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ABSTRACT Treatment of erythrocytes with the thiol-
specific oxidant azodicarboxylic acid bis(dimethylamide)
(diamide) enhances their phagocytosis by adherent monocytes.
Phagocytosis of diamide-treated erythrocytes required that the
cells were opsonized with whole serum, since complement
inactivation abolished phagocytosis. Opsonization with whole
serum containing 20-100 times the physiological concentration
of naturally occurring anti-band-3 antibodies enhanced phago-
cytosis of diamide-treated erythrocytes. High inputs of anti-
band-3 also restored phagocytosis of erythrocytes that had been
incubated with complement-inactivated serum. Elevated con-
centrations of anti-spectrin antibodies were ineffective in whole
and complement-inactivated serum. Specific recognition of
diamide-treated erythrocytes by anti-band-3 antibodies may be
due to generation of anti-band-3 reactive protein oligomers on
intact diamide-treated erythrocytes. Generation of such oligo-
mers was dose-dependent with respect to diamide. Bound
anti-band-3 alone was not sufficient to mediate phagocytosis. It
resulted in deposition of complement component C3b on the
cells through activation of the alternative complement pathway
in amounts exceeding that of bound antibodies by two orders
of magnitude. Thus, anti-band-3 and complement together
mediate phagocytosis of oxidatively stressed erythrocytes,
which simulate senescent erythrocytes with respect to bound
antibody and complement.

Antibodies to erythrocyte membrane constituents are pres-
ent in normal human serum (1-5). Some of them opsonize
senescent or damaged erythrocytes and induce engulfment of
the cells by phagocytes (3-5). One of them, a naturally
occurring autoantibody to band 3 protein of erythrocyte
membranes (anti-band-3), reacts with exoplasmic and cryptic
domains of this protein (2). This antibody appears to be
involved in clearance of senescent human erythrocytes, since
it has the same specificity on blots as IgG eluted from
senescent cells (6) or IgG precipitated from extracts of
senescent erythrocytes (7). This evidence is, however, not
conclusive because the amount of IgG bound to senescent
erythrocytes (8-10) is not sufficient to elicit IgG Fc receptor-
mediated phagocytosis, which requires thousands of IgG per
cell (11, 12). Furthermore, antibodies with specificities other
than anti-band-3 also recognize senescent erythrocytes (4, 5).
The functional role of naturally occurring anti-erythrocyte
antibodies has been studied by opsonizing erythrocytes with
purified antibodies in the absence of serum (3-5). These
conditions cannot differentiate between erythrophilic (13, 14)
and antigen binding of added IgG. We, therefore, studied the
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effect of naturally occurring antibodies in the presence of
serum. This avoids erythrophilic binding of added antibody
and allows us to investigate the role of complement. Probing
the effect of such antibodies on erythrocytes that had been in
contact with these antibodies while in circulation requires
manipulations, including elution of cell-bound antibodies or
exposure of additional antigenic sites. Since antibody elution
is incomplete and perturbs the membrane structure in an
uncontrolled manner, young erythrocytes were in vitro
‘‘aged’’ by storage in the absence of serum (15). Although this
classical manipulation resulted in an IgG requirement for
efficient phagocytosis, it did not allow us to identify the
antigenic sites exposed in the course of storage. Therefore,
erythrocyte aging was mimicked by oxidative stress, which is
known to accelerate erythrocyte clearance in vivo (16-18)
and to induce membrane protein oligomerization (17, 19-22)
and band 3 protein clustering (22). Band 3 clustering en-
hances binding of antibodies from autologous IgG, whether
studied on skeleton-free vesicles (8) or on erythrocytes
containing Heinz bodies (22, 23). This suggests, as claimed
earlier (24), that anti-band-3 antibodies specifically recognize
oligomerized band 3 protein. We therefore asked if a selective
oxidation of membrane SH groups by azodicarboxylic acid
bis(dimethylamide) (diamide) (19, 25) enhances phagocytosis
of human erythrocytes in vitro and if phagocytosis was
stimulated by anti-band-3 in the presence of serum.

MATERIALS AND METHODS

Diamide Treatment of Erythrocytes. Human blood, type O
Rh*, collected in heparin was freed from leukocytes (26).
Erythrocytes were either used as such or were separated into
subpopulations by density centrifugation on Percoll gradients
(27) as modified (2). Erythrocytes were washed three times
with phosphate-buffered saline (PBS)/glucose (10 mM
phosphate/150 mM NaCl/5 mM b-glucose, pH 7.4). They
were then treated with 50-100 uCi (1 Ci = 37 GBq) of
[**C]cyanate per ml (1 mM) at 50% hematocrit for 30 min at
37°C (28), if used for phagocytosis experiments. Erythrocytes
used for binding studies were treated similarly with unlabeled
cyanate (1 mM). After incubation, cells were washed three
times with PBS/glucose and resuspended at 25% hematocrit
in Tris buffer (40 mM TrissHCI/5 mM KCl/116 mM NaCl/0.2
mM MgCl,/5 mM b-glucose, pH 7.6). These suspensions
were incubated with or without diamide (Sigma) at the
indicated concentrations for 60 min at 37°C. Cells were
washed three times in Tris buffer and were added to sera.

Abbreviations: iPr,P-F, diisopropylfluorophosphate; C3, comple-
ment component C3.
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Opsonization of Erythrocytes in Sera Supplemented with
Naturally Occurring Antibodies. Naturally occurring anti-
band-3 (2) and anti-spectrin antibodies (1) were purified from
polyspecific human IgG (Sandoglobulin) by immunoadsorp-
tion on immobilized antigens as outlined (2). Where indicat-
ed, autologous sera were supplemented with purified anti-
band-3 or anti-spectrin dimer antibodies. Antibody-supple-
mented sera were dialyzed at 4°C against saline and PBS/
glucose containing gentamycin (Sigma). They were used to
opsonize erythrocytes at 33% hematocrit for 30 min at 37°C.

Phagocytosis Assays. Phagocytosis was carried out with
adherent peripheral monocytes. Lymphocytes and mono-
cytes were isolated (29) and plated (1-2 x 10° cells per well)
on multidish Nunclon plates in RPMI 1640 (Flow Laborato-
ries) containing 10% heat-inactivated calf serum. RPMI used
for adhesion of monocytes was adjusted to pH 8.1 (30). After
adhesion in 5% CO, for 2-16 hr at 37°C, nonadherent cells
were removed by three washes with RPMI (pH 7.4). Plates
were incubated with RPMI (pH 7.4) for 3-4 hr prior to
addition of 2-4 x 107 opsonized, [*C]cyanate-labeled eryth-
rocytes per well. The extent of phagocytosis was determined
as outlined (30). Results are given as the mean + 1 SD from
a given number of independent experiments using 1-3 wells
for each assay. ‘

Binding of Anti-Band-3 Antibodies. Purified anti-band-3
antibodies were labeled by using either the chloramine T
method (50-65 x 10° cpm/ug) or Enzymobead reagents
(BioRad) (4-12 x 10° cpm/ug) (2). Fixed amounts of labeled
and increasing amounts of unlabeled anti-band-3 were added
to diisopropylfluorophosphate (iPr,P-F)-treated serum to
yield the final concentrations given. Anti-band-3 binding was
studied as follows: Erythrocytes with a creatine content
ranging from 20 to 40 ug per 10! red cells were treated as
outlined and incubated with 70% iPr,P-F-treated serum
containing a fixed amount of 1%I-labeled anti-band-3 (0.4-1.2
X 10% cpm in 50 wl) and the given final concentration of
anti-band-3. After opsonization, the suspensions were dilut-
ed 10-fold with cold PBS/glucose and layered on 11 ml of
21.5% Ficoll in PBS/glucose to determine bound antibody by
pelleting erythrocytes (14 min; 4300 X g at the bottom of the
tube) at quasi-equilibrium conditions. The tubes were frozen,
and the bottom containing the pelleted erythrocytes was cut
to determine bound radioactivity. Controls were run in the
absence of erythrocytes. Bound label was normalized to the
number of opsonized erythrocytes. Results are given as the
ng of anti-band-3 bound per 10 erythrocytes.

Binding of Anti-Band-3 to Blotted Erythrocyte Polypeptides.
Formation of anti-band-3 reactive protein oligomers was
analyzed on blotted polypeptides from diamide-treated eryth-
rocytes as follows: Membranes were prepared (2) from
erythrocytes treated with or without diamide. Membranes
were solubilized with 2% NaDodSO,, and S—S-containing
polymers were enriched by adsorption of SH-containing
polypeptides on thiopropyl-Sepharose (Pharmacia), essen-
tially as outlined elsewhere (31). The unbound material from
1.2 X 10° erythrocytes was electrophoresed with or without
reduction and alkylation on NaDodSO,/PAGE and was
blotted (32). Blots were treated as outlined (2), except that
they were incubated with >°I-labeled anti-band-3 (0.5-1 x
10° cpm/ml) at 100 ng/ml in 10 mg of IgG per ml absorbed on
band 3 protein in 2% milk powder instead of gelatin. Anti-
band-3 reactive polypeptides were visualized by autoradi-
ography.

Binding of Complement Component C3 (C3) to Erythro-
cytes. Human C3 was purified as described (33, 34), followed
by absorption on protein A-Sepharose or anti-human IgG. C3
was ZI-labeled using Enzymobead reagents (10-12 x 10°
cpm/ug). Labeled C3 that was not frozen showed a similar
susceptibility to trypsin as native C3 (35). Whole serum or
iPr,P-F-treated serum was supplemented with a fixed amount
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of 1%5I-labeled C3 (up to 800,000 cpm in 50 ul) and increasing
concentrations of antibodies, as indicated. Erythrocytes
were treated as outlined and were opsonized with antibody-
supplemented 70% whole serum or iPr,P-F-treated serum
that contained labeled C3. After opsonization, samples were
diluted 10-fold, and bound label was determined as outlined
for anti-band-3 binding. Bound label is given in micrograms
of C3 per 10° erythrocytes, assuming that normal serum
contains 1.2 mg of C3 per ml and that bound material was
either bound as C3 or deposited in the form of C3b and was
not further processed. The total amount of C3d-containing C3
fragments on erythrocytes was assessed by goat anti-C3d
(Nordic, Tilborg, The Netherlands) and an affinity-purified,
125].1abeled second antibody (rabbit anti-goat IgG; Nordic).
The number of C3b receptors on erythrocytes was deter-
mined by binding of an 12’I-labeled monoclonal anti-CR1
antibody as described elsewhere (36).

RESULTS

Anti-Band-3 Enhances Phagocytosis of Diamide-Treated
Erythrocytes. Human erythrocytes treated with diamide were
phagocytized by adherent monocytes following incubation
with autologous serum, whereas cells treated with no diamide
were not (Fig. 1). Phagocytosis of diamide-treated erythro-
cytes was dose-dependent at diamide concentrations from 5
to 1000 uM when phagocytosis was carried out with the same
batch of monocytes (not shown). Diamide had the same effect
at 20 and 200 uM when results were averaged from several
experiments (Fig. 1). The extent of phagocytosis was com-
parable to that obtained with erythrocytes opsonized by
anti-Rh D antigen at 2 ug/ml (Fig. 1).

Pretreatment of serum with iPr,P-F, which prevents com-
plement activation (37), abolished phagocytosis of diamide-
treated erythrocytes (Fig. 1). Heat treatment of the serum
decreased phagocytosis by 76 = 16% (mean * SD; n = 9).
Thus, phagocytosis of diamide-treated erythrocytes was
dependent on an intact complement system. Phagocytosis of
cells opsonized in serum that had been dialyzed against a
Mg?*/EGTA buffer reached two-thirds the value observed
with serum dialyzed against a Ca?*/Mg?* buffer (not shown),
which indicates a predominant involvement of the alternative
complement pathway (38).

Anti-band-3 added to serum enhanced the extent of phago-
cytosis of diamide-treated erythrocytes in a concentration-
dependent manner (Fig. 24). Moreover, addition of anti-
band-3 at 50- to 100-fold its physiological concentration
(0.1-0.2 ug/ml; ref. 2) to complement-inactivated serum
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Fic. 1. Effect of diamide on phagocytosis of erythrocytes.
Human erythrocytes were pretreated and “C-labeled. They were
opsonized with either 2 ug of anti-Rh D per ml in buffer (stippled
bars), whole serum (solid bars), or iPr,P-F-treated serum (open
bars). Opsonized erythrocytes were added to adherent monocytes,
and the extent of phagocytosis was expressed as the number of
erythrocytes engulfed per monocyte. Results are given as the mean
+ 1 SD from the indicated number of independent experiments (1-3

wells for each assay).
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FiG. 2. Effect of naturally occurring antibodies on phagocytosis
of diamide-treated erythrocytes. Labeled erythrocytes, treated with
or without diamide, were opsonized with antibody-supplemented
70-80% whole serum or iPr,P-F-treated serum. Opsonized erythro-
cytes were diluted 3-fold, pelleted, and resuspended in 70-80%
serum (A) or iPr,P-F-treated serum (B) to remove extra amounts of
naturally occurring antibodies prior to phagocytosis. The extent of
phagocytosis was the same whether or not the supplemented anti-
bodies were removed after opsonization. Results are given as a
percent of the controls. Diamide-treated erythrocytes opsonized in
70-80% whole serum served as controls with an average extent of
phagocytosis (100%) of 4.1 + 1.7 erythrocytes per monocyte (n = 8).
The results are given as the mean of two independent experiments or
as the mean + 1 SD from the number of independent experiments
(given near each point) with 1-3 wells for each assay. (A) Phagocy-
tosis of red cells treated with 20 uM diamide and opsonized with
whole serum supplemented with anti-band-3 (e) or anti-spectrin (%).
(B) Phagocytosis of erythrocytes treated without (open symbols) or
with 20 uM diamide (filled symbols) and opsonized with iPr,P-F-
treated serum supplemented with anti-band-3 (O, @) or anti-spectrin
().

restored phagocytosis to that of normal serum (Fig. 2B). In
contrast, supplementation of serum or iPr,P-F-treated serum
with anti-spectrin did not enhance the extent of phagocytosis
(Fig. 2 A and B), further indicating that the diamide-induced
modification was specifically recognized by elevated con-
centrations of anti-band-3.

Diamide Generates Band 3 Protein Oligomers. Treatment of
cells with 1-2 mM diamide generated band 3 oligomers,
which were detected as anti-band-3 reactive species on blots
from whole membranes (not shown). Since they comprised
less than 1% of total band 3 protein, S—S-linked polypeptides
containing oxidized band 3 oligomers were enriched (31) from
NaDodSO,-solubilized membranes of cells that had been
treated with 0-2 mM diamide. Anti-band-3 reacted specifi-
cally with high molecular weight protein oligomers from
fractions enriched in S—S-linked polypeptides (Fig. 3).
Reduction of S—S bonds with dithiothreitol dissociated the
oligomers and generated anti-band-3 reactive material in the
position of band 3 protein and in the band 4.2 protein region
(70 kDa). Oligomer formation was dose-dependent with
respect to diamide; at 20 uM diamide, oligomer formation
was already greater than in the controls.

Binding of Anti-Band-3. Diamide treatment also increased
binding of anti-band-3 to erythrocytes (Fig. 4A). In the range
of 2-15 pg of anti-band-3 per ml, more 1?5I-labeled anti-band-
3 bound to diamide-treated erythrocytes than to control cells.
For erythrocytes treated with 200 uM diamide, differences
were significant between 4 and 10 ug of anti-band-3 per ml
and corresponded to less than 15 additional IgG molecules
bound per erythrocyte. The jncrement in bound antibody was
not due to a systematic error in counting diamide-treated
erythrocytes, since a similar increase in antibody binding was
found with unoxidized erythrocytes, to which diamide in-
stead of buffer was added during the binding assay (Fig. 4B).
The small increment in the number of bound antibodies on
diamide-treated erythrocytes is real and occurred at antibody
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FiG.3. Anti-band-3 reactive protein oligomers in diamide-treated
erythrocytes. S—S-linked polypeptides from erythrocytes treated
with increasing concentrations of diamide (0-2 mM) were enriched
by adsorption of SH-containing polypeptides. Samples were dena-
tured at 37 or 100°C with (+) or without (—) reduction for the
indicated length of time, electrophoretically spread, and blotted.
Blots from both the running and the stacking gel were incubated with
125[_Jabeled anti-band-3. Lane C: 20 ug of erythrocyte membranes.
Apparent molecular mass of 240 and 220 kDa refers to the spectrin
bands as detected on stained blots from gels run in parallel with
membranes. An autoradiograph of the gel is shown. The arrowheads
at the left indicate the positions of band 3 and band 4.2.

concentrations that also enhanced phagocytosis (Fig. 2).
Neither this increment nor the total amount of cell-associated
anti-band-3 could cause phagocytosis alone if it occurred by
Fc receptors alone and were dependent on as many IgG as
with anti-Rh antibodies (11). A few hundred antibodies could
initiate phagocytosis if antibodies were clustered (12) or if a
concomitant C3b deposition allowed cooperative recognition
by Fc and complement receptors (11).

Anti-Band-3 Elicits C3 Binding. Efficient phagocytosis
required primarily complement at physiological concentra-
tions of anti-band-3 (Fig. 1). Elevated anti-band-3 concen-
trations not only enhanced phagocytosis but also restored
phagocytosis of diamide-treated cells in complement-inacti-
vated serum (Fig. 2). The latter finding does not imply that
phagocytosis was exclusively dependent on IgG Fc receptor
interactions, since C3 fragments acquired while in circulation
were not eluted before diamide treatment. Correspondingly,
erythrocyte-bound C3 fragments, as measured by anti-C3d,
were lower by only 10 + 2% (mean + SD; n = 3) when cells

Fic. 4. Erythrocytes were
pretreated with unlabeled cyan-
ate, with or without diamide.
Binding of '?’I-labeled anti-
band-3 to erythrocytes was
studied by opsonizing them with
70% iPr,P-F-treated serum sup-
plemented with the given con-
centration of antibody. (A4)
Binding of !*’I-labeled anti-
band-3 to erythrocytes treated
with 0 (0), 20 (e), or 200 uM
diamide (a). Results are given as
the mean + 1 SD and, where
appropriate, the P value for the
given number of experiments.
(B) The conditions were the
same as in A except that eryth-
rocytes were incubated with
125].]abeled anti-band-3 in iPry-
P-F-treated serum to which
0, 20, or 200 uM diamide was
added during the binding assay.
Results are the mean of two
experiments.

Anti-band-3 bound, ng per 10'° erythrocytes

1 1 |
1 5 10 20
Anti-band-3, ug/ml
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were opsonized in iPr,P-F-treated serum instead of whole
serum. Hence, the total amount of C3d-containing fragments
is of little help in elucidating whether anti-band-3 stimulated
C3b deposition in whole serum. Therefore, we measured
binding of 1%’I-labeled C3. At physiological anti-band-3 con-
centrations, binding of C3 to diamide-treated erythrocytes
exceeded that to control cells by 10% at 20 uM diamide and
20% at 200 uM diamide (P < 0.05; P values in the text were
calculated from normalized data, which are shown in abso-
lute terms in Fig. 5). Moreover, binding of C3 to diamide-
treated erythrocytes first increased with anti-band-3 concen-
trations, then reached a maximum, and finally declined again
(Fig. 5A). Maximum C3 binding was 65 + 15% greater at 20
uM and 235 + 94% greater at 1 mM diamide (P < 0.01) than
in controls without added anti-band-3. Thus, anti-band-3
significantly enhanced C3 binding in whole serum, whereas it
only slightly enhanced binding of C3 in iPr,P-F-treated serum
(Fig. 5B). Thus, in whole serum, a large portion of C3 binding
was due to generation and deposition of C3b and/or its
fragments. Binding of C3 to erythrocytes was further depen-
dent on whether glucose was present during pretreatment of
cells with or without diamide. Omission of glucose, which
leads to ATP-depletion, enhanced anti-band-3 dependent C3
binding (Fig. 6). This was most prevalent for control cells and
thereby diminished the dose-dependent effect of diamide.
C3 binding to erythrocytes was not due to binding of
C3b-containing soluble immune complexes since (i) diamide-
treated and control cells were opsonized with the same serum
and (ii) contained the same number of C3b receptors (CR1)
(39), as was evident from unaltered binding of an °I-labeled
monoclonal anti-CR1 antibody (36) (not shown). C3 binding
is most likely due to anti-band-3 mediated C3b deposition. In
the case where diamide induced partial lysis, the effect could
have been due to other naturally occurring antibodies [e.g.,
anti-spectrin (1)]. This is unlikely because serum supplement-
ed with anti-spectrin instead of anti-band-3 did not measur-
ably contribute to C3 binding. C3 bound from anti-spectrin
supplemented serum was subtracted from that recorded for
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FiG. 5. Binding of »I-labeled C3 to diamide-treated erythro-
cytes is enhanced by anti-band-3 in sera. C3 binding to diamide-
treated erythrocytes is shown for 70% whole serum (A) and for 70%
iPr,P-F-treated serum (B) that were supplemented with '*I-labeled
C3 and increasing concentrations of anti-band-3. Results are either
the mean from two independent experiments or the mean + 1 SD
from 3-4 independent experiments. The P values for the absolute
values are given below the curves in A; the corresponding P values
for the normalized data (as percent of controls) are given in the text.
C3 binding was studied to erythrocytes treated with 0 (0), 20 (@), 200
(a), or 1000 (m) uM diamide.
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FiG. 6. Binding of '*I-labeled C3 to
erythrocytes that were pretreated with
or without diamide in the absence (4) or
presence (B) of glucose. Erythrocytes
were pretreated as outlined, except that
half of the cells were pretreated in a
buffer without glucose. All erythro-
cytes were opsonized with 70% whole
serum containing increasing concentra-
tions of anti-band-3, identical amounts
of PI-labeled C3, and glucose. The
results are the mean of two independent
experiments with erythrocytes treated
with 0 (0), 20 (e), or 200 (a) uM
diamide.

C3 bound, ug per 10'° erythrocytes
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anti-band-3 supplemented serum in Fig. 7A. Thus, anti-band-
3 antibodies specifically enhanced binding of C3. Its binding
was two orders of magnitude greater than that of anti-band-3
(for limitations see Fig. 7).

DISCUSSION

Diamide accelerated in vivo clearance of dog erythrocytes at
200-400 uM as shown by others (17). This study demon-
strates that diamide enhanced phagocytosis of human eryth-
rocytes in vitro at concentrations =20 uM. Phagocytosis of
diamide-treated erythrocytes required opsonization with se-
rum. The most effective opsonin was C3b as judged from the
80-90% inhibition (controls subtracted) of phagocytosis by
complement inactivation. Binding of C3 to diamide-treated
cells was 10-20% higher than that to controls cells, whereas
binding of anti-band-3 was not enhanced in whole serum
containing physiological concentrations of anti-band-3 anti-
bodies. The small extent of phagocytosis remaining after
complement inactivation made it technically unfeasible to
differentiate further between the effect of complement-
inactivated serum that contained anti-band-3 or was depleted
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FiGc.7. C3 binding is anti-band-3 dependent and not anti-spectrin
mediated. Binding of 1*’I-labeled C3 to diamide-treated erythrocytes
was determined by opsonizing them with 70% serum supplemented
with labeled C3 and with either anti-band-3 or anti-spectrin. (A) The
difference in bound C3 is plotted. Results shown are from two
experiments using erythrocytes treated at 200 uM diamide (a, A) and
from one in which erythrocytes were treated with 0 (0) or 20 (e) uM
diamide. (B) The diamide-induced increment in bound anti-band-3
was determined in five experiments by subtracting the values
obtained without diamide from those recorded for cells treated with
200 uM diamide (Fig. 3). The range of values (+2 SD) is shown.
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of it. Thus, we could not elucidate the type of antibody that
initiates C3b binding at physiological concentrations of nat-
urally occurring antibodies. Since the binding assay exclu-
sively assessed binding of added antibody and thereby did not
reveal bound IgG acquired while in circulation, it is possible
that previously acquired IgG initiated C3b deposition. Since
erythrocyte-bound IgG has anti-band-3 specificity (6, 7), it is
conceivable that low concentrations of diamide preferentially
cross-linked those band 3 molecules that carried antibodies.
On the other hand, evidence is shown for a specific effect of
anti-band-3 antibodies at elevated concentrations. Phagocy-
tosis of diamide-treated erythrocytes that were opsonized in
whole serum was stimulated by added anti-band-3, and high
concentrations also compensated for inhibition by comple-
ment inactivation. Likewise, anti-band-3 binding was signif-
icantly higher to diamide-treated erythrocytes than to control
cells at concentrations that also stimulated phagocytosis. The
extent of binding was small, but specific, because it occurred
in the presence of a 500- to 1000-fold excess of other serum
IgG and its effect was not mimicked by increasing the
concentration of anti-spectrin antibodies.

Added anti-band-3 evidently recognized a diamide-induced
modification on erythrocytes. Diamide oligomerizes spectrin
within intact erythrocytes, as is well established (17, 19).
Diamide concentrations =20 uM also generated anti-band-3
reactive protein oligomers as shown here. Anti-band-3 reac-
tive protein oligomers with apparent molecular mass values
=200 kDa were verified by enrichment and antibody binding.
They contained band 3 protein as well as anti-band-3 reactive
material in the region of 70 kDa. The latter component may
represent a band 3 breakdown product (40) or a cross-
reacting membrane protein (2). Formation of anti-band-3
reactive oligomers on intact erythrocytes is probably respon-
sible for enhanced anti-band-3 binding, since antigen
oligomerization increases antibody binding (8, 22, 41). This
process may explain the small increment in anti-band-3
bound to treated cells. It may also explain why anti-band-3
antibody binding and complement deposition reached a
maximum and then declined. The high-affinity binding sites,
most likely represented by band 3 oligomers, were saturated
at 6-10 ug of anti-band-3 per ml. Beyond this point, binding
of a bivalent antibody is primarily monovalent (42) and, thus,
less firm and undistinguishable from that to the unsaturable
number of band 3 molecules. Erythrocyte-bound anti-band-3
mediated C3b deposition on diamide-treated erythrocytes.
The effect of anti-band-3 cannot be explained by generation
of a fluid phase convertase with anti-band-3 and binding of
C3b to innocent bystanders (43). This would have resulted in
equal C3b binding whether or not cells had been treated with
diamide. The amount of bound C3b exceeded that of bound
anti-band-3 by two orders of magnitude. This, as well as the
independence from added Ca?*, strongly suggests that cell-
bound anti-band-3 triggered C3b deposition through activa-
tion of the alternative complement pathway, as is known for
another naturally occurring antibody, to a yet uncharacter-
ized rabbit erythrocyte surface component (44). This prop-
erty is of particular relevance because it renders anti-band-3
antibody considerably more effective than if it induced
classical pathway C3b deposition, which lacks a positive
feedback. Complement requirement was either not apparent
or not considered in earlier studies of phagocytosis of
senescent (3—-6) and oxidatively damaged red cells (15-17),
though erythrocyte senescence (45) and shortened viability of
stored erythrocytes (46) correlated with increased deposition
of C3 fragments. The mechanism by which anti-band-3
stimulated C3 binding may involve enhanced convertase
activity of C3b bound to antibody (ref. 47; S.F. and H.U.L.,
unpublished resulits).

Proc. Natl. Acad. Sci. USA 84 (1987)

We thank Dr. P. Spith and Prof. A. Hissig, Swiss Red Cross,
Berne, for providing us with IgG SRK (Sandoglobulin) and Dr. J.
Fehr, University Hospital Zurich, for determining erythrocyte
creatine contents. This work was supported by grants to H.U.L.
from the Swiss National Science Foundation (3.293.0182 and
3.211-0185), the Swiss Federal Institute of Technology, the Alberto
and Neni Bonizzi-Theler Stiftung and by Consiglio Nazionale delle
Richerche Grants Nr. 84.00864.51 and 85.01389.51 (Special Project
on the Molecular Basis of Inherited Diseases) to P.A. A short term
fellowship to H.U.L. was provided by the Institute for Scientific
Interchange, Torino, Italy.

Lutz, H. U. & Wipf, G. (1982) J. Immunol. 128, 1695-1699.

Lutz, H. U., Flepp, R. & Stringaro-Wipf, G. (1984) J. Immunol. 133,

2610-2618.

Kay, M. M. B. (1978) J. Supramol. Struct. 9, 555-567.

Galili, U., Clark, M. R. & Shohet, S. B. (1986) J. Clin. Invest. 71, 27-33.

Khansari, N. & Fudenberg, H. H. (1983) Cell Immunol. 78, 114-121.

Kay, M. M. B. (1984) Proc. Natl. Acad. Sci. USA 81, 5753-5757.

Lutz, H. U. & Stringaro-Wipf, G. (1983) Biomed. Biochim. Acta 42,

117-121.

Miiller, H. & Lutz, H. U. (1983) Biochim. Biophys. Acta 729, 249-257.

Yam, P., Petz, L. D. & Spith, P. (1982) Am. J. Hematol. 12, 337-346.

Green, G. A., Rehn, M. M. & Kalra, V. K. (1985) Blood 65, 1127-1133.

Ehlenberger, A. G. & Nussenzweig, V. (1977) J. Exp. Med. 145,

357-371.

12. Shaw, D. R. & Griffin, F. M., Jr. (1981) Nature (London) 289, 409-411.

13. Fidalgo, B. V., Karayama, Y. & Najjar, V. A. (1967) Biochemistry 6,
3378-3385.

14. Grob, P. J., Frommel, D., Isliker, H. C. & Masouredis, S. P. (1967)
Immunology 13, 489-499.

15. Kay, M. M. B. (1975) Proc. Natl. Acad. Sci. USA 72, 3521-3525.

16. Hebbel, R. P. & Miller, W. J. (1984) Blood 64, 733-741.

17. Johnson, G. J., Allen, D. W., Flynn, T. P., Finkel, B. & White, J. G.
(1980) J. Clin. Invest. 66, 955-961.

18. Kay, M. M. B., Bosman, G. J. C. G., Shapiro, S. S., Bendich, A. &
Bassel, P. S. (1986) Proc. Natl. Acad. Sci. USA 83, 2463-2467.

19. Haest, C. W. M., Kamp, D., Plasa, G. & Deuticke, B. (1977) Biochim.
Biophys. Acta 469, 226-230.

20. Coetzer, T. & Zail, S. (1980) Blood 56, 159-167.

21. Jain, S. K. & Hochstein, P. (1980) Biochem. Biophys. Res. Commun. 92,
247-254.

22. Low,P. S., Waugh, S. M., Zinke, K. & Drenckhahn, D. (1985) Science
227, 531-533.

23. Schliiter, K. & Drenckhahn, D. (1986) Proc. Natl. Acad. Sci. USA 83,
6137-6141.

24. Lutz, H. U. (1981) Schweiz. Med. Wschr. 111, 1507-1517.

25. Kosower, N. S., Kosower, E. M. & Wertheim, B. (1969) Biochem.
Biophys. Res. Commun. 37, 593-5%6.

26. Beutler, E., West, C. & Blume, K. G. (1976) J. Lab. Clin. Med. 88,
328-333.

27. Lutz, H. U. & Fehr, J. (1979) J. Biol. Chem. 254, 11177-11180.

28. Landaw, S. A. (1973) Proc. Soc. Exp. Biol. Med. 144, 326-328.

29. Boyum, A. (1968) Scand. J. Clin. Lab. Invest. 21, Suppl. 97, 77-89.

30. Bussolino, F., Turrini, F. & Arese, P. (1987) Br. J. Haematol. 66,
271-274.

31. Rank, B. H., Carlsson, J. & Hebbel, R. P. (1985) J. Clin. Invest. 715,
1531-1537.

32. Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Natl. Acad. Sci.
USA 76, 4350-4354.

33. Tack, B. F. & Prahl, J. W. (1976) Biochemistry 15, 4513-4521.

34. Hammer, C. H., Wirtz, G. H., Renfer, L., Gresham, G. D. & Tack,
B. F. (1981) J. Biol. Chem. 256, 3995-4006.

35. Newman, S.L. & Johnston, R. B., Jr. (1979) J. Immunol. 123,
1839-1846.

36. Cook, J., Fischer, E., Boucheix, C., Mirsrahi, M., Jouvin, M.-H.,
Weiss, L., Jack, R. M. & Kazatchkine, M. D. (1985) Mol. Immunol. 22,
531-539.

37. Fearon, D. T., Austen, K. F. & Ruddy, S. (1974) J. Exp. Med. 139,
355-366.

38. Miiller-Eberhard, H. J. & Schreiber, R. D. (1980) Adv. Immunol. 29,
1-53.

39. Fearon, D. T. & Wong, W. W. (1983) Annu. Rev. Immunol. 1, 243-277.

40. Morrison, M., Au, K. S. & Hsu, L. (1987) Biomed. Biochim. Acta 46,
79-83.

41. Eilat, D. & Chaiken, 1. M. (1979) Biochemistry 18, 790-795.

42. Reynolds, J. (1979) Biochemistry 18, 264-270.

43. Salama, A. & Mueller-Eckhardt, C. (1985) Transfusion 25, 528-534.

44. Nelson, B. & Ruddy, S. (1979) J. Immunol. 122, 1994-1999.

45. Freedman, J. (1984) Transfusion 24, 477-481.

46. Szymanski, I. O., Odgren, P. R. & Valeri, C. R. (1985) Vox Sang. 49,
34-41.

47. Fries, L. F., Gaither, T. A., Hammer, C. H. & Frank, M. M. (1984) J.

Exp. Med. 160, 1640-1655.

N

Nownhw

——
= o w e



