2 , Bax and Mcl-1 in neutrophil s and lymphocyte s incubate d in whol e bloo d wit h IVIG. 

Wholee blood was cultured for 20h at C supplemented with aged IVIG (5 mg/ml) and stained for intracellular expression of 
Bcl-2,, Bax and Mcl-1 in neutrophils (A) and lymphocytes (B) as described in M&M. A neutrophil gate and a lymphocyte gate 
weree based on forward and sideward scatter. Figure shows a representative experiment from 4 independent experiments with 
similarr results. 
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Discussio n n 
Despitee its widespread use in various immune disorders, the in vivo biological mechanisms of 

actionn of intravenous immunoglobulin (IVIG) preparations are not well known. In the present study we 
showw that incubation of whole blood with IVIG results in a delay of spontaneous apoptosis of neutro-
phils.. In contrast, incubation of IVIG with isolated neutrophils did not have such an effect on cell sur-
vival,, indicating that the effect of IVIG on neutrophil apoptosis is mediated indirectly, presumably via 
activationn of mononuclear cells. 

Apoptosiss of neutrophils was assessed using different parameters, i.e., by binding of Annexin 
V,, change in cell size and release of nucleosomes into the culture medium. All methods used indicate 
thatt apoptosis of neutrophils was delayed upon incubation of whole blood with IVIG. Previous work 
hass shown that surface level of CD16 correlates well to neutrophil apoptosis, however CD16 is also 
knownn to be shed from the cell surface after activation of the neutrophil in vitro, prior to shedding of 
CD166 due to apoptosis of neutrophils.14"16 We demonstrate that incubation of IVIG leads to decreased 
expressionn of CD16, whereas no binding of Annexin V could be observed, suggesting that neutrophils 
weree activated by incubation of IVIG. Furthermore, the loss of CD16 likely resulted from cell activation, 
sincee the surface expression of CD66e was increased upon incubation with IVIG. Furthermore, acti-
vatedd neutrophils show an increased expression of FcyRI compared to unstimulated cells and it is 
knownn that surface expression of FcyRI on neutrophils can be upregulated by interferon-y and G-CSF 
andd other stimuli.17"19 

Apoptosiss can be regulated by the Bcl-2 family of proteins, with certain members of this family 
actingg to protect from apoptosis (Bcl-2, Bcl-XI, and Mcl-1), whereas others act to promote apoptosis 
(Bax,, Bcl-Xs and Bad). Bcl-2 is not expressed in mature neutrophils, whereas mediators that delay 
apoptosiss can induce expression of Mcl-1.20 Bax is expressed at high levels and a reduced intracellu-
larr Bax level is associated with increased cell survival.6 In agreement with this study, we demonstrate 
decreasedd expression of intracellular levels of Bax with coinciding increase of Mcl-1 expression upon 
incubationn of whole blood with IVIG. No changes were found in the levels of these proteins in lympho-
cytes. . 

Inn the present study we demonstrate that IVIG did not affect the spontaneous apoptosis in pu-
rifiedd neutrophils, whereas IVIG did affect neutrophil apoptosis in whole blood cultures. These data 
suggestt that the effect on apoptosis induced by IVIG was indirect, i.e., mediated by PBMC, rather than 
ass a result from a direct effect on neutrophils. It is likely to assume that IVIG activates mononuclear 
cellscells and/or lymphocytes in whole blood cultures, resulting in the release of proinflammatory media-
tors. . 

Apoptosiss of neutrophils can be modulated in vitro by several proinflammatory mediators such 
ass granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor 
(GM-CSF),, IFN-y, TNF-a,, IL-1, IL-2 and LPS.21 In addition, it has been postulated that IVIG influences 
thee cytokine network, both by binding of cytokine-specific antibodies present in IVIG preparations as 
welll as by modulating cytokine secretion by immune cells.22"25 Incubation of whole blood with IVIG 
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showedd a dose dependent increase of FcyRI expression on neutrophils. Measurement of IFN-y and G-
CSFF in culture medium suggest that release of IFN-y from mononuclear cells is responsible for the 
increasedd expression of FcyRI on neutrophils; a dose-dependent increase in IFN-y was detected upon 
incubationn of whole blood with IVIG, whereas G-CSF remained undetectable. None was detected in 
culturess of isolated neutrophils (data not shown). 

Itt is known that IVIG interacts with Fey receptors expressed on different immune cells, result-
ingg in blockade26 or triggering of Fey receptors, leading to release of inflammatory mediators. It is likely 
too assume that the effect of IVIG on neutrophil apoptosis is mediated by triggering of Fcy-receptors 
expressedd on mononuclear cells present in the whole blood cultures, rather than an effect of plasma, 
sincee secretion of inflammatory mediators was detected. Direct activation of NK cells via triggering of 
FcyRIIIAA could explain the induction of IFN-y mRNA at early time points.26,27 Alternatively, activation of 
monocytess could also account for induction of IFN-y mRNA, via release of IL-12 followed by synthesis 
andd release of IFN-y by the T-cells. However, we found that expression of IFN-y mRNA was observed 
att 2 hours of incubation, whereas IL-12p40 mRNA could not (yet) be detected. After 20 hours, both 
IFN-yy mRNA and IL-12p40 mRNA were detected in the cells analysed. These data suggest that IFN-y 
mRNAA expression is due to direct interaction of IVIG with NK cells, whereas IFN-y expression at later 
timee points results from the indirect activation of T cells (or NK cells), via IL-12 released from mono-
cytes. . 

Inn a previous study we showed that administration of aged IVIG to rats causes a marked in-
creasee in number of circulating neutrophils, which was mediated by macrophage activation. Release 
off proinflammatory cytokines, resulting in a delay of neutrophil apoptosis, might provide an explana-
tionn for these phenomena. This hypothesis is supported by a recent study which shows that patients 
withh severe inflammatory diseases, associated with neutrophilia, demonstrated a marked delay of ceil 
deathh ex vivo.6 This study showed that neutrophil expansion and the resolution of inflammation ap-
pearss to be regulated by the expression of the Bax gene in neutrophils, as a result of increased cyto-
kinee expression. Cytokines not only influence cells phenotypically, but also functionally like antibody-
dependentt cellular cytotoxicity (ADCC) and priming for respiratory burst. These cytokines play a com-
plexx role in the inflammatory process; they increase the lifetime of neutrophils and prepare newly gen-
eratedd cells for a strong functional response by increasing the expression FcyRI on neutrophils. 

Wee previously reported that IVIG can activate neutrophils in a direct way, via interaction with 
FcyRllaa expressed on neutrophils.28 IgG dimers and IgG polymers present in the IVIG preparations 
mediatedd this process. To study whether IgG dimers were also responsible for the effect on neutrophil 
survival,, we tested the effect of an experimental IVIG preparation enriched for IgG dimers (aged IVIG) 
comparedd to a preparation with a low amount of IgG dimers. Although the effect was more pro-
nouncedd after incubation with aged IVIG i.e., expression of FcyRI and IFN-y mRNA, no significant 
differencess were found between the two different preparations, indicating that IgG dimers were not 
foundd to play a major role in the delay of neutrophil apoptosis in vitro. It has been reported that im-
munee complexes can directly modulate neutrophil apoptosis, i.e., particulate immune complexes in-
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creasee neutrophil apoptosis, dependent on interaction with FcyRlla, whereas soluble immune com-
plexess delay neutrophil apoptosis.10 Although IVIG preparation always contain a certain amount of IgG 
dimers29,, which can activate neutrophils in vitro in a direct way, cross-linking of Fey receptors by IgG 
dimerss is not sufficient to alter the life span of neutrophils (whereas larger immune complexes possibly 
are).. Incubation of purified neutrophils with IVIG resulted in activation of these cells, however, the life-
spann could not be modified. 

Inn the present study we demonstrate that the life span of neutrophils in vitro can be altered by 
IVIG.. We show that spontaneous apoptosis of neutrophils is delayed upon incubation of IVIG, medi-
atedd by cytokines released from mononuclear cells. The indirect activation of other immune cells may 
bee expected in vivo as cytokine secretion by T cells and monocytes will, in turn, activate other immune 
cells.. Neutrophil apoptosis may be delayed in vivo via production of cytokines, which may partly ex-
plainn the immunomodulating effect of IVIG in patients receiving IVIG. 
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Abstrac t t 
Previously,, we observed in a rat model that intravenous administration of intramuscular im-

munoglobulinn preparations induced a long-lasting hypotension, which appeared to be associated with 
thee presence of IgG polymers and dimers in the preparations, but unrelated to complement activation. 
Wee found evidence that this hypotensive response is mediated by platelet-activating factor (PAF) pro-
ducedd by macrophages. 

Inn the present study, we compared the vasoactive effects of 16 intravenous immunoglobulin 
(IVIG)) products from 10 different manufacturers, in anesthetized rats. Eight of the IVIG preparations 
showedd no hypotensive effects (< 15% decrease), whereas the other eight had relatively strong ef-
fectss (15-50% decrease). The hypotensive effects correlated with the IgG dimer content of the prepa-
rations.. Pretreatment of the rats with recombinant PAF acetylhydrolase completely prevented the hy-
potensivee reaction on IVIG infusion, and administration after the onset of hypotension resulted in nor-
malisationn of the blood pressure. We also observed PAF production upon in vitro incubation of human 
neutrophilss with IVIG, which could be blocked by anti-FcyR antibodies. This indicates that induction of 
PAFF generation may also occur in a human system. 

Ourr findings support the hypothesis that the clinical side effects of IVIG in patients may be 
causedd by macrophage and neutrophil activation through interaction of IgG dimers with FcyR. Be-
causee phagocyte activation may also lead to the release of other inflammatory mediators, rPAF-AH 
providess a useful tool to determine whether PAF plays a role in the clinical side effects of IVIG. If so, 
rPAF-AHH can be used for the treatment of those adverse reactions. 
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Introductio n n 

Intravenouss administration of immunoglobulin preparations may cause anaphylactoid adverse 
reactions,, including headache, facial flushing, back pain, nausea, chills, fever, dyspnea, hypotension 
andd circulatory shock. The incidence of these adverse reactions is reported by the manufacturers to 
bee in the range of 1-15%, usually below 5% 1'2. The reactions are generally mild and self-limited and 
associatedd with a too high infusion rate. Nevertheless, adverse reactions may pose a serious problem 
inn the treatment of some immunodeficient patients. 

Thee side effects of immunoglobulin preparations are generally ascribed to complement activa-
tionn in the recipient by IgG aggregates in the preparations. However, so called intravenous immu-
noglobulinn preparations (IVIG), which are made to be free of complement activating activity in vitro, 
havee been found to still cause clinical side effects, suggesting that other effector mechanisms are 
involved.. Previously, we developed a rat model for the safety evaluation of immunoglobulin prepara-
tions.33 We observed that standard immunoglobulin preparations (=Cohn Fraction II without additional 
treatment)) induced a long-lasting hypotension which appeared to be associated with the presence of 
IgG-polymerss and dimers in the preparations, but unrelated to complement activation. We found evi-
dencee that this hypotensive response is mediated by platelet-activating factor (PAF) produced by 
macrophages.. Others have confirmed our findings5 and several investigators have suggested the 
usefulnesss of the blood pressure response in animals for predicting clinical tolerability of an IVIG 
productt in patients.6,7 

Inn the present study, we compared the hypotensive effects of 16 IVIG preparations from dif-
ferentt manufacturers in rats to see whether the standard release criteria can guarantee the absence of 
vasoactivee effects. Furthermore, we investigated the role of platelet-activating factor (PAF) in IVIG-
inducedd hypotension by using a recombinant PAF acetyl hydrolase (rPAF-AH). Recombinant PAF-AH 
hass the substrate specificity and lipoprotein association of the native plasma PAF acetylhydrolase and 
blockss PAF-mediated inflammatory reactions in vivo. Therefore, we investigated whether rPAF-AH 
couldd provide a useful tool to evaluate the role of PAF in clinical adverse reactions and whether it 
mightt be used for their treatment. 

Method s s 

AnimalAnimal model 

Femalee Wistar rats (Harlan: HsdCpb:WU), weighing 180 to 250 g, were anesthetized by in-
traperitoneall injection of pentobarbital, 60 mg/kg body weight. Cannulas (Silastic®) were introduced 
intoo the right jugular vein and left carotid artery. Saline was infused at a rate of 2 ml/hour in each can-
nulaa to ensure patency. The arterial cannula was connected to a pressure transducer for continuous 
recordingg of the mean arterial blood pressure (MABP) and mean heart rate, both averaged over 10 
secondd time intervals. Human IVIG preparations were given intravenously in 10 seconds at a dose of 
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2500 mg/kg, unless stated otherwise. The test solutions were administered only if a stable MABP (  10 
mmHg)) had been observed for a time period of at least 10 minutes. Each rat received only one dose 
off immunoglobulins. The whole procedure took about 80 minutes, during which the rat remained anes-
thetizedd without the requirement of additional pentobarbital. The experiments were terminated 30 min-
utess after administration of the IgG test solution by administration of a pentobarbital overdose. 

HumanHuman neutrophil activation in vitro 
Neutrophilss were purified from peripheral human blood anticoagulated with 0.4% (w/v) triso-

diumm citrate, as described before.9 Briefly, mononuclear cells and platelets were removed by density 
gradientt centrifugation over Percoll (density 1.077 g/ml). Contaminating red blood cells were lysed by 
isotonicc NH4Cl/HC03 treatment on ice. After isolation, neutrophils were washed and resuspended in 
incubationn medium (4.106/ml), containing 132 mM NaCI, 20 mM HEPES, 6 mM KCI, 1 mM MgS04, 1 
mMM CaCI2, 1.2 mM KPit 5 mM glucose and 0.5% (w/v) human serum albumin (pH 7.4). The neutro-
philss had a more than 95% purity. 

Neutrophill activation was assessed at C by mixing 1:1 with prewarmed IVIG solutions (5 
mg/ml).. After 20 minutes of incubation, 0.8 ml samples (2.106 neutrophils/ml) were taken for the 
measurementt of the synthesis of platelet activating factor (PAF). PAF was measured with a commer-
ciallyy available competitive radioimmunoassay (New England Nuclear, Boston, MA, USA) as previ-
ouslyy described for eosinophils.10 In short, the activation process of the neutrophils was stopped by 
addingg 3 ml methanol/chloroform (2:1) with 2% (v/v) acetic acid added to the methanol. After separa-
tionn of the monophase with 1 ml chloroform and 1 ml H20, the lower chloroform phase was stored at -
700 C under nitrogen. Subsequently, the chloroform phases were evaporated under a stream of nitro-
genn and processed for the radioimmunoassay according to the manufacturer's instructions. The 
amountss of PAF in the samples were determined from a standard curve constructed with known 
amountss of PAF. Recovery of PAF during the whole procedure was more than 90%. 

Inn some incubations neutrophils were preincubated (10 ug/ml) with a blocking monoclonal an-
tibodyy (mAb IV.3) against Fey receptor (FcyR) type lia.11,12 

ImmunoglobulinImmunoglobulin preparations 
Sixteenn human IVIG products were obtained from 10 different manufacturers: Alpha Thera-

peuticc Corporation (USA), Baxter Healthcare (USA), Biotest (Germany), BPL (UK), CLB (The Nether-
lands),, FRC-BTS (Finland), Octapharma (Austria), Purissimus S.A. (Argentina), Sandoz (Switzerland), 
andd SSI (Denmark). Ten of the preparations were licensed, while the others were still in a stage of 
preclinicall or clinical evaluation. All preparations complied with the release criteria of the European 
andd US Pharmacopea, in particular regarding anticomplementary activity, IgG-aggregate content and 
prekallikreinn activator activity. IgG dimer and polymer contents were determined by size exclusion 
chromatographyy using a calibrated Superose 12 gel filtration column in a FPLC system (Pharmacia, 
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Uppsala,, Sweden) and computer analysis of the chromatograms (Ezchrom Chromatography Data 
System).. Table V gives the product codes attributed to the preparations, the main characteristics of 
theirr production process and their formulation. Products B and E were prepared at the CLB (The 
Netherlands).. For all products IgG was isolated from human pool plasma using cold ethanol fractiona-
tion,, and additional processing was applied to eliminate anti-complementary activity and to improve 
clinicall tolerability. Various additional process steps were applied, including (3-propiolactone treatment, 
incubationn at low pH with or without a small amount of pepsin, DEAE chromatography, PEG fractiona-
tion.. The preparations contained various stabilizers, including glucose, sucrose and albumin, and were 
freeze-driedd or liquid. Freeze-dried preparations were administered within two hours after reconstitu-
tion,, unless noted otherwise. A human IgG preparation for intramuscular administration (IMIG), essen-
tiallyy consisting of Cohn fraction II in a glycin buffer, was obtained from the CLB (The Netherlands). 

Onee freeze-dried IVIG (product-E) was stored in liquid state at C for more than 4 months af-
terr reconstitution to let occur IgG dimer formation (IVIG-E aged). For control, the same product was 
frozenn in liquid nitrogen immediately after reconstitution and stored at C (IVIG-E fresh). To disso-
ciatee the IgG dimers in IVIG-E aged, the preparation was incubated at C for 24 hours after lowering 
thee pH to 4.25 by dialysis against acetate containing formulation buffer. The preparation was then 
rapidlyy f rozen and stored at . 

Recombinantt PAF acetylhydrolase (rPAF-AH), generously provided by Dr. G. Dietsch (from 
ICOS,, Bothell, WA, USA), was used as PAF antagonist. rPAF-AH was given intravenously, as a bolus 
att a dose of 5 mg/kg, either 15 minutes before, 5 minutes after, or 15 minutes after the immunoglobu-
linn preparations. 

DataData analysis 

Resultss are expressed as mean  standard deviation. Correlations between variables were 
evaluatedd by calculating Spearman's rank correlation coefficient using GraphPad Prism. 
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Result s s 
Tablee V gives the change s in bloo d pressur e 10 min after administratio n of 16 differen t IVIG 

products ,, at a dose of 250 mg/kg in 10 seconds . Eight of these preparation s induce d no, or a minima l 
hypotensiv ee reactio n (< 15% decrease) , whereas the other eight product s had a substantia l hypoten -
sivee effec t (15-50%). For eight product s two or more lots were tested , in all cases with simila r results . 
Hence,, the effect s on bloo d pressur e were rather product-relate d than due to lot-to-lo t variations . 

Tablee V Overview of the different IVIG products tested: 

Mainn steps in the production process intended to improve clinical tolerability, the formulation, the percent change in blood pres-
suree in rats, and the IgG dimer content of the tested lots. The IVIG products are ranked in the order of magnitude of the hy-
potensivee effects and coded with the letters A to P. Each lot was tested in 3 rats at a dose of 250 mg/kg body weight, for 8 
productss a second lot was tested. The MABP changes are the percent changes from baseline, 10 minutes after administration 
off the immunoglobulin preparation (mean and SD of 3 experiments). The status of the products indicates 'L' for licensed and 'E' 
forr experimental preparations, nd = not determined. 

IVIGIVIG Production process Formulation Status % change in MABP % change in MABP IgG dimer content (%) 
codecode (second lot) 

A A 
B B 
C C 
D D 
E E 
F F 
G G 
H H 
I I 
J J 
K K 
L L 
M M 
N N 
0 0 
P P 

beta-propiolactone e 
pHH 4 / pepsin incub. 
beta-propiolactone e 
beta-propiolactone e 
pHH 4 / pepsin incub. 

pH44 incub. 
beta-propiolactone e 
DEAE,, pH4 / pepsin 

PEGG precipitation, DEAE 
DEAEE chromatography 

DEAE,, pH5 incub. 
pH44 incub. 

DEAEE chromatography 
DEAEE chromatography 

PEGG precipitation, DEAE 
pHH 4 / pepsin 

IMIGIMIG Cohn II, without further processing 

liquid d 
liquid,, pH4 

liquid d 
liquid d 

freeze-dried d 
liquid d 
liquid d 

liquid,, pH5 
liquid d 
liquid d 
liquid d 
liquid d 

freeze-dried freeze-dried 
freeze-dried freeze-dried 
liquid,, pH 5.5 
freeze-dried freeze-dried 

liquid liquid 

E E 
E E 
E E 
L L 
L L 
E E 
E E 
E E 
E E 
L L 
L L 
L L 
L L 
L L 
L L 
L L 
L L 

5 5 
-55 + 2 

0 0 
-33 3 
-33 + 5 

4 4 
4 4 
3 3 
8 8 

-277 8 
-211  18 
-277 6 
-311 2 
-366 8 
-377 9 
-455 3 
-59-59

3 3 

3 3 
7 7 

2 2 
-111 3 

-355 9 
-322 4 

-466 6 

8 8 
6;; 5 
5 5 

12;; 15 
5;; 6 
8 8 

5;; 5 
7;; 8 
5 5 
10 0 
10 0 
8;; 8 
nd d 
6 6 
10 0 

10;; 10 
18 18 
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Figuree 16 Superimposed 
recordingss of mean arterial 
bloodd pressure (represented 
ass % of baseline) of three rats 
receivingg IVIG product B 
(dottedd lines) and three rats 
receivingg IVIG product P 
(solidd lines). 

Figuree 16 gives 
ass example the blood 
pressuree recordings after 
administrationn of either a 
productt with minimal 
hypotensivee effect (IVIG-
B)) or a product with 
strongg effect (IVIG-P). 
Thee hypotensive reac-
tionss had the same time 
coursee as those previ-

tim ee (minutes ) ously described for IMIG 
preparations3,4:: the blood 

pressuree started to fall after one minute and reached a minimum level after 10 to 15 minutes. How-
ever,, for all IVIG preparations the hypotensive effects were smaller than those induced by an IMIG 
preparationn that was tested for comparison (Table V). By testing the IMIG preparation at different 
doses,, the threshold bolus dose for hypotension (decrease in MABP > 15%) was found to be between 
100 and 30 mg/kg. To investigate whether the rate of infusion was critical in this model, IMIG was also 
administeredd by continuous infusion at a rate of 1 or 4 mg/kg/minute. This way of administration also 
inducedd severe hypotension, but the onset was delayed. The blood pressure started to fall after an 
intervall ranging from 5 to 20 minutes, when a cumulative dose between 7 and 29 mg/kg was reached. 
Thiss indicated that the hypotensive effect was rather dose dependent than rate dependent. 
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Figur ee 17 Relatio n betwee n the change s in bloo d pressur e in rats (10 minute s after administration ) and the IgG dime r 
(I)) and polyme r (x) content s of the IVIG preparation s tested . 

Eachh data point gives the mean percentage change in MABP of 3 experiments. 

Figuree 17 gives the relation between IgG dimers and polymers in the preparations tested and 
thee effects on the blood pressure in rats. The IMIG preparation contained 18% dimers and 3% poly
mers.. The changes in blood pressure correlated significantly with the dimer contents (Spearman rank 
correlationn Rs = -0.4484, p = 0.016), but not with the polymer contents (p = 0.20). It was remarkable 
thatt one IVIG product (product-A, p-propiolactone-treated) had a high dimer content (2 lots: 12 and 
14%),, but did not induce hypotension. 

Thee potency of rPAF-AH to prevent or treat of IVIG-induced vasoactive reactions was investi
gatedd using IMIG as a model preparation for a 'bad' IVIG (Figure 18). Pretreatment of rats with rPAF-
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AHH (5 mg/kg) prevented the prolonged hypotensive response, only a shortlasting transient decrease 
remainedd (Figure 18B). Administration of rPAF-AH (5 mg/kg) 5 minutes after IMIG (250 mg/kg) re
sultedd in a complete reversal of the blood pressure (Figure 18C). This indicated that the hypotension 
wass maintained by a sustained PAF release. However, administration of rPAF-AH 15 minutes after 
IMIGG caused only partial restoration of the blood pressure (Figure 18D), showing that at this time point 
alsoo other mediators than PAF were involved in the hypotension. 
Too further investigate whether the mechanisms of the hypotensive reactions after IVIG and IMIG ad
ministrationn were the same, we followed for several lots the change in molecular size distribution in 
freeze-driedd IVIG (product-E) after reconstitution and liquid storage at 4 C . A gradual increase in 
dimerr content was observed from < 5% to values above 10% after one week, which coincided with the 
occurrencee of hypotensive effects in rats. Figure 19A shows the chromatogram of IVIG-E that was 
rapidlyy frozen after reconstitution and stored at C (IVIG-E fresh), and that of the same product, 
keptt in solution at C for one year after reconstitution (IVIG-E aged). The dimer contents were 2.5 
andd 10%, respectively. The IgG dimers in IVIG-E aged were dissociated by incubating the preparation 
forr 24 hours at , pH 4.25 (Figure 19B: before and after pH4). 

Figuree 20 shows that dimer formation was accompanied by the occurrence of a hypotensive 
effectt (IVIG-E aged) and that dissociation of the dimers by pH4 treatment removed the hypotensive 
effect.. Pre-treatment of rats with rPAF-AH prevented the hypotension induced by IVIG-E aged and 
alsoo that induced by another IVIG product (IVIG-P). 
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Figur ee 18 Effec t of rPAF-A H on IMIG induce d hypotension . 

Saline,, 15 minutes before IMIG, was used as control (A). rPAF-AH (5 mg/kg) was administered 15 minutes before 
(B),, 5 minutes after (C) and 15 minutes after (D) IMIG (250 mg/kg). Each panel gives the superimposed mean ar
teriall blood pressure recordings of three rats. 
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Figur ee 19 Size exclusio n chromatogram s 

Sizee exclusion chromatograms of A) an IVIG (product E, see Table V) that had been stored at C for 1 year after reconstitution 
off the freeze-dried product (IVIG-E aged), and that of IVIG-E that was stored at C immediately after reconstitution (IVIG-E 
fresh)fresh) and B) IVIG-E aged before (before pH4) and after incubation for 24 hours at , pH 4.25 (after pH4). 
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Figur ee 20 Change s in bloo d pressur e 

Changess in blood pressure (mean and SD, n=3) 
inducedd by IVIG-E fresh (see A), IVIG-E aged (in
creasedd dimer content, see Figure 19A), IVIG-E aged 
afterr pH 4 treatment (see Figure 19B) and by IVIG-P. 
Furthermore,, the effect of rPAF-AH pretreatment of 
thee rats on the hypotensive effect of IVIG-E and IVIG-
P.. The IVIG product codes correspond to that in Table 
V V 
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Figur ee 21 PAF productio n by huma n neutrophil s 
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PAFF production by human neutrophils in vitro after 20 
minutess of incubation with IgG preparations. The letters 
givee the codes of the IVIG products as presented in 
Tablee V. Panel B gives the effect of pre-incubation of the 
neutrophilss with a blocking anti-FcgRII antibody (mAb 
IV.3).. Results are the mean of duplicate incubations. All 
IVIGG products tested in vitro, induced PAF synthesis in 
humann neutrophils, albeit to a different extent (Figure 
211 A). There was no obvious correlation between the 
magnitudee of the in vitro PAF synthesis and the in vivo 
hypotensionn for the different IVIG preparations. How
ever,, in both assays IMIG was the most potent activator. 
Preincubationn of the neutrophils with a blocking mono
clonall antibody against FcyR II (mAb IV.3) largely pre
ventedd the IVIG-induced PAF production (Figure 21B). 

Ctrll A L P IMIG 
testt solution / IVIG product code 

Discussion n 
Ourr study revealed major differences between different IVIG products regarding their vasoac

tivee properties in rats. About half of the preparations tested had a pronounced hypotensive effect. All 
preparationspreparations complied with the release criteria set by the European and US Pharmacopoeia, in par
ticularr those regarding limits for IgG aggregates and anticomplementary activity. These criteria came 
forthh from the idea that systemic complement activation by IgG aggregates in the preparations is the 
majorr cause of clinical side effects in the recipient. This was based on the observation of Barandun 
andd colleagues that immunoglobulin preparations could be safely administered intravenously after 
eliminationn of the anticomplementary activity.13 Therefore, manufacturers of IVIG have implemented 
productionn steps to remove or inactivate IgG aggregates, thereby eliminating the anticomplementary 
activity.. However, our study made clear that eliminating the complement activating properties of IVIG 
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preparationss does not necessarily eliminates all vasoactive potential of IVIG. The most likely explana
tionn seems to be that IgG isolated from pooled plasma from numerous donors tends toward the forma
tionn of dimers.14 The IgG dimers have no anticomplementary activity but appeared to be almost as 
potentt as IgG polymers in inducing hypotension in rats.3 The storage experiments with a reconstituted 
freeze-driedd preparation, in which vasoactivity was found to parallel the occurrence of dimers and 
disappearedd after their dissociation, confirm the role of dimers in IVIG-induced hypotension. All IVIG 
productss tested contained a certain amount of IgG dimers, but vasoactivity seems to occur only when 
thee dimer content raises above a certain limit. A clear exception was product D; the two batches 
testedd had a relatively high dimer content (12 and 15%), but showed no hypotensive effect. This sug
gestss that the chemical modification by p-propiolactone treatment eliminates the hypotensive effect by 
diminishingg interaction with Fey receptors (see below). This also raises the question whether this 
modificationn also affects other Fc-effector functions of IgG in the preparation. 

Previously,, we found evidence that the IMIG-induced hypotension in rats is mediated by PAF 
releasee from macrophages, independently from complement activation.4 Therefore, we speculated 
thatt IgG dimers in IVIG may activate macrophages through FcyR triggering and speculated that this is 
thee major cause of clinical side effects of the IVIG preparations currently available. This hypothesis 
findss support in a recent clinical study in volunteers, comparing different experimental IVIG prepara
tions.155 In that study, a correlation was found between IgG dimer content in the preparations and the 
occurrencee of clinical adverse reactions in humans and vasoactive effects in rats. In addition, the clini
call side effects in the humans were found to be accompanied by a transient decrease in neutrophil 
andd monocyte number in the peripheral blood that paralleled an increase in TNF-cc serum concentra
tions.155 Furthermore, we demonstrated the possibility of FcyR triggering by IVIG in a previous in vitro 
study,, in which we found that IgG dimers indeed bind to FcyRII and FcyRIII on human neutrophils, and 
stimulatee these cells via FcyRII triggering.16 This is consistent with the observation in the in vitro part 
off the present study that a monoclonal antibody against FcyRII could block the induction of PAF pro
ductionn by human neutrophils. Taken together, these data point to a central role of the activation of 
macrophages,, monocytes, and possibly neutrophils in the induction of clinical side effects. 

Inn the present study we evaluated the potential of rPAF-AH in treating vasoactive effects of 
IVIG.. A standard IMIG preparation, which is basically Cohn fraction II dissolved in glycine-saline, was 
usedd as a model for a 'bad' IVIG preparation, in the sense that in the early days of immunoglobulin 
therapy,, side effects were frequently observed on intravenous administration of these kind of prepara
tions.. The experiments showed that pretreatment with rPAF-AH prevents hypotension after IMIG infu
sionn in rats. These results are consistent with those of previous studies with PAF-receptor antagonists. 
4 55 Furthermore, administration of rPAF-AH shortly after the start of the hypotension resulted in a com
pletee restoration of the blood pressure. This demonstrates that sustained PAF release from macro
phagess (or other cell types) plays a central role in the induction and maintenance of hypotension after 
intravenouss administration of immunoglobulin preparations to anesthetized rats. In addition, we ob
servedd that IMIG and certain IVIG products induced PAF production in isolated human neutrophils. 
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Wee have no explanation for the fact that there was no obvious correlation between the in vitro PAF 
productionn and in vivo hypotension induced by the different IVIG's. However, the in vitro results clearly 
demonstratedd that activation of phagocytes by human IVIG is not a particularity of rats but also occurs 
inn a human system. It also showed that PAF release results from direct interaction of IVIG with phago
cytes. cytes. 

Inn a recent study in rats, we observed that IVIG preparations with high IgG dimer content also 
inducee activation of neutrophils in vivo (Teeting et a/., manuscript submitted). However, neutrophil 
activationn was not prevented by rPAF-AH pretreatment, showing that PAF plays no major role in this 
effectt and that rPAF-AH can not prevent all effects of FcyR triggering by IVIG. 

Itt has been stated that the standard, polyvalent IVIG products are therapeutically equivalent 
andd interchangeable.2 Our study, however, shows that IVIG products may differ substantially regard
ingg their vasoactive side effects in rats, which points to differences in the interaction with FcyR. We 
expectt therefore, that the products differ regarding the incidence of side effects. 

Inn conclusion, our findings support the hypothesis that the clinical side effects of the current 
IVIGG product are caused by FcyR triggering on phagocytes by IgG dimers in the preparations. First, 
wee observed that many IVIG products induced hypotensive effects in rats, which correlated with the 
dimerr content of the product. Second, rPAF-AH could effectively prevent these vasoactive effects 
indicatingg that IVIG may induce significant PAF release in vivo and suggesting that macrophage acti
vationn occurred. Finally, we observed that IVIG may also induce PAF generation in a human system in 
vitro.vitro. Because phagocyte activation may also lead to the release of other inflammatory mediators, 
rPAF-AHH provides a useful tool to determine the role of PAF in the clinical side effects of IVIG in hu
mans.. If PAF appears to play a role, rPAF-AH can be used for the treatment of those adverse reac
tions. . 
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Abstrac t t 
Despitee widespread use in various immune disorders, the in vivo mechanisms of action of in

travenouss immunoglobulin (IVIG) preparations are not well known. We previously described that hu
mann neutrophils degranulate upon incubation with IVIG in vitro due to interaction with Fc^RM. The 
purposee of this study was to determine whether IVIG might stimulate neutrophils in vivo. 

Anesthetizedd rats received a bolus intravenous injection of IVIG preparations containing either 
highh (aged-IVIG) or low (fresh IVIG) amounts or IgG dimers at a dose of 250 mg/kg. Administration of 
agedd IVIG induced neutrophil activation in vivo, whereas no effect was observed upon infusion of 
freshh IVIG. Histological examination of lung tissue demonstrated mild influx of neutrophils into the 
pulmonaryy tissue upon aged IVIG administration, though gross damage did not occur. Macrophage-
depletedd rats no longer showed activation of neutrophils upon infusion of aged IVIG, suggesting that, 
neutrophilss become activated via an indirect, macrophage dependent way. 

Wee conclude that IVIG induces a mild activation of neutrophils in vivo via triggering of macro
phagess depending on the amount of IgG dimers. For this reason IVIG preparations with a high content 
off dimers may not always be as harmless as generally believed and responsible for some of the side 
effectss observed during IVIG infusions. 

Introductio n n 
Althoughh intravenous immunoglobulin (IVIG) preparations were initially introduced as re

placementt therapy in primary antibody deficiency disorders they were found to have beneficial effects 
inn patients with autoimmune thrombocytopenic purpura and other autoimmune diseases as well.12 

Nowadays,, IVIG is used in a broad range of autoimmune and systemic inflammatory disorders. In 
spitespite of its widespread use, the precise mechanisms of action of IVIG are still largely unknown. Differ-
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entt mechanisms have been proposed, like Fey receptor blockade, inhibition of complement deposition, 
neutralizationn of superantigens, neutralization of cytokines and manipulation of the idiotypic network.3" 
10 0 

Wee previously described that IVIG interacts with neutrophils in vitro through binding of IgG 
dimerss and polymers to their Fcy-receptors.11 In particular, binding of IVIG to FcyRlla was shown to 
inducee activation and subsequently degranulation of neutrophils. 

Neutrophilss are endowed with potent mechanisms to kill microbes, and thus contribute to the 
hostt defense against microbicidal infections. However, they have also long been recognized as impor
tantt effectors of the adverse effects of inflammatory reactions, since their excessive accumulation in 
tissuess may contribute to injury of the host due to release of a variety of toxic products. Lungs are 
particularlyy susceptible to such insults and constitute a primary site of damage induced by host de
fensee mechanisms.1213 Hence, interaction of IVIG with neutrophils in vivo may, among others, con
tributee to the development of clinical (side) effects of IVIG. 

Becausee IVIG is able to directly activate neutrophils in vitro, an animal model was developed 
too study whether this also occurs in vivo. IVIG preparations, differing in their IgG dimer content, were 
administeredd and activation of neutrophils was determined in the circulation as well as at tissue level. 
Ass we considered a bolus infusion of IVIG, rather than continuous infusion, to be more robust, and 
hencee more suitable to pick up potential effects, we did most of experiments with IVIG administered as 
aa bolus infusion. However, to mimic the clinical situation, we also evaluated the effect of continuous 
infusion.. Independent of the mode of infusion, our results show that IVIG activates neutrophils in vivo, 
albeitt not in a direct way. Instead, macrophages are involved herein, because macrophage depletion 
completelycompletely abolished all parameters for neutrophil activation. 

Materia ll  and Method s 

ImmunoglobulinImmunoglobulin preparations 

Humann y-globulin for intravenous use was obtained from our institute (Immunoglobulin I.V., 
6%% (w/v), licenced for human use). This is a freeze-dried product prepared from pooled plasma from 
att least 1000 donors by Cohn fractionation followed by pH 4/pepsin incubation. Fresh IVIG was imme
diatelyy frozen after reconstitution and kept at C until further use. An aged IVIG preparation was 
preparedd by storing this reconstituted preparation at C for 5-10 months, resulting in an increased 
IgGG dimer content. This aged IVIG preparation is an experimental product, not licenced for human 
use.. IVIG preparations used in the experiments were analysed for actual monomer, dimer and poly
merr contents by size exclusion chromatography using a calibrated Superose12 gel filtration column 
connectedd to a FPLC system (Pharmacia, Uppsala, Sweden). A computer program (Ezchrom Chro
matographyy Data System version 6.5) was applied to determine the peak areas of the chroma-
tograms. . 
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FlowFlow cytometric analysis 

Too determine whether human IVIG activates rat neutrophils in vitro, whole rat blood was 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 ug/ml streptomycin and incubated with various concentrations of IVIG (0 to 30 mg/ml). After 2 
hourss at , rat cells were washed 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% 
bovinee serum albumin (BSA) with FITC-conjugated mouse-anti-rat CD11b mAb (ED8, lgG1, In-
struchemiee B.V., Hilversum, The Netherlands) or mouse-anti-rat L-selectin mAb (OX85, lgG1, In-
struchemiee B.V) followed by PE-conjugated F(ab)2 goat-anti-mouse Ab (DAKO). Subsequently, eryth
rocytess were lysed using FACS lysing solution according to the manufacture's instructions (Becton 
Dickinson).. Human venous blood was collected from healthy volunteers by venepuncture in vacutainer 
tubess containing heparin in a final concentration of 15 U/ml (Becton Dickinson). Whole blood was 
incubatedd with various concentrations of IVIG as described above. Thereafter, blood cells were incu
batedd with FITC-conjugated mouse-anti-human CD11b (CLB-mon-gran/1, B2, IgM, CLB, Amsterdam, 
thee Netherlands) or mouse-anti-human L-selectin mAb (Leu-8, lgG2a, Becton Dickinson) followed by 
PE-conjugatedd F(ab)2 goat-anti-mouse Ab. Subsequently, erythrocytes were lysed using FACS lysing 
solution.. Leukocytes were resuspended in incubation medium and kept in the dark at C until analy
siss with a FACScan flow cytometer (Becton Dickinson). Neutrophils were identified by their character
isticc forward and sideward scatter pattern, which was confirmed by staining a rat neutrophil marker 
(HIS48,, IgM, Instruchemie B.V.). 

Too assess the contribution of FcyRlla to the activation of human neutrophils, cells were incu
batedd with IVIG in the presence of F(ab)2 fragments of AT10, a mAb that inhibits the binding of IgG to 
FcyRllaa 14,15 mAb AT10, kindly provided by Prof. Dr. J. v.d. Winkel. 

Humann IVIG binding to rat neutrophils was studied using biotinylated IVIG.11 Briefly, cells from 
wholee blood were washed to remove plasma proteins, and incubated with biotinylated IVIG for 30 
minutess at . The cells were then washed and incubated with FITC-labelled streptavidin (Becton 
Dickinson)) for 30 minutes at . 

RatRat model 

Femalee Wistar HsbCpb:WU rats (Harlan/CPB, Zeist, The Netherlands) weighing 250-300 g 
weree anesthetized by intraperitoneal injection of Hypnorm/Nembutal. The rat was fixed (back down
ward)) on a heated support ) to prevent decrease in body temperature. Cannulas (Silastic®) were 
introducedd into the right jugular vein and left carotid artery. Cannulas were flushed with 2 ml/hour in to 
ensuree patency. The arterial cannula was connected to a pressure transducer for continuous re
cordingg of the mean arterial blood pressure. Test solutions were administered via the venous cannula. 
Thee IVIG preparations were administered intravenously within 10 seconds at a dose of 250 mg/kg. To 

78 8 



mimicc the clinical method of administration, in some experiments IVIG was also given as a continuous 
infusionn at a dose of 1 g kg"1.hour"1 or 2.5 g.kg"1.hour"1. Saline was used as a negative control. 
Lipopolysaccharidee (LPS, Sigma Fine Chem, St. Louis, MO) given at a dose of 0.5 mg/kg as a 5 min
utes-infusionn was used as a positive control for neutrophil activation. Experiments were terminated 4 
hourss after infusion of IVIG or LPS by administration of an overdose pentobarbital. Blood samples 
collectedd in EDTA (10 mM, final concentration) were used to determine cell counts with a Coulter 
Counter.. FACS analysis was performed for the differentiation of the white blood cells using their for
ward/sidewardd scatter characteristics. 

AdministrationAdministration  of  rPAF-AH 
Recombinantt Platelet Activating Factor-Acetyl hydrolase (rPAF-AH, kindly provided by Dr. Di-

etsch,, ICOS, Washington, DC) was used to evaluate the role of Platelet Activating Factor (PAF) in the 
effectss observed. It was given intravenously as a bolus, at a dose of 5 mg/kg, 5 minutes before the 
IVIGG preparation. 

ActivationActivation  of  PMN in  vivo 
Too determine activation of circulating neutrophils upon infusion of IVIG, EDTA blood samples 

weree obtained and kept on melting ice until the end of the experiment. Cells were washed and incu
batedd with anti-CD11b mAb or L-selectin mAb as described above. Whole blood samples were used 
too minimize in vitro activation of leukocytes. 

MacrophageMacrophage  depletion  by ChMBP- liposomes 
Intravenouss administration of dichloromethylene bisphosphonate (CI2MBP) liposomes results 

inn depletion of Kupffer cells in the liver and macrophages in the spleen, within one day after a single 
administrationn of the liposomes16, without affecting neutrophils.17 Hence, to study the effect of macro
phagess in IVIG-induced alterations of neutrophils, liposomes that contain either CI2MBP (a gift of 
Rochee diagnostics GmbH, Mannheim, Germany) or PBS. These liposomes were prepared as de
scribedd previously.17 The liposomes were resuspended in PBS before use. To deplete macrophages, 
ratss were treated with 2 ml CI2MBP liposomes by intravenous administration 1 or 3 days before ad
ministrationn of aged IVIG. Control rats received 2 ml of PBS-liposomes. In each experiment, 3 rats 
weree used for each treatment. 

MeasurementsMeasurements  of  TNF-a 

TNF-cxx was measured using a commercial ELISA for rat TNF-a (Biosource International, 
Camarillo,, CA) according to manufacturers instructions. The concentrations of sample TNF-a was 
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determinedd with reference to serially diluted recombinant rat TNF-a. The lower limit of detection was 
2.33 pg/ml. 

MeasurementMeasurement of myeloperoxidase in the lungs 

Too assess sequestration of neutrophils in the lungs, myeloperoxidase (MPO) activity was 
measuredd as previously described.18 One lobe of the left lung was homogenized (Ultra turrax, IKA 
Labortechnik,, Staufen, Germany) in 50 mmol/L potassium phosphate buffer (pH 6.0) and 0.5% (w/v) 
hexadecylmethyll ammonium bromide. The suspension was sonicated and centrifuged at 10.000 rpm 
forr 15 minutes at . Aliquots were added to 100 uJ citrate buffer (0.2 M dibasic sodium phosphate/ 
0.11 M citric acid) supplemented with 0.03% hydrogen peroxidase and 1% (w/v) O-dianisidine hydro
chloride.. MPO activity was assayed by recording the absorbance after 10 minutes at 450 nm. Purified 
humanhuman MPO (Sigma) was used as standard. 

HistologicalHistological Analysis 

Att the end of the experiment, lungs were taken out immediately. The weight of the left lung 
wass determined, before and after incubation for 48 hours at C to calculate the wet/dry weight ratio. 
Afterr ligation of the main bronchus to the left lung, 2 ml of phosphate-buffered formalin was infused to 
filll the two lobes of the right lung. After fixation, lung tissue was embedded in resin, 3-5 urn thick sec
tionss were stained with hematoxilin and eosin and examined by light microscopy for the presence of 
neutrophils. . 

PlasmaPlasma clearance of IgG dimers 

Ann aged IVIG preparation was separated on a calibrated Superose12 gel filtration column 
connectedd to a FPLC system (Pharmacia) in order to obtain an IgG dimer fraction. This IgG dimer 
fraction,, consisting of approximately 60% dimers, was administered to rats and blood samples were 
takenn at different time points. To determine the amount of circulating IgG dimers at different time 
pointss after administration, plasma samples were separated by gelfiltration as described above, and 
fractionss corresponding to IgG dimers were evaluated in a human IgG ELISA. Briefly, plates were 
coatedd overnight with a monoclonal antibody against human IgG (MH16, CLB). Plasma samples were 
appropriatelyy diluted in PBS/0.02% milk and incubated for 1 hour at room temperature. After washing, 
platess were incubated with alkaline phosphatase-labelled antibodies to human IgG (Sigma Chemical 
Co.,, St Louis, MO). After addition of p-nitrophenyl phosphatate as substrate, the optical density was 
measuredd with a Titertek Multiscan (Flow Labs. McLean, VA). Serial dilution of aged IVIG was used as 
aa standard. 
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StatisticalStatistical analysis 
Analysess of variance (ANOVA) were used to compare the neutrophil counts over time and the 

accumulationn of neutrophils in the lungs. Individual group means were then compared with the Tukey 
multiplee comparison tests. All values were expressed as mean  SEM. A P value < 0.05 was consid
eredd to indicate significant difference. 

Result s s 

ActivationActivation of rat neutrophils in vitro 
Forward/sidewardd scatter analysis as well as flowcytometric analysis with mAb HIS48 of pe

ripherall blood cells revealed that neutrophils only constitute a minor population of total leukocytes in 
thee rats used for the experiments. Binding studies with biotinylated IVIG showed that IVIG binds to 
thesee neutrophils as well as to mononuclear cells, in a similar fashion as to human cells (Figure 22). 
Thesee experiments also showed binding of IVIG to a HIS48 negative population, which could be iden
tifiedd as lymphocytes, presumably NK cells, based on their forward/sideward scatter characteristics. 

Activationn of neutrophils was determined by flowcytometric analysis of CD11b and L-selectin 
surfacee expression. Incubation of whole blood from a healthy donor with aged IVIG led to up regula
tionn of CD11b and shedding of L-selectin (Figure 23). Incubation of rat whole blood with aged IVIG 
showedd a similar effect on the expression of CD11b and L-selectin. Thus, these studies indicated that 
ratt neutrophils indeed interacted with human IVIG preparations as has been shown for human neutro
phils.11 1 
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Figuree 22 Bindin g of IVIG to white bloo d cell s derived fro m rat or human . 

Peripherall blood cells were incubated with biotinylated IVIG (B and D) or plain medium (A and C) as described in Materials and 
Methods.. To detect cell-bound IVIG, human cells (A and B) were incubated with PE-labelled streptavidin (FL2). FITC-labelled 
CD155 was used as a human neutrophil marker (FL1). Rat cells (C and D) were incubated with FITC-labelled streptavidin. HIS-
488 was used, as a rat neutrophil marker using PE-labelled goat-anti-mouse as a secondary conjugate. Representative data of 3 
experimentss are shown. 
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Too determine whether the activation of human neutrophils was mediated via direct interaction 
withh Fcy-receptors, blocking antibodies against FcyRlla were added to the human whole blood cul
tures.. Up regulation of CD11b and shedding of L-selectin was co pletely abrogated indicating that the 
activationn of human neutrophils occurred indeed via triggering of FcyFtll, similarly as for degranula-
tion.111 Since antibodies against rat Fcy-receptors are not available, we were not able to do similar 
studiess with rat neutrophils. 

ActivationActivation of circulating neutrophils in rats. 
Thee effect of IVIG in vivo was assessed using a well-defined rat model.19 Table VI shows the 

actuall amount of IgG monomer, dimer and polymers present in the IVIG preparations used in the ex
periments.. After obtaining baseline blood samples from the rats, the IVIG preparations and saline 
weree administered intravenously as a bolus injection, whereas the positive control LPS was adminis
teredd during an infusion of 5 minutes. The effects of aged IVIG (250 mg/kg), fresh IVIG (250 mg/kg), 
salinee (4 ml/kg), and LPS (0.5 mg/kg), on circulating neutrophil numbers in rats are shown in Figure 
24. . 
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Figur ee 23 Neutrophi l activatio n in vitr o in respons e to 10 mg/m l aged IVIG assesse d in huma n or rat 
whol ee bloo d cultures . 

Expressionn of CD11b and L-selectin on neutrophils was measured by flowcytometry. Representative data of 3 
experimentss are shown. 
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Tablee VI Actua l amoun t of IgG monomer , dime r and polyme r content s in IVIG preparation s used in the experiments . 

Analysiss was performed by size exclusion chromatography using a calibrated Superose12 gel filtration column connected to a 
FPLCC system. * indicates p<0.0001, indicating statistical difference between aged and fresh preparations determined with 
Student'ss Mest. 

Freshh IVIG 
Agedd IVIG 

Monomericc IgG 
%% of total 

97.0 0 
87.22 0 

Dimericc IgG 
%% of total 

2.6 6 
12.00 n 

Polymericc IgG 
%% of total 

0.5 5 
0.8 8 

Baselinee neutrophil numbers in the type of Wistar rats we used were well detectable but low, 
i.e.. 0.53  0.28 x 106 cells per ml blood. Upon infusion of aged IVIG a transient decrease in the num
berr of circulating neutrophils was observed, immediately followed by an increase in circulating neutro
philss reaching maximal numbers at 2 hours after administration (Figure 24). Monocyte counts also 
increasedd after initial monocytopenia reaching maximal levels at 2 hours after administration (data not 
shown).. The neutropenia induced by LPS was more prolonged as compared to that by aged IVIG, but 
eventuallyy also the LPS-induced neutropenia was followed by an increase in numbers of circulating 
neutrophils.. In contrast, the number of circulating monocytes did not increase during this period. Infu
sionn of fresh IVIG or saline also induced an increase in the number of circulating neutrophils, although 
nott as extensive as compared to aged IVIG. The increase in neutrophil numbers in saline-treated rats 
cann be explained by the effects of the surgical procedure of cannulation of the carotid artery and/or the 
prolongedd anesthesia because control infusions resulted in similar increases. The possible contribu
tionn of endogenous adrenal hormones (potentially increased due to a stress reaction of the animals), 
too changes in circulating leukocyte subsets after infusion of IVIG was investigated by infusion of 2 
ug/kg/hh epinephrine. However, epinephrine induced less granulocytosis than IVIG, i.e. 1.4 x 106 neu
trophilss per ml blood, ruling out that IVIG induced granulocytosis merely through an indirect effect 
mediatedd by adrenal hormones. 
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Figur ee 24 Change s in circulatin g neutrophi l count s 
induce dd by aged IVIG, fres h IVIG, saline , or LPS 

Bloodd samples were obtained at several time-points during 
thee experiment from rats that had received a bolus injec
tionn of aged IVIG ( • ) or fresh IVIG (A) at a dose of 250 
mg/kg,, a continuous infusion of aged IVIG (open square) at 
aa dose of 1 gram.kg"1.h"1 or aged IVIG (O) at a dose of 2.5 
gram.kg-1.hh ,LPS at a dose of 0.5 mg/kg (•) or saline 
alonee (dotted line • ) . Data are mean  SEM of 6 experi
ments,, except for continuous infusion (n=3). Asterisks 
indicatee statistical significance (* = p<0.05, ** = p<0.01, *** 
== p<0.001) compared to the saline treated group. 

tim ee (min ) 

Inn the results presented so far, the rats were given a bolus injection of IVIG at a dose of 250 
mg/kg.. The administration of IVIG as a bolus over 10 seconds is much more rapid than the protocol 
usedd for clinical administration. Patients are usually treated by a continuous infusion of IVIG over a 1-3 
hourr period at a dose of 0.4 g/kg. To simulate the clinical situation more closely, we also tested the 
effectt of continuous infusion of IVIG in rats. In this protocol, aged IVIG was given at a dose of 1 g.kg"1 

orr 2.5 g.kg"1 over a one-hour period. A marked increase of neutrophils was observed upon continuous 
infusionn of aged IVIG (Figure 24), although not as extensive as observed upon bolus injection of aged 
IVIG. . 

Bothh aged IVIG administered as a bolus injection as well as LPS, induced extensive neutro
peniaa (35.5 % and 39.4 % decrease, respectively) within 5 minutes after its administration, which was 
accompaniedd by a decrease in numbers of circulating neutrophils (Figure 25). Continuous infusion of 
agedd IVIG induced a similar neutropenia as a bolus injection: the number of circulating neutrophils 
decreasedd by 35.7 % compared to baseline. 
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Figur ee 25 The relativ e change s in neutrophi l 
^ ^ ^^  count s at 5 minute s after administratio n of the 

II )ÉS£i test  solutions . 

11 w j r Neutrophil numbers are expressed as the percentage 
11 j H p change compared to baseline. Baseline neutrophil 
| || S o r : numbers were 0.53  0.28 x106 cells per ml blood. 

Infusionn of fresh IVIG or saline showed no significant 
changess within the first 5 minutes of administration. 
Dataa are mean  SEM of 6 experiments, except for 
continuouss infusion (n=3). Asterisks indicate statisti
call significance (** = p<0.01) compared to the saline 
treatedd group. 

Thee expression of CD11b and L-selectin on the surface of circulating neutrophils monitored 
throughoutt the 4 hour period after administration of the test solutions is shown (Figure 26A and Figure 
26B).. LPS induced an extensive increase in expression of CD11b (mean increase of 500%), reaching 
thee highest expression at 2 hours after injection. A concomitant decrease in L-selectin expression was 
observed,, which started within 5 minutes after injection and lasted for the entire observation period. L-
selectinn did not change upon administration of aged IVIG until 2 hours after injection, whereafter a 
moderatee decrease was observed. In contrast, the expression of CD11b did not change during the 
observationn period. Fresh IVIG and saline did not induce significant changes CD11b or L-selectin, 
althoughh a moderate increase of the latter was consistently observed at 2 hours after administration, 
coincidingg with the granulocytosis. Finally, continuous infusion of aged IVIG did induce changes in the 
expressionn of L-selectin, however, CD11b on the surface of neutrophils was also not altered. 
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Figur ee 26 Effect s of IVIG on level s of CD11b and L-selecti n on neutrophil s in vivo . 

Expressionn of CD11b (A) and L-selectin (B) on circulating neutrophils was measured by flowcytometry in whole 
bloodd samples from rats receiving a bolus injection of aged IVIG (•), a bolus injection of fresh IVIG (A), a con
tinuouss infusion of aged IVIG (open square) at a dose of 1 gram.kg-1.h-1, saline (dotted line, T) or LPS (*). Ex
pressionn is depicted as relative fluorescence intensities (preinjection levels set at 100%). The mean  SEM of 6 
experimentss is shown, except for LPS (n=3). 

SequestrationSequestration of neutrophils in the lungs 

Too determine whether infusion of IVIG may lead to sequestration of neutrophils in the tissues, 
lungss were also analysed after the experiment. The number of neutrophils in lungs, as well as MPO 
activityy in lung homogenates and wet/dry weight ratio of lungs were examined to determine sequestra
tionn and lung injury. Figure 27 shows the mean  SEM of 4 different experiments. The major morpho
logicall changes in animals receiving IVIG were related to an intrapulmonary, intracapillary sequestra
tionn of neutrophils. To obtain quantitative estimates of the amount of neutrophils sequestered of IVIG 
treatedd rats compared to animals treated with LPS or saline, numbers of neutrophils per alveolus were 
countedd by means of light microscopy. Two lung sections per animal were examined. The number of 
neutrophilss in the control rats were 0.69 8 per alveolus, whereas in aged IVIG-treated rats 
showedd a significant increase i.e., 2.10  0.68 per alveolus. Administration of fresh IVIG as a bolus 
infusionn and continuous infusion of aged IVIG tended to have increased sequestration of neutrophils in 
thee lungs (1.08  0.28 and 1.00  0.15) neutrophils per alveolus respectively, but these increased 
numberss of sequestered neutrophils were not significant. The activity of MPO was measured in ho-
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mogenatess of lung tissue as another parameter for neutrophil sequestration. Rats treated with aged 
IVIGG showed an increased MPO activity compared to saline treated rats. Also the rats that received 
freshh IVIG tended to have more MPO in their lungs (Figure 27C). Continuous infusion of aged IVIG, 
however,, did not result in a significant increased MPO activity. To determine whether the sequestra
tionn of neutrophils by IVIG led to edema formation, lungs from treated rats were analysed for wet-dry 
weightt ratios. Aged IVIG as well as fresh IVIG both induced an increased wet/dry weight ratio. In none 
off the experiments (including the ones with LPS), we observed fibrin deposition within alveolar spaces 
orr morphologic damage to the alveolar lining of epithelial cells. Pretreatment with rPAF-AH did not 
affectt the number of sequestered neutrophils in lung tissue upon infusion of IVIG (data not shown). 

PlasmaPlasma clearance of IgG dimers 
Too determine for how long IgG dimers may interact with circulating neutrophils after a bolus 

administrationn of IVIG, we determined the plasma clearance of IgG dimers purified from aged IVIG 
usingg gel chromatography. Measurement of dimer concentration in plasma, revealed that upon infu
sionn of aged IVIG, IgG dimers were present in the circulation during the whole 4-hour observation 
period.. These results indicate that despite the presence of IgG dimers during the entire observation 
period,, neutrophil activation occurred only shortly after administration of aged IVIG. To examine 
whetherr the circulating neutrophils were refractory to activation, rats were given a second bolus injec
tionn of aged IVIG 2 hours upon the first injection. The first infusion of aged IVIG resulted in a decrease 
inn circulating neutrophils of % compared to baseline levels followed by a granulocytosis. After 2 
hours,, the number of circulating neutrophils was increased to 6 neutrophiIs/ml blood. A 
secondd dose of aged IVIG (250 mg/kg) was given and the number of neutrophils was determined 5 
minutess after infusion. In contrast to the first infusion, a second dose of aged IVIG (250 mg/kg) re
sultedd only in a decrease of about . Incubation of these cells in vitro, however, showed activa
tionn upon stimulation with IVIG. These data further suggest that in vivo neutrophils do not become 
activatedd in a direct way by IVIG. 
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Figur ee 27 Edema and accumulatio n of neutrophil s in lun g tissue . 

Lungg wet/dry ratio (A), numbers of neutrophils per alveolus determined by light microscopy (B) and lung content 
off MPO determined in homogenates (C). Rats were treated with aged IVIG, fresh IVIG, saline or LPS as de
scribedd in material and methods. Data are mean  SEM of 4 experiments. Asterisks indicate statistical signifi
cancee (P<0.05) according to analysis of variance. 

RoleRole of macrophages, PAF and cytokines 

Thee mechanism by which IVIG induces changes in neutrophil numbers was studied by two dif
ferentt approaches. The role of macrophages was evaluated by pretreatment of the rats with liposomes 
containingg CI2MBP in order to eliminate macrophages. In these macrophage-depleted rats, the bi-
phasicc change in neutrophil numbers were no longer observed upon infusion of aged IVIG, whereas 
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ratss pretreated with liposomes containing PBS did (Figure 28). Depletion of macrophages by CI2MBP 
mightt result in an inflammatory reaction that would blunt the phenomena studied.20 However, it has 
beenn shown that two days after administration of CI2MBP-liposomes cell remnants have been cleared 
fromm the spleen and that serum concentration of various released molecules have reached normal 
values.211 Rats who were given CI2MBP liposomes three days prior to the infusion of aged IVIG 
showedd similar results, ruling out the possibility that CI2MBP released by leakage from liposomes or 
dyingg macrophages may also contribute to the suppression of inflammatory reactions. 

Macrophagess are known to produce a wide range of activating substances. We focused on 
two.. First TNF-a was measured in plasma at different time points obtained from rats treated with aged 
IVIG,, fresh IVIG, LPS or saline (Figure 29). In our model detectable TNF-a release in plasma did not 
occurr in rats treated with IVIG or saline, though administration of LPS was associated with a marked 
releasee of TNF-a, reaching maximal value at 1 hour after infusion. Second, PAF was previously found 
too be involved in IVIG-induced hypotension, which could completely be abrogated by pretreatment 
withh rPAF-AH.22 The protective effects of rPAF-AH were, however, not seen in the changes in neutro
phill numbers (Figure 30). Thus these results showed that the release of PAF did not explain the 
changess in neutrophils numbers upon infusion of IVIG. 

Figur ee 28 Change s in circulatin g neutrophi l count s induce d by aged IVIG in macrophag e deplete d rats 

Ratss were pretreated with CI2MBP liposomes either 24 h • n=6) or 3 days (*, n=6) prior to the administration of IVIG to deplete 
macrophages.. As a control rats were pretreated with PBS liposomes (open square, n=3) or no pretreatment (•. n=8). All rats 
receivedd a bolus injection of aged IVIG at a dose of 250 mg/kg, except saline control (n=8) and blood samples were obtained at 
severall time-points during the experiment. A shows relative changes in neutrophil counts at 5 minutes after administration of the 
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testt solutions and in B neutrophil numbers are expressed as the difference compared to baseline to better illustrate the relative 
changess over time. Baseline neutrophil numbers were 0.53  0.28 x106 cells per ml blood. Data are mean  SEM. Asterisks 
indicatee statistical significance (* = p<0.05, ** = p<0.01, *** = p<0.001) 
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Figur ee 29 Effec t of rPAF-A H pretreatmen t on change s 
inn circulatin g neutrophi l count s at 5 minute s 

Effectt of rPAF-AH pretreatment (5 mg/kg) on changes in 
circulatingg neutrophil counts induced by a bolus injection 
off aged IVIG at a dose of 250 mg/kg or saline alone. The 
differencee in neutrophil counts (%) at 5 minutes com
paredd to baseline is shown. Data are mean  SEM of 3 
experiments.. Asterisks indicate statistical significance (* 
== p<0.05) compared to the saline treated group. 
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Figur ee 30 Plasm a concentration s of rat TNF-a 

Plasmaa concentrations of rat TNF-a after infusion of a 
boluss injection of aged IVIG, fresh IVIG, saline or LPS. 
Sampless were measured as described in material and 
methods. . 
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Discussio n n 

Thee present study demonstrates a mild activation of neutrophils upon infusion of IVIG in a rat 
model.. For several reasons, we tested two IVIG preparations, i.e. fresh IVIG and aged IVIG, which 
onlyy differed in their IgG dimer content. First, polymers and dimers present in the preparations were 
previouslyy found to be responsible for the activation of human neutrophils in vitroV Second, in some 
commerciallyy available IVIG preparations we found high amounts of IgG dimers, up to 15%.22 During 
thee production of the different IVIG preparations, IgG dimers can be formed depending on the tem
perature,, ionic strenght, pH, additions such as glucose and duration of the whole manufactoring 
proces. . 

Ratt neutrophils were activated to the same extent as human neutrophils in vitro, indicating 
thatt these cells are able to interact with human IVIG preparations, as was confirmed in direct binding 
studies. . 

Inn general, systemic activation of neutrophils in vivo is associated with a rapid disappearance 
off neutrophils from the circulation followed by sequestration in the different tissues, especially the 
lungs.23'22 This sequestration of neutrophils is due to changes in the cytoskeleton, transient cell-
stiffeningg and changes in expression of adhesion molecules. 7 Administration of LPS, a well-known 
agonistt for neutrophils, indeed caused a marked neutropenia within 5 minutes after infusion. Aged 
IVIGG also caused a decrease in circulating neutrophils, while fresh IVIG did not, suggesting that acti
vationn of neutrophils is caused by IgG dimers present in the IVIG preparation and not by antibodies 
againstt constituents on rat cells. Continuos infusion of aged IVIG further demonstrated that the effects 
observedd were not due to the rapid administration of IVIG as such. 

Activationn of neutrophils was phenotypically studied by assessment of the expression of 
CD11bb and L-selectin on the surface of circulating neutrophils. Administration of IVIG (either aged or 
fresh)fresh) did not clearly exhibit signs of activation as was observed in the in vitro experiments. One rea
sonn for this discrepancy between in vitro and in vivo findings, could be that the activated neutrophils 
becamee underrepresented in the blood samples by the coinciding granulocytosis, with neutrophils 
freshlyy released from the bone marrow exhibiting a higher expression of L-selectin.28 Administration of 
LPSS did not induce a coinciding granulocytosis, thus explaining the marked changes in CD11b and L-
selectinn induced by this agonist. Alternatively, histological observations and the MPO contents of the 
lungs,lungs, support the idea that activated neutrophils may leave the circulation. 

Conversely,, L-selectin expression on neutrophils increased upon infusion of fresh IVIG. As 
explainedd above, recruitment of neutrophils from the bone marrow may explain the increase in mean 
fluorescencee intensities of L-selectin on circulating neutrophils upon infusion of fresh IVIG. The histo
logicall results suggest that in spite of minimal changes observed in peripheral blood, administration of 
freshh IVIG as a bolus infusion also lead to mild activation of neutrophils in vivo. Interestingly, continu
ouss infusion of aged IVIG showed less sequestration of neutrophils into lung tissue, suggesting that 
thee rate of infusion plays a role in the IVIG-induced neutrophil activation. This finding is very recrudes-
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centt of clinical practice in which adverse reactions are associated with rapid infusion rates. ' Our 
observationss suggest possible involvement of neutrophil activation in the induction of these clinical 
sidee effects. 

Mobilizationn of the marginated pool, as occur during a stress reaction , cannot explain the 
markedd granulocytosis observed upon infusion of aged IVIG, because demargination of neutrophils, 
byy administration of epinephrine, maximally resulted in a 2-3 fold increase in the circulating numbers 
off neutrophils. Several inflammatory mediators are able to induce granulocytosis, such as C5a, cyto
kines,, the growth factors G-CSF, GM-CSF, eicosanoids, and glucocorticosteroids.13,26;32~35. In the pre
sentt study, we tested whether TNF-a, one of the early-response cytokines, was released and hence 
constitutee a mechanism by which IVIG induced granulocytosis. LPS caused a rise of TNF-oc in plasma, 
whereass levels of TNF-a remained undetectable upon infusion of IVIG, making the involvement of 
TNF-occ less likely. Another mediator previously shown to be involved in IVIG-induced changes may be 
PAFF released from macrophages.19 Although rPAF-AH protected rats from hypotension, this inhibition 
couldd not prevent the quantitative changes in neutrophil counts. Yet, macrophages were indeed major 
contributorss herein: the biphasic effect of aged IVIG is completely abrogated in macrophage-depleted 
rats.. Notably, the experiments with IVIG were done two days after depletion of macrophages by 
CI2MBP,, at which time an inflammatory reaction induced by the depletion unlikely would have blunt 
thee phenomena studied.17,21,36 Complement activation and subsequent formation of C5a as a cause of 
thee granulocytosis cannot be ruled out at the moment, but seem less apparent knowing that macro
phagess play such an important role. 

AA more likely explanation for the discrepancy between in vivo and in vitro findings would be 
indirectt activation of neutrophils via macrophages, since macrophage-depleted rats no longer show 
activationn of circulating neutrophils upon infusion of a bolus injection of aged IVIG. IgG dimers were 
presentt in the circulation during the entire 4-hour study period, making it less probable that direct acti
vationn of neutrophils by IgG dimers occurs in vivo. Furthermore, a second dose of aged IVIG did not 
inducee neutropenia. The macrophage mediators involved in the activation of neutrophils, however, still 
remainss to be elucidated, since potential mediators like TNF-a and PAF were not found to play a role 
majorr in our model. 

Thee present study demonstrates that a mild activation of neutrophils occurs upon infusion of 
IVIGG in a rat model. To which extent this occurs in patients receiving IVIG remains to be established, 
although,, we have found increasing plasma levels of elastase and lactoferrin in a few patients experi
encingg clinical side effects upon IVIG infusion (manuscript in preparation). In addition, a recent clinical 
studyy in volunteers was performed in which different experimental IVIG preparations were com
pared.377 In this study, a correlation was found between IgG dimer content in the preparations and the 
occurrencee of clinical adverse reactions in humans. These clinical side effects in the humans were 
accompaniedd by a transient decrease in neutrophil and monocyte number in the peripheral blood and 
ann increase in TNF-a serum concentrations. 

Althoughh in general the neutrophil activation will be mild and hence well tolerated by most pa
tients,, IVIG infusion may have serious consequences in patients with pre-activated neutrophils in their 
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circulation.. Recently a healthy volunteer was described who developed ARDS upon administration of 
IVIG.38 8 

Thee beneficial effect of IVIG therapy in the treatment of several autoimmune diseases is 
thoughtt to be mediated by autoantibody idiotypes present in the IVIG preparations. Formation of such 
idiotype-anti-idiotypee dimers may hence prevent autoantibodies from binding to antigen.7,39,40. In this 
study,, we show that the dimers present in IVIG preparations may also constitute less favorable effects 
inn the treatment of patients. For this reason IVIG, having a high content of dimers may be harmful in 
patientss having pre-activated neutrophils in the circulation. 
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Abstrac t t 
Administrationn of intravenous immunoglobulins (IVIG) is the treatment of choice for patients 

withh primary antibody deficiencies. Although well tolerated by most patients IVIG may induce side 
effectss in some patients up to 24 hrs after infusion. Most of the commercially available IVIG prepara
tionss are free of complement-activating activity, suggesting that other effector mechanisms are in
volved. . 

Too determine whether release of inflammatory mediators can be held responsible for the de
velopmentt of clinical side effects, we evaluated the release of neutrophil degranulation products, cyto
kiness and complement activation products in plasma of 17 hypogammaglobulinemic patients with 
primaryy hypogammaglobulinemia upon IVIG treatment. 

Administrationn of IVIG resulted in an increased production of IL-6, IL-8, IL-10 and TNF-a in 
patientss with clinical side effects, whereas these cytokines remained undetectable in patients without 
sidee effects. Furthermore, we observed a decrease in circulating neutrophils as well as monocytes 
shortlyy after the start of the infusion, which was most pronounced in patients with side effects. In addi
tion,, these patients showed elevated levels of elastase and lactoferrin during infusion of IVIG. Finally, 
changess of several of these parameters were more pronounced in patients with elevated baseline 
levelss of cytokines 

Inn conclusion, our results indicate that neutrophils and monocytes become activated by IVIG 
inn patients with hypogammaglobulinemia and that this effect correlates with the development of clinical 
sidee effects. Furthermore, chronic immune activation in these patients may enhance the release of 
variouss inflammatory parameters. 
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Introductio n n 
Thee clinical benefit of intravenous immune globulin (IVIG) therapy in patients with primary an

tibodyy deficiencies has been clearly established. Although IVIG preparations administered at slow rate 
aree well tolerated by most patients, side effects do occur. The incidence of adverse reactions occur
ringg during or after administration of IVIG ranges between 1-15% (usually < 5%).1'2 Most side effects 
startt within 30-60 minutes after the onset of the infusion, and are often mild and self-limiting. They 
includee low-grade fever, headache, myalgia, chills, low back pain, nausea and vomiting. Changes in 
bloodd pressure and tachycardia, shortness of breath and chest tightness occasionally occur.3 Most 
adversee reactions can be managed simply by reducing the infusion rate. These reactions are as
sumedd to be caused by aggregated immunoglobulin molecules, which activate complement, although 
thee presence of vasoactive proteases such as prekallikrein activators (PKA) or kallikrein in the IVIG 
preparationss have also been suggested as a cause.4 Although manufacturers have therefore adapted 
productionn processes to deplete IVIG preparations from complement-activating activity and from PKA, 
thesee preparations may still induce clinical side effects, suggesting that additional effector mecha
nismss are involved. 

Adversee reactions to IVIG may result from the release of cytokines and other inflammatory 
mediators.. Aukrust et al have reported increases of plasma concentrations of IL-6, IL-8, TNF-a and 
solublee TNF-receptors in patients with primary immune deficiency after infusion of an IVIG prepara
tion.6,77 Adverse reactions of IVIG are not only occurring in patients but also in healthy persons.3 In the 
studyy of Bagdasarian et al, subjects developing side effects displayed activation of neutrophils, as was 
suggestedd from decreased numbers of these leukocytes upon administration of IVIG. 

Inn a previous study, we demonstrated that neutrophils in whole blood become activated and 
degranulatee after in vitro incubation with clinically relevant concentrations of IVIG. The neutrophils 
releasee elastase and lactoferrin, express more CD11b and less L-selectin.8 This activating effect of 
IVIGG was mediated by IgG dimers, which bind to FcyRlla. In rats, we subsequently demonstrated that 
infusionn of IVIG also activates neutrophils in vivo, albeit indirectly through triggering of macrophages.9 

Thee present study describes the effect of IVIG infusion in human patients with primary hypo
gammaglobulinemiaa on neutrophils, cytokines, and complement. These findings were related to the 
developmentt of clinical side effects. 

Materia ll  and Method s 

StudyStudy population 
Thee study population consisting of 17 primary hypogammaglobulinemia patients is summa

rizedd in Table VII. At the day of the study, all patients received a single dose of 0.4 g/kg IVIG adminis
teredd as a slow intravenous infusion (median total time 2h, range 1-5h). Some patients had experi
encedd side effects to previous IVIG infusions, like headache, fatigue and nausea. Based on the devel-
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opmentt of side effects during previous infusions, the patients were divided into a susceptible group 
(n=5)) or non-susceptible group (n=12) and will be referred to as 'patients with side effects' and 'pa
tientss without side effects', respectively. The patients were clinically monitored until 1 h after the infu
sion. . 

BloodBlood  sampling 
Totall leukocyte counts and differential counts were determined with an automatic coulter 

counter.. Venous blood samples (collected in EDTA, 10 mM; benzamidine, 10 mM; and SBTI, 100 
ug/ml,, final concentrations, respectively, to prevent in vitro activation) were obtained immediately be
foree the start of the infusion of IVIG, 30 minutes, 1 and 2 hours after the start of the infusion and at the 
endd of the infusion. For determination of soluble neutrophil markers and other inflammatory mediators, 
plasmaa prepared from the blood samples by centrifugation was immediately frozen in aliquots using 
liquidd nitrogen (N2 (I)) and stored at -80  C until tests were performed. 

ImmunophenotypicalImmunophenotypical  analysis 
Forr flowcytometry, whole blood samples were analysed immediately after collection. Expres

sionn of surface markers was assessed with different monoclonal antibodies (mAb) diluted at appropri
atee concentrations in incubation medium (10 mM HEPES, 150 mM NaCI, 5 mM KCI, 1.5 mM CaCI2, 2 
mMM MgCI2, pH 7.4, supplemented with 0.5% (w/v) BSA and 0.015% (w/v) NaN3). Cells from 20 ul of 
wholee blood were washed twice in ice-cold incubation medium. Either direct or indirect immunofluo
rescencee was performed according to standard techniques, using a panel of murine mAbs. Binding of 
thee mAb in the indirect immunofluorescence technique was visualized with Phycoerythrine (PE)-
labelledd F(ab')2 fragments of goat anti-mouse Ig (Becton Dickinson, San Jose, CA). The following an
tibodiess were used: CLB irrelevant murine control mAbs of the lgG1 and lgG2a subclass, C1A2 (HLA-
DR),DR), B2.12 (CD11b), CLB-LFA-1/1 (CD18), CLB mon/1 (CD14), CLB FcR-gran/1 (CD16), AT10 
(CD32),, 10.1 (CD64), Leu-8 (L-selectin), BRIC 110 (CD55), CLB-IL2R (CD25), CLB-HEC (CD31), 
CLB-gran/100 (CD66e). The AT10 mAb was a kind gift of Dr. JGJ van de Winkel (University Medical 
Center,, Utrecht, The Netherlands). Leu-8 was obtained from Becton Dickinson. All other mAb were 
producedd in our own laboratory. After incubation of the cells with different surface markers, erythro
cytess were lysed and leukocytes were fixed after 30 minutes using FACS lysing solution according to 
thee manufacturer's instructions (Becton Dickinson). The cells were resuspended in incubation medium 
andd kept in the dark at C until analysis. Samples were analysed with a FACScan flow cytometer 
(Bectonn Dickinson). Apart from characteristic forward scatter and sideward scatter patterns, neutro
philss were identified on the basis of CD15 expression, using a FITC-labelled mAb against CD15 
(CLB).. Whole blood of healthy volunteers (n=9) was used to determine the normal expression values 
forr the different CD markers on neutrophils. 
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ELISAELISA  systems 

Complementt activation products C4b/c and C3b/c. Activation of C4 was assessed with an 
ELISAA as described previously.1 In brief, mAb anti-C4-1, which recognizes a neo-epitope on C4b/c, 
wass used as a catching Ab and biotinylated polyclonal rabbit anti-human C4 Abs were used as detect
ingg Abs. This ELISA does not discriminate between C4b, C4bi or C4c, and hence the products recog
nizedd are referred to as C4b/c. A titration curve of normal serum incubated for 1 week at 379C in the 
presencee of NaN3 (normal serum aged, NSA), was tested in each plate as an in-house standard with 
aa known amount of C4b/c. Activation of C3 was assessed with a similar ELISA10,11, using mAb anti-
C3-99 recognizing a neo-epitope on C3b/c as a catching Ab, and biotinylated polyclonal rabbit anti-
humann C3c Abs as detecting Abs. Levels of activated C4 or C3 were expressed as nmol/ L. 

ElastaseElastase  and lactoferrin. 

Elastasee concentrations were assessed as described previously8 with some modifications. In 
brief,, polyclonal rabbit anti-human elastase was used as a catching Ab and biotinylated mAb against 
1-anti-trypsinn (1-AT, AT15, CLB) was used as detecting Ab. Serial dilutions of human plasma supple
mentedd with a known amount of purified elastase, were used as a standard. The amount of elastase in 
sampless was expressed as ng/ml. The lower limit of detection was 1 ng/ml. Levels of lactoferrin were 
assessedd by a sandwich-type ELISA as described before.8 The lower limit of detection was 22 ng/ml. 
Lactoferrin,, as well as the anti-lactoferrin antibodies were kindly provided by Dr J.H. Nuijens (Pharm-
ingg BV, Leiden, The Netherlands). 

TNF-a,TNF-a, IL-8, IL-6and  IL-10. 

Tumorr necrosis factor- (TNF-a), interleukin-8 (IL-8), IL-6 and IL-10 were measured by 
commerciallyy available ELISA's (CLB) The lower limit of detection of TNF-a, IL-8, IL-6, and IL-10 was 
55 pg/ml, 10 pg/ml, 5 pg/ml, and 20 pg/ml, respectively. 

IFN-y. IFN-y. 

IFN-yy was measured with ELISA as described previously.12 The concentration of IFN-y was 
determinedd with reference to serially diluted recombinant human IFN-y (Genentech, San Fransisco, 
CA).. The lower limit of detection was 20 pg/ml. 

IL-12p40. IL-12p40. 

IL-122 p40 was measured with an enzyme-linked immunosorbent assay (ELISA) as de
scribed.133 Briefly, mAb C11.79 and biotinylated mAb C8.6, both directed against IL-12 p40 subunit 
(12)) were used as coating and detecting antibodies, respectively. Streptavidin-polymerized horserad-
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ishh peroxidase (poly-HRP; CLB, Amsterdam, the Netherlands) was used to quantify bound antigen. 
Recombinantt human p40 was used as a standard. This ELISA recognizes the recombinant forms of 
p400 and p70 equally well. The lower detection limit was 8 pg/ml. 

SCD16SCD16 (sFcRlllb). 

SFCTRIIII was measured by ELISA, as described before.14 In short, plates were coated with 
FcYRIIIbb mAb 5D2. Detection of sFcyRlllb in the samples was performed with a biotin-labelled poly
clonall rabbit-anti-human-FcyRIII antibody and streptavidin poly-HRP. The concentration of sFcyRlllb in 
eachh sample was calculated from a standard curve obtained by serial dilution of human plasma con
tainingg 5 nMsFcyRIII. 

IgGIgG levels. 
IgGG levels in plasma were determined with a nephelometer using antiserum from the Dept of 

Immunee Reagents of the CLB. 

StatisticalStatistical analysis. 
Thee term "mean change" is used herein to refer to the change in concentration or expression 

relativee to baseline level. Differences between plasma concentrations before and after IVIG infusion 
weree analysed with paired Student t-tests. Coefficients of correlation (r) were calculated by the 
Spearmann Rank Test (1-tailed) or linear regression. The calculations were performed using the SPSS 
program.. Data are given as mean and standard deviation. P values were considered significant when 
p<0.05. . 

Result s s 
Too determine whether the differences in cytokine and neutrophil degranulation products were 

relatedd to clinical side effects, we compared the plasma levels of these inflammatory mediators in the 
patientss who developed clinical side effects to previous IVIG infusions with those in the patients who 
didd not. It should be noted that during the IVIG infusion described in the present study, none of the 
patientss suffered from serious clinical side effects, except for one who developed fever and chills. 
Somee patients who developed side effects to previous IVIG infusions, complained of headache and 
nauseaa during and after the present infusion of IVIG (Table VII). 
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Tablee VII Descriptio n of the patient-grou p 

PatientPatient Sex Age Indication Side effects 

1 1 

2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 

F F 

F F 
M M 
M M 
F F 
M M 
M M 
F F 
M M 
M M 
M M 
F F 
M M 
M M 
M M 
M M 
F F 

41 1 

66 6 
67 7 
21 1 
37 7 
20 0 
28 8 
41 1 
16 6 
14 4 
67 7 
24 4 
37 7 
35 5 
39 9 
3 3 
64 4 

CVID D 

CVID D 

Thymomaa ass. hypogammaglobulinemia 
CVID D 

Dysgammaglobulinemia a 
Dysgammaglobulinemia a 

CVID D 
Dysgammaglobulinemia a 

XLA A 
XLA A 

CVID D 
CVID D 
CVID D 
CVID D 
CVID D 
CVID D 
CVID D 

History: : 

yes s 

no o 
no o 
no o 
yes s 
no o 
no o 
yes s 
no o 
no o 
no o 
no o 
yes s 
no o 
no o 
no o 
yes s 

Present: : 

headache, , 
nausea a 

no o 
no o 
no o 
myalgia a 
no o 
no o 
headache e 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
feverr chills 

Commonn variable immunodeficiency (CVID), X-linked agammaglobulinemia (XLA) 

PeripheralPeripheral leukocyte counts. 

AA marked decrease in leukocyte counts was observed 30 minutes after the start of the infu
sionn of IVIG in the patients (Figure 31). The initial decrease in the number of circulating neutrophils 
wass followed by an increase, i.e. -9.7%4.9%; p=0.07 and 9.8%13.2%; p=0.47, respectively. The num
berr of peripheral monocytes and lymphocytes also decreased during IVIG treatment. A significant 
decreasee in circulating monocytes was observed 30 minutes after the start of the infusion (-32.4% 
8.3%;; p=0.002), which returned to subnormal values later on in the observation period (-10.4. 16.4; 
p=0.55). . 

Thee changes in leukocyte counts were more pronounced in patients susceptible for side ef
fectss (Figure 31). Such an explicit biphasic change in neutrophil counts was not observed in patients 
withoutt side effects. Furthermore, patients susceptible for side effects showed a decreased number of 
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peripherall monocytes during the whole observation period, whereas in patients without side effects 
thee initial decrease in number of monocytes tended to normalize later on in the observation period. 

PMN N mono o Figur ee 31 Periphera l leukocyt e count s 
upo nn infusio n of IVIG in patient s wit h or 
withou tt  clinica l sid e effect s 

Leukocytee counts were determined 30 
minutess after the start of the IVIG infusion 
(300 min) and at the end of the treatment 
(end).. Leukocytes were differentiated using 
ann automatic Coulter counter. Mean 
changess compared to baseline levels of 
neutrophilss (PMN) and monocytes (mono) 
off patients with side effects (closed bars, 
n=5)) and patients without side effects (open 
bars,, n=9) are shown. Data are expressed 
ass mean changes of baseline values
standardd error of the mean (SEM). A p 
valuee < 0.05 was considered statistically 
significantt using the Student t-test. 

II I no side effects II side effects 

ImmunophenotypicalImmunophenotypical analysis and cellular activation parameters in plasma 

Too analyse whether circulating neutrophils displayed an activated phenotype after infusion of 
IVIG,, we determined the expression of several activation markers on the surface of these cells in pa
tientss treated with IVIG. The changes in the expression of function-related antigens are summarized in 
Tablee VIII. 

Cell-purificationn protocols for neutrophils may induce phenotypical changes in these cells and 
requiree substantial amounts of blood. Therefore, we performed phenotypical analysis on whole blood 
samples.. Surface markers that are decreased due to shedding upon activation of neutrophils, included 
CD62LL (L-selectin) and CD16.13'14 

AA significant decrease in the expression of these 2 markers was found in the patients upon in
fusionn of IVIG. The shedding was also analysed by determination of plasma levels of sCD16. Shed
dingg of CD16 from the plasma membrane correlated significantly with sCD16 in plasma (r= -0.583, 
p=0.023,, Spearman). Neutrophil degranulation from specific granules was analysed by measurement 
off plasma membrane expression of CD11b and CD66e. Both showed a relative decrease in mem-
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branee expression (Table VIII). No differences were found in the expression of HLA-DR, CD55, CD25 
andd CD31 expression. 

Tablee VIII Immunophenotypica l analysi s of activatio n marker s expresse d on circulatin g neutro -
phil ss  upo n infusio n of IVIG 

CD16 6 

CD64 4 

CD11b b 

CD18 8 

CD62L L 

CD31 1 

CD32 2 

HLA-DR R 

CD55 5 

CD66e e 

CD25 5 

surfacee IgG 

Isotytpe e 

matched d 

control l 

Baseline e 

1393 3 

195 5 

199 9 

181 1 

3105 5 

222 2 

682 2 

12 2 

10 0 

59 9 

35 5 

103 3 

23 3 

Mean n 

change e 

-351 1 

-76 6 

-46 6 

-21 1 

-319 9 

-57 7 

-71 1 

0 0 

-11 1 

-11 1 

4 4 

-43 3 

-2 2 

SEM M 

155 5 

33 3 

12 2 

10 0 

152 2 

27 7 

151 1 

1 1 

9 9 

2 2 

3 3 

10 0 

2 2 

pp (2-tailed) 

0.04 4 

0.04 4 

0.001 1 

0.05 5 

0.05 5 

0.06 6 

0.65 5 

0.59 9 

0.23 3 

0.00002 2 

0.19 9 

0.001 1 

0.28 8 

n n 

17 7 

14 4 

17 7 

16 6 

17 7 

13 3 

15 5 

16 6 

16 6 

17 7 

16 6 

12 2 

17 7 

nn (%) of 

patientss with 

decrease e 

12{71) ) 

7(50) ) 

13(76) ) 

13(81) ) 

133 (76) 

8(62) ) 

8(53) ) 

0(0) ) 

9(56) ) 

166 (94) 

5(31) ) 

12(100) ) 

0(0) ) 

Meann change in Mean Fluorescence Intensity (MFI) SEM of baseline values as determined by flowcy-
tometry.. Change in membrane expression of different CD markers was analysed on whole blood sam
pless before and after IVIG treatment. The mean change in expression during and after IVIG infusion 
wass compared with baseline levels (mean change). P-values represent results from comparison be
tweenn the MFI's before the start of the IVIG infusion and after the end of the infusion with the two-tailed 
Student'ss t-test. A p<0.05 was considered statistically significant 

DegranulationDegranulation of neutrophils 

Wee measured the plasma levels of inflammatory mediators in these IVIG-treated patients to 
determinee neutrophil and/or mononuclear cell activation and subsequent cytokine release (Figure 32 
Releasee of neutrophil degranulation products after infusion of IVIG). Plasma markers to determine 
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neutrophill activation, more specifically degranulation, used in this study, were lactoferrin for the spe
cificc granules and elastase (bound to its natural inhibitor in plasma, 1-antitrypsin) for the azurophil 
granules.. Plasma concentrations of both proteins only slightly increased during IVIG treatment (Figure 
32A;; n.s.). Although, plasma concentrations of elastase increased during IVIG treatment in both pa
tientt groups, those of lactoferrin tended to be higher in patients with clinical side effects (Figure 32B). 
Interestingly,, baseline levels of elastase and lactoferrin tended to be increased in patients with side 
effects,, compared to normal values (data not shown). 

Figur ee 32 Release of neutrophi l degranu -
latio nn products  after infusio n of IVIG 

Plasmaa levels of degranulation products 
uponn infusion of IVIG in primary immunode
ficiencyy patients (n=17 closed bars) as a 
cohortt (A), and (B) in patients with side 
effectss (hatched bars, n=5) and patients 
withoutt side effects (open bars, n=12) as 
determinedd by ELISA as described in mate
riall and methods. Changes in elastase and 
lactoferrinn are expressed as mean changes 
inn plasma (ng/ml) compared to baseline 
levelss  SEM. 

sidee effects 

Cytokines Cytokines 

Thee systemic release of cytokines (TNF-a, IL-6, IL-8, IL-12p40, IL-10 and IFN-y) in response to IVIG 
showedd an increase in plasma concentration of TNF-a, IL-8, IL-10, IFN-y during IVIG treatment, al
thoughh not statistically significant due to the variation noted in the patients as a cohort (Figure 33A). 
Ann increase in plasma concentrations of different cytokines was noted in patients with side effects, i.e. 
IL-10,, IL-8 and TNF-a significantly increased compared to baseline levels (Figure 33B). Plasma con
centrationss of these cytokines remained unchanged in patients without side effects. 
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Figur ee 33 Release of cytokine s after infusio n of IVIG 

Plasmaa levels of cytokines upon infusion of IVIG in primary immunodeficiency patients (n=17 closed bars) as a cohort (A) and 
(B)) in patients with side effects (hatched bars, n=5) and patients without side effects (open bars, n=12) as determined by ELISA 
ass described in material and methods. Changes in cytokines are expressed as mean changes in plasma (pg/ml) compared to 
baselinee levels  SEM. A p<0.05 was considered statistically significant; * indicates p<0.05 and ** indicates p<0.01 using Stu
dent'ss t-test. 

KineticsKinetics of cytokine release 

Baselinee levels of all cytokines, except for circulating IL-12p40, were similar to normal values 
off these cytokines (Figure 33). Peak values for TNF-oc and IL-10 were observed at 1 hour after the 
startt of the infusion and remained high during the infusion of IVIG, whereas IL-8 reached peak values 
att 2 hour post-infusion and then declined during the further infusion of IVIG (Figure 34). Only one pa
tientt had a rise in circulating IL-6, reaching a peak value after 2 hours. 
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Figuree 34 Kinetics of cytokine releas e upo n infusio n of IVIG 

Plasmaa levels of IL-10, IL-12p40, IFN-y, IL-6, IL-8 and TNF-a upon infusion of IVIG in primary immunodeficiency patients with
outt side effects {• . n=12) and patients with side effects (open square, n=5) as determined by ELISA as described in material 
andd methods. Data are expressed as absolute levels in plasma (pg/ml)  standard deviation (SD). Normal values are depicted 
ass a dashed line. * indicates a p value < 0.05 using the Student t-test. 

ReleaseRelease of inflammatory mediators in plasma upon infusion of IVIG. 

Thee individual relation between the various cytokines and neutrophil activation (i.e., degranu-
lationn products) upon infusion of IVIG was determined (Table IX). The changes in TNF-a correlated 
significantlyy with changes in IL-6, IL-8, IL-10, and elastase (Spearman rank correlation). Furthermore, 
changess in IL-8 correlated significantly with changes in IFN-y, IL-6 and elastase, suggesting that ad
ministrationn of IVIG results in release of different cytokines as well as increased levels of elastase, 
albeitt in only a part of the patients. The increased levels of cytokines and neutrophil degranulation 
markerss also correlated with the changes in circulating leukocyte numbers (data not shown). We did 
howeverr not find a correlation between the decrease in circulating neutrophils (at t = 30 min) and the 
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releasee of eiastase or lactoferrin. In contrast, the change in circulating monocytes at t =30 min nega
tivelyy correlated with IL-8, TNF-oc and eiastase and lactoferrin. Furthermore, the increase of circulating 
neutrophilss 1 hour after the end of the infusion (PMN end) were positively correlated with IL-10 and IL-
12p400 responses. 

Tablee IX Relatio n betwee n cytokin e releas e and neutrophi l degranulatio n after infusio n of IVIG 

DataData represent correlation coefficients ( R ) of the mean change of baseline levels of different cytokines and neutrophil degranu
lationn products. Statistical analysis was performed using the Spearman rank test and p<0.05 was considered statistically signifi
cant. . 

IL-100 IL-12p40 IFN-y eiastase IL-6 IL-8 8 TNF-a a 

Lactoferrin n 0.29 9 0.17 7 0.14 4 -0.18 8 0.29 9 0.38 8 

IL-10 0 0.244 0.26 0.35 5 

IL-12p40 0 

IFN-y y 

eiastase e 

IL-6 6 

IL-8 8 

R R 

0.044 -0.14 0.05 -0.06 0.29 

0.16 6 

0.07 7 

Correlationn is significant at the .01 level (1-tailed). 

Correlationn is significant at the .05 level (1 -tailed). 
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ComplementComplement activation 
Itt has been postulated that the clinical side effects results from complement activation by ag

gregatedd IgG present in the IVIG preparations. Administration of IVIG resulted in complement activa
tion,, as determined by a significant increase in complement activation products i.e., C3b/c and C4b/c 
(Figuree 35A). A significant increase in both plasma C3b/c concentrations (59.7+14.6; p=0.001) and 
C4b/cc concentration (6.1+2.0; p= 0.007) during IVIG treatment was observed in all patients, irrespec
tivee of susceptibility to side effects (Figure 35B). 

** * 
x x 
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noo side effects ssss side effects 

Figur ee 35 The effec t on complemen t activatio n upo n infusio n of IVIG 

Plasmaa levels of C3b/c and C4b/c upon infusion of IVIG in primary immunodeficiency patients as determined by ELISA as 
describedd in material and methods. A) Mean change in C3b/c and C4b/c in all patients (n=17). B) Mean change in C3b/c and 
C4b/cc in patients without side effects (closed bars, n=9) and patients with side effects (open bars, n=6) Data are expressed as 
absolutee levels in plasma (nM)  standard deviation (SEM). A p<0.05 was considered statistical significant; * indicates p<0.05 
andd ** indicates p<0.01 using Student's t-test. 
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TheThe effect  of  IVIG in  patients  with  chronic  immune  activation. 

Too determine whether IVIG exerts a stronger effect regarding cytokine release and neutrophil 
activationn in patients with chronic immune activation at the start of the infusion of IVIG, we analysed 
whetherr increased TNF-a and/or elastase release due to IVIG infusion was related with abnormal, 
increasedd baseline plasma levels of cytokines (Table X). Increased plasma levels of TNF-a as a result 
off treatment with IVIG significantly correlated with increased baseline levels of IL-12p40, IFN-y and 
TNF-aa compared to normal values. Furthermore, increased plasma levels of elastase as a result of 
IVIGG treatment significantly correlated with increased baseline levels of IL-12p40, IFN-y, IL-6 and TNF-
a.. These data suggest that the release of TNF-a as well as elastase was higher in patients already 
havingg an activated immune status. 

Tablee X Relation between cytokine release and neutrophil de-
granulationn after infusion of IVIG 

Dataa represent correlation coefficients ( R ) of the mean change of 
baselinee levels of different cytokines and neutrophil degranulation prod
ucts.. Statistical analysis was performed using the Spearman rank test 
andd p<0.05 was considered statistical significant 

plasmaa concentration after IVIG infusion 

baseline e 
levels s 

lactoferrin n 
elastase e 

IL-10 0 
IL-12p40 0 

IFN-y y 
IL-6 6 
IL-8 8 

TNF-a a 

C4b/c c 
C3b/c c 

TNF-a a 
R R 

0.41 1 
0.14 4 

0.06 6 
0.85 5 
0.88 8 
0.06 6 
0.22 2 
0.91 1 

0.19 9 
0.19 9 

P P 

0.12 2 
0.60 0 

0.81 1 
0.0001 1 
0.0001 1 
0.82 2 
0.40 0 

0.001 1 

0.47 7 
0.46 6 

elastase e 
R R 

0.38 8 
0.31 1 

0.44 4 
0.53 3 
0.68 8 
0.52 2 
0.17 7 
0.59 9 

0.47 7 
0.11 1 

P P 

0.14 4 
0.23 3 

0.08 8 
0.03 3 

0.003 3 
0.03 3 
0.52 2 
0.01 1 

0.06 6 
0.66 6 
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Discussio n n 
Inn the present study, in hypogammaglobulinemia patients receiving IVIG substitution, we show 

thatt neutrophils become activated upon infusion of IVIG, likely by the induction of inflammatory cyto
kinee release from mononuclear cells. The patients were all long-term recipients of IVIG infusions. Six 
outt of 17 patients studied had experienced clinical side effects of IVIG infusions in the past. During the 
presentt study, except for one, none of the patients had serious clinical side effects. Some patients 
complainedd of headache and nausea during and after the infusion of IVIG. 

Thee decreased expression of CD16 and CD62L on circulating neutrophils, which are both 
shedd from the surface upon activation15,16 indicated that neutrophils became activated during infusion 
off IVIG. The soluble forms of these antigens, however, were not found elevated in plasma, rather, 
sCD166 plasma concentrations slightly decreased during infusion of IVIG. It is possible that sCD16 
boundd to the infused IgG, and therefore, was not detected in the ELISA used to determine plasma 
levelss of sCD16. In contrast to decreased expression of CD16 and CD62L, we did not find increased 
expressionn of CD11b or CD66e, which both become expressed on the surface of neutrophils upon 
activationn and degranulation in vitro. Instead we found a slightly decreased expression of both anti
gens.. Strongly activated neutrophils adhere to the endothelium or may have already left the circulation 
andd are therefore underrepresented in the blood samples studied. These results are very similar to 
thosee obtained in rats receiving IVIG.9 In this study, activation of neutrophils was evidenced by a de
creasee in circulating neutrophils followed by increased influx of these cells in the lung; here too, we did 
nott detect major changes in CD11b or CD62L on circulating neutrophils. This was also reported in 
patientss with infections in whom no changes were found in the expression of CD11b.17 This means 
thatt a phenotypic analysis of circulating neutrophils do not necessarily provides the correct information 
aboutt the activation state of these blood cells. In agreement with this notion we observed a decrease 
inn circulating neutrophils (as well as of monocytes) shortly after the start of the infusion of IVIG. This 
decreasee was most pronounced in patients with side effects. Furthermore, in the latter patients, the 
initiall decrease in circulating neutrophil numbers was followed by an increase; such a biphasic re
sponsee was not observed in patients without side effects. Thus, neutrophils and monocytes become 
activatedd by IVIG, which correlated with the development of clinical side effects. This conclusion is 
supportedd by our finding of elevated levels of elastase and lactoferrin during infusion of IVIG. It should 
bee noted that the increase of these neutrophil degranulation markers was marginal: elastase concen
trationss increased to twice the normal value and lactoferrin, though increasing upon infusion, remained 
withinn the normal value. Thus, taken together, these findings point to a mild activation of neutrophils in 
thee patients receiving IVIG. 

Ann important question is how these changes in phagocytic cells are produced by IVIG infu
sion.. Most likely these effects were mediated by interaction of IgG (either monomeric IgG of com-
plexedd IgG) with Fcy-receptors on monocytes, neutrophils or NK cells6,18"20. Immune complexes have 
beenn shown to induce the secretion of cytokines such as TNF-cc4,19, and IL-620 from monocytes and 
IFN-YY from NK-cells via Fcy-receptor interaction21 and indeed, apart from the effect on circulating cells, 
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increasedd production of the cytokines IL-10, TNF-a and IL-8 were found, in particular in patients with 
sidee effects. This finding suggests that these mediators are involved in the development of side ef
fects.. Since we found a significant positive correlation between these proinflammatory cytokines and 
releasee of elastase, the question arises whether the release of cytokines by IVIG is involved in neutro
phill activation. In addition, since the decrease in circulating monocytes correlated with IL-8, TNF-a 
andd elastase and lactoferrin, a similar question may be posed for monocytes. Since peak levels of 
TNF-aa and IL-10 were reached at 1 hour, and elevated levels of elastase and lactoferrin at 2 hour 
post-infusion,, the temporal relationship fits with this assumption. Furthermore, infusion of TNF-a in 
healthyy volunteers has been shown to induce activation of neutrophils and a decrease of monocytes. 

Alternatively,, complement activation products, in particular C3a and C5a, which are also po
tentt activators of neutrophils could be responsible for the observed effects.22"24 From the elevated 
plasmaa levels of C3b/c and C4b/c we conclude that IVIG activates complement but since no difference 
inn the degree of complement activation was found in the two patient groups, a role in neutrophil activa
tionn was less likely. 

Proinflammatoryy cytokines may lead to priming of neutrophils, making them more sensitive for 
subsequentt activation by mediators. This could explain the significantly higher concentrations of elas
tase,, TNF-a and also of lactoferrin, IL-8 and C3b/c and C4b/c during IVIG in the patients of the pre
sentt study who already showed significantly increased levels of proinflammatory cytokines at the start 
off the IVIG treatment. Neutropenia and monocytopenia were also more severe in these patients. 
Thesee data suggest that IVIG may have undesirable effects especially in patients with an activated 
immunee status more frequently, compared to patients with a normal immune status. Chronic immune 
activationn in primary immunodeficiency disorders may be due to recurrent and chronic bacterial infec
tions,, which is common in these disorders. Chronic immune activation could involve both T cells and 
monocytes/macrophagess as reflected by raised serum levels of cytokines.25"27 

Inn conclusion, this study demonstrates that monocytes and neutrophils become activated in 
primaryy immunodeficiency patients upon infusion of IVIG, coinciding with increased levels of different 
pro-inflammatoryy mediators. Release of these mediators was most pronounced in patients who devel
opedd clinical side effects to previous treatments with IVIG. In addition, patients with chronic immune 
activationn showed even stronger stimulation of monocytes and neutrophils, suggesting that this activa
tionn predisposes to the development of clinical side effects upon treatment with IVIG. 
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Althoughh intravenous immunoglobulin (IVIG) has proved to be effective and safe in the long-
termm treatment of immunoglobulin deficiency patients, side effects are reported. The present study 
describess the effect of IVIG on Fc receptor interaction and the relation to side effects upon infusion of 
IVIG.. Whereas no significant differences were observed regarding FCYRI and FCYRIII expression, 
baselinee expression of FcyRII was significantly higher in patients who had no clinical side effects. We 
suggestt that patients with high FCYRII expression have elevated numbers of FcyRIIB expressed on the 
surfacee of their neutrophils and monocytes, which dampen the inflammatory response. 

Administrationn of intravenous immunoglobulins (IVIG) is standard treatment of choice in pa
tientss suffering from immunoglobulin deficiency.1 Although IVIG has proved to be effective and safe in 
thee long-term treatment of these patients, side effects are reported.2,3 We previously reported that 
IVIGG interacts with FcyRIIA expressed on neutrophils resulting in activation and degranulation of these 
cells4;; we postulated that this interaction is involved in the development of clinical side effects. In the 
presentt study, we evaluated the expression of Fcy-receptors on circulating leukocytes in hypogam
maglobulinemiaa patients before and after IVIG infusion, and determined the relation between expres
sionn levels and clinical side effects. 

Patientss with established hypogammaglobulinemia were selected based on their historical ex
periencee with IVIG treatment regarding the development of clinical side effects. Fifteen patients were 
included,, 6 of them reported to have had side-effects to previous infusions of IVIG such as headache, 
nauseaa and myalgia. The expression of FcyRI (CD64), FcyRII (CD32) and FCYRIII (CD16), as well as 
IgGG bound to the cell surface was determined on circulating neutrophils by flowcytometry in whole 
bloodd samples obtained before, during and 1 hour after the infusion of IVIG. Normal levels of FCY-
receptorr expression were established by determining expression on neutrophils from healthy volun
teerss (n=9) 
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Baselinee expression of FcyRI on neutrophils was significantly higher in patients receiving IVIG 
comparedd to healthy volunteers , mean and SEM, versus , respectively, 
p=0.0095,, unpaired t-test). No significant differences between patients with or without side effects 
weree observed regarding FcyRI expression (Figure 36). Baseline expression of FcyRI I was signifi
cantlyy higher in patients who had no clinical side effects, as compared to the patients with side effects 

33 versus ) or to healthy volunteers . Expression of FC7RIII 
onn circulating neutrophils tended to be higher in the patients with side effects ) than in 
thosee without side effects ) or in healthy volunteers (11531332). The expression of FcyRI 
andd FcyRIII decreased upon infusion of IVIG whereas that of FcyRII remained constant (Figure 36). 
Similarr differences in FcyR expression levels were observed on circulating monocytes. It could be 
speculatedd that the FcyRII A-131 R/H polymorphism provides an explanation for this difference, since the 
FcyRIIA-131RR isoform has a lower affinity for IgG than the FcyRIIA-131H isoform.5,6 The gene distribu
tionn between the two patient groups however did not differ (27% R polymorphism and 73% H). 

Accordingg to a recent report, not only FcyRIIA but also FcyRIIB is expressed on neutrophils 
andd monocytes. The latter receptor contains an immunoreceptor tyrosine-based inhibitory motif 
(ITIM),, and after cross-linking, it inhibits the inflammatory responses.8,9 Such inhibitory receptors me
diatee this function only when they cluster with an activating counterpart on the cell surface. This inter
actionn results in a shut-down of subsequent events such as calcium mobilization, cytokine release, 
transcriptionall activation, and cellular proliferation.10,11 We suggest that patients with high FcyRII ex
pressionn have elevated numbers of FcyRIIB expressed on the surface of their neutrophils and mono
cytes,, which dampen the inflammatory response. Analysis of cytokines in plasma from patients with 
highh FcyRII expression (and no side-effects) indeed showed less inflammatory cytokine release, 
whereass those with lower FcyRII expression (who had experienced side-effects) show elevated 
plasmaa levels of cytokines in response to IVIG (J. Teeling era/, manuscript submitted). 

Thee present study describes the effect of IVIG infusion on Fcy-receptor expression on circulat
ingg neutrophils and monocytes in hypogammaglobulinemia patients and suggest that interaction of 
Fcy^eceptorss may explain the development of clinical side effects. Analysis of FcyRII may serve as a 
diagnosticc marker for clinical side effects to IVIG, and further studies on this phenomenon might pro
videe further insight in the biological mechanisms underlying the development of clinical side effects to 
IVIG. . 
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Figur ee 36 Baselin e expressio n and change s of neutrophi l Fcy recepto r expressio n on neutrophil s in 
hypogammaglobulinemi cc patient s receivin g IVIG. 

Expressionn of FcyRI, FcyRII and FcyRIII (CD64, CD32 and CD16, respectively) on neutrophils before and upon infusion of IVIG 
inn primary immunodeficiency patients without • n=9) or patients with side effects (open square, n=6) was determined by flow-
cytometry.. Data are expressed as mean fluorescence intensity (MFI)  standard deviation (SD). Fey receptor expression on 
neutrophilss from healthy volunteers is depicted as a dashed line. 
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Abstrac t t 
Thee clinical benefit of intravenous immunoglobulin (IVIG) preparations in the treatment of im

munee thrombocytopenic purpura (ITP) is supposed to be mediated by blockade of Fey receptor-
bearingg phagocytes. In two experimental models for ITP we show that the therapeutic efficacy of IVIG 
preparationss is related to the IgG dimerr content present in these preparations. 

AA rat mAb (MwReg30) directed to the murine platelet-specific integrin anbp3 (gpllb/llla) was 
administeredd intraperitonally either as bolus injection or continuous infusion. Upon bolus injection, 
circulatingg platelet count dropped to almost zero within 3 hours. Pretreatment with Cobra Venom Fac
torr did not affect platelet depletion, whereas pretreatment with anti-FcyRII/IH mAb 2.4G2 or IVIG 
greatlyy reduced platelet clearance. Upon continuous infusion, platelet numbers had reached a steady 
statee after 4 days, at about 25% of control. This reduction in platelets was, however, not observed in 
micee deficient for the FcRy-chain, lacking FcyRI and FcryRIII, as well as FcyRIII 7. mice. Infusion of a 
singlee dose of IVIG, with a high IgG dimer content, on the fourth day, i.e. mimicking therapeutic ad
ministration,, resulted in a platelet increase for several days. IVIG predominantly consisting of mono-
mericc IgG had no effect on platelet numbers. 

Inn conclusion, continuous infusion of MWReg30 induces thrombocytopenia in mice by en
hancingg Fey receptor-mediated clearance of platelets. In this model, we show IgG dimers present in 
IVIGG preparations to be responsible for the increase in platelet counts. 

Introductio n n 
Immunee thrombocytopenic purpura (ITP) is an autoimmune disorder in which antibody-

sensitizedd platelets are prematurely destroyed by phagocytic cells in the reticuloendothelial system 
(RES).11 Therapeutic interventions in ITP are often directed towards reducing Ab-mediated clearance 
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byy either decreasing the production of pathogenic platelet autoantibodies and/or impairment of RES 
function.. Imbach et a/was the first who reported that intravenous immunoglobulin (IVIG) preparations 
weree effective in children with acute and chronic ITP.2 Administration of IVIG leads to rapid, yet often 
transientt reversal of thrombocytopenia in the majority of patients with ITP.3 

Inn the treatment of ITP, there may be multiple mechanisms of action of IVIG. It has been pro
posedd that IVIG exert its function though blockade of Fey receptors and/or neutralization of autoanti
bodiess by idiotype-anti-idiotype interaction. However, clinical observations sometimes show prolonged 
effectss of IVIG, which cannot be explained by the short-term neutralization of pathologic antibodies or 
Feyy receptor blockade. Therefore, other mechanisms like modulation of cytokine synthesis or interfer
encee with T- and B cell function have been suggested to explain long-term effects in the treatment of 
ITPP by IVIG.4 

Feyy receptors play an important role in antibody-dependent clearance and many studies have 
providedd evidence that reversal of thrombocytopenia can be induced by (non)specific blockade of Fey 
receptorss on phagocytes in the RES.5 A predominant role for low-affinity Fey receptors in Ab-mediated 
thrombocytopeniaa has been shown in animal studies6,7, and mice deficient in Fey receptors8, or trans
genicc mice overexpressing human FcyRIIA.9 Treatment of a patient with chronic ITP with a mono
clonall antibody against FcyRIII was reported to result in impressive, albeit transient increases in plate
lett counts, supposing that the platelets in human ITP are also destroyed via binding to low affinity Fey 
receptors.10 0 

Threee different types of murine FcyR exist: a high-affinity receptor, FcyRI (CD64), capable af
finity-bindingg monomeric IgG, and two low affinity receptors, FcyRII (CD32) and FcyRIII (CD16), pref
erentiallyy binding polymeric IgG or immune complexes. FcyRII is widely distributed on both lymphoid 
andd myeloid cells and functions as a negative regulator of immunity. FcyRIII is restricted to macro
phages,, neutrophils, NK cells, and mast cells. Interaction of IgG with FcyRI or FcyRIII leads to cellular 
activation,, which requires interaction of these receptors with a homodimer of the so-called FcRy-chain. 
Thee situation for human Fey receptors is more complex compared to the mouse system. Like mice, 
humanss express three types of Fey receptors: a high-affinity receptor, FcyRI (CD64), as well as the 
loww affinity receptors FcyRII (CD32) and FcyRIII (CD16). However, different forms of these low-affinity 
receptorss exist: FcyRIIA which functions as an activating Fey receptor and FcyRIIB which is a regula
toryy Fey receptor that has an inhibitory function. Also for the FcyRIII receptor different forms exist in 
humans:: FcyRlllb which is exclusively expressed on neutrophils and FcyRIIIA which is expressed on 
NK-cells.. An important difference in Fey receptor expression between humans and mice is the expres
sionn of FcyRIIA, which is expressed on human, but not on mouse platelets.11'12 Recently, McKenzie et 
alal demonstrated an important role for this Fey receptor in the induction of experimental ITP using mice 
overexpressingg human FcyRIIA.9 

IVIGG preparations contain variable amounts of monomers, dimers and small amounts of ag
gregatedd IgG, and it is not known, which of these fractions constitute the "active" component, making 
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standardisationn of IVIG preparations for the treatment of ITP tedious. The aim of this study was to 
developp a clinically relevant murine model for ITP. The usefulness of the experimental model was 
demonstratedd by assessing the component in IVIG mediating therapeutic efficacy, which was shown 
too represent the IgG dimeric fraction. 

Materia ll  and metho d 

Animals Animals 
Femalee C57BL/6 mice of 20-25 gram body weight were obtained from (Harlan CPB, Zeist, 

Thee Netherlands) and kept in our animal facilities. FcRy-chain deficient and Fc/RIII-deficient mice, 
lackingg FcyRI and FcyRIII1314 or FcyRIII15 alone respectively, were both used in a C57BL/6 back
ground. . 

IVIGIVIG Immunoglobulin preparations 
Humann ^globulin for intravenous (IVIG) use was obtained from the CLB (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. To obtain an IVIG preparation with a high IgG dimer 
contentt we reconstituted a freeze-dried IVIG preparation and stored it at C (further referred to as 
agedd IVIG). A gradual increase in dimer content was observed from less than 5% to values above 
10%% after 1 week of storage. The percentage of IgG dimers remained at this level when analysed after 
severall months or even after 1 year of storage. Monomeric IgG was prepared by gel filtration of IVIG 
onn a TSK4000 column. Fractions corresponding to the monomeric peak were collected and concen
tratedd to a concentration of 50 mg/ml using centriplus concentrators according to the manufacturer's 
instructionss (Amicon, Beverly, MA). IVIG preparations used in the experiments were analysed for ac
tuall monomer, dimer and polymer contents on a calibrated Superose 12 gelfiltration column con
nectedd to a FPLC system (Pharmacia, Uppsala, Sweden). A computer program (Ezchrom Chromatog
raphyy Data System version 6.5) was applied to determine the peak areas of chromatograms. 

Reagents Reagents 
Cobraa Venom Factor (CoVF) was kindly provided by Dr. J.S. Verbeek (LUMC, Leiden, The 

Netherlands).. The rat anti-mouse platelet mAb (MWReg30, lgG1) and the rat anti-mouse FcyRU/lll 
mAbb (2.4G2, lgG2b) were obtained from Pharmingen (San Diego, CA, USA). FITC conjugated F(ab)2 

fragmentss of goat anti-rat IgG was obtained from Caltag (Burlingame, CA). 

123 3 



InductionInduction of thrombocytopenia 

Micee were rendered thrombocytopenic by administration of the rat mAb (MwReg30) directed 
too the platelet-specific integrin anbp3 (gpllb/llla). In an acute model, a bolus of five ug of mAb was in
jectedd in the peritoneal cavity in 200 pi saline. The effect of IVIG was determined in mice by giving 
IVIGG (1g/kg) or saline intravenously 1 hour prior to injection of MWReg30. Blood was obtained from 
thee retro-orbital plexus of anesthetized mice using heparinized hematocrite tubes (Clinitubes™, Radi
ometer,, Copenhagen, Denmark). Blood samples were taken before IVIG or saline treatment (t=0), 5 
minutess prior to injection of MWReg30, and 10, 60 and 180 minutes after injection of MWReg30. For 
determinationn of platelet numbers, blood (20 uL) was diluted in isoton and centrifuged at 300g for 10 
minutess at room temperature. Numbers of platelets were counted using an electronic cell counter 
(Coulterr Electronics; model 2F and channelyzer model 256, Dunstable, UK). 

Too obtain a clinically more relevant model for testing IVIG, MWReg30 was continuously in
fusedd using an osmotic pump implanted in the peritoneal cavity (Alzet micro-osmotic pump, model 
1002,, Alza Corporation, Palo Alto, CA). Pumps with a pumping rate of 0.25 ul/hr for a duration of 14 
days,, were filled with 100 ul of a mixture containing MWReg30 (165 ug/ml), human serum albumin 
(1.55 mg/ml to prevent absorption of proteins to the device) and an irrelevant mouse mAb directed 
againstt human CRP to check for the infusion rate. Blood samples were taken under anesthesia at t=0, 
4,, 5, and 6 days to determine numbers of platelets in peripheral blood. At day 4, aged IVIG, mono-
mericc IgG or saline was given intravenously at a dose of 1 g/kg. 

Complement-depletedComplement-depleted mice 

Complement-depletedd mice were prepared by intraperitoneal injecting of 2 doses of 500 U of 
CoVFF in 200 ul of saline at a 6-hour interval. Sera were analysed on SDS-PAGE to confirm comple
mentt depletion. 

DetectionDetection of antiidiotype antibodies directed against MWReg30 

Too detect antibodies in the IVIG preparations with affinity to MWReg30, IVIG was added to 
96-welll microtiter plates (Maxisorb: Nunc, Roskilde, Denmark) coated with MWReg30 (0.8 ug/ml), 
HSAA (1 ug/ml) or buffer. Bound antibodies were detected by an alkaline phosphatase-labelled mono
clonall antibody to human IgG (Clone GG-5, Sigma Chemical Co., St Louis, MO). After addition of p-
nitrophenyll phosphatate as substrate, the optical density was measured with Titertek Multiscan (Flow 
Labs.. McLean, VA) 

DetectionDetection of free circulating MWReg30 in plasma and platelet bound MWReg30 

Forr determination of membrane binding of MWReg30 to platelets, whole blood from mice with 
ann implanted pump was stained at a final concentration of 5 ug/ml FITC conjugated F(ab)2 fragments 
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off goat-anti-rat IgG mAb for 30 min C in the dark) and analysed with a FACScan flow cytometer 
(Bectonn Dickinson) 

Too detect free circulating MWReg30 present in plasma from thrombocytopenic mice, plasma 
fromm mice with an implanted pump was incubated for 1 hour at room temperature with whole blood 
fromm control mice. Binding of MWReg30 to platelets was assessed as described above. 

StatisticalStatistical analyses 
Resultss are expressed as mean  SEM. Statistical analyses were performed using Students' t 

tests,, p < 0.05 was considered significant. 

Result s s 

MWReg30MWReg30 bolus injection model for UP 
First,, we determined the clearance of platelets following intraperitoneal injection of a rat mAb 

directedd against mouse platelet-specific integrin aubp3 (gpllb/llla; MWReg30), at a dose of 5 ug per 
mouse.. After injection, platelet numbers decreased over several hours, reaching platelet counts of 
1.43+0.499 x 108/ml (n=5, 22% of control, p<0.01) at 3 hours (Figure 37). To determine the mechanism 
off Ab-induced thrombocytopenia, mice were pretreated with a mAb against Fc/RII/lll or, alternatively, 
withh CoVF to deplete complement. Figure 37 shows that in vivo blocking of FayRII/lll by pretreatment 
withh the 2.4G2 mAb completely prevented the MWReg30-induced clearance of platelets, whereas 
complementt depletion did not have an effect. Analysis of sera on SDS-PAGE confirmed complement 
depletion.. These results indicated the enhanced platelet clearance in this model to be mediated by 
Feyy receptors. 
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Figur ee 37 Intraperitonea l injectio n anti-platele t mAb . 
Thee role of Fey receptors in Ab-induced thrombocytopenia following intraperitoneal (ip) injection of 5 |jg of anti-platelet mAb 
MWReg30.. Time course of mean platelet counts M n=6) is shown following injection of MWReg30 at t=0 min. Mice were 
pretreatedd with 2.4G2 (B,5 ug/g i.v.), CoVF(A) , or saline (open square), prior to MWReg30. Baseline platelet numbers were 

22 x 108/ml blood. Results are expressed as mean of 3 experiments  SEM. Asterisks indicate statistical significant 
differencess compared to saline control (* = p<0.05; ** = p<0.01). 

Differentt IVIG preparations were evaluated for their effect on platelet clearance in the model. 
Tablee XI shows the actual amounts of monomeric, dimeric and polymeric IgG present in the IVIG 
preparationss evaluated in the ITP model. To evaluate the effect of these IgG preparations in our 
model,, mice were pretreated with either fresh IVIG or aged IVIG at a dose of 1 g/kg, 1 h prior to injec
tionn of MWReg30 (Figure 38). Upon intraperitoneal injection of MWReg30, the drop in platelet counts 
wass significantly less in mice pretreated with aged IVIG, the final count was 9 x 108/ml (60% 
off baseline, n=5, p<0.05) as measured at 3 hours. Significant differences were already observed 1 h 
afterr the injection of MWReg30. In contrast, pretreatment of mice with fresh IVIG did not significantly 
decreasee the effect on platelet numbers, the final count was 3 x 108/ml (27% of baseline, 
n=5),, suggesting an important role of IgG dimers for the therapeutic effect in this model. Administra
tionn of aged IVIG in the absence of MWReg30 did not result in a change of platelet counts. 

Itt has been reported that in vivo application of high doses of MWReg30 (> 30 ug i.v.) in mice 
inducess acute hyperthermia and pathological changes, especially in the lung, probably caused by 
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16,17 7 macrophagee activation leading to PAF production'0'". However, a recent study shows that lower 
dosess of MWReg30 (< 7.5 ug) do not induce pathological changes in mice.17 In accordance to the 
latterr findings, we did not find any macroscopic pathological changes in lungs at the low dose (5 
ug/mousee i.p.) we used to induce thrombocytopenia. Furthermore, microscopic examination of the 
lungss did not show signs of lung damage, such as enhanced thickness of alveolar septa, due to 
edemaa and increased cellularity (data not shown) 
Tabl ee XI % of monomeric , dimeri c and polymeri c IgG in IVIG preparation s 

Monomeric,, dimeric and polymeric IgG contents of different IgG preparations used in the experiments. Analysis was performed 
byy size exclusion chromatography using a calibrated Superose12 gel filtration column connected to a FPLC system as de
scribedd in Material and Methods. 

Monomericc IgG 
(%% of total) 

Dimericc IgG 
(%% of total) 

Polymericc IgG 
(%% of total) 

Freshh IVIG 
Agedd IVIG 
IVIonomericc IgG 

97.6 6 
87.2 2 
99.5 5 

2.7 7 
12.0 0 
0.4 4 

0.5 5 
0.8 8 
<0.1 1 

Analysiss was performed by size exclusion chromatography using a calibrated Superose12 gel filtration column connected to a 
FPLCC system as described in Material and Methods. 
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Figur ee 38 The effec t of IVIG in Ab-
mediate dd thrombocytpeni a followin g 
intraperitonea ll  injection . 

Immunee thrombocytopenia following 
intraperitoneall (ip) injection of anti
platelett mAb MWReg30. Time course of 
meann platelet counts ) is shown 
followingg injection of MWReg30 at t=0 
min.. Mice were pretreated with aged 
IVIGG (•), fresh IVIG (A), or saline ( • ) , 1 
hourr prior to MWReg30 at a dose of 1 
g/kg.. Injection of aged IVIG alone with
outt subsequent injection of the anti
platelett mAb (open square) was used as 
aa control. Results are expressed as 
meann of 6 experiments  SEM on differ
entt occasions. The aged IVIG prepara
tionn used in the experiment was stored 
att C for 1 year. Asterisks indicate 
statisticall significant differences com
paredd to saline control (* = p<0.05; ** = 
p<0.01). . 
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ContinuousContinuous MWReg30 infusion model 

Too determine the effect of IVIG in a setting better paralleling the clinical situation, MWReg30 
wass continuously infused using an implanted osmotic pump. After four days, platelet numbers had 
reachedd a steady state of about 25% of control (Figure 39). To check the efficacy of the osmotic 
pumps,, an irrelevant mAb, directed against human CRP, was added to the mixture of MWReg30 and 
HSA.. The amount of this antibody was determined using an ELISA in plasma samples taken at differ
entt time points during the experiment (data not shown). All mice analysed were found to have the 
samee amount of circulating antibody until six days after implantation of the pumps, indicating pumps to 
bee equally efficient in releasing antibodies. 

Inn the acute bolus model, we used 2.4G2 to block Fc receptors. It is known that infusion of this 
antibodyy efficiently blocks Fc receptor mediated immune clearance, however the maximal inhibition by 
thiss antibody only persists for 24h.6 The continuous infusion model takes much longer, and therefore, 
wee decided to use Fc receptor knockout mice to avoid repeated injection of 2.4G2 in these mice. Mice 
deficientt in the common FcRy chain (FcRy 7.), lacking FcyRI and FcyRIII, and mice deficient in the 
FcyRIIII alone, were used to determine the role of the different Fey receptors in this model. No 
MWReg30-inducedd thrombocytopenia was observed in either FcRy chain 'I. or FcyRIII 7. mice, sug
gestingg an important role for FcyRIII in the clearance of antibody-sensitized platelets (Figure 39A). 

Administrationn of IVIG in patients suffering from ITP, is often associated with a rapid increase 
inn platelet counts. To determine whether administration of IVIG shows a similar effect on platelet 
countss in our model, mice were treated with aged IVIG or monomeric IgG, four days after implantation 
off the pumps. To better determine the role of IgG dimers, we used in this series a monomeric IgG 
fractionn isolated from IVIG, in stead of fresh IVIG, since the latter still contains a significant amount of 
IgGG dimers (Table XI). Infusion of a single dose of aged IVIG resulted in a transient increase in plate
letss for several days (Figure 39B), reaching platelet counts of about 52% of baseline values. No in
creasee in platelet counts was observed after infusion of monomeric IgG or saline. 
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Figur ee 39 Effec t of IVIG in Ab-mediate d thrombocytopeni a followin g continuou s infusio n of anti-platele t mAb . 

A)) Effect on platelet counts by continuous infusion of anti-platelet mAb MWReg30 by an implanted osmotic pump in wildtype 
(ö),, FcyRIII -/- (•) and FcR y-chain -/- (A) mice. Time course of mean platelet counts of 3 experiments ) is shown except 
forr the wild type mice (n=2). Asterisks indicate statistical significant differences compared to saline control (* = p<0.05; ** = 
p<0.01).. B) Effect on platelet counts following intravenous injection of aged IVIG (•) or monomeric IgG (A) at t=4 days. The 
agedd IVIG preparations used in the experiment was stored at C for 1 year. Results are expressed as mean of 5 experiments
SEMM on different occasions. Asterisks indicate statistical significant differences between the two groups (** = p<0.01; *** = 
p<0.001). . 

Tablee XII shows the results of FACS analysis for detecting MWReg30 bound to platelets 
(membranee bound) and circulating amounts of MWReg30 in plasma expressed as mean fluorescence 
intensityy (MFI). We tested whether circulating MWReg30 could be detected in plasma upon continu
ouss infusion, as well as after bolus injection. Serial dilution of MWReg30 incubated with control plate
letss was used as reference to estimate the amount of MWReg30 present in plasma upon continuous 
infusion.. At day 4, 0.89 ug/ml anti-CRP was present in the plasma, indicating a 125-fold dilution of the 
inputt (112 ug/ml). Based on the amount of anti-CRP mAb measured in the ELISA, we expected also a 
1:1255 dilution of MWReg30 to be present in plasma at day four, if no antibody would bind to mem
branee surfaces. Table XII shows that binding of Ab present in plasma was similar to 1:2500 dilution of 
thee infused MWReg30 solution, suggesting that ~ 5% of MWReg30 was not bound to platelets. Fur
thermore,, membrane binding of MWReg30 in vivo was shown to be one third of the maximal value for 
bothh types of administration. 
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Anti-idiotypi cc  antibodie s agains t MWReg30 in IVIG 

Tablee XII Platelet-boun d and free circulatin g MWReg30 in the thrombocytopeni c mice . 

Platelet-boun dd MWReg30 (MFI) 

circulatingcirculating platelets: 
Osmoticc pump (n=3) 
Boluss (n=3) 
normalnormal platelets incubated 
withh plasma: 

Osmoticc pump (n=3) 
Boluss (n=3) 
normalnormal platelets incubated 
withh MWReg30: 

1:100 0 
1:500 0 
1:2500 0 
control l 

700 0 
683 3 

51 1 
27 7 

2266 6 
501 1 

58 8 
18 8 

0 0 
1 1 

3 3 
1 1 

4 4 
9 9 

0 0 
9 9 

Anti-idiotypeAnti-idiotype interaction 
Efficacyy of IVIG in ITP could also be due to neutralization of platelet antibodies by anti-

idiotypicc antibodies in IVIG. Hence, aged IVIG and fresh IVIG were evaluated for the presence of anti-
idiotypicc antibodies with binding capacity to MWReg30. As a control, we tested possible binding ca
pacityy of components present in the IVIG preparations to human serum albumin. Binding of IgG to 
differentt coatings was similar: no specific binding to MWReg30 was observed when testing the various 
preparationss (data not shown). We also evaluated whether IVIG could interfere with the binding of 
MWReg300 to platelets. Aged IVIG at a concentration of 5 mg/ml did not reduce MWReg30 binding of 
murinee platelets in vitro. 

Discussio n n 
Inn the present study we used two murine models for immune thrombocytopenia (ITP) to 

evaluatee the effect of IVIG preparations that differed in the content of IgG dimers. We demonstrated 
thatt clearance of platelets sensitized with an anti-platelet mAb could only be reduced by administration 
off an IVIG preparation containing significant amounts of IgG dimers. An IVIG preparation without IgG 
dimerss hardly showed an effect. The effect of IgG dimers was observed in both murine models for ITP, 
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i.ee a single intraperitoneal injection or continuous infusion of anti-platelet antibody. We recently de
scribedd the hypotensive effects of IgG dimers present in IVIG preparations, in which we compared 16 
differentt IVIG preparations of 10 different manufacturer's.18 This study revealed that (commercially 
available)) IVIG preparations contain variable amounts of IgG dimers (ranging from 5-15%). This is 
consistentt with the observations of Tankersley et al. that IgG dimers are a normal constituent of IVIG 
preparedd from a large donor pool.19 The amount of dimers in the preparations mainly depends on the 
pooll size and the storage conditions. Our present findings strongly suggest that, due to differences in 
dimerr content, preparations also will differ in therapeutic efficacy in the treatment of ITP patients. It 
alsoo suggests that therapeutic efficacy in ITP goes at the risk of the induction of side effects, which are 
mostt probably also related to the presence of IgG dimers, via activation of macrophages and neutro
phils.^20 0 

Low-affinityy Fey receptors apparently were involved in the antibody-dependent clearance of 
plateletss in our model, since in vivo blocking of FcyRII/lll or the absence of these receptors in knock
outt mice completely prevented the effect of anti-platelet mAb. 

Thee importance of low-affinity Fey receptors in the clearance of immune complexes has been 
shownn in several human and animal studies.6 Furthermore, infusion of monoclonal antibodies against 
FcyRIIII caused a significant, transient increase in platelet counts in a patient with ITP.10 Infusion of a 
monoclonall antibody directed against FcyRI did not change the platelet count over a 5-day course of 
treatment,, whereas administration of IVIG in this patient improved platelet count.21 Our experiments 
withh blocking mAb (2.4G2) or in mice deficient for Fey receptors were compatible herewith and in par
ticularr pointed to a role for FcyRIII in the clearance of antibody-sensitized platelets, emphasizing the 
relevancee of these models for human ITP. However, others have demonstrated involvement of the 
platelett Fey receptor in human immune thrombocytopenias accompanied by thrombosis, like heparin-
inducedd thrombocytopenia9 and it cannot be precluded that this receptor also plays a pathophysiologic 
rolee in other forms of ITP. Since mice do not express this Fey receptor on platelets our model is un
ablee to address beneficial or detrimental effects of IVIG on platelet Fey receptors. Hence, one should 
bee careful to extrapolate the results obtained in this model to human ITP. Interference with both the 
levell of FcyR expression and FeyR-mediated functions (such as phagocytosis) are well established 
characteristicss of polymeric IgG and immune complexes.23 Furthermore, human IgG aggregates and 
IgGG dimers bind more efficiently to low-affinity Fey receptors than IgG monomers do. Dimeric IgG may 
thereforee have a stronger effect than monomeric IgG. It has been suggested that in IVIG small 
amountss of aggregated IgG can form spontaneously and that these aggregates, rather than IgG 
monomerr itself, constitute the active component of IVIG mediating Fey-receptor blockade in ITP. ,19 

Augenerr described that the efficacy of IVIG treatment of a patient with ITP was not associated with 
monomericc IgG levels, but with the presence of IgG aggregates in the preparation. This patient 
showedd normal levels of IgG complexes before treatment with IVIG and showed stepwise rises of total 
IgGG levels, including aggregates, during therapy. When IVIG administration was terminated the con
centrationn of complexed IgG rapidly dropped to normal level, which was paralleled by a drastic de-
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creasee of platelet numbers, in spite that IgG plasma levels were still high. In another study it was 
shownn that the use of (intramuscular) preparations of anti-D that contained aggregated IgG, resulted 
inn small platelet increases in several Rh" recipients.1 These observations agree well with the results of 
ourr study. 

Acutee systemic responses seen on a bolus injection of a relatively high dose of MWReg30 is a 
processs that requires a threshold-dose of antibody to occur. The density of antibodies bound to the 
plateletss can explain these differences. In human ITP patients, platelet specific antibodies are mostly; 
likelike MWReg30, directed to gpllb/llla. However, specific anti-platelet antibodies account for only a 
smalll fraction of the platelet associated IgG, the major fraction being attributed to nonspecific IgG 
associatedd with platelets.25,26 This suggests that in a model with clinical relevance, the amount of anti
bodyy used to induce thrombocytopenia should be low, so that only the antibody occupies a few epi
topess on the platelet surface. We showed that in our models only part of the MWReg30 binding sites 
weree occupied. 

Ann alternative mechanism for the reversal of thrombocytopenia by IVIG involves idiotype-anti-
idiotypee interaction with autoantibodies and anti-idiotype antibodies present in the IVIG preparations.5 

Thiss mechanism is independent of RES blockade, but postulates neutralization of anti-platelet anti
bodyy by IVIG. However, it was shown that Fey fragments have the same therapeutic effects as IVIG in 
ITPP patients.27 Thus anti-idiotypic effects of IVIG are not likely a major mechanism of action in ITP. In 
ourr study, binding of MWReg30 to platelets was not influenced by IVIG, nor did we find (anti-idiotypic) 
antibodiess with binding capacity to MWReg30. 

Inn conclusion, in a clinically relevant mouse model for ITP we show the efficacy of IgG prepa
rationss containing high amounts of IgG dimers. The experimental model applied may not only help to 
definedefine the mechanisms causing ITP but also add to the evaluation of novel therapeutic strategies to 
treatt this disease. We suggest that therapeutic efficacy of different IVIG preparations used to treat 
humann ITP depends on the presence of IgG dimers, with preparation containing relatively high 
amountss of IgG dimers having better therapeutic efficacy. 
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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) 
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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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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-

152 2 



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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Blood,, in press 

Abstrac t t 
Recently,, it has been postulated that the beneficial effect of intravenous immunoglobulins 

(IVIG)) in antibody-mediated autoimmune disorders is based on accelerated catabolism of autoantibod
ies. . 

Inn the present study, we performed in vivo experiments with mice in which autoantibody pro
ductionn was mimicked by continuous infusion of monoclonal antibodies. In this model, a single dose of 
IVIGG reduced the plasma concentrations of the infused lgG1 mAb by about 40% after three days, 
whereass the concentration of an IgA mAb was not affected. To extrapolate these findings to humans, 
wee established computational model for IgG clearance that accurately predicted the time course and 
magnitudee of the decrease in IgG plasma levels observed in mice. Adapted for humans, our model 
predictedd a gradually occurring decrease in autoantibody levels after IVIG (2 g/kg) with a maximum 
reductionn of about 25% after 3 to 4 weeks and a duration of several months. 

Inn conclusion, a single high dose of IVIG induces a relatively small, but long-lasting reduction 
off autoantibody levels by accelerated IgG clearance. This mechanism has clinical relevance in the 
sensee that it can fully explain, as sole mechanism, the gradual decrease in autoantibody levels ob
servedd in several patient studies. However, in some other clinical studies larger or more rapid effects 
havee been observed, which cannot be explained by accelerated clearance. Hence, IVIG can also re
ducee autoantibody levels via other mechanisms such as down-regulation of antibody production or 
neutralizationn by anti-idiotypicc antibodies. 

Introductio n n 
Immunoglobulinn preparations, originally developed for the treatment of agammaglobulinemic 

patients,, have also been successfully applied in a number of inflammatory and autoimmune diseases, 
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likee immune thrombocytopenic purpura (ITP), Kawasaki disease, Guillain-Barré syndrome. Several 
mechanismss of action of intravenous immune globulin (IVIG) therapy in the latter disorders have been 
proposed:: blocking of Fc receptors on phagocytes, inhibition of complement deposition, modulation of 
cytokinee production, neutralization of circulating autoantibodies by anti-idiotypic antibodies, downregu-
lationn of autoantibody production by anti-idiotypic antibodies interacting with B-cells. However, there is 
noo conclusive evidence for any of these mechanisms and other modes of action are still being pro
posed.. In recent years, several investigators have proposed that the therapeutic effect of IVIG may be 
duee to an effect on IgG catabolism, leading to a reduction of autoantibody titers. 

Alreadyy more than 30 years ago it was found in several species that IgG clearance rate 
greatlyy depends on its plasma concentration. At low concentrations the plasma half-life is about ten 
timess longer than at high concentrations. Brambell era/proposed in 1964 a hypothesis to explain this 
phenomenon,, stating that IgG is endocytosed in an aspecific way. Part of this endocytosed IgG then 
bindss to receptors in the wall of the endocytotic vesicles to be protected from degradation, and re
turnedd to the circulation (see Figure 49). In this model the protecting receptors become saturated at 
highh plasma concentration resulting in the degradation of a larger proportion of the endocytosed IgG. 
Recently,, experiments by several investigators with beta2-microglobulin knock-out mice provided a 
solidd support for the existence of such a protecting receptor. Since beta2-microglobulin is a part of the 
neonatall Fc receptor (FcRn), these mice lacked functional FcRn. It was observed that the knock-out 
micee had very low IgG levels in combination with a normal synthesis rate and a shortened plasma 
half-life,, whereas IgM and IgA levels were unaffected. These findings indicated that, in addition to a 
rolee in the transfer of maternal IgG across the rodent neonatal gut, the fetal yolk sac and the human 
placentall barrier, FcRn plays a role in IgG catabolism and most probably is the protecting receptor in 
thee model of Brambell. 

Thee identification of FcRn as protecting receptor has renewed the interest in the mechanism 
off IgG clearance and, as mentioned above, it has also led to the hypothesis that the effect of high 
dosee IVIG in autoantibody-mediated disorders, is based on saturation of FcRn, leading to increased 
catabolismm of IgG, including that of autoantibodies. However, without knowing the extent of reduction 
off autoantibody levels effected by this mechanism, it is difficult to decide whether this mechanism may 
havee any clinical significance in relation to the overall therapeutic effects of IVIG therapy. 

Thee aim of the current study was to determine the time course and the magnitude of the de
creasee of autoantibody levels by IVIG therapy. This was done first, by studying the IVIG effect on im
munoglobulinn plasma concentrations in a mouse model, in which autoantibody production was simu
latedd by a continuous infusion of monoclonal antibodies. Next, we established a computational model 
forr IgG pharmacokinetics, using literature data on the concentration-dependency of IgG clearance in 
micee and humans. The model was validated by comparing simulations with in vivo data from mouse 
experimentss and used to predict the effects in humans. By comparing our results with those from clini
call studies we concluded that accelerated clearance can explain some, but not all clinical observa
tionss on the reduction of autoantibody levels. 
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Method s s 

InIn vivo clearance studies in mice 
Inn the first series, we determined the effect of a high dose IVIG on endogenous lgG1, lgG2a, 

lgG3,, IgM and albumin plasma concentrations. Experiments were performed in C57BL76 mice, with a 
bodyy weight between 25 and 35 g (Harlan CPB, the Netherlands). The mice were anesthetized with 
halothanee for intravenous injections and blood sampling. IVIG was injected into the tail vein at a vol
umee of 30 ml/kg in about one minute, resulting in a dose of 1.8 g of IgG per kg body weight. Control 
micee received an equivalent volume of saline. Fifty microliter blood samples were taken 5 minutes 
before,, 5 minutes after, and 5, 24, 48 and 72 hours after injection. Blood samples were collected from 
thee orbital plexus using heparinized capillary tubes. Plasma was separated by centrifugation and 
storedd at . 

Inn the second series, we created a steady state plasma level of specific mouse lgG1 and IgA 
monoclonall antibodies (without affinity for mouse antigens) by continuous infusion, and determined 
thee effect of subsequent IVIG administration on their plasma concentrations as described above. The 
monoclonall antibodies (mAbs) were continuously infused using an osmotic pump implanted in the 
peritoneall cavity (Alzet micro-osmotic pump, model 1002, Alza Corporation, Palo Alto, CA). Pumps 
withh a pumping rate of 0.24 ul/hr for a duration of 14 days, were filled with 100 ul of a mixture contain
ingg mouse lgG1 mAb to human C1-inhibitor, 0.3 mg/ml, and mouse IgA mAb to human IL-6, about 0.5 
mg/mll in saline. An intravenous bolus dose of the infusate of 35 pi per mouse was given at the begin
ningg of the infusion to obtain a steady state plasma concentration more quickly. 
IVIGG was intravenously administered at day 4 as a bolus dose of 1.8 g of IgG per kg body weight. 

Thee animal experiments were approved by the local ethics committee and governed by the 
pertinentt national legislation. 

ImmunoglobulinImmunoglobulin preparations 
IVIG,, a solution of purified human IgG (60 mg/ml), was prepared from pooled human donor 

plasmaa at the CLB (Immunoglobuline I.V., CLB, Amsterdam, the Netherlands). A mouse monoclonal 
lgG11 antibody to human C1-inhibitor (Rll) was affinity purified using protein G-Sepharose. A mouse 
monoclonall IgA antibody to human IL6 (mAb 8-alpha) was purified from culture supernatant using size 
exclusionn chromatography to isolate monomeric IgA. Both monoclonal antibodies has been character
izedd and produced at our department. 

AssaysAssays for Ig (sub)classes and albumin in plasma 
Mousee lgG1, lgG2a, lgG3 and IgM plasma concentrations were measured using enzyme-

linkedd immunosorbent assays (ELISA). Capturing rat mAbs to mouse lgG1, lgG2a, lgG3 or IgM (LO-
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MG1,, LO-MG2a, L0-MG3 and LO-MM, Caltag, Burlingame, CA) were coated to 96 wells Nunc Max-
isorpp plates (Nunc Brand Products, Roskilde, Denmark) by overnight incubation at room temperature 
att a concentration of 1 - 2 g/ml in 0.1 M carbonate/bicarbonate, pH 9.6. Plates were washed twice in 
phosphatee buffered saline (PBS) - 0.02 % (w/v) Tween 20 (PBS-Tween). Plasma samples were ap
propriatelyy diluted in PBS containing 2 % (v/v) cow milk. Hundred I of each dilution were incubated for 
11 hour at 4C, the plates being gently shaken. The plates were washed 5 times in PBS-Tween and 
incubatedd with biotinylated rat monoclonal anti-mouse kappa-light chain (226-BT, CLB, Amsterdam, 
Thee Netherlands) as detecting antibody, 1 to 2000 diluted in PBS containing 2% (v/v) cow milk, for 1 
hourr at room temperature. Plates were then washed 5 times in PBS-Tween and incubated with strep-
tavidin-HRPP (Amersham Life Science), 1 to 1000 diluted in PBS containing 2% cow milk, for 30 min
utess at room temperature. Finally, the plates were developed with 3, 3 \ 5, 5Metramethylbenzidine 
(0.11 mg/ml in 0.11 M NaAc pH 5.5, 0.003% H202) and the reaction was stopped by addition of 
H2S04.. Absorbance was measured at 450 nm. Concentrations were expressed as percentage of 
thosee in normal mouse serum (CLB). 

Totall mouse IgG concentrations in plasma were measured in a similar ELISA with monoclonal 
anti-mousee kappa-light chain (226) as capturing and biotinylated anti-mouse kappa-light chain (226-
BT)) as detecting antibody, using purified mouse IgG (Sigma, St. Louis, Missouri) as reference. 
Plasmaa concentrations of mouse monoclonal lgG1 antibody to human C1-inhibitor (Rll) was measured 
inn an Elisa with purified human C1-inhibitor (CLB) as capturing protein. Biotinylated rat monoclonal 
antibodyy to mouse lgG1 (Caltag) was used as conjugate, followed by incubation with streptavidin-
polyHRPP (CLB). Plasma concentrations of mouse monoclonal IgA antibody to human IL-6 (mAb 8-
alpha)) was measured in a similar ELISA with recombinant human IL-6 (CLB) as capturing protein. 
Biotinylatedd rat mAb to mouse IgA (Caltag) was used as conjugate. Plasma concentrations of both 
mAbss were expressed as percentage of their concentration in the infused antibody mix. 

Alll above mentioned ELISAs for mouse immunoglobulins were unaffected by the presence of 
humann IVIG in the samples, also ruling out the presence of anti-idiotypic antibodies to the Rll and 
mAbb 8-alpha monoclonal antibodies in IVIG. 

Humann IgG concentrations in mouse plasma were determined in an ELISA with mouse mono
clonall anti-human IgG (MoHu16, CLB) as capturing antibody and a phosphatase-labelled mouse 
monoclonall anti-human IgG (GG-5-AP, Sigma) for detection. p-Nitrophenyl phosphate was used as 
substrate.. IVIG was used as reference. 

Plasmaa albumin was quantified using a colorimetric assay based on reaction with bromcresol 
purplee (Sigma). 
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Figur ee 49 A. Model of the rol e of FcRn in the degradatio n of IgG. 
IgGG is taken up by aspecifi c pinocytosi s int o endosomes . 

Att decreasing pH (about pH 6) IgG binds to FcRn present in the wall of 
thee endosomes, whereafter the IgG-FcRn complexes are recycled to 
thee cell surface, where IgG is released due to higher pH. IgG not bound 
too FcRn is delivered to lysosomes and degraded. At higher IgG concen
trationss FcRn will become saturated, resulting in a smaller proportion of 
thee endocytosed IgG rescued by FcRn from degradation in the ly
sosomes.. This results in a shorter plasma half-life (or higher fractional 
clearancee rate) with a minimum, determined by the pinocytosis rate 
whenn all FcRn is saturated. 

B.. Two-compartment pharmacokinetic model used for the simulations. 
Thee elimination from the plasma compartment, consisting of cellular 
uptakee with saturable return as depicted above, is a non-linear process, 
describedd by a concentration-dependent fractional clearance rate 
(FCR). . 

Figuree 49B shows the two-compartment pharma
cokineticc model adopted for the simulation. The following 
assumptionss were made: a) produced and infused IgG 
aree immediately mixed in the plasma compartment and 
redistributedd by about 50% into the interstitial space; b) 
thee plasma volume is 40 ml/kg body weight; c) the ex
changee between the plasma and interstitial pool is a lin

earr process with rate constants (k1 = k2) of -0.087 and -0.014 for mice and humans, respectively; d) 
thee elimination of IgG occurs from the plasma compartment according to a non-linear process with 
ratee constants depending on the plasma concentration. For mice, the relation between the plasma IgG 
concentrationn and fractional clearance rate (FCR) was derived from data published by several investi
gatorss who measured the disappearance of tracer doses of radiolabelled IgG in mice with IgG plasma 
concentrationss ranging from 0.12 mg/ml to 50 mg/ml. Notably, these studies include experiments in 
germ-freee and low-pathogen mice, having low IgG plasma concentrations and total body half-lifes for 
IgGG up to 9 days, and in mice bearing plasma-cell tumor or receiving i.p. injections with human IVIG, 
havingg high IgG plasma concentrations and half-lifes down to 1.5 day. Figure 50 shows the sigmoid 
curvee fitted to the data points: FCRivp, mouse = 0.055 + 0.79 / (1 + e ((8.88 - [lgG]pl) / 5.88)). The 
IgGG plasma concentration ([IgGJpl) is expressed in mg/ml. The FCRivp is the fraction of the 
intravascularr pool eliminated in 24 hours, it relates to the FCR of the total body pool as: FCRivp = 
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cularr pool eliminated in 24 hours, it relates to the FCR of 
thee total body pool as: FCRivp = FCRtbp / (fraction of 
IgGG intravascular), while FCRtbp = In2 /11/2, where t1/2 
iss the total body half-life, or elimination half-life, in days. 
Forr humans, the relation between IgG plasma concentra
tionn and FCRivp was derived from data published by 
Waldmannn & Strober reviewing several studies in hu
manss with widely varying IgG plasma concentrations, 
includingg hypogammaglobulinemia and myeloma pa
tients,, in whom IgG catabolism was determined by 
measuringg the disappearance of radiolabelled IgG from 
plasma.. Figure 50 shows the sigmoid curve fitted to the 
dataa points: FCRivp, human = -2.46 + 2.62/ (1 + e ((-77.3 
-- [IgGJpl) / 26.5)). For humans, the elimination half-life 
raisess to values between 30 and 70 days at very low IgG 
plasmaa concentrations, whereas at concentrations above 
300 mg/ml the half-life reaches a lower limit of about 11 
days.. For the simulations all IgG transfers and subse
quentt concentration changes were calculated in discrete 
timee steps using an Excel (Microsoft corporation) work
sheet. . 

Figur ee 50 Relatio n betwee n the IgG plasm a concentratio n and 
fractiona ll  clearanc e rate (FRC) for mic e (uppe r curve ) and human s 
(lowe rr  curve ) used in the correspondin g computationa l models . 
Bot hh curve s were fitte d to literatur e data publishe d by Humphre y 
12,, Fahey 13, Sell  14 and Junghan s 15 for mic e and by Waldman n 
66 for humans . 

IgGG plasma cone (mg/ml) 
Forr mice and humans the time steps were 0.1 and 1 
hour,, respectively. The fate of endogenous and infused 

IgGG was followed separately, while the sum of both determined the FCR. For each time step a fraction 
fromm the plasma pool according to k1 and the duration of the time interval was transferred to the inter
stitiall pool and a fraction from the interstitial pool according to k2 was transferred to the plasma pool. 
Furthermore,, the FCR at the current IgG concentration was calculated and a fraction of the plasma 
pooll according to that FCR and the duration of the time interval was eliminated. IgG production rates, 
expressedd as mg.kg-1 per interval, were chosen in accordance with the desired plasma concentration. 
IVIGG was 'infused' as a bolus within a single time interval. 

161 1 



StatisticalStatistical analysis 

InIn vivo data are presented as mean SD. Results were compared with an unpaired or a paired 
t-test,, as indicated, using GraphPad Prism (GraphPad Software Inc). 

Result s s 

InIn vivo experiments in mice: effect of IVIG on endogenous immunoglobulin concentrations. 
Administrationn of 1.8 g/kg IVIG to mice resulted in an increase of the total IgG plasma concentration 
(humann plus mouse IgG) from about 3 to 33 mg/ml (Figure 51). The plasma concentrations of mouse 
lgG11 and lgG3 showed a gradual decrease to about 60% of baseline after 3 days (Figure 51). For 
lgG2a,, the decrease was not significant, due to a large standard deviation in the results. IgM and al
buminn concentrations showed a transient decrease after IVIG administration, but returned to normal 
valuess after 3 days. The decreased albumin concentration indicated that transient plasma dilution 
occurredd in the IVIG treated mice, which could, at least partly, account for the decreased IgG concen
trationss in the first 24 hours. This dilution effect was not significant in the control mice receiving saline, 
whichh has no oncotic effect. After 48 hours, the albumin concentrations were back to baseline, indicat
ingg that the 40% decrease in endogenous lgG1 and lgG3 concentrations, 3 days after IVIG was unre
latedd to dilution (Figure 51). 
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Figur ee 51 In vivo  effect s of IVIG infusio n o n endogenou s immunoglobuli n level s in mice . 

IVIGG was given at a dose of 1.8 g per kg body weight (black dots). Control animals (open circles) received an equivalent volume 
off saline. The 6 panels show: the total IgG plasma concentration (in mg/ml), the endogenous levels of mouse lgG1, lgG2a, 
lgG3,, IgM and albumin (expressed as a percentage of the pre-infusion levels), respectively. The time scale is indicated below 
thee lower two panels. Data represent mean and SD, n=4. ** p < 0.01 and * p < 0.05 for difference IVIG and control group (t-
test). . 
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InIn vivo experiments in mice: effect of IVIG on plasma levels of infused mAb's. 

Too obtain an experimental model that mimics production of autoantibodies in vivo, we con
tinuouslyy infused a mixture of lgG1 and IgA mAbs in mice by means of an implanted osmotic pump. 
Wee choose mAbs without affinity for mouse antigens to avoid binding to epitopes in vivo, which could 
makee interpretation of the results difficult. An intravenous bolus dose (35 ul), followed by continuous 
infusionn of the mAbs at a rate of 0.24 I per hour, resulted after 3 days in steady state plasma concen
trationss for lgG1 and IgA of 1.2 % and 0.2 % of the concentration in the infusate, respectively. This 
differencee in relative concentration is compatible with the difference in plasma half-life, which is re
portedd to be much shorter for IgA. Figure 52 shows the effect of a single i.v. dose of 1.8 g/kg IVIG on 
thee plasma levels of the mAbs, 4 days after the start of the infusion. The plasma concentration of the 
lgG11 mAb decreased by about 40%, whereas, as expected, the concentration of the simultaneously 
infusedd IgA mAb remained unchanged. 

Timee (hours) 

Figur ee 52 In vivo  effect s in mic e of 
IVIGG infusio n on plasm a level s of 
monoclona ll  antibodie s that were 
continuousl yy  infuse d at a fixe d rate . 

AA mixture of a mouse monoclonal lgG1 
antibodyy to human C1-inhibitor (Rll) and 
aa mouse monoclonal IgA antibody to 
humann IL6 was continuously infused at a 
ratee of 0.25 ul/hr using an implanted 
osmoticc pump. Infusion was started 4 
dayss before IVIG administration, and at 
thee beginning of the infusion an intrave
nouss bolus dose of 35 ul per mouse was 
givenn to obtain a steady state plasma 
concentrationn more quickly. IVIG was 
givenn at a dose of 1.8 g per kg body 
weightt at time zero. The plasma concen
trationss of the monoclonal antibodies are 
expressedd as a percentage of their 
concentrationn in the infusate. Data 
representt mean and SD, n=6. ** p < 
0.011 compared with values at t = 0 
(pairedd t-test). 

ControlControl simulations 

Too check whether the method of calculation was accurate, we first simulated for mice and 
humanss the clearance of tracer doses of IgG at different endogenous IgG plasma concentrations 
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(rangingg from 1 to 60 mg/ml). Figure 53 shows the curves generated for humans. The t1/2 calculated 
fromm terminal parts of the double exponential curves ranged from about 50 days at an IgG concentra
tionn of 1 mg/ml to about 11 days at concentrations above 60 mg/ml, exactly as was expected from the 
relationn between FCR and IgG plasma concentration used in this model. Furthermore, the intercepts 
off the terminal parts of the curves with the y-axis (time 0) were at plasma concentrations between 40 
andd 50% of the initial value after administration, indicating the expected redistribution of 50 to 60% of 
thee dose into the interstitial space. For mice, the terminal parts of the double exponential curves (not 
shown)) also showed the expected t1/2, ranging from 7 days at an IgG concentration of 1 mg/ml to 1.8 
dayss at concentrations above 30 mg/ml. 
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Figur ee 53 Simulatio n of the clearanc e of intra -
venousl yy  injecte d trace r dose s of IgG at differ -
entt  IgG plasm a concentration s in humans . 

Thee simulation concerns the administration of IgG 
att t = 0, at a dose that did not increase the plasma 
IgGG concentration. The plasma concentration of 
tracerr IgG is expressed as a percentage of the 
concentrationn immediately after administration. 
Thee embedded table shows the basal IgG plasma 
concentrationss in mg/ml (IgG) used in the simula
tionss shown, and the half-lifes in days (ti«) of the 
tracerr IgG, calculated from the terminal parts of the 
generatedd curves. 

SimulationSimulation of the IVIG effect in mice 

Figuree 54 shows the simulated effect of intravenous administration of a single dose of IVIG on 
endogenouss immunoglobulin concentrations in mice. In this simulation the IgG production was set at 
500 mg/kg/day, giving a basal IgG plasma concentration of 4.2 mg/ml, which is a normal concentration 
forr laboratory mice 14. Administration of a single dose of 1.8 g/kg IVIG caused a rise in total IgG 
plasmaa concentration to 50 mg/ml, followed by a biphasic decline. The FCR increased more than two
foldd for several days, resulting in a gradual decrease of the endogenous IgG concentration over sev-
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erall days, reaching a minimum after 3 to 4 days at about 65% of control, which corresponds well to 
thee in vivo effects observed in mice. 

Ass expected, the magnitude of the effect of IVIG on endogenous IgG depends to some de
greee on the basal IgG concentration due to the fact that at higher basal concentrations the FCR is 
alreadyy closer to the maximum value. For example, in simulations with a basal level of 1 mg/ml (pro
ductionn rate 9 mg/kg/day) a dose of 1.8 g/kg induced a 40% decrease in endogenous IgG, whereas at 
100 mg/ml (production rate 190 mg/kg/day) the decrease was only 20%. 

SimulationSimulation of the IVIG effect in humans 

Figuree 55 shows the simulated effect of intravenous administration of 2 g/kg of IVIG to hu
manss on IgG plasma concentration, FCR and relative autoantibody levels. In this simulation, the val
uess for k1, k2 and FCR are adapted for humans. The basal IgG production was set at 17 mg/kg/day, 
givingg a basal IgG plasma concentration of 7 mg/ml. The autoantibody production is assumed to re
mainn unchanged by IVIG administration. Administration of two daily doses of 1 g/kg IVIG (upper panel) 
causedd a rise in plasma concentration to about 40 mg/ml, followed by a biphasic decline. The FCR 
showedd a sustained increase for several weeks, with initially doubling of the clearance rate. The 
autoantibodyy levels (endogenous IgG concentration) gradually decreased over several weeks, reach
ingg a minimum after 3 to 4 days at about 75% of the pre-infusion level. The effect had a duration of 
moree than 7 weeks. When the IVIG was simulated to be given as 5 daily doses of 0.4 g/kg (lower 
panel)) initial IgG concentrations were somewhat lower, but the magnitude of the effect on autoanti
bodyy levels was comparable. 
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Figur ee 54 Simulatio n of the effec t of IVIG infusio n (1.8 g per kg bod y weight ) in mic e on the tota l IgG (endogenou s plu s 
exogenous )) plasm a concentratio n (lowe r curve) , the FRC (percentag e of intravascula r poo l per day, fin e line ) and the 
endogenou ss IgG concentratio n (percentag e of control , uppe r bol d line) . 
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Figur ee 55 Simulatio n of the effec t of IVIG administratio n to human s on IgG autoantibod y level s in the plasma . 

Forr the upper panel the dose was 2 x 1 g/kg body weight on two consecutive days, for the lower panel 5 x 0.4 g/kg body weight 
onn 5 consecutive days. Upper bold lines represent autoantibody levels (% of control), middle lines the total IgG plasma concen
trationn (mg/ml) and the lower lines the Fractional clearance rates (% of the intravascular pool per day). 
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Discussio n n 
Inn the in vivo experiments in mice, we first studied the effect of IVIG administration on en

dogenouss immunoglobulin concentrations. We used human IVIG since it already had been observed 
byy other investigators that human IgG has in mice the same clearance characteristics as murine IgG. 
Afterr a single high dose of IVIG, we observed a gradually occuring reduction of 40% of endogenous 
lgG11 and lgG3, which could not be ascribed to plasma dilution after day 2. Only minimal changes 
weree observed in mouse lgG2a, which is in accordance with the findings of Israel et al. who investi
gatedd subclass differences in the concentration-dependency of clearance. To better mimic the condi
tionn of a patient producing autoantibodies, we next investigated the effect of IVIG on plasma levels of 
continuouslyy infused mAbs. We added an IgA mAb to the infusate as an internal control, since a study 
off Ghetie et al. showed that FcRn plays no protecting role in its clearance. These investigators ob
servedd that IgA has a similar half-life in both beta2-microglobulin knockout mice and wild type mice, 
i.e.,, 1 day, whereas the half-life of IgG was 0.8 days in beta2-microglobulin mice and 4 days in wild 
typee mice. In other words, the clearance rates of lgG1 and IgA are the same after complete elimina
tionn of FcRn function. In our experiments, the steady state plasma concentration of IgA was much 
lowerr than that of lgG1, which is in accordance with the reported difference in clearance rates. After a 
singlee high dose of IVIG, the lgG1 mAb levels showed a reduction of about 40%, whereas, as ex
pected,, the IgA levels were unaffected. 

Thee simulations for mice accurately predicted the time course and magnitude of observed in 
vivovivo effects, both regarding the endogenous IgG (Figure 51) and the infused lgG1 mAb (Figure 52), 
whichh supported the validity our computational model. It should be noted that in our in vivo experi
ments,, the plasma levels of endogenously produced IgG were reduced to the same extent as those of 
thee lgG1 mAb that was infused at a fixed rate. This supports the idea that there is no immunoregula-
toryy feedback on IgG synthesis and justifies the assumption in our pharmacokinetic model that IgG 
productionn is constant for an individual, independent of IgG concentration. A conspicuous finding was 
thee extended time course of the IgG reduction after a single dose of IVIG. Further analysis of our 
modell revealed that the critical element in this respect is the FCR/concentration relation, which was 
basedd on literature data from others. Other elements, like the rate of equilibration between plasma and 
interstitiall pool, had only minor influence on the simulated effects. The slow kinetics of the effect pre
ventss that steady state conditions are reached after a single IVIG dose and can explain why the effect 
iss smaller than might be intuitively expected. 

Becausee IgG autoantibodies are expected to have the same clearance behaviour as all other 
plasmaa IgG, our simulations also predict the effect of IVIG on the level of free circulating IgG autoanti
bodies.. We do not want to speculate about whether or not a 25% decrease in autoantibody level may 
havee pathophysiological significance and will limit the discussion to the question whether the mecha
nismm of accelerated clearance can explain the IVIG-induced reduction in autoantibody titers observed 
inn clinical patients. Therefore, we compared the predictions from our simulation with clinical data from 
patientt studies. Bain et al. performed a randomized, placebo-controlled crossover trial on IVIG therapy 
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inn nine patients with the Lambert-Eaton myasthenic syndrome. The patients received IVIG on two 
consecutivee days at a dose of 1 g/kg body weight per day or an equivalent volume of 0.3 % albumin. 
Theyy measured calcium-channel antibodies using an immunoprecipitation assay. Their observations 
closelyy correspond to the effects predicted by our model (see Figure 55): following IVIG infusion, total 
IgGG plasma concentrations increased from 7 to about 40 g/L, gradually decreasing towards normal 
valuess over a period of more than 6 weeks. During this period autoantibody levels gradually de
creasedd by about 30% after 3 weeks, remaining below pre-infusion levels for at least 8 weeks. No 
changess were observed after albumin administration. Notably, in vitro, using the same immunoassay, 
thee investigators found no evidence for anti-idiotype autoantibody neutralization by IVIG, ruling out the 
possibilityy that the lower autoantibody levels were due to neutralization of antibody activity by IVIG. 
Hence,, in these patients, the IVIG-induced decrease in autoantibody titers can fully be explained by 
acceleratedd IgG clearance as sole mechanism. Similar reductions in autoantibody levels have been 
describedd by Jayne et at. after high dose IVIG treatment of 8 patients with systemic vasculitis. They 
observedd a gradual reduction in ANCA by about 30% after 5 weeks, which lasted for at least 10 
weeks.. These authors suggest that this reduction is caused by suppression of ANCA production by 
ANCAA anti-idiotype antibodies in IVIG. However, our simulation reveals that a reduction of this magni
tudee can entirely be explained by enhanced catabolism. 

Sincee the effects on autoantibody levels in the above mentioned studies are completely cov
eredd by the effect of an accelerated clearance as predicted by our model, the question arises whether 
otherr proposed mechanisms of IVIG therapy may also play a role in decreasing autoantibody levels in 
patients.. On the one hand there are some observations suggesting that this may not be the case, on 
thee other hand there are several clinical reports on large and rapid changes in autoantibody levels that 
cannott be explained by accelerated clearance. For example, assuming other mechanisms of reduction 
inn antibody levels, like neutralization by anti-idiotypes or downregulation of production, one should 
expectt that IgM autoantibodies would also be reduced by IVIG therapy. Yet, Hammerström et ai. used 
ann autoimmunity model based on SCID mice reconstituted with peripheral blood lymphocytes from a 
patientt with primary biliary cirrhosis, which is associated with anti-M2 autoantibodies. In this model 
theyy observed that mice treated with repeated doses IVIG after reconstitution, showed markedly lower 
anti-M22 IgG plasma levels, whereas anti-M2 IgM levels were not influenced. Consistent herewith, 
Dalakass et al. observed in a selected series of eleven patients with demyelinating polyneuropathy 
associatedd with monoclonal IgM antibodies against myelin associated glycoprotein and sphingoglycol-
ipids,, neither an appreciable change in antibody titers, nor a clear clinical benefit after IVIG therapy. 

Inn contrast to the studies discussed above, there are also several clinical observations on 
rapidd reductions in antibody levels that favour a role of other mechanisms. Levy et al. studied in three 
patientss with systemic vasculitis the effect of IVIG on autoantibody levels before and after 5-day 
treatmentt courses 21. Unlike in the earlier mentioned study of Jayne et al., they observed rather er
raticc changes in anti-MPO and anti-PR3 levels: 5-fold increases or decreases, or no change at all 
withinn two-week intervals. Sultan et al. observed in two hemophilic patients a more than ten-fold re
ductionn in anti-Vlllc activity within 5 days after IVIG therapy 22. Because IVIG also inhibited anti-Vlllc 
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activityy in patient plasma in vitro, they found evidence that the effect of IVIG was based on the pres
encee of anti-idiotypic antibodies. In a prospective study on IVIG treatment of acquired factor VIII 
autoantibodies,, Schwartz et ai measured inhibitor titers in 8 of 16 assessable patients 23. In 6 pa
tientss the inhibitor completely disappeared after IVIG therapy, in 3 of them a strong decline already 
occurredd within 4 days. It should be noted that in these studies factor VIII inhibitor levels were meas
uredd using a functional assay (Bethesda units) of which the results are difficult to translate into free 
antibodyy concentrations. Nevertheless, the observed changes seem to be too rapid and too large to 
bee explained by accelerated clearance, which strongly suggests that IVIG may also reduce antibody 
levelss by other mechanisms. A rapid decrease in autoantibodies is compatible with direct neutraliza
tionn through binding to anti-idiotypic antibodies present in IVIG, after which they will escape detection 
inn an assay. A gradually occurring and long-lasting complete disappearance may point to a down-
regulationn of antibody production, for example by an effect on B-cells, which could possibly be ef
fectedd either by Fas-mediated induction of apoptosis 24, by interaction of anti-idiotypic antibodies 
presentt in IVIG with the inhibitory FCTRIlb-receptor 25 or in some way via upregulation of this inhibiting 
Fcc receptor on different cell types 26. Because the different proposed mechanisms for IVIG-induced 
reductionn of autoantibody levels do not seem to be mutually exclusive, we conclude that the FcRn 
saturationn will contribute as an independent mechanism in all cases of IgG autoantibodies. 

Inn conclusion, our study shows that IVIG therapy induces a relatively long-lasting, but modest 
reductionn of autoantibody levels by accelerated IgG clearance. This mechanism has clinical relevance 
inn the sense that it can explain, as sole mechanism, the gradual 20 to 40% decrease in autoantibody 
levelss observed in several patient studies. However, larger or more rapid effects that have been ob
servedd in some other clinical studies, can not be explained by accelerated clearance, suggesting that 
IVIGG can also reduce autoantibody levels via other mechanisms. 
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Summar yy and General discussio n 
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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Nederlandsee samenvatting 
OmOm ons te beschermen tegen potentiële ziekteverwekkers is ons lichaam voorzien van een 

immunologischh afweersysteem, waarbij een netwerk van gespecialiseerde organen, witte bloedcellen 
enn antistoffen voorkomt dat wij ziek worden. De immuunrespons begint met de herkenning van een 
antigeenn als iets lichaamsvreemd dat verwijderd moet worden. Vervolgens wordt het antigeen gepre
senteerdd aan specifieke cellen (B cellen), gevolgd door een proces waarbij antistoffen worden ge
vormdd en/of tot het ontstaan van cytotoxische lymfocyten. De ontstane antistoffen vormen de specifie
kee humorale immuniteit, de cytotoxische lymfocyten de specifieke cellulaire immuniteit. Antistoffen, 
ookk wel immunoglobulinen genoemd, bestaan uit twee onderdelen, een zogenaamd F(ab) deel dat 
specifiekk antigeen herkent en bindt, en een Fc-staart dat aan receptoren (Fcy-receptoren, FcyR) op 
wittee bloedcellen (leukocyten) kan binden. Verschillende cellen hebben dergelijke Fcy-receptoren op 
hunn celoppervlak, waaronder monocyten, macrofagen en neutrofielen. Binding aan deze receptoren 
zett en aantal afweer-reacties in gang, waaronder fagocytose en productie van ontstekings mediato
ren.. Er bestaan vijf verschillende klassen van antilichamen: IgG, IgA, IgE, IgM en IgD. Ongeveer 90% 
vann de antistoffen in het bloed zijn van de IgG klasse en IgG is daarmee het belangrijkste antilichaam 
bijj de humorale immuniteit. De receptoren die deze klasse antilichamen kunne binnen worden FcyR 
genoemdd en van dit type receptoren bestaan weer verschillende klassen, die elk een specifieke func
tiee hebben. 

Omm zoveel mogelijk antigenen te kunnen herkennen kan het afweersysteem ongeveer 2 mil
jardd verschillende antistoffen maken, leder individu komt met verschillende micro-organismen in con
tactt het repertoire aan verschillende antistoffen is dan ook bij geen mens gelijk. Van dit verschil wordt 
gebruikk gemaakt bij de bereiding van immunoglobuline preparaten waarbij alle antistoffen van onge
veerr 1000 donoren worden gezuiverd en gepoold. Deze immunoglobuline preparaten, met zeer brede 
specificiteit,, werden ruim dertig jaar geleden werd voor het eerst klinische toegepast voor de behande
lingg van immuundeficienties. De preparaten werden aanvankelijk uitsluitend intramusculair toege
diend,, omdat na intraveneuze toediening zeer frequent ernstige bijwerkingen optraden, welke berust
tenn op aanwezigheid van IgG aggregaten. IgG aggregaten zijn in staat het complement systeem te 
activerenn wat resulteert in ernstige anafylactische reacties. Eind jaren '70 werd een preparaat ontwik
keldd dat intraveneus kon worden toegediend, het volledige spectrum van IgG activiteiten omvatte en 
eenn minimum van bijwerkingen veroorzaakten. In 1980 toonden Imbach et a/aan dat toediening van 
hogee doses IVIG aan immunodeficiente patiënten, met een zeer laag aantal circulerende bloed-
plaatjess (idiopatische trombocytopenic purpura (ITP)), leidde tot een stijging van het aantal circuleren
dee bloedplaatjes. Sindsdien worden intraveneuze immunoglobuline (IVIG) preparaten succesvol ge
bruiktt in verschillende aandoeningen met immunopathologische achtergrond waaronder immunodefi-
cientiess en autoimmuunziekten. De werking van IVIG bij immuundeficienties is onomstreden en ge
makkelijkk te begrijpen; immers men dient datgene toe waar betreffende patiënten te kort aan hebben. 
Hett immuun modulerend effect van IVIG bij auto-immuunziekten, zoals ITP, is minder goed te begrij-
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penn en het werkingsmechanisme is dan ook nog grotendeels onduidelijk. Een aantal hypotheses zijn 
geformuleerdd waaronder blokkade van cellulaire Fcr^ receptoren op fagocyten, interactie met autoanti
stoffenn door een anti-idiotype effect, effect op cytokinen en cytokinen antagonisten, interactie met 
superantigenenn en lymfocyten activatie, of remming van complement activatie. 

Tott op heden is er geen goed bewijs voor deze mechanismen en nog steeds worden er ande
ree werkingsmechanisme van IVIG voorgesteld. Door gebruik te maken van in vitro volbloed kweken en 
experimentelee diermodellen hebben wij de interactie van IVIG met Fey-receptoren op verschillende 
celtypess verder bestudeerd om het biologisch effect van IVIG beter te begrijpen. 

ActivatieActivatie van neutrofielen in vitro 
Eénn van de biologische werkingsmechanismen die het klinisch effect van IVIG kan verklaren 

iss blokkade van Fcy-receptoren op mononucleaire fagocyten. Mononucleate fagocyten zijn niet de 
enigee cellen die Fcy-receptoren tot expressie brengen; andere cellen, zoals neutrofiele granulocytes 
hebbenn ook Fcy-receptoren op hun celoppervlak en interactie van deze cellen met IVIG kunnen ook 
leidenn tot biologische effecten. Neutrofielen brengen normaal gesproken 2 verschillende Fcy-
receptorenn tot expressie, FcyRIla en FcyRIIIb, die alleen immuun-complexen, bestaande uit meer dan 
éénn igG molecuul, kunnen binden. Wanneer een dergelijk IgG immuun-complex aan de receptor 
bindt,, zal deze receptor getriggered worden wat leidt tot activatie van de neutrofiel en uiteindelijk de-
granulatie,, waarbij de toxische bestanddelen van deze cel worden uitgescheiden. Om te bestuderen 
off IVIG inderdaad interactie aan gaat met neutrofielen hebben wij een in vitro systeem ontwikkeld, 
waarinn neutrofielen, hetzij gezuiverd of in hun natuurlijke omgeving (volbloed) werden geincubeerd 
mett IVIG. Vervolgens werd gekeken of de cellen waren geactiveerd en gedegranuleerd (hoofdstuk  2 
enen  3). Alle IVIG preparaten die wij getest hebben induceerde degranulatie van neutrofielen na incuba
tiee van 2 uur waarbij therapeutisch relevante concentraties werden gebruikt 

{hoofdstuk{hoofdstuk  2). Het mechanisme achter dit effect werd bestudeerd door gebruik te maken van 
blokkerendee antistoffen tegen FcyR en uit deze experimenten bleek dat de degranulatie vooral afhan
kelijkk was van triggering van FcyRIla, terwijl FcyRIIIb geen rol speelde. Dit laatste werd nogmaals 
bewezenn door het effect van IVIG te bestuderen in het bloed van een FcyRIII-deficiente donor, d.w.z 
eenn persoon die geen, of niet functioneel FcryRIII tot expressie brengt. De neutrofielen van deze donor 
leiddee net als bij gezonde donoren tot degranulatie van neutrofielen, wat bevestigt dat FcyRIla ver
antwoordelijkk is voor het effect van IVIG. Zowel experimenten met gezuiverde neutrofielen als bin-
dings-experimentenn toonden aan dat neutrofiel degranulatie het resultaat is van een directe interactie 
vann IVIG met neutrofielen. Verder vonden wij dat het polymeer IgG en dimeer IgG dat aanwezig is in 
IVIGG preparaten verantwoordelijk zijn voor de degranulatie. 

Neutrofielee granulocyten vormen de grootste groep leukocyten in het bloed en hebben van al
lee leukocyten de kortste levensduur. Al binnen 70 uur zijn alle neutrofielen vervangen door nieuwe 
cellenn afkomstig uit het beenmerg. Neutrofiele granulocyten bevatten vele blaasjes (granules) die vol 
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zittenn met toxische stoffen om micro-organisme, zoals bacteriën te doden en af te breken. Om te 
voorkomenn dat deze toxische bestanddelen in de bloedstroom terechtkomen zullen de cellen via een 
zogenaamdee zelfmoordprocedure (apoptose) dood gaan, waarbij de celmembraan intact blijft en in 
zijnn geheel door macrofagen wordt opgeruimd. Verschillende inflammatoire mediatoren kunnen dit 
apoptose-process remmen, waardoor de levensduur, en daarmee de functie, van neutrofielen wordt 
verlengd.. Het is bekend dat vele van deze inflammatoire mediatoren neutrofielen kunnen activeren en 
omm deze reden hebben wij in een vervolgstudie gekeken of IVIG, naast activatie van neutrofielen, ook 
eenn effect op de levensduur van deze cellen heeft (hoofdstuk  3). In tegenstelling tot de directe effec
tenn van IVIG op neutrofielen na 2 uur, had IVIG geen effect op neutrofiel apoptose van gezuiverde 
cellen. . 

Echter,, IVIG had wel effect op neutrofiel apoptose wanneer volbloed werd gebruikt. Een ver
klaringg hiervoor is dat IVIG een indirect effect op neutrofielen, hoogstwaarschijnlijk veroorzaakt door 
activatiee en cytokine release van mononucleaire cellen aanwezig in volbloed. De neutrofielen vertoon
denn verschillende activatie marker op hun celoppervlak en de expressie van FcyRI was verhoogd na 
incubatiee met IVIG, wat suggereert dat remming van neutrofiel apoptose optrad als gevolg van cel 
activatie.. Bepaling van cytokinen in het kweekmedium suggereerde dat uitscheiding van interferon-y 
(IFN-y)) uit mononucleaire cellen verantwoordelijk was voor de verhoogde expressie van FcyRI op 
neutrofielen.. Samenvattend, neutrofiele granulocyten raken geactiveerd door IVIG via directe interac
tiee met Fcy-receptoren, of indirect via inflammatoire mediatoren afkomstig van mononucleaire cellen. 

ActivatieActivatie  van fagocyten  via  Fcy-receptoren  in  vivo 

Inn eerder uitgevoerd onderzoek zagen wij dat intraveneus toedienen van een intramusculair 
immunoglobulinee preparaat (IMIG) aan ratten, leidde tot een langdurende bloeddrukdaling, welke 
geassocieerdd was met de aanwezigheid van IgG polymeren en dimeren. Dit effect was niet gerela
teerdd met complement activatie, maar was gemedieerd door productie van een vasoactieve stof (pla
telet-activatingg factor (PAF)) door macrofagen. Om inzicht te krijgen of toediening van IVIG preparaten 
aann ratten ook dergelijke effecten kunnen veroorzaken, hebben we het vasoactieve effect van 16 in
traveneuss immunoglobuline (IVIG) producten van 10 verschillende fabrikanten in een ratten model 
bestudeerdd (Hoofdstuk  4). Het effect van IVIG varieerde van geen hypotensieve effecten (< 15% 
daling),, tot relatief sterke effecten (15-50% daling) en een correlatie werd gevonden tussen het IgG 
dimerenn gehalte van de preparaten en de sterke van het hypotensieve effect. De hypotensieve reactie 
vann IVIG toediening kom compleet voorkómen worden door de ratten voor te behandelen met recom
binantt PAF acetylhydrolase (rPAF-AH), een remmer van PAF productie. PAF productie werd ook 
waargenomenn nadat humane neutrofielen waren geincubeerd met IVIG in vitro, welke kon worden 
geblokkeerdd door anti-FcyR antilichamen. De biologische activiteit van IgG dimeren werd verder aan
getoondd door gebruik te maken van twee verschillende IVIG preparaten die alleen in IgG dimeer ge
haltee verschilden. Door het gevriesdroogde IVIG preparaat op te lossen en een aantal maanden te 
bewarenn bij  ontstond een relatief hoog gehalte aan IgG dimeren. Toediening van een zogenaamd 

182 2 



"verouderd"" IVIG preparaat (10-15% IgG dimers) resulteerde in een langdurende bloeddrukdaling, 
terwijll hetzelfde preparaat zonder IgG dimeren ("vers" IVIG; <2% dimers) geen effect op de bloeddruk 
liett zien. Omdat polymeren en dimeren in de IVIG preparaten verantwoordelijk waren voor de activatie 
vann neutrofielen in vitro, hebben we deze twee verschillende IVIG preparaten gebruikt om het effect 
vann IVIG, en met name het effect van IgG dimeren, op neutrofiel activatie in vivo te bestuderen 
(hoofdstuk(hoofdstuk  5). Intraveneuze toediening van verouderd IVIG induceerde een daling in het aantal circu
lerendee neutrofielen, die werd gevolgd door een sterke toename in het aantal circulerend neutrofielen 
(granulocytose),, met een piekwaarde na 2 uur. In het algemeen zullen geactiveerde neutrofielen aan 
dee binnenwand (endotheel) van de bloedbaan hechten om vervolgens via deze endotheellaag uit de 
bloedbaann te treden. In veel gevallen zullen de cellen vastlopen in de zeer nauwe bloedvaten van de 
longen.. Histologisch onderzoek van longweefsel toonde aan dat een milde influx van neutrofielen was 
opgetredenn na toediening van IVIG, al moet gezegd worden dat er geen grote schade te zien was. 

Eenn belangrijke rol van macrofagen werd vervolgens aangetoond in ratten waarbij macrofa-
genn waren gedepleteerd; deze ratten vertoonde geen activatie van neutrofielen na toediening van 
IVIG.. Deze experimenten lieten zien dat neutrofielen geactiveerd worden door IVIG via een indirect, 
macrofaag-afhankelijkk mechanisme. Deze conclusie wordt ondersteund door de observatie dat een 
tweedee dosis verouderd IVIG niet opnieuw een daling in het aantal circulerende neutrofielen veroor
zaakt,, wat suggereert dat directe activatie niet optreedt. Welke mediatoren, uitgescheiden door 
macrofagen,, betrokken zijn bij dit proces is nog niet duidelijk; potentiële mediatoren zoals TNF-a and 
PAFF speelden geen rol in ons model. Complement activatie en subsequente vorming van C5a kunnen 
mogelijkk de granulocytose verklaren, alhoewel dit waarschijnlijk geen grote rol zal zijn gezien de rol 
vann macrofagen. Om de klinische betekenis van onze bevindingen te onderzoeken werd het prepa
raat,, net als bij patiënten, ook als continu infuus gegeven, over een periode van 1 uur.Continu infun-
derenn van verouderd IVIG liet zien dat de effecten op neutrofielen in vivo werden veroorzaakt door 
IgGG dimeren en niet door de snelle, bolus toediening zelf. 

IVIGG induceert zowel milde activatie van neutrofielen als een vasoactief effect in vivo, beide 
veroorzaaktt door triggering van macrofagen en afhankelijk van de hoeveelheid IgG dimeren in het 
IVIGG preparaat. Deze IgG dimeren zijn in aanzienlijke hoeveelheden aanwezig in sommige commerci
eell verkrijgbare IVIG preparaten die worden gebruikt om patiënten mee te behandelen. Wij suggere
renn dan ook dat IVIG preparaten met een hoog gehalte aan IgG dimeren niet altijd zo onschuldig zijn 
alss algemeen wordt aangenomen en dat deze preparaten verantwoordelijk zijn voor sommige bijwer
kingenn die optreden tijdens IVIG infusie. Onze bevindingen, beschreven in hoofdstuk  4 en 5 onder
steunenn de hypothese dat klinische bijwerkingen veroorzaakt worden door macrofaag- en neutrofiel 
activatiee via interactie van IgG dimeren met Fc?R. 

Toedieningg van IVIG is de "eerste keus" behandeling voor primaire immunodeficienties geas
socieerdd met hypoVagammaglobulinemie. Neutrofiel activatie zal in het algemeen mild zijn en goed 
getolereerdd door de meeste patiënten, maar het kan serieuze consequenties hebben in patiënten met 
eenn geactiveerde immuunstatus (infectie) een daardoor al geactiveerde neutrofielen in hun circulatie 
kunnenn hebben. Een belangrijke vraag is dan ook of neutrofiel activatie optreedt in deze patiënten en 
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indienn dit het geval is of deze neutrofiel activatie gerelateerd is met de ontwikkeling van klinische bij
werkingen.. Om deze vraag te kunnen beantwoorden hebben wij immunodeficiente patiënten die be
handeldd werden met IVIG geëvalueerd voor neutrofiel degranulatie, complement activatie en release 
vann cytokinen (hoofdstuk  6) In een aantal patiënten waren zowel plasma gehalten van neutrofiel 
degranulatiee mediatoren (elastase and lactoferrin) als proinflammatoire cytokines (vooral TNF-cc and 
IL-100 en IL-8) verhoogd na toediening van IVIG. De kinetiek van het vrijkomen van deze inflammatoire 
mediatorenn en de perifere leukocyten aantallen suggereerden dat het effect van neutrofiel activatie 
waarschijnlijkk indirect optreedt, mogelijk door activatie van mononucleaire cellen. Patiënten die klini
schee bijwerkingen ontwikkelden bij vorige IVIG infusies en patiënten met een geactiveerde immuunst-
atuss bij de start van de behandeling, toonden een meer uitgesproken effect op cytokine release en 
neutrofiell activatie. Plasma gehalten van complement activatie producten (C3b/c and C4b/c) waren 
verhoogdd na toedienen van IVIG, maar er was geen relatie tussen bijwerkingen en verhoogde plasma 
gehaltenn van complement activatie producten. In tegenstelling tot het algemene idee dat bijwerkingen 
voorall veroorzaakt worden door complement activatie, vanwege IgG aggregaten in IVIG preparaten, 
latenn deze resultaten zien dat bijwerkingen deels door neutrofiel activatie kunnen worden verklaard. 

Inn deze studie waren patiënten opgenomen die in het verleden bijwerkingen kregen en patiën
tenn die nooit bijwerkingen hadden gekregen na toediening van IVIG. In deze twee groepen werd een 
opmerkelijkk verschil in expressie van FcyRIl op neutrofielen waargenomen; patiënten die nooit bijwer
kingenn hadden ontwikkeld vertoonden een significant verhoogde expressie van FcyRIl in vergelijking 
mett patiënten die wel bijwerkingen ontwikkelden en gezonde vrijwilligers (hoofdstuk  7). Een mogelij
kee verklaring is dat de patiënten zonder bijwerkingen een verhoogde expressie van FcyRIIB vertonen. 
FcyRIIBB bevat een zogenaamd immunobased tyrosine inhibition motif (ITIM), terwijl FcyRHA een im-
munobasedd tyrosine activation motif (ITAM) bevat. Wanneer beide receptoren getriggerd worden vindt 
inn tegenstelling tot activatie van de cel, juist een remming van verschillende inflammatoire responsen 
plaats.. Remming van fagocyten via Fcy-receptoren in vivo 

Fcy-receptorenn spelen een belangrijke rol bij IgG gemedieerde ontstekingsreacties; deze ont
stekingsreactiess reacties, zijn dan ook afwezig in Fcy-receptor deficiënte muizen. Het is bekend dat 
polymeerr IgG en immuun-complexen kunnen interferen op zowel het niveau van FcyR expressie als 
opp FcyR-medieerde functies, zoals bijvoorbeeld fagocytose. Verder is bekend dat IgG aggregaten en 
IgGG dimeren efficiënter binden aan laag-affiniteits Fcy-receptoren die een belangrijke rol spelen bij 
fagocytose,, in vergelijking tot IgG monomers. Om de rol van IVIG (in het bijzonder het effect van IgG 
dimeren)) bij IgG gemedieerde ontstekingsreacties te kunnen bestuderen hebben we twee experimen
telee diermodellen ontwikkeld. Ten eerste een muizen model voor idiopatische thrombocytopenische 
purpuraa (ITP; type II hypersensiviteit) en ten tweede een ratten model voor anafylactische shock (type 
IIII hypersensiviteit) 

ITPP is een autoimmuunziekte die gekenmerkt wordt door aanwezigheid van autoantistoffen 
gerichtt tegen bloedplaatjes (thrombocyten) die kunnen binden aan trombocyten en zo een immuun-
complexx vormen. Fagocyten van het reticuloendotheliale system (RES) zullen deze met antistof -
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beladenn cellen binden via interactie met Fcr^receptoren en vervolgens fagocyteren, met als gevolg 
eenn sterk verlaagd aantal circulerende thrombocytes Fc^receptoren spelen dus een belangrijke rol 
bijj deze antilichaam-gemedieerde klaring en vele studies hebben bewijs geleverd het aantal circule
rendee trombocyten verhoogd kan worden door (non)specifieke blokkade van Fc^receptoren op fago-
cyten.. Behandeling van ITP met IVIG leidt tot een snelle, tijdelijke verhoging van het aantal circule
rendee trombocyten in de meeste patiënten. IVIG preparaten bevatten variabele gehalten aan mono
meren,, dimeren and kleine hoeveelheden geaggregeerd IgG, en het is niet bekend welke van deze 
fractiess de werkelijke "actieve" component is, waardoor standaardisatie van preparaten voor behande
lingg van ITP moeilijk is. 

Inn twee experimentele modellen voor ITP laten wij zien dat het therapeutische effect van IVIG 
gerelateerdd is met het IgG dimeer gehalte van deze preparaten (hoofdstuk  ö). Injectie van een mo-
noklonalee antistof (mAb) gericht tegen muizen trombocyten resulteerde in een verhoogde klaring van 
trombocyten.. Experimenten met een mAb gericht tegen muizen Fcy receptoren en experimenten met 
Fee receptor deficiënte muizen wezen uit dat vooral FcyRIII een belangrijke rol speelt bij de klaring van 
antistof-beladenn trombocyten, wat sterk overeenkomt met humane ITP. Na continue infunderen van 
dee mAb tegen muizen trombocyten werd een steady-state bereikt waarbij nog 25% van de trombocy
tenn in de bloedbaan circuleerden. Deze verlaging in aantal circulerende trombocyten werd niet waar
genomenn in FcyR-deficiente muizen. Het verlaagde aantal circulerende thrombocyten kon alleen op
gehevenn worden door toediening van een verouderd IVIG preparaat, welke aanzienlijke hoeveelheden 
aann IgG dimeren bevat. Een IVIG preparaat zonder dimeren had nauwelijks effect. Deze data sugge
rerenn dat IgG dimeren niet alleen bijwerkingen kunnen geven, maar ook bijdragen aan het therapeu
tischh effect van IVIG. 

Naastt het effect van IVIG in een experimenteel model voor ITP hebben we ook het effect van 
IVIGG in een tweede experimenteel model bestudeerd {hoofdstuk  ff), waarbij ratten werden blootge
steldd aan intraveneus toedienen van immuun-complexen (OVA-anti-OVA). Systemische anafylacti-
schee responsen tegen deze immuun complexen waren gedeeltelijk gemedieerd door PAF-release, 
waarschijnlijkk afkomstig van macrofagen. Voorbehandeling van de ratten met een verouderd IVIG 
preparaatt kon de door immuun complex-geinduceerde hypotensieve reactie remmen, terwijl een pre
paraatt zonder dimeren geen effect had. Het hypotensieve effect kon wel geremd worden wanneer 
IVIGG zonder dimeren in een hogere dosis werd toegediend werd, zonder macrofaag activatie door het 
preparaatt zelf. Zowel dimeer IgG als monomeer IgG konden de binding van OVA-anti-OVA immuun 
complexenn in vitro aan humane neutrofielen remmen, wat suggereert dat voorbehandeling met IVIG 
resulteertt in Fcy-receptor down modulatie. Echter, de klaring van deze immuuncomplexen in vivo was 
niett veranderd na voorbehandeling met IVIG. Deze resultaten laten zien dat IVIG Fe -receptor-
afhankelijkee responsen veroorzaakt door immuun complexen kan moduleren. Dit effect is vooral ge
medieerdd door IgG dimeren, maar deze dimeren zijn ook in staat Fcy-receptoren te triggeren, wat leidt 
tott niet-gewenste vasoactieve effecten. Voorbehandeling met IgG monomeren, toegediend in een 
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hogee dosis, resulteert in dezelfde effecten als voorbehandeling met een preparaat met dimeren, zon
derr dat deze macrofagen stimuleren via Fcy-receptoren. 

Wijj suggereren dat therapeutische effecten van verschillende IVIG preparaten die gebruikt 
wordenn om ITP te behandelen en in mindere mate ook andere immuun-complex gemedieerde ziekten, 
afhankelijkk zijn van de aanwezigheid van IgG dimeren, waarbij IVIG preparaten met een relatief hoog 
gehaltee aan IgG dimeren een beter therapeutisch effect zullen hebben. Deze preparaten kunnen ech
terr ook sterkere bijwerkingen geven, wat hoogstwaarschijnlijk ook gerelateerd is met de aanwezigheid 
vann dimeren, via activatie van macrofagen en neutrofielen. 

VersneldeVersnelde klaring van auto-antilichamen 

Err is gesuggereerd dat het gunstige effect van IVIG in antilichaam-gemedieerde auto-
immuunee ziekten is gebaseerd op een versnelde klaring van autoantilichamen. De ontdekking van 
FcRnn als beschermende receptor heeft geleidt tot de hypothese dat het effect van een hoge dosis 
IVIGG is gebaseerd op verzadiging van FcRn, wat resulteert in een versneld katabolisme van IgG, in
clusieff autoantistoffen. Met behulp van een computer simulatie hebben wij de tijdsduur en sterkte van 
dalingg in autoantistof titers door IVIG nader bestudeerd (hoofdstuk  10), om beter inzicht te kunnen 
krijgenn of een dergelijk mechanisme klinische relevatie heeft bij de behandeling van autoimmuun ziek
tenn met IVIG. Door onze resultaten te vergelijken met die verkregen uit klinische studies, kunnen we 
concluderenn dat dit mechanisme sommige, maar lang niet alle, klinische observaties kan verklaren. 
Onss model voorspelt een geleidelijke daling van autoantistof titers na behandeling van IVIG, met een 
maximalee reductie van 25% na 3 tot 4 weken, terwijl in sommige klinische studies een veel sterker en 
snellerr effect op auto-antistof titer wordt waargenomen. Deze data suggereren dat IVIG behandeling 
ookk via een ander mechanisme dan versnelde klaring kan leiden tot verlaging van auto-antistof titers, 
zoalss down-regulatie van antistof productie of neutralisatie door anti-idiotypische antistoffen. Een ge
leidelijkee en langdurend volledige verdwijning van autoantistoffen wijst op een down-regulatie of antili
chaamm productie, door bijvoorbeeld een effect op B cellen. Het is mogelijk dat IgG dimeren hier een 
roll in spelen omdat wij hebben laten zien dat IgG dimeren binden aan FcyRIla op neutrofielen. B cel
lenn brengen FcyRIIB tot expressie welke dezelfde affiniteit voor dimeren heeft in vergelijking met 
FcyRIla.. Zoals eerder beschreven leidt cross-linking van deze receptor tot down-modulatie van in-
flammatoiree responsen, inclusief de vorming van antilichaam productie door B cellen. Verder onder
zoekk zal moeten uitwijzen of IgG dimeren in IVIG inderdaad een dergelijk immuun modulerend effect 
opp B cellen heeft. 

Conclusie s s 

Inn dit proefschrift worden een aantal relevante bevindingen beschreven die bijdragen aan het 
begrijpenn van de biologische werkingsmechanismen van IVIG. Zo beschrijven wij dat sommige com
mercieell verkrijgbare IVIG preparaten aanzienlijke hoeveelheden IgG dimeren bevatten. Deze dime-
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renn veroorzaken activatie van neutrofielen en macrofagen en in een verhoogde uitscheiding van proin-
flammatoiree mediatoren, die alle relevant kunnen zijn bij het ontwikkelen van klinische bijwerkingen. 
Wijj vonden inderdaad een correlatie tussen de aanwezigheid van IgG dimeren met hypotensieve ef
fectenn en neutrofiel activatie. Dus, IgG dimeren zijn niet zo onschuldig als algemeen wordt aangeno
men.. Aan de andere kant vonden wij dat het therapeutisch effect van IVIG preparaten, die gebruikt 
werdenn bij de behandeling van experimentele ITP afhankelijk was van de aanwezigheid van IgG dime
ren;; preparaten met een hoog gehalte aan IgG dimeren hadden een beter therapeutisch effect. Deze 
resultatenn suggereren dat de behandeling van sommige immuun gemedieerde ziekten verbeterd kan 
wordenn door gebruik te maken van IVIG preparaten met een hoog IgG dimeer gehalte. 
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Nawoor d d 
Hett laatste en waarschijnlijk meest gelezen stuk... 
Hett boekje is klaar en daarmee sluit ik ook een erg leuke periode af. Dit dankwoord is dan ook een 
afscheidd van velen die mij de afgelopen jaren hebben geholpen, gemotiveerd en begeleid hebben. 
Hartelijkk dank allemaal!! 

Inn het bijzonder wil ik Erik  bedanken voor zijn onmisbare rol bij het tot stand komen van dit 
proefschrift.proefschrift. Beste Erik, door jouw brede kennis van zaken en bron van nieuwe ideeën ben ik altijd op 
hett juiste wetenschappelijke pad gebleven. Altijd bereid om snel manuscripten te corrigeren hetzij via 
eenn hard-copy of later per e-mail. Ik heb enorm veel van je geleerd en hoop dat ik in de toekomst nog 
eenss om je wijze raad kan vragen. 
Wim,Wim,  zonder jou was mijn onderzoek waarschijnlijk een heel andere richting opgegaan. Dit 
proefschriftt is mede door al jouw hulp, zowel theoretisch als praktisch, ontstaan. Ook onze uitstapjes 
warenn altijd een succes: het uitbreiden van ons netwerk, muizen halen met de muizen-express of 
gewoonn fantaseren over onze proeven. Ik ben blij dat ik met je samengewerkt heb en hoop dat nog 
langg te doen. Taco,  ergens halverwege ingevallen. Dank voor al je suggesties, kritische blik op mijn 
manuscriptenn en het bijbrengen van de "etiquette van het wetenschappelijk schrijven". Ineke,  ooit ben 
jee begonnen aan een IVIG-project, maar al snel was je in de ban van C1-esterase remmer. Hierdoor 
hebbenn we nooit veel proeven samen gedaan, maar gelukkig kon ik wel altijd op je terugvallen als ik 
hett even niet meer wist. Kamer delen tijdens een congres, niet slapen omdat we veel te veel te 
besprekenn hadden, een AlO-weekend organiseren of gewoon even bijkletsen na het weekend. 
Gelukkigg wil je mijn paranimf zijn. Onze strijd tussen Fc-receptoren en het complement systeem 
hebbenn we nooit echt goed uitgevochten en er staat ook nog steeds een refereeravond op de rol. 
Kortomm genoeg reden om nog lang contact te houden. Gemma,  van jou heb ik geleerd dat het werken 
mett proefdieren heel leuk kan zijn. Je was altijd bereid om snel een proef tussendoor te doen zonder 
dee nauwkeurigheid te verliezen. Zonder jou zou dit proefschrift er heel anders uit gezien hebben. Ik 
benn blij dat je mijn paranimf wilt zijn. Theo,  de muizenspecialist, vooral het laatste jaar was je 
onmisbaar.. Dank je voor je flexibele en snelle manier van proeven doen 
Jacques,Jacques,  van jou leerde ik coupes snijden met het oudste apparaat van het CLB. Snufje borax hier, 
snuifjee hematoxyline daar en kijken maar. Gelukkig kon jij mij het verschil tussen mestcellen, 
macrofagenn en neutrofielen laten zien, zodat al die longen op de juiste manier weren beoordeeld. Ik 
wenss je alle goeds voor de toekomst. Aran,  tegelijkertijd begonnen, maar geen wetenschappelijke 
raakvlakkenn (of toch wel??) Ik vind het heel jammer dat je niet bij mijn promotie bent, maar wens je 
allee succes bij Scrips. Tot gauw!! Anke  en Gerard,  vanaf dag 1 waren jullie bij mijn project betrokken, 
somss direct, soms indirect. Gelukkig zijn jullie erg goed in stapels ELISA's wegwerken, want met 
vlagenn had ik jullie hulp hard nodig. Els , volbloedkweken, en wat heb ik veel bloed gekweekt de 
afgelopenn jaren. Lucien,  eigenlijk ben ik via op het CLB terechtgekomen. Alhoewel je nooit direct bij 
mijnmijn onderzoek betrokken was, kon ik toch altijd bij je terecht met een moeilijk immunologisch 
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vraagstuk.. Mas ja, ook jou wil ik bedanken voor al je wijze raad over Fe receptoren. De polymorfismen 
zijnn toch altijd een beetje blijven liggen. Cees Kallenberg, Jos  van der Meer en Taco  Kuijpers, dankzij 
julliee hulp kon ik mij in het laatste half jaar toch nog aan kleine patiënten-studie wagen. Jan  van de 
Winkel,, dankzij jouw interesse en motiverende woorden kon ik na een Fc-receptor-meeting bijna niet 
wachtenn om het experiment uit te voeren. 
Angela,Angela,  Mieke,  Donna,  Atoosa,  Niubel,  Yvonne,  Merel,  Hans,  Han, Bas,  Sacha,  Irma,  Rishi, 
Leonie,Leonie,  Margreet,  Piet,  Robert,  Henk,  Hannie,  Bouke,  Annemarie,  Thea, Silvy,  Caroline,  Andrea: 
dankk jullie voor een enorm gezellige tijd op het CLB. Wen en Faat, ik zal jullie niet vergeten, dank 
voorr het faxen, afspraken maken en weer verzetten en een lekkere plek om even tot bezinning te 
komen n 
Mascha,Mascha,  dank je voor al je hulp bij het ontwerpen van de kaft. Als laatste natuurlijk Adri,  Ria en Bart. 
Altijdd interesse en support. Adri,  zonder jou was het nooit gelukt, een hele dikke zoen!! 
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