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Intravenouss immunoglobulin preparations induce mild activation 
off neutrophils in vivo via triggering of macrophages. Studies in 
aa rat model. 
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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 
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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. . 

human n rat t 

L-selectin L-selectin 

IVIG G 

L-selectin L-selectin 
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10 '' 10* 1 0 ' 10* 
FL1 1 

I V I G G 

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. 

85 5 

10.0 0 
«to o 

-oo 7.5 
o o 
o o 

ff 5.0 
.E E 

2.5 5 

0.0 0 

— ii 1 1 — 

1200 180 240 60 0 300 0 



"ST T 
O ) ) 

CO O 

o o 
O S S 
o^ ^ 

n n 

25n n 

0--

-25--

-50--

-75--

| T T s s 
7? 7? ** * 

-- _ 

XX 1 
99 m W.W. v 

** * 
** * 

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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