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Abstract

Abnormal processing of immune complexes (IC) may be im-
portant in the pathogenesis of systemic lupus erythematosus
(SLE). The clearance of large soluble IC (comprising hepatitis
B surface antigen (HBsAg)/anti-HBsAg) radiolabeled with
"23I was examined in 12 normal subjects and 10 patients with
SLE. IC localization was analyzed by static and dynamic
gamma-scintigraphy. Initial IC clearance from blood was more

rapid in patients (median 11/2 = 2.15 min) than normals (me-
dian t1/2 = 5.15 min) due to more rapid uptake in the liver.
However, in the SLE group, up to 12% of complexes were re-

leased from the liver after 30-50 min. Splenic uptake of im-
mune complexes was reduced in the patients and there was

reduced ability to retain IC in this organ. Plasma complement
levels and erythrocyte complement receptor type 1 numbers
were reduced in the patients, resulting in defective opsonization
of IC and reduced red cell binding in vivo. These observations
support the hypothesis that IC handling is abnormal in SLE.
(J. Clin. Invest. 1992.90:2075-2083.) Key words: complement
* complement receptor type 1 - mononuclear phagocytic system
* autoimmune disease * antigen processing

Introduction

There are several ways in which abnormal processing of im-
mune complexes (IC)' may play a role in the pathogenesis of
systemic lupus erythematosus (SLE). Immune complexes may
escape clearance and catabolism by the mononuclear phago-
cytic system (MPS) because ofabnormal transport or presenta-
tion mechanisms (1). Furthermore, there may be defects in
MPS function in patients with SLE, and hypotheses to explain
these have included "saturation" by immune complexes (2)
and intrinsic abnormalities of phagocytic cell function (3).
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Studies in vivo in primates have delineated the mechanism
of clearance from the circulation of soluble immune com-
plexes. In baboons, IgG-containing immune complexes fixed
complement, bound to complement receptor type 1 (CR1 ) on
erythrocytes and were transported to the fixed mononuclear
phagocytic system where they were cleared from the circula-
tion (4). Several investigators have used soluble immune com-
plexes or aggregated IgG to study the clearance pattern of im-
mune complexes from the circulation of humans (5-9). Ab-
normally fast clearance ofimmune complexes in patients with
SLE was observed and correlated with hypocomplementemia
(7). These studies were performed using '25I-labeled immune
complexes and it was not possible to ascertain the site of rapid
clearance of immune complexes. Imaging studies performed
using heat-aggregated IgG showed accelerated uptake in the
liver (10).

We describe here the results ofexperiments using '231-hepa-
titis B surface antigen-containing immune complexes to track
the fate ofimmune complexes in normal humans and patients
with SLE. Several abnormalities of immune complex kinetics
were identified in patients with SLE, hypocomplementemia,
and low CR1 numbers. These were accelerated clearance of
immune complexes in the liver, impaired retention of com-
plexes within the liver with release of complexes back to the
circulation, and impaired immune complex clearance by the
spleen.

Methods

Subjects
26 subjects were studied, 18 female and 8 males. 12 normal volunteers
were recruited from the laboratory staff, aged from 23 to 59 yr, 6 female
and 6 male. Four additional normal subjects (three female, one male)
received radiolabeled antigen alone. The patients were 10 subjects with
SLE, aged from 21 to 56 yr, 9 females and 1 male, all ofwhom fulfilled
the revised ARA criteria for this disease. At the time of the study, 8 of
the 10 patients had clinically active disease involving more than one
organ system, with an erythrocyte sedimentation rate > 40 mm in the
first hour in all cases, and a C4 < 50% normal human serum pool,
elevated DNA binding (> 30% by Farr assay), or both. Two patients
were studied on two occasions. Fully informed consent was obtained
from all the participants for the study, which was approved by the
Hammersmith Hospital Ethics committee and the Administration of
Radioactive Substances Advisory Committee (ARSAC).

All subjects received 120 mg twice daily oforal potassium iodide for
36 h before each study and a further 48 h after injection to block thy-
roid uptake of 123I.

Hepatitis B surface antigen (HBsAg)
This was a gift from Dr. J. A. Schifferli (H6pital Cantonale, Geneva,
Switzerland). The antigen was in the form ofa large polymeric protein
(molecular mass around 3,000 kD) and was pyrogen free. It has been
previously characterized both in vitro and in vivo (11). 30 ,g antigen
was used for the preparation of each batch of IC.
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Anti-HBsAg antibody
Polyclonal antiserum to HBsAg was also a gift from Dr. Schifferli
(Croix-Rouge, Bern, Switzerland). One vial of sterile lyophilized im-
munoglobulin (> 95% IgGi ) was dissolved in 10 ml sterile water (An-
tigen, UK), to produce a final concentration of 50 U/ml, immediately
before IC preparation.

Radiolabeling ofHBsAg
The antigen was labeled with 123I (Medgenex, Brussels, Belgium), using
N-bromosuccinamide ( 12), to a high specific activity (25-30 JLCi/Mg).
30 1Ag of antigen was labeled immediately before each study; free and
bound iodine were separated on a sterile G25 column preblocked with
sterile human albumin. The 123I was > 97% protein bound in the final
preparation in all cases.

IC preparation
HBsAg/anti-HBsAg IC were prepared as follows: 30 ,g ofradiolabeled
HBsAg was incubated with 10 ml ofantiserum for 60 min at 370C. This
corresponds to a fivefold antibody excess. Two 5-ml samples were then
drawn into syringes, and the total radioactivity in each dose measured
using a radioisotope calibrator (ARC 120, Capintec; Amersham,
Amersham, UK). An IC mixture containing 15g of antigen was used
for each subject, with an activity ofbetween 300 and 500 MCi. For each
batch of labeled IC prepared, one patient and one normal control were
studied in parallel.

Injection and imaging protocol
An intravenous cannula was inserted into the subject's left antecubital
fossa for injection of labeled IC and into a similar line in the right arm
for blood sampling. 5 ml of IC was injected as a rapid bolus at time 0,
with the patient positioned over a gamma-camera (IGE 400T on-line
to an MDS A2 computer). Dynamic imaging was performed (serial 20s
frames) for 50 min, followed by 5-min anterior and posterior static
imaging at 1, 4, and 24 h. Four subjects underwent dynamic scanning
for 2 h, and whole-body scanning was also performed in two cases,
using a Starcam (IGE) gamma camera.

Blood samples
Preinjection serum and erythrocytes were obtained from all subjects
for the estimation ofserum complement levels and red cell CR1 num-
bers. Postinjection, 6-ml venous blood samples were taken into EDTA
pH 7.2 at 2, 5, 10, 15, 20, 25, and 30 min, and then at 10-min intervals
up to 1-2 h. Further samples were then obtained at the time of rescan-
ning. The following assays were performed on each blood sample:

Measurement ofwhole blood I23. A 1-ml aliquot from each EDTA
sample was counted for 123I activity using an automated gamma
counter (LKB Wallac, Turku, Finland).

Identification ofprotein-bound 23L A I-ml aliquot of each EDTA
sample was lysed by mixing with an equal volume of water. Protein-
bound activity was measured by treatment of 250-2000-Ml aliquots of
plasma or lysed whole blood with trichloroacetic acid (BDH Chemicals
Ltd., Dagenham, Essex, England) at a 10% vol/vol final concentration,
and counting for 123I in the washed precipitate.

Measurement oferythrocyte-bound 123I. 2 ml ofeach freshly drawn
EDTA sample was immediately diluted 1:4 in ice-cold PBS pH 7.4/1%
BSA, and red blood cells were rapidly separated from plasma by centrif-
ugation at 1,500 g. Cells were subsequently washed three times in the
same buffer. There was no significant release oferythrocyte-bound ICs
during the washing procedure. Washed cells were counted for 1231 activ-
ity, with correction for isotopic decay in the later samples.

Characterization of ICs. (a) Coprecipitation of '23I-HBsAg using
Staphylococcal protein A was as follows: precipitation of '23I-HBsAg-
containing ICs was performed by addition of 50 ,l of a suspension of
Staphylococcal protein A-coated beads (Calbiochem, Cambridge Bio-
science, Cambridge, UK) to 100 Mi plasma samples, followed by incu-
bation for 10 min at room temperature, and two washes in PBS/ 1%
BSA performed by centrifugation at 1,000 g. with resuspension of the

pellet each time. The 1231 activity in pellet and supernate was then
measured.

(b) Sucrose density gradient centrifugation was as follows: to ascer-
tain complex size, 100-MIA aliquots of fresh plasma were layered onto a
10-50% sucrose gradient (13), and 1231 activity was measured in 16
fractions of 300 Ml after centrifugation for 4 h at 30,000 g. Radiolabeled
IgM, IgG, and BSA were used as size markers.

Complement assays
Plasma C3 and C4 levels were measured using single radial immunodif-
fusion in 1.2% complement fixation diluent-agarose gels containing
antibody (polyclonal goat anti-human C3, or sheep anti-human C4
[ Serotec Ltd., Oxford, UK] ). CH50 was measured using a plate hemo-
lytic assay ( 14).

Assayfor enumeration oferythrocyte CRI
Mean numbers of antigen sites on erythrocytes were measured using a
radioligand-binding assay, as previously described (15). Monoclonal
antibody to CR I was E I I ( 16) (donated by Dr. Nancy Hogg, Imperial
Cancer Research Fund, London, England). Radiolabeling was per-
formed with 125I (Amersham) using Iodogen ( 17), to a specific activity
of 1-2 MCi/Mg.

Image analysis
Quantification of uptake in the liver and spleen was performed from
radioactivity count rates in specific "regions of interest" drawn respec-
tively around the liver and spleen on anterior and posterior images.
Hepatic and splenic uptake was quantified by comparing the injected
counts with the geometric mean ofanterior and posterior counts in the
specific regions of interest. Corrections were made for physical decay of
the radionuclide and photon attenuation as previously described ( 18).

Statistical methods
Elimination half-times, time of 90% hepatic uptake, splenic uptake,
and other variables were compared between the patients and control
group using the Mann-Whitney U test. Correlations between C4 and
C3 levels and IC clearance rate, red cell CR1 numbers and IC binding,
and CR1 numbers and hepatic clearance were analyzed using the non-
parametric Spearman rank correlation test.

Results

Studies with HBsAg alone
Control experiments were performed to characterize the clear-
ance pattern ofthe HBsAg when injected alone. 15 Mg of 123I-la-
beled antigen was injected into two immune and two nonim-
mune normal volunteers. Localization of antigen to the liver
and spleen occurred in all cases, maximum uptake in the liver
occurring after 22 and 24 min, and 28 and 35 min in the im-
mune and nonimmune subjects, respectively. Splenic uptake
of radioactivity at 1 h was between 4 and 7.5% of the injected
dose in the four subjects studied, and there was no difference
between immune and nonimmune individuals. However,
more rapid splenic localization occurred in the immune (mean
t1/2= 9 min) than in the nonimmune subjects (mean t,/2 = 21
min). Less than 2% of circulating activity was measured on
erythrocytes in the nonimmune subjects whereas 12 and 14%
binding was observed in the immune controls. Maximum bind-
ing in the immune subjects occurred between 5 and 10 min,
much less rapidly than in those patients injected with pre-
formed IC (see below).
IC imaging studies
Initial IC clearance and localization. In SLE patients and con-
trols there was uptake of IC in the liver and spleen, with rapid
clearance from the blood (Fig. 1 a). Scanning over the lungs,
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Figure 1. (a) IC clearance kinetics in a typical normal control subject and a patient with SLE. IC were rapidly cleared from the blood and taken
up by the liver and spleen. Complex clearance from the circulation was more rapid in the SLE patient, and there was more rapid IC uptake in
the liver. (b) Whole-body scan performed at 2 h in a normal subject (anterior, left; posterior, right). Tracer uptake is seen in the liver and spleen
and free iodine produced by IC catabolism is visible in the bladder.

kidneys, and other organs revealed no specific uptake above
blood pool level in either group (Fig. 1 b). The initial rate ofIC
clearance from blood was significantly faster in the SLE group
(median t112 = 2.15 min [range 1.3-6.6 min]) than in the nor-

mal controls (median t112 = 5.15 min [range 3.6-14]) (U
= 12.5, P < 0.002) (Fig. 2). As is shown in Fig. 1 a, the rapid
initial removal of complexes from the blood in the patients
with SLE corresponded with the time course of localization of
immune complexes in the liver. The median time at which 90%
of maximum hepatic uptake was achieved in the patients with
SLE was 9.0 min (range 4.3-18 min) compared with 16.0 min
( 13-23 min) in the control subjects ( U = 8.0, P < 0.002). At
10 min, between 27.3 and 67.5% (median 40.7%) of injected
ICs were detectable in the liver in the normal subjects com-

pared with 43.0 to 79.6% of injected IC (median 56.3%) in the

patient group (U = 27, P < 0.05). The immune status of the
subject to HBsAg (measured by a standard ELISA in the Virol-
ogy Department, Royal Postgraduate Medical School, Ham-
mersmith Hospital) had no bearing on clearance rate, hepatic
uptake, or subsequent handling in the studies performed with
immune complexes.

IC catabolism and release. Although there was rapid initial
hepatic localization of complexes in both normals and pa-
tients, in both groups there was a fall in hepatic activity ob-
served between 30 min and 2 h. This was more noticeable in
the patient group, as demonstrated by comparison of the ratio
ofhepatic counts measured at 40 and 60 min in the two groups,
median ratio 1.24 (range 0.88-1.44) in the studies performed
in patients with SLE compared with 0.75 (0.48-0.95) in the
controls ( U = 2, P < 0.02) (Fig. 3 B).
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Figure 2. Half-time of initial IC
clearance in normals and pa-
tients. Clearance of complexes
from the circulation was more
rapid in the SLE patients than
in normals. The subjects whose
clearance curves are shown in
Fig. 1 a are indicated by open
circles.
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Measurement of sequential whole blood, protein-bound,
and red cell-bound activity after injection of IC indicated that
significant release ofprotein-bound radioactivity from the liver
was occurring in the patient group after 30-40 min. Typical
data are shown in Fig. 4, in which the patterns ofIC handling in
a normal subject and an SLE patient are compared. TCA pre-
cipitation data (Fig. 3 A) indicated that a greater proportion of
the activity detected in the blood at 1 h was protein bound in
the SLE group (median 86.7%, range 77.0-96.7) than in the
controls (median 69.7%, range 52.0-79.1 ) ( U = 2.0, P < 0.02).
Precipitation of this material using Sepharose-Staphylococcal
protein A showed that the '23I-HBsAg remained complexed
with IgG (Fig. 5). A maximum of79% ofprotein-bound activ-
ity could be precipitated with Sepharose-Staphylococcal pro-
tein A at 100 min in the patients studied. The size ofthis mate-
rial was assessed by sucrose density gradient centrifugation,
which showed it to be composed primarily of material of be-
tween 35 and 50 S, intermediate between antigen and the in-
jected ICs (Fig. 6, a and c).

Splenic IC uptake. There was significantly reduced splenic
uptake of immune complexes during the first hour among the
patients (median, 9.03% of injected ICs; range, 4.05-23.7%)
compared with the normal controls (median, 23.9%; range,
17.9-30.7%) (U = 4, P < 0.02) (Fig. 7 a). The ability of the
spleen to retain ICs after initial uptake into the organ was also
abnormal among the SLE patients. The activity remaining in
the spleen at 24 h after injection was expressed as a percentage
of the maximum organ uptake measured during the first hour
after injection of the ICs. Among the SLE patients median
uptake was 39% maximum (range: 24-52%) compared with
normal subjects (median, 65.5%; range, 58-73%) (U = 0, P
< 0.002) (Fig. 7 b). It was not possible to track the localization
of IC for > 24 h because of the short half-life of 1231.

Factors influencing clearance pattern in normals and
patients
The main differences between the control subjects and patients
with SLE were as follows: (a) initial IC clearance was more
rapid in patients than in normals, as complexes localized in the
liver, (b) IC release from the liver occurred subsequently in
patients; and (c) there was significantly reduced splenic com-
plex uptake in the patient group. The possible factors contribut-
ing to these differences were explored:

Hypocomplementemia and IC size. Among the 10 subjects
with SLE there was a close correlation between the level ofC4
in the plasma and the t112 ofIC clearance, rsp = 0.997 (Fig. 8).
There was also a correlation between plasma C3 and the t,2 of

Figure 3. (A) TCA-precipitable activity measured in blood at I h in
normals and patients. A greater proportion of radioactivity was still
protein bound at 1 h in patients than in normals. (B) Ratio of hepatic
activity measured at 40 and 60 min in normals and patients. There
was a fall in hepatic activity between 40 and 60 min in the SLE group,
corresponding to release of ICs.

IC clearance, rsp = 0.81 1. These observations suggest that hy-
pocomplementemia might play an important role in determin-
ing the abnormal IC kinetics among the patients with SLE. One
possible explanation for this link is that the ICs remained larger
in the patients after injection than among the normal controls
because of inefficient solubilization in the presence of hypo-
complementemia. Assessment of IC size by sucrose density
gradient centrifugation performed on samples of plasma ob-
tained immediately after complex injection was in support of
this hypothesis. Typical gradient data are shown in Fig. 6 b. A
shift in peak complex size was seen in the 3- and 5-min samples
drawn from a normal subject, which was not observed in the
samples from an SLE patient.

Erythrocyte CR1 number and IC binding. The median
erythrocyte CR1 number measured in the normal control
group was 950 (range 467-1,218). The median value for the
SLE patients was significantly lower, 482 (range 78-969) (U
= 19, P < 0.02). Among all subjects there was a very close
linear correlation between the maximum binding in vivo of IC
to erythrocytes and the CR1 number (rsp = 0.96). CR1 num-
bers on erythrocytes were also correlated with the rate of clear-
ance of ICs by the liver (rsp = 0.62, P = 0.002).

Patients studied on two occasions
Two patients with SLE were studied twice, at intervals of 8 and
9 mo, respectively. Both had been treated with corticosteroids
and azathioprine during the interim period, with clinical and
serologic improvement manifest by a rise in C4 and a fall in
DNA binding (see Table I). CR1 numbers on erythrocytes rose
by only 14 and 12 molecules per cell, respectively. The mea-
sured t112, time for 90% liver uptake, and percentage hepatic
and splenic uptake data are shown in Table I. In both subjects a
rise in C4 correlated with an increased clearance time and re-
duced hepatic uptake, with correspondingly greater splenic lo-
calization ofcomplexes. IC release into the circulation between
30 and 60 min occurred but was reduced in the second set of
studies.

Discussion

The use of '23I-labeled soluble immune complexes offers the
opportunity for the analysis of the physiological mechanisms
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ofimmune complex clearance from the circulation in humans
and how these may be perturbed in disease. We found three
main differences between the clearance pattern of immune
complexes in normal subjects and patients with SLE. Clear-
ance of immune complexes by the liver was faster in patients
with SLE than in controls (the opposite result to that previ-
ously observed for clearance of IgG-coated erythrocytes by the
spleen [3]), and the increased clearance rate correlated with
hypocomplementemia and reduced erythrocyte CR1 numbers.
The second difference was that uptake and internalization of
immune complexes by the MPS of the liver was abnormal in
patients with SLE; up to 12% ofthe injected HBsAg, still com-
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Figure 5. Precipitation of IC by Staphylococcus A beads in normals
and patients. In the SLE patients between 40 min and 2 h there was
an increase in the proportion of protein-bound activity in blood
which was precipitable by Staphylococcus A.

plexed with antibody, was released back into the circulation
from the liver, a phenomenon not seen in normal control sub-
jects. The third difference was that there was much reduced IC
uptake in the spleen in the patients compared with controls.
We performed preliminary experiments to study the clearance
of labeled antigen alone in immune and nonimmune subjects
and the results were similar to those obtained previously by
Madi et al. ( 11). Antigen cleared in both liver and spleen but
with kinetics much slower than those of IC. Maximum in vivo
binding of nascent IC to erythrocyte CR1 in immune subjects
was 14%, similar both to that measured by Madi et al. ( 11 ) and
that observed in our previous study ofin vivo IC formation and
clearance in patients receiving radioimmunotherapy ( 19).

Three interrelated factors appeared to be important in de-
termining the faster clearance and localization of immune
complexes in the liver in patients compared with normal sub-
jects. These were hypocomplementemia, large IC size, and re-
duced binding to erythrocyte CR1, each of which was asso-
ciated with increased rate of uptake of immune complexes by
the liver. A close correlation was observed between the level of
the classical pathway component C4 and the initial rate of IC
clearance. The results ofprevious work in vitro (20-22) and in
vivo (7) implied that low levels ofcomplement might have two
main effects on complex processing. Firstly, IC size would be
expected to be greater due to defective complex solubilization
(21, 22). This was confirmed in the present study on six occa-
sions using sucrose density gradient analysis. Secondly, defec-
tive coating of immune complexes with complement would
reduce binding to CR1 on erythrocytes. CR1 numbers on the
erythrocytes of patients with active SLE are significantly lower
than in normal controls ( 15, 23-25). This was also the case in
the present study, and low levels of erythrocyte CR1 correlated
closely with reduced IC binding to erythrocytes.

The scanning results showed release of 1231I counts from the
liver during the first 60 min among the SLE patients, which was
not seen in normal subjects. Two possible explanations for this
observation are faster internalization and catabolism of com-
plexes in the SLE patients followed by early release of free '23I
or impaired cellular internalization ofimmune complexes with
release ofimmune complexes back into the circulation. Several
lines of evidence are in favor of the second hypothesis: (a) the
1231 counts were protein bound as judged by their coprecipita-
tion with protein after trichloracetic acid; (b) they were still in
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the form ofimmune complexes because they bound to Staphy-
lococcal protein A, which only bound the '23I-HBsAg when
complexed with antibody; and (c) the size ofthe released mate-
rial was - 30 S when analyzed by sucrose density centrifuga-
tion. In contrast, there was evidence that uptake and processing

of immune complexes in both liver and spleen, with conse-

quent release of free i23I, was more efficient among the normal
control subjects (Fig. 3).

There is a precedent for these results from experiments on

clearance mechanisms of immune complexes in mice with
SLE-like disease. The clearance of cross-linked mouse anti-
DNP oligomers was studied in NZB/W and control mice, both
in vivo (26) and in isolated perfused livers (27). Immune com-

plexes were cleared in vivo mainly in the liver, 76% of the
injected label localized to the liver at 1 h. Initial clearance from
the circulation was more rapid in the NZB/W F1 lupus mice
than in control mice (26), analogous to the observations re-

ported in the present study. The early stages of IC uptake were

examined by perfusing isolated murine livers via the portal

vein with labeled immune complexes. There was initially en-

hanced hepatic uptake in the autoimmune mice compared
with controls. However, the complexes in the NZB and NZB/
W F1 lupus mice could be readily displaced by saturating doses
of heat-aggregated human y-globulin, suggesting impaired
binding to Kupffer cells and defective phagocytosis (27), simi-
lar to that postulated in the present study.

The pathway of IC clearance in nonhuman primates has
been established in baboons and chimpanzees (4, 6, 28). Large
immune complexes injected into the circulation bound effi-
ciently to erythrocytes and were cleared in the liver. Blocking
experiments using monoclonal anti-FcyIII in chimpanzees
showed that these receptors were involved in hepatic clearance
of soluble anti-dsDNA/dsDNA ICs (28). Maximal blockade
ofIC uptake by the liver was observed with IC fractions that did
not bind to erythrocytes and had presumably bound less C3b.
These data offer a hypothesis for the release of ICs from the
liver, observed in the present studies. Kupffer cells bear the
following Fc and complement receptors: Fc'yI, II, and III, and
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at 1 h (percent injected dose)

%.l in normals and patients. There
was reduced uptake in the pa-
tient group. (b) Retention of
IC in the spleen at 24 h in nor-
mals and patients. There was
a reduced capacity of the
spleen to retain IC in the SLE

Controls SLE patients patients.

CR1, CR3, and CR4 (29-31). Myones et al. (32) demon-
strated by radioligand binding assays using specific monoclo-
nal antibodies that CR1 was expressed on monocyte-derived
macrophages at - 25% ofthe level ofCR3 and 50% ofthe level
of CR4 expression, but only showed weak staining of tissue
macrophages by immunoperoxidase-labeled anti-CR 1 antibod-
ies. More recently, immunohistochemical analysis of CR ex-

pression has been performed on normal human liver tissue
obtained by percutaneous biopsy (33). Kupffer cells were iden-
tified using monoclonal antibody EBM 1. These cells cos-

tained strongly in all cases with monoclonal antibodies to both
CR1 and CR3 whereas weaker staining was demonstrated with
anti-LeuM5 (anti-p 150,95 ), suggesting a lower level of recep-
tor expression. It may be that ligation of both Fc and CRs is
required to mediate efficiently endocytosis and phagocytosis of
ICs. In hypocomplementemic subjects, immune complexes
bearing low numbers ofC3 and C4 may bind transiently to Fc
receptors on the Kupffer cell surface and then a proportion are

released back into the circulation.
We previously studied the clearance mechanisms in hu-

mans of 251I-soluble tetanus toxoid (TT)/antitetanus toxoid
complexes (7, 8) and found that complexes were cleared from
the circulation more rapidly in patients with SLE and/or hypo-
complementemia than in normal subjects. The site of clear-

r = 0.9976

5-
o

__°_ Figure 8. Correlation between

0 20 40 60 80 10 120 plasma C4 and initial IC clear-

plasma C4 (%NHS) ance rate in patients with SLE.

Patient DNA C4 T,,2 T90 Max Sp. Max Liv E-CRI E-IC

% % min % injected mol/cell % bound

R.B. 1 66 18 1.33 6.0 12.27 46.45 490 26
R.B. 2 33 28 1.90 9.0 16.1 41.05 504 28
C.P. 1 64 15 1.30 9.0 21.6 58.02 570 32
C.P. 2 20 40 2.3 12.5 28.0 53.10 582 34

DNA, percent DNA binding measured by Farr assay; T,/2, half-time
for initial IC clearance; T90, time for 90% hepatic IC uptake; Max
Sp/Liv, maximum percent splenic and hepatic IC uptake; E-IC, max-
imum percent binding ofIC to erythrocytes. C4 levels are measured
by radial immunodiffusion assay, and reported as a percentage of
values obtained using pooled normal human serum.

ance ofthese complexes was not ascertained and we interpreted
the very fast clearance rate of complexes to be due to trapping
ofICs outside the MPS, possibly in the pulmonary vasculature.
This interpretation was probably incorrect in the light of the
present data. Other studies have also shown IC clearance to be
abnormally fast in patients with SLE, notably a recent study by
Madi et al. (9), using similar HBsAg/anti-HBsAg complexes
to those in the present study, in which the clearance sites ofthe
immune complexes were not visualized.

Another model for the study of IC clearance is the use of
aggregated IgG (A-IgG) (6, 10). Halma et al. (10) reported
abnormally rapid initial A-IgG clearance by the liver in pa-
tients with SLE and decreased maximum splenic uptake, but
there were no correlations observed between E-CR 1 and A-IgG
binding to erythrocytes or between complement levels and
elimination kinetics.

It is of some interest to contrast the present findings with
the results of analyses of MPS function using IgG- or comple-
ment-coated erythrocytes as probes. Erythrocytes coated with
anti-rhesus IgG, which did not fix complement, were mainly
removed from the circulation in the spleen, clearance mediated
by Fc receptors (34, 35). In contrast, erythrocytes coated with
IgM and C3 are retained transiently in the liver by ligation of
C3 receptors (34, 36, 37). Catabolism ofthe C3 on the erythro-
cytes to C3dg was accompanied by their release back to the
circulation. We do not have precise data on the ratio ofimmu-
noglobulin to C3 on our immune complexes, as these parame-
ters changed quickly in vivo after IC injection (illustrated in
Fig. 6 b, which shows the changes in IC size after injection).
However, up to 79% ofthe immune complexes bound to eryth-
rocyte CR1 in vivo, showing the presence of sufficient C3b on
the complexes to ligate these receptors efficiently. Further-
more, the median t1/2 ofIC binding to erythrocyte CRI was 7.8
min, longer than the median t,12 of complex clearance, show-
ing that the IC still bore C3b or iC3b at the time of clearance.

Clearance of IgG-coated erythrocytes by the spleen was
found to be delayed in patients with SLE (3, 38) compared
with normal subjects, and these data were interpreted to sup-
port the hypothesis that "reticulo-endothelial" blockade (2),
possibly by high levels ofendogenous immune complexes, may
occur in patients with SLE. The present data and other studies
on the clearance of soluble immune complexes do not support
the hypothesis that there is blockade of the MPS in patients
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with SLE. It is possible that there is an isolated defect ofsplenic
MPS function, but abnormal splenic blood flow has been dem-
onstrated in patients with SLE and this may be a factor
in determining the delayed uptake of IgG-coated erythro-
cytes (39).

The third major difference in immune complex processing
between normal subjects and patients with SLE observed in
this study related to the uptake of IC in the spleen. At 1 h after
injection only - 10% of injected IC were present in the spleen
in the patients compared with one quarter in the normals, sug-
gesting preferential uptake. in the liver and reduced initial
splenic localization. We also found that antigen was retained
much more efficiently in the spleen in the normals than in the
hypocomplementemic subjects: 15-20% injected activity was
still measurable in the spleen at 24 h in normals compared with
3-5% in patients. The splenic clearance ofIgG-coated erythro-
cytes has also been shown to be abnormal in patients with SLE,
as discussed above, although early work suggested a correlation
between tl 2 of E-IgG clearance and disease activity (3, 38),
later studies have failed to confirm these observations ( 35, 40).
The uptake of radiolabeled A-IgG by the spleen has also been
shown previously to be reduced in SLE patients (5). The ana-
tomical organization of the spleen is ideally suited to the pro-
cessing oferythrocytes, particulate antigens, and opsonized im-
mune complexes delivered on erythrocytes bound to CR 1. The
splenic red pulp has a complex and highly specialized vascula-
ture organized in a reticular mesh that functions as a filtration
bed (41). Plasma and cells are progressively separated as blood
passes through the organ, resulting in a relatively elevated he-
matocrit in the red pulp, an environment suited to the interac-
tion ofopsonized IC bound to red cell CR1 and the periarterial
macrophages. Hypocomplementemia, and reduced erythro-
cyte CR1 result in defective opsonization of IC and much re-
duced binding to erythrocytes. We hypothesize that it is abnor-
mal delivery of IC to the mononuclear phagocytic system that
results in reduced initial uptake and impaired complex reten-
tion in the spleen. A parallel may be drawn between these re-
sults and experiments demonstrating the importance of the
complement system in determining the binding of immune
complexes to follicular dendritic cells (42-44), a process im-
portant in the generation ofmemory B lymphocytes. We specu-
late that hypocomplementemia and abnormal processing of
immune complexes may be associated with abnormal path-
ways of antigen processing and presentation and that this may
be a factor in promoting the autoimmune response in SLE.

In conclusion, we have presented evidence that the clear-
ance pathway of large soluble immune complexes from the
circulation in patients with SLE is abnormal and, in particular,
that hepatic processing of immune complexes is impaired.
There was reduced uptake ofimmune complexes in the spleen.
These abnormalities may play a role in the immunopathogene-
sis of the disease by allowing immune complex deposition in
tissues outside the MPS and, speculatively, by promoting ab-
normal pathways of antigen presentation.
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