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Chapterr 1 



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 
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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). 
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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 
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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-

16 6 



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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