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Abstract

Fc-receptor-mediated clearance and nonspecific phagocytic
clearance were assessed after the infusion of monomeric human
IgG, heat-aggregated human IgG, and a monoclonal anti-mouse
macrophage FcII receptor antibody (2.4G2) into normal mice.
Each agent blocked Fc-receptor function in vivo, but 2.4G2 was
much more potent per microgram than the other agents. Mo-
nomeric IgG in blocking doses did not affect other aspects of
immune function. In contrast, aggregated IgG, and to a lesser
extent, 2.4G2 reduced serum complement levels. In addition,
these agents also caused moderate reductions in nonspecific
phagocytic function. Monoclonal anti-mouse macrophage C3bi
receptor antibody (Mac-i), another monoclonal antibody which
binds to macrophage CR3 receptors without interfering with Fc-
receptor function, also reduced serum complement and inhibited
nonspecific phagocytic function. Complement depletion alone
(produced by infusion of cobra venom factor) could not account
for the observed changes in Fc receptor or nonspecific phagocytic
function. Weconclude that both monomeric IgG and anti-Fc-
receptor antibodies can markedly inhibit Fc-receptor function in
vivo; however, the pattern of physiologic changes produced by
these agents differs.

Introduction

In patients with autoimmune blood disorders, such as immune
thrombocytopenia (ITP)' and neonatal granulocytopenia, IgG
Fc receptor-bearing leukocytes within the mononuclear phago-
cyte system (MPS) sequester and destroy blood cells coated with
IgG autoantibodies. Normal monomeric human IgG (IGIV)
prepared for intravenous infusion can suppress thrombocyto-
penia and granulocytopenia in these disorders (1-5). Though
IGIV also may interact with platelets directly (6), it is well doc-
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1. Abbreviations used in this paper: CVF, cobra venom factor purified
from Naje Haje; DHK, murine IgG2b monoclonal anti-dinitrophenyl!
trinitrophenyl antibody; EAs, mouse red cells coated with rabbit IgG
anti-mouse red cell antibody; Es, autologous mouse red cells uncoated
with antibody; HSA, human serum albumin; IGIV, monomeric human
IgG; ITP, immune thrombocytopenia; Mac-i, monoclonal anti-mouse
macrophage C3bi receptor antibody; MPS, mononuclear phagocyte sys-
tem; SPA-Sepharose, staphylococcal protein A bound to Sepharose;
TNBS, trinitrobenzene sulfonic acid; TNP, trinitrophenyl; TNP-EAs,
TNP-coated mouse red cells incubated with IgG anti-trinitrophenyl an-

tibody; TNP-Es, trinitrophenyl-coated mouse red cells; 2.4G2, mono-

clonal anti-mouse macrophage FcII receptor antibody.

umented that this agent can competitively inhibit Fc receptor-
mediated clearance in vivo in man. Presumably the latter is a
major mechanism by which IGIV reverses thrombocytopenia
in adults with ITP.

Unfortunately, large amounts of IGIV (2 g/kg) are required
to therapeutically block immune destruction. Therefore, more
efficient inhibitors of Fc receptor function might be clinically
useful. Monoclonal antibodies specific for the binding site of
IgG Fc receptors on macrophages (7, 8), neutrophils (8, 9), and
natural killer cells (9) have been identified based on their capacity
to potently block the interaction of IgG-coated red cells with
leukocytes in vitro. Since these can bind to Fc receptors with
high avidity, they also might be potent inhibitors of the immune
clearance of IgG-coated target cells in vivo. In fact, recent studies
using a monoclonal anti-human Fc receptor antibody have
demonstrated the capacity of a monoclonal antibody directed
against a subpopulation of Fc receptors on human macrophages
to reverse thrombocytopenia in patients with ITP (10).

In view of the potential clinical applications for these agents,
the methodical assessment of their potency and specificity in an
in vivo animal model for immune clearance seems warranted.
To this end, we have studied the effects of IGIV and monoclonal
anti-Fc receptor antibodies on MPSfunction in mice. A mouse
model was chosen because prior studies have established that
human, rabbit, and mouse IgG bind to Fc receptors on murine
macrophages with similar avidity and specificity in vitro (1 1).
Therefore, human IGIV also should block Fc receptor-mediated
clearance of complexes containing rabbit or mouse IgG in vivo.
In addition, the mouse is the only animal (other than man) for
which well-defined monoclonal antibodies against macrophage
Fc receptors (2.4G2) and complement component C3bi receptors
(Mac- 1) are both available (7, 12, 13). Using a variety of assays
for Fc receptor function adapted for or developed in this labo-
ratory, we have assessed the effects of IGIV, IgG aggregates,
2.4G2, and Mac- I on Fc receptor function and other aspects of
MPSfunction in intact mice. Our results indicate that IGIV,
heat aggregated IgG, and 2.4G2 each can markedly inhibit Fc
receptor function in vivo, but these agents differ substantially
in their potency and specificity.

Methods

Materials. Male C57/B16 X DBA/2 Fl mice (6-8 wk of age) were pur-
chased from Jackson Laboratories (Bar Harbor, ME). Tissue culture
supplies and Dulbecco's phosphate buffered saline (PBS) were obtained
from Gibco (Grand Island, NY). I25I-sodium iodide and [51Cr]sodium
chromate were purchased from Amersham Corp. (Arlington Heights,
IL). Cobra venom factor purified from the venom of Naje Haje (CVF)
was obtained commercially (Cordis Laboratories, Inc., Miami, FL).

The rat-mouse hybrid cell line producing 2.4G2 (7), a monoclonal
antibody which binds specifically to the IgGI/IgG2b Fc receptor on mu-
rine macrophages and lymphocytes (provided by Jay Unkeless, Rocke-
feller University, NewYork, NY), was grown intraperitoneally in nude
mice and purified from the resultant ascites (14) by precipitation (using
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50% saturated ammonium sulfate) followed by ion-exchange chroma-
tography using DEAE-affigel blue (Bio-Rad Laboratories, Rich-
mond, CA).

The rat-mouse hybrid cell line producing Mac-l (12, 13), a mono-
clonal antibody which binds specifically to the CR3(C3bi) receptor pres-
ent on murine macrophages and neutrophils, was obtained from the
American Type Culture Collection (Rockville, MD). Cells were grown
in culture, and antibody was purified from the resultant tissue culture
medium by ammonium sulfate precipitation and ion-exchange chro-
matography using DEAE-cellulose (12).

The murine hybrid cell line producing DHK, an IgG2b antibody
which binds to dinitrophenyl and trinitrophenyl (TNP) groups was pro-
vided by Norman Klinman (Scripps Medical Institute, La Jolla, CA).
Cells were injected intraperitoneally into pristane-primed CAFI mice
and murine IgG2b monoclonal-anti-DNP/TNP antibody (DHK) was
purified from the resultant ascites by affinity purification (15) using
staphylococcal protein A bound to Sepharose (SPA-Sepharose) (Phar-
macia Fine Chemicals, Piscataway, NJ) and an acetate buffer (pH 2.3).

Rabbit IgG anti-mouse red cell antibody was purified from a com-
mercial anti-serum (Cooper Biomedical, Inc., Malvern, PA) by affinity
purification using SPA-Sepharose. Rabbit anti-sheep red cell hemolysin
antiserum was kindly provided by Dr. W. F. Rosse, Duke Medical Center,
Durham, NC.

Purified IgG anti-human serum albumin (anti-HSA) was prepared
from rabbit anti-HSA antiserum (Cooper Biomedical Inc., Malvern, PA)
by affinity purification using columns containing HSAcovalently bound
to Sepharose 4B and SPA-Sepharose as described previously (14).

After purification, antibody preparations contained greater than 90%
IgG as assessed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis using reduced 12%or unreduced 5%polyacrylamide gels. Protein
concentrations were determined using standard methods (16). The extent
of aggregation of IgG preparations was assessed by gel filtration chro-
matography using Sepharose 4B (Pharmacia Fine Chemicals).

IGIV (Gamimune IV) was provided by Cutter Laboratories (Berkeley,
CA) at a concentration of 50 mg/ml. This preparation was prepared by
ethanol precipitation of pooled human plasma from normal volunteers.
Based on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis, greater than 95% of the protein in this preparation is human
IgG. To eliminate spontaneous aggregation, the product was equilibrated
by the manufacturer in a low pH buffer (pH 4.25) containing 10% maltose,
but the IgG in this preparation was not chemically modified in any other
manner. The manufacturer has established that IGIV, in the doses used
in these studies, does not significantly alter intravascular pH in animals.

Human IgG aggregates were prepared by heating IGIV, which had
previously been dialyzed in PBS (pH 7.2) to remove maltose, at 63°C
for 30 min (17). After heating, the preparation was turbescent, indicating
the formation of colloidal aggregates of IgG. Aggated IgG preparations
routinely were stored at 4°C and used within 24 h after heat treatment.

Fc receptor-mediated clearance of antibodycoated red cells. To study
the clearance of red cells coated with murine IgG, we assessed the rate
of disappearance of autologous TNP-red cells (TNP-Es) coated with
IgG2b DHKantibody (TNP-EAs). TNP-Es were prepared (18) from 40
Ml of blood removed from the retroorbital complex of mice using a cal-
ibrated microcapillary tube (Accuppette Pipets, Dade Diagnostics,
Aquada, Puerto Rico). After three washes with PBS, red cells were in-
cubated with a 0.25-0.33 mg/ml solution of trinitrobenzene sulfonic
acid (TNBS) dissolved in PBS (pH 7.0) for 30 min at room temperature.
After excess TNBSwas washed away, cells were washed once with 5 mM
glycylglycine and then three additional times with PBS. To radiolabel
cells, TNP-Es were incubated with 10 MCi of sodium chromate containing
5tCr (Amersham Corp., Arlington Heights, IL) for 30 min at 37°C and
then washed three additional times. TNP-EAs were prepared by incu-
bating these labeled cells for 30 min at room temperature with varying
amounts of DHK(anti-TNP) just before infusion intravenously.

To study the clearance of EAs not bearing TNP groups on their
surface, autologous Es were coated with rabbit anti-mouse red cell an-
tibody. To this end, the packed red cells from 40A of blood were51C-
labeled as described above, and then incubated with 35 Mg of antibody

in a total volume of 0.1 ml for 30 min at 37°C. Following incubation,
cells were washed three times, resuspended in 0.3 ml of PBS, and infused
intravenously.

Following the infusion of radiolabeled TNP-Es, TNP-EAs, Es, or
EAs into a lateral tail vein, 10 ul samples of blood were removed from
the retroorbital space 2, 5, 10, 15, 30, 60, 120, 180, and 240 min later.
The percent red cells still in blood was calculated using a value for blood
radioactivity at time 0 estimated by extrapolating from radioactivity at
2 and 5 min after red cell infusion, assuming first order kinetics for
disappearance. Specific inhibition of Fc receptor-mediated clearance of
TNP-EAs at 2 h after red cell infusion was calculated using the formula:

%inhibition of antibody-mediated red cell clearance

-(TNP-Es) - (TNP-EAs)'Pl
(TNP-Es) - (TNP-EAs)°"°

where TNP-Es represents the percent of TNP-coated cells left in blood
2 h after infusion in the absence of antibody; TNP-EAse represents
TNP-EAs left in blood 2 h after infusion, in animals pretreated 90 min
earlier with IGIV, heat-aggregated IgG, or monoclonal antibody; and
TNP-EAsP= represents TNP-EAs in blood at 2 h in control animals
pretreated with PBS in place of IGIV, IgG aggregates, or a monoclonal
antibody.

In our experience, the rate of disappearance of Es was quite repro-
ducible over time; however, the rate of disappearance of TNP-Es, TNP-
EAs, and EAs varied slightly with changes in the batch of TNBSor of
antibody. Therefore, studies of the clearance of TNP-Es, TNP-EAs, and
EAs in PBS-treated control animals (performed using the identical re-
agents during the same 1-2 wk period) always were performed in parallel
with clearance studies in animals treated with putative MPSinhibitors.

To assess the sites of sequestration of Es and EAs, animals were killed
3 h after red cell infusion, and the amount of radioactivity within the
blood, liver, spleen, lungs, heart, stomach, intestines, and kidneys mea-
sured directly using a gammaemission spectrometer. The total amount
of radioactivity in the vasculat space was calculated assuming the total
blood pool equals 7% of body weight. The amount of radioactivity in
each organ then was expressed as a percent of total counts recovered at
the time of killing. Since only small amounts of radioactivity were present
in non-MPS sites, for simplicity, only sequestration within the liver,
spleen, lungs, and blood has been presented.

Fc receptor-mediated hepatic sequestration ofHSA-anti-HSA immune
complexes. This was quantitated using previously described methods
(14, 19). In brief, purified IgG anti-albumin was radiolabeled with 123I
(19), using lodogen (1 ug and 50 ,uCi of radioactive iodine per 10 ,ug of
protein). Radiolabeled HSA-anti-HSA complexes were prepared by
mixing anti-HSA antiserum, trace-labeled with 1251 labeled purified anti-
HSA (1 Mg of labeled antibody per 50 gl of antiserum) with fivefold
excess of HSA. Using gel filtration chromatography, we have previously
shown that labeled anti-albumin in the absence of antigen migrates with
the molecular weight of monomeric IgG, but after incubation with al-
bumin, substantial amounts of immune complexes are formed (14). To
measure clearance, radiolabeled HSA-anti-HSA complexes containing
2 Al of anti-serum per gram body weight were infused intravenously. 90
min later, 10 Ml of packed autologous red cells (labeled with 200,000-
400,000 cpm of 5"Cr) were infused and 10 min later (after equilibration
of the red cells within the vascular space) duplicate IO-MI samples of
blood were obtained and animals were killed by cervical dislocation.
Radioactivity due to 5"Cr and 125I within the visceral organs (as noted
above) was measured using a two-channel gammaemission spectrometer.
After radioactivity due to blood trapping was deducted from total ra-
dioactivity, the percent of total recoverable '25I-labeled complexes se-
questered extravascularly in each organ at the time of killing was cal-
culated (14). To assess the effects of inhibitors on Fc receptor-mediated
hepatic sequestration of immune complexes, HSA-anti-HSA sequestra-
tion was assessed 90 min after the intraperitoneal infusion of each in-
hibitor or after the infusion of a comparable volume of PBS.

The percent inhibition of Fc receptor-mediated hepatic sequestration
was calculated using the formula:

Fc Receptor Blockade In Vivo 2011



%inhibition of hepatic sequestration

(HSA-anti-HSA)P i1 - (anti-HSA)
(HSA-anti-HSA)"I - (anti-HSA)

where HSA-anti-HSA'Pli" is the percent hepatic sequestration in
animals receiving a putative MPSinhibitor prior to immune complexes;
HSA-anti-HSAct3"l is the percent sequestration in animals pretreated
only with PBS; and (anti-HSA) is the percent hepatic sequestration of
labeled anti-HSA administered in the absence of antigen in animals pre-
treated with PBS. Prior studies have established that 2.4G2, a known
inhibitor of immune complex clearance (14), even at high doses does
not alter (anti-HSA) sequestration in the absence of antigen.

Heat-damaged red cells. Heat-damaged red cells were prepared (21)
from thrice washed Es obtained from 40 Ml of heparinized blood obtained
from the retroorbital space using calibrated pipets as described above.
The cells, suspended in I ml of PBS in a 12 X 75 mmglass tube, were
heated at 49.5°C for 10 min within a Lauda K-2 thermostat adjusted to
49.50C, washed, and then labeled with 5'Cr. The rate of disappearance
of heated red cells from the circulation was monitored as described above.

Serum hemolytic complement. Serum hemolytic complement was
measured by incubating twofold dilutions of serum (50 ,ul) from treated
or control animals with 30 Ml of a 1:5 dilution of a heat-treated (560C
for 10 min) rabbit anti-sheep red cell hemolysin antiserum and 10 ;l of
a 0.4% solution of thrice-washed sheep red cells. All reagents were diluted
in a veronal-buffered saline containing 0.5 mMcalcium chloride and 1
mMmagnesium chloride (22). The mixture was incubated at 370C for
1 h, at which time unlysed red cells were pelleted by centrifugation at
1,000 g for 10 min, and the absorbance produced by released hemoglobin
was quantitated spectrophometrically at 412 nM. Because of the lability
of mouse complement, assays always were performed using freshly ob-
tained serum. The CH50 titer was estimated from plots of log (serum
concentration) versus log (fraction of red cells lysed)/( I - fraction of red
cells lysed) (22).

Complement depleted mice. Complement-depleted mice were pre-
pared by injecting 2.5 U of CVF in 0.5 ml of PBS intraperitoneally at
12-h intervals for a total of four doses (23). Hemolytic complement assays
and clearance studies were performed 18 h after the last dose of CVF.
Hemolytic complement in animals treated in this manner was unde-
tectable in our assay, representing at a minimum a 32-fold reduction in
hemolytic complement levels compared to control mice.

Blood leukocyte concentrations. Blood leukocyte concentrations in
treated animals were assessed serially after treatment with IGIV or
monoclonal antibodies, using a hemocytometer. Microhediatocrits were
determined using microcapillary tubes by standard clinical techniques.

Statistics. Confidence limits in all instances represent the standard
deviation of the mean. The significance of differences between results in
varying groups were assessed using the standard two-tailed t test for un-
paired samples.

Results

The extent of aggregation in the IgG preparations used to treat
animals in these studies was assessed by gel filtration chroma-
tography using Sepharose 4B (Fig. 1). IGIV and Mac- I migrated
as a single peak of monomeric IgG. The monoclonal anti-Fc
receptor antibody 2.4G2 also was predominantly monomeric
(97%), although small amounts of aggregates could be detected.
As expected, heat-treated IgG contained a heterogeneous mixture
of aggregates and residual monomers.

Consistent with the reported tendency of heavily TNP-coated
red cells to be ingested by macrophages (24), radiolabeled TNP-
Es infused into mice in the absence of antibody were cleared
more rapidly than unmodified Es. However, at the level of TNP
coating employed in these studies, more than half of the infused
red cells remained in the blood for at least 4 h. When TNP-Es
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Figure 1. Comparison of the pattern of elution from Sepharose 4B of
the IgG MPSblockers. 100 Ml of each preparation was passed through
a I X 30-cm column of gel, and the absorbance at 280 nmwas moni-
tored in each 0.7-ml fraction.

were sensitized with increasing amounts of DHKto form TNP-
EAs, the rate of disappearance accelerated in a dose-dependent
manner (Fig. 2). The acceleration of clearance was antigen-de-
pendent since even 64 ug of DHKdid not alter the rate of dis-
appearance of Es uncoated with TNP(data not shown). An an-
tibody dose of 40 ,ug routinely was used to sensitize TNP-Es for
subsequent studies.

Intraperitoneal infusions of as little as 4 Mig per gram body
weight of 2.4G2 almost completely inhibited antibody-dependent
clearance of TNP-EAs (Fig. 3). At either 16 or 8 gg/g doses of
2.4G2, EA clearance differed from that in control animals with
P < .001. Monomeric IGIV also profoundly blocked antibody-
dependent clearance, albeit at 100-1,000-fold greater concen-
trations than 2.4G2 (Fig. 4). At doses of 1,000 or 2,000 Mg/g,
heat-aggregated IgG inhibited EAs clearance with intermediate
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Figure 2. Comparison of the rate of disappearance of labeled TNP red
cells after incubation in PBS alone (open circles) and after incubation
with 8 (triangles), 16 (inverted triangles), 32 (squares), and 64 (dia-
monds) MAg of DHKanti-TNP. The rate of disappearance of labeled
red cells uncoated with TNP is illustrated with closed circles. Radiola-
beled red cells were incubated in a final volume of 0.4 ml either with
PBSor with DHKantibody for 30 min at room temperature just prior
to red cell infusion. Each point represents the mean value for two ani-
mals.
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Figure 3. Comparison of the rate of disappearance of TNP-EAs (pre-
pared using 40 ;tg of DHK) in PBS-treated animals (open circles), and
in animals pretreated with 2.4G2 at doses of 16 (triangles), 8 (inverted
triangles), 4 (squares), and 2 (diamonds) ,ug/g body weight given intra-
peritoneally 90 min prior to infusion. By comparison the rate of disap-
pearance of TNP-Es is illustrated in closed circles. All points represent
the mean for groups of three animals. The bars represent the standard
deviations.

potency (Fig. 5). Mac-i, which interferes with the function of
CR3 receptors (13), did not block clearance at doses of up to 40
,gg/g body weight (data not shown).

Though this model for immune hemolysis has the advantage
of utilizing a murine antibody to mediate clearance, since at
high levels TNP coating can induce ingestion of red cells by
MPScells even in the absence of antibody (24), the results ob-
tained might not accurately reflect normal red cell immune
clearance. Therefore, we also have studied the clearance of EAs.
EAs disappear rapidly from the blood in normal mice. Although
no single agent completely inhibited Fc receptor-mediated
clearance of EAs, mice pretreated with 16 gg/g of 2.4G2, or
2,000 gg/g of IGIV, cleared these cells much more slowly than
control animals (P < 0.001). Animals pretreated with Mac-l
cleared EAs as rapidly as controls (Fig. 6). These results are
qualitatively quite similar to those obtained using TNP-EAs.

Since TNP-coated Es may be sequestered even in the absence
of antibody, the effects of MPSblockers on the pattern of red
cell sequestration was studied using Es and EAs exclusively. The
pattern of sequestration of EAs in blood and the MPSis illus-
trated in Table I. 3 h after infusion into control mice, most EAs

Figure 4. Comparison of
the rate of disappearance of

O TNP-EAs in PBS-treated
9 animals (open circles), and
z in animals pretreated with

IGIV at doses of 2,000 (tri-
u_ angles), 1,000 (inverted tri-
oj \ > angles), 500 (squares), and
m \ 250 (diamonds) ug/g body
be \ T weight given i.p. 90 min

prior to red cell infusion.
10X2 By comparison the rate of

0 60 120 180 disappearance (TNP-Es) is

TIME(mu~uMs) illustrated in closed circles.
All points represent the mean for groups of three animals, and the
bars represent the standard deviations.
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Figure 5. Comparison of the percent inhibition of Fc receptor-me-
diated clearance of TNP-EAs 2 h after infusion in animals previously
treated with 2.4G2 (circles), IGIV (triangles), and IgG heat-aggregates
(squares). Animals received varying doses of each agent 90 min before
the infusion of red cells. Each point represents the mean for a group of
at least three animals.

were sequestered in the liver and (to a more variable extent) in
the spleen. Pretreatment with Mac-l did not significantly alter
this pattern of sequestration. Pretreatment with 2.4G2 or IGIV,
however, very significantly reduced sequestration within the liver,
and increased the fraction of cells remaining within blood.
Splenic sequestration, on the average, also was reduced by these
agents, but this difference achieved statistical significance only
in IGIV-treated animals.

Wehave demonstrated previously that 2.4G2 can block the
clearance of soluble HSA-anti-HSA immune complexes (14).
IGIV and heat-aggregated IgG also inhibited the clearance from
blood and sequestration in the liver of HSA-anti-HSA complexes
(Table II). As in studies of the clearance of EAs, 2.4G2 blocked
the cleira'nce of soluble HSA-anti-HSA immune complexes at
much lower doses than IGIV or heat-aggregated IgG (Fig. 7).

100

0

z

UJl

0 ~10

0 60 120
TIME (mn)

Figure 6. Comparison of the rate of disappearance of Es in animals
pretreated with MPSblockers. Labeled EAs were infused into animals
pretreated with PBS (open circles), 2.4G2 at 16 ug/g (diamonds), IGIV
at 2,000 ug/g body weight (triangles), or Mac- l at 40 gg/g (inverted
triangles). The rate of clearance of Es in PBS-treated animals is illus-
trated in closed circles. Each group contains at least three animals.
The bars represent the standard deviations.
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Table I. The Effect of MPSInhibitors on the Pattern of Sequestration of Labeled Red Cells

Percent of radioactivity sequesered within the MPS(mean±SD)

Animals receiving: Spleen Liver Lung Blood

no./group

PBS + ES (3)* 1.2±0.1 5.5±0.9 4.5±0.3 82.9±0.4
(P < 0.01) (P < 0.01) (P < 0.001)

PBS + EAs (4) 21.7±7.6 49.6±12.8 4.6±0.7 13.9±7.0
2.4G2 + EAs (2) 12.1±2.2 20.0±5.6 5.1±1.2 56.3±5.0

(P < 0.01)t (P < 0.01)
IGIV + EAs (4) 8.7±4.9 28.5±5.7 6.2±2.7 49.2±9.4

(P < 0.05) (P < 0.02) (P < 0.01)
Mac-I + EAs (3) 10.8±2.7 63.7±8.7 8.1±2.4 9.4±2.2

* Animals were injected intraperitoneally with PBS, 16 MaJg of 2.4G2, 2,000 Wg/g of IGIV, or 40 lAg/g of Mac-i. 90 min later, animals received
radiolabeled Es alone or EAs. 3 h later, the amount of radioactivity in the blood and internal organs was assessed as described in Methods. t All
P values refer to the significance of difference compared to PBS-treated animals receiving EAs.

Consistent with findings above, Mac-l did not interfere with the
hepatic sequestration of immune complexes even at 40 Asg/g
body weight (data not shown).

To assess the specificity of MPSblockade, the effect of each
agent on the clearance of heat-damaged Es was studied. Mo-
nomeric IGIV did not alter the rate of clearance of heat-damaged
Es, but 2.4G2 and Mac-l very significantly slowed their disap-
pearance from blood. Heat-aggregated IgG also significantly re-
duced clearance compared to control animals, but this difference
was less striking (Fig. 8 and Table III).

To assess the effects of inhibitors on complement levels in
serum, blood hemolytic complement levels were compared be-
fore and 90 min after inhibitor infusions. IGIV did not reduce
complement activity, but both monoclonal 2.4G2 and Mac-I
reduced complement levels substantially and heat-aggregated IgG
depleted serum of complement (Table IV).

To assess the role of complement on EAclearance, the MPS
function of animals depleted of complement by the infusion of
CVFwas assessed. CVFtreatment substantially reduced the rate
of EAdisappearance (Fig. 9), confirming that complement played
a significant role in clearance in this model. Mechanically, the
reduced rate of red cell destruction following CVF treatment
might result either from reduced fixation of the terminal com-
plement components needed for the intravascular hemolysis of
EAs, or from decrease fixation of C3b, a component capable of

enhancing the immune adherence of EAs to phagocytes within
the MPS(25). When labeled Es and EAs were incubated with
serum in vitro for 2 h at 37°C, in each of two experiments there
was less than 10% 5"Cr release from Es, but 27%and 45% release
from EAs. Thus, it is likely that the effect of CVFin part results
from the blockade of complement-mediated intravascular he-
molysis. In addition, since CVFtreatment also reduced hepatic
sequestration of EAs (Table V), it is likely that the latter mech-
anism also was important in vivo.

Since complement components play an important role in
the elimination of EAs, the partial depletion of complement
components observed following the infusion of 2.4G2 may con-
tribute to its inhibitory effect on immune clearance. However,
2.4G2 clearly had a substantial independent effect on Fc receptor
function even in CVF-treated animals without measurable he-
molytic complement activity. In fact, though neither 2.4G2 nor
CVFalone could completely block immune clearance, treatment
with both agents caused a profound inhibition in the clearance
of EAs from the blood (Fig. 9) and in the sequestration of EAs
within the liver and spleen (Table V).

To assess whether complement depletion affected heat-dam-
aged red cell clearance, the rates of disappearance were compared
in control and CVF-treated animals. CVF-treated animals with
<3% of normal complement levels cleared heat-damaged red
cells no more slowly than control animals (data not shown).

Table II. Comparison of the Pattern of Sequestration of Circulating
Immune Complexes After Infusion of Inhibitors of Fc Receptor Function

Percent of recoverable radioactivity within:*
Radiolabeled No. of
ligand: Pretreated with: animals Spleen Liver Lung Blood

Anti-HSA PBS 6 0 (0) 6.4 (0.5) 1.0 (0.1) 82.0 (1.2)
HSA-anti-HSA PBS 3 0.7 (0.3) 37.3 (2.1) 0.8 (0.3) 46.0 (3.4)
HSA-anti-HSA IGIV (2 mg/g) 3 0.2 (0.2) 24.1 (1.5)t 0.2 (0.2) 66.8 (1.4)t
HSA-anti-HSA Aggregated IgG (2 mg/ml) 3 0.1 (0.1) 14.2 (7.4)1: 0.4 (0.2) 72.8 (6.3)t

* Animals were pretreated intraperitoneally with PBS or IgG. 90 min later, labeled anti-HSA or HSA-anti-HSA were infused and the percent of
radioactivity sequestered within the MPSquantitated. The results represent mean (SD) for each group. f Result differs from that of animals
receiving HSA-anti-HSA after PBSwith a P < 0.001.
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Thus, complement depletion alone cannot account for the MPS
defect noted after monoclonal antibody infusion.

Though leukocytes bear antigens recognized by 2.4G2 and
Mac-l, neither antibody, IGIV, nor heat-aggregated IgG de-
pressed blood leukocyte concentrations. In fact, each agent
modestly increased the leukocyte counts. None of the IgG prep-
arations significantly altered microhematocrits (data not shown).

Discussion

Since binding to leukocyte Fc receptors is a prerequisite for the
immune destruction of IgG-coated cells, soluble ligands, such
as IgG monomer (26), IgG aggregates (27), and anti-Fc receptor
antibodies (7-9), each can competitively inhibit antibody-de-
pendent, leukocyte-mediated destruction of EAs in vitro. The
goals of these studies were to compare the efficacy of IGIV and
monoclonal anti-macrophage antibodies in blocking Fc receptor
function in vivo, and to assess the effects of each agent on other
aspects of MPSfunction. Our results indicate that anti-receptor
antibodies are much more potent inhibitors of immune function
in vivo than IGIV, but that this increase in potency is achieved
at the expense of some loss in specificity of action.

To study the effects of IGIV and monoclonal antibodies on
IgG antibody-coated target cell clearance, we measured clearance
in vivo of TNP-Es coated with anti-TNP and of EAs. The an-
tibody-dependent destruction of TNP-EAs could be almost
completely inhibited using several Fc receptor blockers, sug-
gesting that clearance was mediated predominantly by Fc re-
ceptor bearing leukocytes. Though Fc receptor blockade also
inhibited EA disappearance, destruction of these cells could not

Figure 8. Comparison of
the rate of disappearance of
heat-damaged Es in mice 90
min after the infusion of
2.4G2 (diamonds), IGIV
(triangles), IgG heat-aggre-
gates (squares), Mac-I (in-
verted triangles), and PBS
alone (circles) at the same
doses employed in Fig. 6.
The rate of disappearance
of unheated red cells is il-
lustrated in closed circles.
Each group represents at
least three animals.

be as completely inhibited using Fc receptor blockers alone. Since
our EAs could fix sufficient complement to produce measurable
complement-dependent lysis in vitro, and since complement
depletion and Fc receptor blockade seemed to exert separate
and additive inhibitory effects on EA destruction in vivo, we
presume that the terminal components of complement also
contributed to lysis in this model.

In prior guinea pig and human studies of Fc receptor-me-
diated clearance (utilizing EAs which did not fix complement
extensively), cell sequestration occurred predominantly in the
spleen (25, 28). In contrast, most EAs in the current studies were
trapped within the liver. Since C3b coating is known to facilitate
hepatic sequestration (25, 28), this difference in pattern of uptake
may reflect the greater levels of complement components bound
to our EAs compared to those used in prior studies. In addition,
it is conceivable that species-related differences in MPSstructure
and function also may have played a role.

Complement components as well as IgG often are found on
the surface of red cells from patients with immune hemolysis
(28) and on platelets from patients with ITP (29). Whenpresent,
such components commonly may play a significant role in fa-
cilitating MPSsequestration. Less commonly, IgG antibodies
fix sufficient complement to cause clinically significant intra-
vascular lysis (29). Obviously, the potential effectiveness of Fc
receptor blockade alone as a strategy for inhibiting immune de-
struction diminishes as the role of complement in directly lysing
cells increases. However, our studies using EAs illustrate that
even when significant amounts of complement are bound to
target cells, Fc receptor blockade still can reduce immune de-
struction substantially.

IGIV was an effective inhibitor of Fc receptor-mediated
clearance of TNP-EAs, EAs, and immune complexes. Since there
are significant species differences in the amino acid structure of
IgG, not all species of heterologous IgG would be suitable as a
blocking agent in a murine model. However, since prior studies
have established that murine, rabbit, and human IgG each bind
to IgG2a and IgG2b/IgGl Fc receptors on murine leukocytes
with comparable avidity in vitro (1 1), we felt it reasonable to
use human IgG to competitively inhibit murine Fc receptor
function in vivo. In fact, the dose of IGIV required to produce
high grade inhibition of murine Fc receptor function (2 mg/g
body weight) was identical to that found empirically to reverse
thrombocytopenia in patients with ITP (1-4), suggesting that
IGIV has similar efficacy in mouse and man. Since IGIV already
is in active use in blocking Fc receptor function in patients with
autoimmune blood disorders, it was reassuring to observe that
this agent appears to be a very selective inhibitor of MPSfunc-
tion. MPSclearance of heat-damaged red cells, blood leukocyte
concentrations, and serum hemolytic complement activity were
unaffected even by large IGIV infusions.

Human IgG aggregates block Fc receptor function in vitro
more efficiently than IgG monomer, presumably as a result of
the greater avidity with which multivalent complexes bind to
Fc receptor-bearing cells (30, 31) and to the capacity of such
complexes to downregulate Fc receptors (32). In vivo aggregates
were comparable in potency or slightly more potent than mo-
nomeric IgG in blocking Fc receptof-mediated clearance. Unlike
IGIV monomer, however, aggregated IgG profoundly depleted
serum complement and also may have diminished the nonspe-
cific MPSclearance of heat-damaged Es. The former presumably
results from the activation of Clq by aggregated IgG (33), and
the latter would be predicted based on prior demonstrations
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Table III. Comparison of Heat-damaged Red Blood Cell Clearance Before and After Treatment of Animals with IgG Preparations

Percent of radioactivity in blood (minutes after red cell infusion)
Group

Animals pretreated* with: size 5 15 60

PBS 15 54.8±21.0 29.2±17.3 9.3±4.5
IGIV (2 mg/g) 5 57.1±14.5 28.1±15.5 8.2±2.8
Heat-aggregated IgG (2 mg/g) 6 71.2±10.4 47.4±18.6 15.5±11.8

(P < 0.05)t
2.4G2 (16 sg/g) 4 92.0±7.7 60.9±5.9 19.6±5.3

(P < 0.001) (P < 0.001) (P < 0.01)
Mac-i (40 ,ug/g) 4 89.3±9.6 60.9±3.6 24.0±0.7

(P < 0.001) (P < 0.001) (P < 0.001)

* Animals received PBS or IgG preparations intraperitoneally followed 90 min later by the infusion of radiolabeled Es which had been heated to
49.5°C for 10 min as described in Methods. t P values compared to blood levels in PBS-treated control animals.

of MPSblockade following the infusion of colloidal suspen-
sions (34).

Since small amounts of aggregated IgG would be anticipated
to form spontaneously in IGIV, aggregates of IgG, rather than
IgG monomer itself, conceivably could be the component of
IGIV responsible for MPSFc receptor blockade (4). However,
IgG aggregates constituted only a minor contaminant in IGIV
preparations. Therefore, unless naturally occurring aggregates
have much greater biologic activity than heat-aggregated IGIV,
these could not account for the level of inhibition of Fc receptor
function observed in our studies. The absence of complement
depletion after IGIV infusion and (to a lesser extent) the absence
of defects in MPSclearance of heat-treated red cells after IGIV
infusion also suggest substantial quantities of aggregates are not
formed in vivo. Segal, Dower, et al. (35) have developed a math-
ematical model for describing the equilibrium binding of mul-
tivalent IgG complexes to Fc receptor bearing cells. Such cal-
culations imply that even though multivalent ligands bind to
receptors much more efficiently than monomers, the infusion
of exogenous monomeric IgG in vivo should competitively in-
hibit the binding of multivalent ligands (such as IgG coated cells
and immune complexes) to MPScells. Our data seem to provide
empirical support for this conclusion. Nonetheless, we cannot
rule out the possibility that small IgG complexes are formed in
vivo which are capable of potently blocking Fc receptors without
depleting complement.

Table IV. Effects of IgG Preparations
on Hemolytic Complement Titers

Mean hemolytic
complement titer

No. of
Animals treated with: animals Before (SD) After (SD)

%changes

2.4G2 4 101 (13) 43 (13)t 58%
IGIV 3 69 (5) 64 (4) 7%
IgG heat aggregates 3 45 (3) §
Mac-l 3 71(8) 54 (6)* 23%

* Change significant with P < 0.05.
* Change significant with P < 0.001.
§ Too low to measure.

Wehave previously demonstrated that 2.4G2 very potently
inhibits MPSclearance of immune complexes (14). Indeed,
2.4G2 also blocked EA clearance with similar potency. This
antibody also partially depleted serum hemolytic complement,
presumably by fixing components to the surface of antibody-
coated leukocytes. In view of this, 2.4G2 conceivably might de-
crease EA clearance not only by blocking Fc receptors but also
by decreasing the amount of C3 or other complement compo-
nents fixed to red cells. Clearly, the profound effect of 2.4G2 on
immune clearance is not merely a consequence of complement
depletion, since 2.4G2 still dramatically reduces Fc receptor
function even in animals depleted of complement by prior treat-
ment with CVF. In fact, our data (Fig. 9) dramatically illustrate
the additive effect of complement depletion and Fc receptor
blockade in preventing IgG mediated immune clearance.

Prior in vivo studies have demonstrated a role for C3b and
possibly for C3bi in the immune clearance of IgG-coated red
cells (25). However, Mac-l, an antibody which blocks C3bi re-
ceptor function (13), did not alter the immune clearance of EAs
in vivo. This suggests that, at least in the model system employed

100

0

Li

0 30 60 90 120
TIME (min)

Figure 9. Comparison of the disappearance of EAs in control mice
(open circles), in CVF-treated mice (inverted triangles), in 2.4G2
treated mice (open diamonds), and in mice receiving both agents
(squares). For comparison, the disappearance of Es in PBS-treated ani-
mals is illustrated in closed circles. The bars represent the standard de-
viations.
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Table V. The Effects of Complement Depletion on the Pattern of Sequestration of EAs

Percent of radioactivity sequestered within the MPS(mean±SD): from sites of sequestration*

Animals receiving: Spleen Liver Lung Blood

No. per group

PBS + Es (3) 1.2±0.1 5.5±0.9 4.5±0.3 82.9±0.4
(P < 0.01) (P < 0.01) (P < 0.001)

PBS + EAs (4) 21.7±7.6 49.6±12.8 4.6±0.7 13.9±7.0
CVF+ EAs (3) 23.7±2.5 27.0±1.8 1.3±0.2 43.8±0.8

(P < 0.02)t (P < 0.01) (P < 0.01)
(CVF + 2.4G2) + EAs (3) 7.0±1.9 7.8±1.6 1.9±0.1 77.8±4.3

(P < 0.01) (P < 0.01) (P < 0.01) (P < 0.01)

* Animals pretreated for 2 d with CVF(see Methods) or 90 min earlier with 2.4G2 (16 gg/g body weight) received radiolabeled Es alone or EAs.
3 h later, the amount of radioactivity in the blood and internal organs was assessed as described in Methods. t All P values refer to the signifi-
cance of difference compared to comparable value in PBS-treated animals receiving EAs.

for these studies, interaction of C3bi with leukocyte CR3 recep-
tors is not very important in the clearance of IgG EAs.

Despite their immunochemical specificity, 2.4G2 and Mac-
1 also inhibited the nonspecific clearance of heat-damaged Es.
Heat-damaged Es reportedly do not bear increased amounts of
IgG (or complement) on their surface (21), and thus are pre-
sumed to be cleared by a combination of splenic trapping (due
to their increased rigidity) and recognition as "damaged" cells
by the MPS. Our studies provide further strong evidence that
the clearance of these cells is not dependent either on Fc receptor
or complement receptor function. Doses of IGIV which block
Fc receptor function and of CVFwhich profoundly deplete he-
molytic complement do not alter heat-damaged Es clearance.
In view of this, 2.4G2 and Mac-I presumably inhibit nonspecific
MPSfunction either by altering MPScell function by some other
as yet unknown mechanism or by significantly altering the rate
of blood flow through the liver and spleen.

A similar blockade of MPSphagocytic function can be pro-
duced by the infusion of colloids in vivo. Colloids block MPS
function both by interfering with the phagocytic function of leu-
kocytes and by depleting serum of opsonic factors, especially
fibronectin (34). Anti-macrophage antibodies could inhibit MPS
function by initiating complement-mediated destruction of
macrophages, but this is unlikely for two reasons: (a) mouse
serum does not lyse 2.4G2- or Mac-I-coated murine cells (12),
and (b) 2.4G2 can nonspecifically inhibit MPSfunction even in
C5 deficient animals (14). Conceivably the noncytotoxic binding
of complement components to cells, or the depletion of serum
opsonic factors may account for the inhibition noted in these
studies. This mechanism of suppression requires further eval-
uation in view of the growing interest in the use of a variety of
monoclonal anti-leukocyte antibodies as therapeutic agents.

Our results raise questions about the safety of Fc receptor
blocking agents in some situations. Each of the agents tested
(including IGIV) inhibits the clearance of immune complexes
as well as IgG-coated target cells. MPSFc receptor bearing cells
are important in clearing some types of circulating agents in
some situations. Each of the agents tested (including IGIV) in-
hibits the clearance of immune complexes as well as IgG-coated
target cells. MPSFc receptor bearing cells are important in
clearing some types of circulating immune complexes, presum-
ably preventing their deposition in peripheral tissues where they
could cause tissue damage. Therefore the blockade of Fc receptor

function produced by large doses of any of the agents used in
these studies might increase the peripheral deposition of circu-
lating immune complexes. Since patients with ITP frequently
have systemic autoimmune disease or circulating immune com-
plexes, the chronic use of Fc receptor blocking agents could
adversely affect the course of their disease. An analogous block-
ade of Fc receptor function perhaps due to high endogenous
IgG levels (36) may account, in part, for the defects in Fc receptor
function noted in some patients with immune complex dis-
orders (37).

Clinically, IGIV often benefits patients with autoimmune
blood disorders, but because of the very large quantities required
it is difficult and expensive to maintain chronic suppression of
immune destruction, especially in adults, using this agent.
Therefore, the recent report of Clarkson et al. (10) demonstrating
that a monoclonal antibody directed against the low avidity Fc
receptor present on human neutrophils and macrophages can
correct thrombocytopenia in patients with ITP is of great interest.
In view of our results, it will be of interest to see whether re-
ductions in complement levels and/or defects in MPSfunction
comparable to those reported in this manuscript also will be
observed following infusion of anti Fc receptor antibody in a
clinical setting. If so, attempts to minimize these changes may
be warranted, since defects in MPSfunction may impair the
host response to some types of stress (34).
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