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Acceleratedd autoantibody clearance by intravenous immu-
noglobulinn therapy. Studies in experimental models to deter-
minee the magnitude and time course of the effect. 

WimWim K. Bleeker1, Jessica L Teeling1 and C. Erik Hack1'2 

1CLBB and Laboratory of Experimental and Clinical Immunology, Academic Medical Center, University of Amsterdam, 
departmentt of Clinical Chemistry, Academical Hospital "Vrije Universiteit", Amsterdam, The Netherlands. 

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. 
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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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Figuree 54 Simulation of the effect of IVIG infusion (1.8 g per kg body weight) in mice on the total IgG (endogenous plus 
exogenous)) plasma concentration (lower curve), the FRC (percentage of intravascular pool per day, fine line) and the 
endogenouss IgG concentration (percentage of control, upper bold line). 
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Figuree 55 Simulation of the effect of IVIG administration to humans on IgG autoantibody levels 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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Discussion 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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