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Abstract

Westudied levels of erythrocyte C3b receptors (E-CR1) and
correlated them to the level of circulating immune complexes
(CIC) and complement activation in patients with or at risk for
acquired immunodeficiency syndrome (AIDS). A significant re-

duction was found in patients with AIDS (185±93 CR1/cell),
AIDS-related complex, and generalized lymphadenopathy,
whereas healthy male homosexuals or normal controls had
434±193 and 509±140 CR1/cell, respectively (P < 0.001).
Family studies indicate that this defect is acquired. Reduction
in E-CR1 was associated with increased levels of CIC when as-

sayed by binding to Raji cells, but not when tested by Clq binding.
Complement activation was assessed by levels of C3bi/
C3d-g in plasma, measured with a monoclonal antibody specific
for a neoantigen in C3d. AIDS patients had increased C3 acti-
vation (2.68±1.67%) when compared with normal controls
(0.9±0.22%) (P < 0.01). The decreased E-CR1, the presence of
CIC, and C3 activation suggest that complement activation by
immune complexes may play a role in the clinical expression of
the disease.

Introduction

The CR1 receptor, a glycoprotein that binds to the C3b and
C4b fragments of the complement system, is expressed in a va-

riety of blood and tissue cells (1-6). Erythrocytes, because they
are so large in number compared with other circulating blood
cells, carry on their surface the majority of the circulating pool
of this receptor (7). CR1 appears to endow these cells with the
capacity to clear circulating immune complexes (CIC)' by trans-
porting them to the liver where they are removed by local mac-

rophages (8, 9). In addition, CR1 acts as cofactor of factor I in
the inactivation of C3b and C4b (2, 10-12).

Diseases involving autoantibodies and CIC, such as systemic
lupus erythematosus (SLE), rheumatoid arthritis, cold agglutinin
disease, hemolytic anemias, and lepromatous leprosy, are as-
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1. Abbreviations used in this paper: AIDS, acquired immune defi-
ciency syndrome; ARC, AIDS-related complex; ATBS, 2,2-azino-di[3
ethylbenzthiazoline]; BBS, borate-buffered saline; CIC, circulating im-
mune complexes; CVF, cobra venom factor; E-CR1, erythrocyte-C3b
receptor; ELISA, enzyme-linked immunoabsorbent assay; HTLV-III,
human T cell leukemia/lymphotropic virus III; SLE, systemic lupus
erythematosus.

sociated with low levels of erythrocyte CR1 (E-CRl) (13-17).
This defect may play a role in the pathogenesis of some of their
clinical and immune abnormalities. Low E-CRl in SLE patients
appears to be inherited (15-18), but recent studies suggest that
acquired factors, such as disease activity (14), autoantibodies
against the receptor (19), and immune complexes bearing frag-
ments of C3, are involved (16).

Although a retrovirus has been identified as the probable
cause of acquired immune deficiency syndrome (AIDS) (20-
21), the pathogenesis of many of its clinical manifestations is
not understood. In spite of the fact that immune complexes are
apparently involved in AIDS-related thrombocytopenia (22) and
glomerulitis (23), previous studies of CIC are controversial (24-
29), and lack of complement activation has been reported (30-
32). Complement activation, immune complexes, and their
clearance by E-CR1 could influence some of the clinical man-
ifestations of AIDS, therefore we studied these variables in ho-
mosexual subjects at varying risk of developing AIDS.

Methods

Study population. Subjects seen at the Medical Center of the University
of California at San Diego in a longitudinal study of homosexual male
volunteers were classified in the following groups: (A) patients who
fulfilled the criteria for AIDS, (B) patients who fulfilled the Center for
Disease Control/National Institutes of Health criteria for AIDS-related
complex (ARC), (C) homosexual men with generalized lymphadenop-
athy, (D) asymptomatic homosexual men who presented with at least
one laboratory abnormality suggesting immune deficiency, such as leu-
kopenia, anemia, depressed helper/suppressor T lymphocyte ratios (< 1.0),
or skin anergy, (E) healthy homosexual men, and (F) relatives of patients
with AIDS. The control population (G) consisted of 55 healthy hetero-
sexual Caucasian males ranging in age from 19 to 56 yr.

Purification of CRI and production of anti-CRI monoclonal anti-
bodies. CR1 was purified to homogeneity from human erythrocytes as
previously described (17). Mice were immunized by two intraperitoneal
injections with 10 gg of purified CR1. Spleen cells were fused with the
murine myeloma line P3 X 63.AG8.653 at a ratio of 6:1. The antibodies
produced by clone 543 were tested using purified CR1 in an enzyme-
linked immunoabsorbent assay (ELISA). The ascites fluid was passed
through a protein A-agarose column (E-Y Laboratories, San Mateo, CA)
equilibrated with 0.1 Mphosphate buffer, pH 8.0, and the bound IgG
was eluted with 0.1 Macetic acid. Fab' fragments were obtained by di-
gesting the IgG with 2% wt/wt pepsin (Sigma Chemical Co., St. Louis,
MO) for 18 h at 37°C, pH 4, in the presence of 0.02 MCys-HCI (Sigma
Chemical Co.); 0.025 Miodoacetamide was then added and the fragments
were purified by high performance liquid chromatography (Waters As-
sociates, Millipore Corp., Milford, MA) gel filtration on a 7.5 X 600-
mmTSK-250 column (Bio-Rad Laboratories, Richmond, CA).

Quantitation of E-CRI. A radiobinding assay was utilized to measure
the number of CR1 molecules on the erythrocyte surface, using 1251 Fab'
fragments of a monoclonal antibody directed against the receptor. 10
ml of venous blood were drawn in 0.02 MEDTA(Fisher Scientific Co.,
Fairlawn, NJ). The cells were washed in veronal-buffered saline, and the
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buffy coat removed after each wash. The erythrocytes were then resus-
pended at a concentration of 2.5 X 109/ml in veronal-buffered saline
(0.075 MNaCi) containing 2.5% dextrose (Mallinkrodt, Inc., St. Louis,
MO), and 0.5% gelatin (J. T. Baker Chemical Co., Phillipsburg, NJ). 50
Ml of erythrocytes were incubated on ice with 50 ,Al of increasing dilutions
of 1251 Fab' anti-CR 1 in dextrose/gelatin/veronal buffer ranging from 6.5
to 0.4 Ag/ml. After 60 min, the mixtures were layered on 200 gl of
dibutylphthalate (Eastman Kodak Co., Rochester, NY), and after cen-
trifugation for 1 min in a microfuge (Beckman Instruments Inc., Palo
Alto, CA), the pellets and supernatants were measured for bound and
free I25l-Fab'. Nonspecific binding was determined by incubating the
samples for 60 min with 200-fold excess of unlabeled anti-CR1 IgG
before adding the '25I-Fab'. The number of CR1 per cell was calculated
by binding isotherms and Scatchard analysis of the binding data (33).

Evaluation of circulating anti-CRI autoantibodies. Venous blood
was allowed to clot at room temperature and the serum stored at -700C.
Duplicate wells of flat bottomed Immulon I microtiter plates (Dynatech
Laboraties, Inc., Alexandria, VA) were coated overnight at 40C with 50
Ml of carbonate-bicarbonate buffer, pH 9.6, containing either 10 ng of
purified CR1 or 1%human serum albumin (Sigma Chemical Co.). After
removing the supernatants, the wells were washed with borate buffered
saline (BBS) at pH 7.5, and incubated for 2 h at 220C with BBS/l% HSA
to block nonspecific binding sites. Undiluted human serum or rabbit
anti-CRl (6 Ag/ml) were added to the wells and incubated for 1 h at
22°C, after which they were washed with BBS/l% human serum albumin
containing 0.05% Tween 20 (Bio-Rad Laboratories). The wells containing
human serum were incubated for 1 h at 22°C with 100 ng of peroxidase-
conjugated goat anti-human IgG or IgM (Atlantic Antibodies, Scarbor-
ough, ME). Those wells containing rabbit anti-CR 1 received 100 ng of
peroxidase-conjugated goat anti-rabbit IgG (Atlantic Antibodies) in 50
Ml of TBBS-HSA. The reactions were developed with 2,2-azino-di[3
ethylbenzthiazoline] (ATBS) (Zymed, San Francisco, CA) for 30 min
and the optical density measured at 410 nm in a Minireader II (Dynatech
Laboratories, Inc.). A standard curve was constructed by incubating serial
dilutions of peroxidase anti-IgG or -IgM with ATBS for 30 min. This
curve was compared with the results obtained from the test serum samples
and expressed as nanograms of conjugated antibody bound.

Quantitation of C3bi/C3d-g in plasma. Venous blood was drawn in
vacutainers containing EDTA, chilled on ice for 1 h, centrifuged for 30
min at 30,000 g and the plasma was stored at -70°C. The samples were
tested within 15 d as follows. Duplicate Immulon I microtiter wells were
coated overnight at 4°C with 50 Ml of BBS, pH 7.5, containing 300 ng
of anti-C3bi/C3d-g monoclonal IgG (kindly supplied by Dr. H. Muller-
Eberhard, Scripps Clinic and Research Foundation, La Jolla, CA) or
with 1% bovine serum albumin (BSA) (Sigma Chemical Co.) in BBS
(BBS-BSA), pH 7.5. The plates were washed and incubated for 2 h with
250 Ml of 1% BSA to cover unreacted sites, followed by washing with
BBS-BSA. 50 Ml of serial dilutions of test plasma in BBS-BSA containing
0.05% Tween 20 were added and incubated for 1 h. Additional wells
were reacted with serum in which the complement system was activated
by incubation with cobra venom factor (CVF) (Cordis Laboratories,
Inc., Miami, FL) (34, 35). The wells were then washed and reacted for
60 min with 500 ng of rabbit anti-C3d (Accurate Chemical & Scientific
Corp., Westbury, NY) that was previously absorbed with mouse serum
coupled to sepharose beads. After washing, 12.5 ng of peroxidase-con-
jugated goat anti-rabbit IgG antibodies (Atlantic Antibodies) were added,
and the reactions were developed with ATBS for 30 min. The optical
density in each sample was measured at 410 nm in a Minireader II.
Linear regression analysis of the different dilutions of the tested plasma
were compared with those obtained from the CVF-activated serum and
expressed as percentages of total complement activation.

Measurement of CIC. The presence of CIC was assessed in serum
by Clq binding (36) and Raji cell assays (37).

Anti-human T cell leukemia/lymphotrophic virus (HTLV-III) se-
rology. Antibodies to the AIDS retrovirus (HTLV-III) were deter-
mined by ELISA, using microtiter plates (Electro-Nucleonics, Inc., Fair-
field, NJ).

Results

Quantitation of CR1 on erythrocytes. The mean number of CR1

per erythrocyte (±SD) for each group of subjects is shown in
Fig. 1. 29 patients with AIDS (A) had 185±93 E-CRl and 4
with ARC(B) had 273±94; 49 patients with generalized lymph-
adenopathy (C) had 372±143, and 17 asymptomatic patients
with mild immune abnormalities (D) had 429±161. The number
of E-CRl in 17 healthy homosexual men and 55 heterosexual
controls were 434±193 and 509±140, respectively. Analysis by
Duncan's multiple range test showed a significant difference be-
tween the normal controls and groups A, B, and C, but not with
groups D and E. There was no significant difference between
patients with AIDS who had Kaposi's sarcoma and those with
opportunistic infection (P = 0.44). Histograms and the Ander-
son-Darling test obtained from the data points of the healthy
population and patients revealed a normal distribution.

To establish whether the impaired expression of CR1I in AIDS
patients is inherited or acquired, we studied 15 of their relatives.
Their mean number of CR1 per cell (505±210) does not differ
from the normal population. Furthermore, in one family, the
patient had <200 E-CRl, whereas his parents and sibling had
between 600 and 786 E-CR1. Although the propositus in another
family had 195 E-CRl, his parents had 850 and 425 E-CRl.
These family studies suggest that the defect of E-CRI in patients
with AIDS is acquired.

Anti-CRI autoantibodies in plasma. Because the presence
of anti-CR1 autoantibodies could account for the decrease in
the number of receptors as recently reported in one patient with
SLE (19), we measured these antibodies by ELISA in the plasma
of 9 normal subjects and 13 patients with AIDS. With purified
CRI as antigen to coat wells, normal human sera bound a mean

of 0.16±0.09 ng of peroxidase goat anti-human IgG and
0.38±0.33 ng of anti-human IgM, while patients with AIDS
bound only 0.07±0.05 ng and 0.13±0.12 ng, respectively. In
agreement with Wilson et al. (19), we found that normal sera

may contain small amounts of what appear to be circulating
anti-CR 1 antibodies, but this amount is not increased in patients
with AIDS. These results indicate that anti-CR autoantibodies
are not involved in the reduction of E-CRl in AIDS.

CIC. Raji cell assay showed CIC in 13 out of 20 patients in
group A, 12 out of 12 in group C, 4 out of 6 in group D, and 3
out of 6 in group E (Fig. 2). The highest levels of CIC were found
in group C. Linear regression analysis showed a significant cor-

relation between the levels of CIC and the titer of anti-HTLV-
III antibodies (r = 0.58, P < 0.001) (Fig. 3). When immune

complexes were measured using the '25I-Clq binding assay, all

the sera tested were negative.
Complement activation in plasma. Previous studies have re-

ported normal values of total complement activity (CH50) as

well as of C3 and C4 in patients with AIDS. Because reactive
production may normalize circulating levels of complement
proteins in the presence of complement activation, we examined
the plasma levels of C3bi/C3d-g as an indicator of complement
consumption. Wemeasured this product with an ELISA, using
a monoclonal antibody directed to an epitope present in C3bi,

C3d-g, and C3d and absent in native C3 or C3b (38). Each plasma
sample tested was compared with a standard normal human
serum control that was activated with CVFand assumed to rep-

resent 100% of activation of C3. Results, expressed as a per-
centage of C3 activation, show that there is a statistically sig-
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Figure 1. Quantitation of
E-CRI with '25I-Fab' frag-
ments of monoclonal
anti-CRI antibody.
Means±SD for each
group studied are shown;
P values are the result of
individual t tests between
each group and the nor-
mal population. The re-
sult of Duncan's multiple
range test for the compar-
ison of the means of stud-
ied groups and normals is
expressed as significant
(Sig.) or nonsignificant
(N. Sig.). Gen. Lymph,
patients with generalized
lymphadenopathy; Imm.
Abn., homosexual men
with immune abnormali-
ties; Healthy Hms.,
healthy homosexual
males.

nificant difference between patients with AIDS and all other
groups by Duncan's multiple range test. No difference was ob-

served between patients who had Kaposi's sarcoma and those
with opportunistic infection (P = 0.69). No significant difference
was found between patients of groups C, D, and E and the normal
population (Fig. 4). There was a negative correlation between
C3 activation and E-CR1 (r = -0.439; P= 0.002). No correlation
was found between CIC measured by Raji cell assay and C3
activation (r = 0.120).
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Discussion

The C3b/C4b receptor was described more than 30 yr ago as

the immune adherence receptor (39). It has been characterized
as a polymorphic glycoprotein (40) that regulates complement
activation at the host cell surface, functions in the processing of
immune complexes, and participates in a variety of host-cell-
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Figure 2. Measurement of CIC by the Raji cell assay. Results are ex-

pressed as equivalents of micrograms of aggregated gammaglobulin
per milliliter of serum (eq of yg AHG/ml). The normal population has
<100 (shaded area). No significant difference was observed between
AIDS patients (group A) with Kaposi's sarcoma and those with oppor-

tunistic infection (P = 0.44). Gen. Lymph, generalized lymphadenop-
athy; Imm. Abn., patients with immune abnormalities; Healthy Hms.,
healthy homosexual males.
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Figure 3. Relationship between titers of anti-HTLV III antibodies and

circulating immune complexes in 20 patients with AIDS, 2 with ARC,
12 with generalized lymphadenopathy, 6 homosexual males with im-

mune abnormalities, and 6 healthy homosexual men.
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Figure 4. Complement activation in plasma measured by the quantita-
tion of circulating C3bi/C3d-g fragment. Results are expressed as per-

centage of total C3 activation produced by CVF. Gen. Lymph, gener-

alized lymphadenopathy; Imm. Abn., immune abnormalities; Healthy
Hms., healthy homosexual males.

mediated defense reactions (41). The observation that patients
with autoimmune diseases such as SLE have a significant de-
crease in the number of CR1 molecules on the surface of their
erythrocytes suggests that this receptor may be of significance
in the expression of some clinical manifestations.

Using a monoclonal antibody to quantitate the expression
of C3b receptors (CR1) on the surface of erythrocytes, we found
decreased levels in patients with AIDS, ARC, and generalized
lymphadenopathy compared with levels in asymptomatic ho-
mosexual and heterosexual men. Most patients with AIDS and
ARChave a severe reduction in the expression of E-CR1 when
compared with healthy heterosexuals. The only patient with
AIDS who had normal levels of E-CR1 (479) presented with a

solitary lesion of Kaposi's sarcoma in the parotid gland, which
was removed and has not recurred in 12 mo. Many AIDS patients
with Kaposi's sarcoma are less severely compromised immu-
nologically than those with opportunistic infections. This patient
had decreased helper T cells and anergy to skin tests, but no

other evidence of severe immune suppression.
Two patients who originally had only lymphadenopathy and

low CR1 subsequently developed AIDS. One of them had 170
E-CR1 when first tested, and 116 when diagnosed as having
AIDS 9 mo later, the other patient had 330 when first seen, and
200 E-CR1 after developing opportunistic infections. Long-term
follow-up of other subjects in groups C, D, and E will determine
whether E-CR1 reliably predicts which infected individuals
eventually develop AIDS.

A number of studies have examined the mechanism of the
reduction of E-CRI in autoimmune diseases such as SLE. Wilson
et al. (15) proposed the concept of an inherited defect based on

the observation that relatives of SLE patients presented the same

alteration. They concluded that two codominant alleles deter-
mined the low levels in SLE patients as well as in their relatives,
and proposed that individual expression of CR1 falls into three
genetically determined groups: high, intermediate, and low. This
notion is also supported by reports from Minota et al. (18). In
contrast, lida et al. (14), Ross et al. (16), and Walport et al. (42)
have shown that low CR1 in patients with SLE was influenced
by factors related to the disease activity. Although evidence exists
to support the inherited determination of E-CR1 levels in the
normal population (15, 42), the nature of the reduction observed

in SLE patients remains unclear. In order to address this question
in AIDS, we examined E-CRl in relatives of patients with AIDS
and observed that the mean number did not differ from the

normal population. In two families, the altered expression of
E-CR1 in the patients could not be attributed to codominant
inheritance, indicating that it is acquired. Histograms of E-CRl
of healthy controls and patients showed a normal distribution,
in agreement with the findings of Ross et al. (16).

Previous reports of immune complexes in patients with AIDS
present contradictory results (24-29). This controversy could
stem from the use of different assays to measure CIC. This ques-
tion encouraged us to compare two different methods in the
evaluation of our subjects. We found that 65% of patients in
group A, 100% of those in group C, 66% in group D, and 50%
in group E had elevated levels of CIC by the Raji cell assay. In
contrast, none had CIC detectable in their plasma by the Clq
binding assay. Therefore, it appears that the CIC in patients with
AIDS bear C3bi fiagments and not Clq, activating the alternative
but not the classical pathway. Similar results were obtained by
Gupta and Licorish (43) in a limited study of patients with AIDS
and ARC. The decreased levels of CIC, as well as anti-HTLV-
III antibody titers in patients with AIDS, when compared to
subjects with lymphadenopathy, could reflect the impaired hu-
moral immune response to specific antigens in AIDS (44, 45).

Our finding that C3 cleavage products (C3bi/C3d-g) are el-
evated in the plasma of AIDS patients suggests that there is
activation of the complement system. Reactive production of
complement proteins may account for the normal CH50values,
as well as the normal levels of C3 and C4 previously reported.
Because C3d has recently been shown to be a potent stimulator
of activated B cells (46), the increased C3d-g in the circulation
of patients with AIDS could serve as positive feedback in the
production of CIC.

The exact mechanism of reduced expression of E-CRl in
AIDS is unknown. Wehave shown that patients with AIDS do
not have circulating anti-CRl autoantibodies and that the
monoclonal anti-CR 1 antibody that we used recognizes the re-
ceptor independently of receptor occupancy (17). Thus, the im-
munecomplexes observed do not interfere with the measurement
of the receptor. Ross et al. (16) proposed that in SLE patients,
CR1 may be lost during the interaction of complement-bearing
erythrocytes with liver or spleen macrophages. Our findings of
increased CIC and complement activation in AIDS patients
could support a similar mechanism in AIDS. Another possibility
is that an E-CRl synthetic defect arises in the bone marrow. A
biochemical abnormality of erythrocytes in AIDS (increased
adenosine deaminase activity), which could result from a direct
effect of the AIDS retrovirus on erythroid precursors (47), has
recently been reported. Alternatively, the receptor could be lost
during the maturation of erythroid cells in a manner similar to
the decreased expression of the decay accelerating factor in pa-
tients with paroxysmal nocturnal hemoglobinuria (48).

Regardless of the mechanism of E-CRI reduction, the pres-
ence of CIC, decreased E-CR1, and complement activation could
influence the pathogenesis, clinical expression, and prognosis
of AIDS.
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