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Abstract. To investigate the role of autologous serum
components in the recognition of damaged cells by
macrophages, we examined the binding and phagocytosis
of damage oxidatively damaged red blood cells with Cu?*
and ascorbate (0xRBCs) by autologous resident mouse
peritoneal macrophages. The binding of oxRBCs by
macrophages was independent of the presence of serum.
However, phagocytosis by macrophages increased with
serum concentration, and macrophages showed little in-
gestion of oxRBCs in a serum-free medium. Macro-
phages neither bound nor appreciably ingested native
RBCs (before oxidation) in either the absence or presence

of autologous serum. Mouse macrophages ingested sig-
nificantly more native as well as 0xRBCs in the presence
of heat-inactivated fetal calf serum than in the presence of
heat-inactivated mouse serum. Pretreated oxRBCs with
normal serum were rarely ingested by macrophages in a
serum-free medium. Phagocytosis of oxRBCs was signif-
icantly inhibited by depletion of IgG or calcium from
serum, by heat inactivation of complement, or by anti-
serum against mouse C3. These results demonstrate that
serum components such as IgG, C3, and calcium are in-
volved in phagocytosis of oxRBCs by autologous
macrophages.
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Damaged and old erythrocytes are cleared rapidly from
the circulation. Every day, 360 billion red blood cells
(RBCs), or 5 million per second are phagocytosed [1].
Damaged cells are assumed to be removed quickly and
appropriately, although the changes that RBCs undergo
are not well characterized. Damaged and senescent ery-
throcytes have been reported to bind autologous IgGs on
the protein [2, 3] or the carbohydrate chain of membrane
protein, band 3 [4], the bound IgGs being recognized by
macrophages through their Fc receptors. Lutz [5] sug-
gested that erythrocyte clearance is mediated by autolo-
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gous IgG and complement in serum. Beppu et al. [6] re-
ported that macrophages bound oxidized RBCs (oxR-
BCs) in the absence of serum through scavenger recep-
tors whose ligand was the sialosaccharide chain of gly-
cophorin. Horn et al. [7] reported that phagocytosis of
glucose-6-phosphate dehydrogenase-deficient RBCs or
phenylhydrazine-oxidized RBCs occurred in the absence
of serum, and involved the specific lectin-like and Fc re-
ceptors of macrophages. However, another signal of
oxRBC binding to macrophages is reported to be the ex-
posure of phosphatidylserine on the outer membrane
leaflet, and recognition occurs through oxidized low-den-
sity lipoprotein receptors.



1728 K. Tanaka, Y. Usui and S. Kojo

Many investigators have attempted to elucidate the cellu-
lar and molecular mechanisms of erythrophagocytosis,
and these studies were performed under various experi-
mental conditions. As with RBCs, in vivo or in vitro
senescent RBCs, and variously damaged RBCs, for ex-
ample, RBCs oxidized in vitro [6, 10] and in vivo [11],
desialylated [12], and damaged in hemolytic anemia [13],
have been used. With regard to the role of macrophages,
macrophages of different origins, for example, resident
and activated peritoneal macrophages [14] and mono-
cytes collected from human blood and THP-1 cells (acti-
vated monocyte cell lines) [15] have been reported to
demonstrate different characteristics during phagocytosis
of aged erythrocytes [14] and apoptotic cells [15]. Fur-
thermore, various experiments have combined of RBCs
and macrophages of different species, for example hu-
man RBCs and mouse macrophages [8, 9], or sheep
RBCs and mouse macrophages [14]. To investigate the
mechanism of physiological erythrophagocytosis sys-
tematically, an autologous system is necessary. Therefore,
in this study, we applied an entirely autologous system to
eliminate nonphysiological effects caused by species dif-
ferences and used resident peritoneal mouse macro-
phages because these had not been exposed to inflamma-
tory stimulus. We also performed the first evaluation of
the role of serum components in binding and phagocyto-
sis of autologous macrophages.

Materials and methods

Materials

RPMI 1640 medium (No. 22400), Dulbecco’s modified
Eagle’s medium (DMEM, No. 12430), fetal calf serum
(FCS), and penicillin-streptomycin were purchased from
GIBCO BRL (Rockville, Md.). Goat anti-mouse comple-
ment C3 antiserum was purchased from ICN Biomed.
(Aurora, Ohio). Immobilized protein A/G gel was pur-
chased from Pierce (Rockford, Ill.). Normal goat serum
was purchased from Vector Laboratories (Burlingame,
Calif.). All other reagents were purchased from Nacalai
Tesque (Kyoto, Japan).

Cells

Guidelines from the Prime Minister’s Office of Japan
(No. 6 of 27 March 1980) for the care and use of labora-
tory animals were followed. Resident peritoneal
macrophages were collected using phosphate-buffer-
ed saline (PBS) from the peritoneal cavity of 5- to 6-
week-old ICR male mice (Japan SLC, Shizuoka, Japan).
Macrophages were resuspended in RPMI 1640 me-
dium, containing 10% heat-inactivated FCS, penicillin
(50 units/ml), and streptomycin (50 pg/ml), and 4-5 X
10° cells were placed in each well of 48-well dishes. After
3—4 h, nonadherent cells were removed by washing three

Role of serum in erythrophagocytosis

times with DMEM. Macrophages were used immediately
after the washing step because overnight incubation re-
sults in the acquisition of the ability to bind even normal
human RBCs via a sialic acid-dependent mechanism
[10, 16].

Autologous RBCs and serum were separated from he-
parinized blood and nonheparinized blood, respectively.
These heparinized and nonheparinized blood specimens
were collected on the day of use by direct cardiac punc-
ture of the same mouse from which macrophages were
obtained. After washing three times with PBS, RBCs
were resuspended at 4 % hematocrit in PBS, then treated
with 0.2 mM CuSO, and 5 mM ascorbate at 37°C for
60 min as described elsewhere [9]. Native RBCs were
taken from the 4 % hematocrit suspension before the ad-
dition of CuSO, and ascorbate. 0xRBCs were subse-
quently washed twice with PBS containing 0.2% EDTA
(pH 7.4) to remove Cu?', and twice with PBS.

Effect of autologous serum

Complement-inactivated serum was prepared by a heat
treatment at 56 °C for 30 min in a water bath. IgGs were
eliminated from serum by an immobilized protein A/G
gel. More than 90 % of IgG was depleted as confirmed by
immunoblotting.

For the binding and phagocytosis experiment, washed
RBCs were resuspended in 0.1% hematocrit with
DMEM. To RBCs were added 1-20% serum, IgG-de-
pleted serum, or complement-inactivated serum. RBCs
were added to macrophages immediately after resuspen-
sion.

For the preincubation experiment, washed oxRBCs were
pretreated in DMEM at 0.1% hematocrit with 10%
serum at 37°C for 1 h, then washed twice and resus-
pended with DMEM.

Binding and phagocytosis assay

RBCs (hematocrit at 0.1% in DMEM) were incubated
with macrophages at 37°C for 1 h [9] with 0-20% au-
tologous serum or heat-inactivated FCS at 10%. After
washing unbound RBCs with DMEM, the percentage of
macrophages binding at least one RBC was determined.
Each well was counted three to four times (100—200
macrophages were counted each time) and the mean
value was obtained. Macrophage-bound RBCs were re-
moved by hypotonic lysis with 5 mM phosphate buffer
(PB) at pH 7.4 for 30 s and macrophages were fixed with
80 mM PB containing 2% paraformaldehyde and 0.5%
glutaraldehyde. After fixation, wells were washed five
times with 50 mM PB and reacted with 0.1% 3,3’-di-
aminobenzidine solution containing 0.8 mM H,0, in 0.1
M PB (pH 6.5) to stain hemoglobin in RBCs which were
ingested in macrophages. After 15 min, wells were
washed with PBS to stop the reaction. Phagocytosis was
also measured as the percentage of macrophages ingest-
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ing at least one RBC, which was clearly stained red or
brown. Each well was counted three to four times (100—
200 macrophages were counted each time) and the mean
value was obtained. This method can be considered suffi-
ciently accurate for these determinations since similar
counting has been previously used for these purposes
[10].

The percentage of macrophages ingesting RBCs was ex-
pressed as the mean + SD for more than three indepen-
dent runs (one mouse was used for one run) and analyzed
by ANOVA using StatView software (Abacus Concepts,
Berkeley, Calif.). Differences between group means were
analyzed using Bonferroni/Dunn (Dunn’s procedure as a
multiple-comparison procedure) generated by the same
program. Differences were considered significant at p <
0.05.

Effect of goat anti-mouse C3 antiserum on the
binding and phagocytosis of RBCs by autologous
macrophages

Goat anti-mouse C3 was dissolved with 2 ml of water to
make a solution of 24.8 mg protein/ml as described by the
supplier, and the resulting solution was diluted ten-fold
with DMEM. After filtration with a 0.45-pm filter (Mil-
lipore, Tokyo, Japan), 90 pl of the diluted solution was
added to 810 pl of the suspension of oxRBCs (final
hematocrit at 0.1% in DMEM containing 90 pl of autol-
ogous serum). Eight hundred microliters of the resulting
suspension was treated with macrophages at 37 °C for
1 h. For comparison, normal goat serum at the same pro-
tein concentration was added instead of anti-C3 serum.
The percentage of binding and phagocytosis was deter-
mined as described above.

Effect of EDTA, and EGTA and Mg*

EDTA - 2Na solution (100 mM, dissolved in PBS) was
adjusted to pH 7.4. After filtration with a 0.45-pm filter
(Millipore), 90 pl of this solution was added to 810 pl of
the suspension of 0oxRBCs (final hematocrit at 0.1% in
DMEM containing 90 pl of autologous serum). Eight
hundred microliters of the resulting suspension was
treated with macrophages at 37 °C for 1 h. EGTA solu-
tion (150 mM) in PBS at pH 7.4 and 1.5 M MgCl, solu-
tion in PBS were prepared and both solutions were fil-
tered through a 0.45-pm filter (Millipore). The filtered
EGTA solution (90 pl) and the filtered MgCl, solution (9
pl) were added to 801 pl of the oxRBCs suspension (fi-
nal hematocrit at 0.1 % in DMEM containing 90 pl of au-
tologous serum). Eight hundred microliters of the result-
ing suspension was treated with macrophages at 37°C
for 1 h.
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Results

Effect of serum on the binding and phagocytosis of
oxRBCs by autologous macrophages

To investigate the mechanism of physiological ery-
throphagocytosis, in the present study we used oxRBCs
as a model of in vivo-damaged cells. To obtain 0oxRBCs,
mouse erythrocytes were treated with 0.2 mM CuSO, and
5 mM ascorbate at 37 °C for 60 min, since RBCs oxidized
under this condition have been reported to be effectively
recognized by macrophages. The 0oxRBCs obtained this
way were treated with autologous mouse peritoneal
macrophages in the presence of various concentrations of
autologous serum. Around 90% of mouse peritoneal
macrophages showed extensive binding to autologous
oxRBCs independent of the serum concentration (fig. 1).
However, macrophages did not ingest oxRBCs apprecia-
bly in the absence of serum (1.8 £ 1.4%), but the per-
centage of macrophages ingesting oxRBCs increased as
the serum concentration increased (fig. 1). Since phago-
cytosis reached a plateau at 10 % serum, the following ex-
periments were carried out with 10% serum. Native
RBCs (before oxidation) were slightly bound by
macrophages in the absence (4.2 = 3.4%) and presence
(4.1 £ 1.3%) of serum. Macrophages did not appreciably
ingest native RBCs in the absence of serum (0.3 + 0.6 %),
but slightly ingested these cells in the presence of serum
(4.2 £2.7%).

Effect of serum from different species

We also used heat-inactivated FCS at 10% as a typical
example to compare the effect of serum from different
species on phagocytosis of oxRBCs. We found that sig-
nificantly more mouse macrophages ingested oxRBCs in
the presence of heat-inactivated FCS (60.8 = 5.7%) than
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Figure 1. Serum concentration dependence of macrophage binding
and phagocytosis of oxidized RBCs. RBCs oxidized by Cu?/as-
corbate (0.1% final hematocrit) were added to autologous
macrophages and treated for 1 h at 37 °C. Each value represents the
percentage of macrophages that bound (squares) or phagocytosed
(diamonds) one or more RBCs. Each point is the mean = SD of four
or more independent runs. Where no whisker is shown, the SD is
smaller than the symbol.
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in the presence of heat-inactivated autologous serum
(14.3 + 2.0%). Mouse macrophages even ingested native
RBCs at 14.6 + 6.2 % in the presence of FCS, while only
4.2 £ 2.7% ingested native RBCs in the presence of
autologous serum as described above.

Effect of autoantibody and complement

To investigate relative contributions of serum compo-
nents to phagocytosis of 0oxRBCs, we compared macro-
phage phagocytosis using autologous, IgG-depleted, and
complement-inactivated serums. The percentage of
macrophages that bound oxRBCs in the presence of IgG-
depleted serum at 10% or complement-inactivated serum
(treated at 56 °C for 30 min) at 10% were around 90 %
and similar to that in the presence of normal serum at
10% (fig. 2). However, phagocytosis was decreased sig-
nificantly to 27.5 £ 7.7% when IgG-depleted serum was
used (fig. 2). Phagocytosis was further decreased to 14.3
+ 2.0% when complement-inactivated serum was used,
whereas in the presence of normal serum, 42.7 + 5.6%
macrophages ingested oxRBCs (fig. 2).

Effect of goat anti-C3 antiserum on binding

and phagocytosis by macrophages

To gain more insight into the function of complement,
the effect of anti-C3 antiserum was examined. Goat anti-
C3 antiserum inhibited phagocytosis of 0xRBCs by
macrophages (fig. 2) to a level similar to that using serum
complement inactivated by heat treatment (table 1). The
addition of normal (nonimmunized with C3) goat serum
at the same protein concentration did not affect phagocy-
tosis of oxRBCs by macrophages (table 1). These results
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Figure 2. Effect of serum treatments on macrophage binding and
phagocytosis of oxidized RBCs. RBCs oxidized by Cu?'/ascorbate
(0.1% final hematocrit) were added to macrophages and treated for
1 hat 37 °C in the presence of 10% normal serum (1), I[gG-depleted
serum at 10% (2), complement-inactivated serum at 10% (3), and
in the absence of serum (4). Each value represents the percentage of
macrophages that bound (stippled bar) or phagocytosed (hatched
bar) one or more RBCs. Each point is the mean + SD of more than
seven independent runs. Where no whisker is shown, the SD is
smaller than the symbol. Different letters above the bars indicate
significant differences among groups by Bonferroni/Dunn pro-
tected least significant difference test (p <0.01).
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Table 1. Effect of goat anti-mouse C3 antiserum on macrophage
binding and phagocytosis of mouse oxRBCs by autologous
macrophages.

Condition Binding (%)  Phagocytosis (%)
+ Serum (9) 944 +4.7 49.0£9.3

+ Serum + goat anti-C3 949 £42 162 £5.1%
antiserum (4)

+ Serum + normal 942 £3.7 51.8 £10.1

goat serum (3)

Oxidized RBCs were added to autologous macrophages and treated
for 1 h at 37°C in the presence of autologous serum at 10%. Each
value represents the mean = SD percentage of macrophages that
bound or phagocytosed one or more RBCs. The number of inde-
pendent runs is shown in parentheses. The asterisk indicates a sig-
nificant difference from the control (+ serum) group (ANOVA
Bonferroni/Dunn procedure, p < 0.01).

indicate that C3 of complement is involved in the phago-
cytosis of 0xRBCs by autologous macrophages.

Effect of calcium and magnesium ions on binding
and phagocytosis by macrophages

Both binding and phagocytosis of 0oxRBCs were signifi-
cantly inhibited by EDTA (a chelator of both calcium and
magnesium) (table 2). Addition of EGTA (a calcium-spe-
cific chelator) and MgCl, showed similar results (table 2).
In the absence of serum, there was no influence on bind-
ing of oxRBCs to macrophages as described above, but
EDTA significantly inhibited binding of 0xRBCs (table
2). Mg*" did not remove the inhibition (table 2).

Effect on binding and phagocytosis by macrophages
of pretreating oxRBCs with serum

To estimate the contribution of prebinding reactions to
macrophages, oxRBCs were pretreated with 10 % autolo-
gous serum for 1 h. After washing with serum-free
medium, the cells were treated with macrophages in the
absence of serum. The binding of macrophages to the pre-

Table 2. Effect of calcium chelators on macrophage binding and
phagocytosis of mouse oxRBCs by autologous macrophage.

Condition Binding (%) Phagocytosis (%)
+ Serum (4) 947 £23% 437 +12.4°
+ Serum + EDTA (4) 439+12.8> 05£0.6°
+ Serum + EGTA + MgCl, (3) 27.0 £3.2° 0.9 £0.6°
— Serum (4) 92.5+2.5% 3.7+£24°
— Serum + EDTA (3) 447 £2.5° 0.1£0.2°
— Serum + EDTA + MgCl, (3) 53.8+£10.7° 0.3 £0.3°

Oxidized RBCs were added to autologous macrophages and treated
for 1 h at 37 °C under the conditions indicated. Each value repre-
sents the mean + SD percentage of macrophages that bound or
phagocytosed one or more RBCs. The number of independent runs
is shown in parentheses. Different superscripts within each column
indicate significant differences (ANOVA Bonferroni/Dunn proce-
dure, p <0.01).
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treated oxRBCs was similar to that without pretreatment.
However, little ingestion of pretreated oxRBCs by macro-
phages was observed (2.9 £ 2.2%), whereas in the pres-
ence of serum, macrophages effectively ingested oxRBCs
(42.7 £ 5.6%).

Discussion

One of the possible causes of in vivo damage to erythro-
cytes is assumed to be oxidative stress [17]. In living tis-
sue, reactive oxygen species such as superoxide anion,
hydrogen peroxide, and the hydroxyl radical cause free
radical damage of various components, including lipids,
proteins, and sugars [18—23]. Oxidative stress is also
known to cause RBC injury, such as membrane lipid per-
oxidation [24, 25], hemoglobin denaturation [26], mem-
brane protein aggregation [26, 27], and inhibition of
membrane enzyme activity [28, 29]. Changes caused by
these oxidative reactions are found in senescent RBCs
[30—-33], and oxRBCs have been used as a model of in
vivo aged RBCs [1, 34—36]. We therefore used oxRBCs
as damaged cells and determined both binding and
phagocytosis of 0xRBCs by autologous macrophages in
the present study.

Mouse peritoneal macrophages showed extensive bind-
ing to autologous 0xRBCs independent of serum concen-
tration, while native RBCs (before oxidation) were only
slightly bound by macrophages in either the absence or
presence of serum (fig. 1). These results suggest that
serum components are not involved in generating the sig-
nals for macrophage binding to oxRBCs, and that oxida-
tive changes in RBCs themselves constitute the binding
signal(s).

The percentage of macrophages ingesting oxRBCs was
serum concentration dependent (fig. 1). Sambrano et al.
[10] reported that about 40% mouse peritoneal
macrophages ingested Cu?'/ascorbate-oxidized human
RBCs in a serum-free medium. The difference between
our and their results can probably be attributed to differ-
ent experimental conditions. We used RBCs and
macrophages from the same mouse, whereas they used
human RBCs and mouse macrophages. These results sug-
gest that autologous RBCs and macrophages must be
used for studies of physiological erythrophagocytosis.
Moreover, mouse macrophages ingested significantly
more mouse 0xRBCs in the presence of heat-inactivated
FCS than in the presence of heat-inactivated autologous
serum. Mouse macrophages were also observed to ingest
more native RBCs in the presence of FCS. These results
also demonstrate that the degree of phagocytosis of RBCs
by macrophages in the presence of autologous serum is
significantly different from that in the presence of FCS.
These observations also indicate that autologous serum
should be applied to exclude nonphysiological recogni-
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tion caused by species differences in the study of physio-
logical erythrophagocytosis.

As shown in figure 2, IgG and complement did not ap-
pear to be involved in the binding of oxRBCs to
macrophages. However, phagocytosis was significantly
affected by the almost complete depletion of IgG by a
protein A/G column and heat inactivation of complement
(fig. 2). Since the addition of goat anti-C3 antiserum in-
hibited phagocytosis to 30% of the control, i.e., to a sim-
ilar extent as heat treatment (table 1), C3 seems to play a
key role for 70% of total phagocytosis. Matsui et al. [37]
reported that anti-Fas-induced apoptotic Jurkat T cells
were attacked by the alternative pathway of human com-
plement. Tsuji et al. [38] also reported that apoptotic hu-
man umbilical vein endothelial cells activated the alter-
native pathway based on Mg?" dependence. The present
results obtained by experiments similar to those in the lit-
erature [37, 38] show that phagocytosis of 0xRBCs by au-
tologous macrophages is dependent on Ca?* and indepen-
dent of Mg?* (table 2), suggesting that the alternative
pathway is not involved in phagocytosis of oxRBCs. The
classical pathway requires both Ca?*" and Mg?*, and anti-
body. Since the present results demonstrate the partial
contribution of IgG (fig. 2) and Mg?" independence (table
2) in phagocytosis of oxRBCs, the mechanism of C3
function remains to be clarified. That the binding of oxR-
BCs to macrophages was significantly influenced by Ca**
depletion either in the presence or absence of serum
(table 2) is worth noting.

Beppu et al. [4] suggested that autologous IgGs, which
recognized oxRBCs, caused binding by macrophages.
Lutz et al. [39] reported that complement deposition to
autologous IgG-bound RBCs gave rise to phagocytosis.
These studies suggested that damaged RBCs were desig-
nated to be recognized and/or ingested before contacting
macrophages, for example, by clustering of band 3 pro-
tein [40], binding of autologous IgGs to clustered band 3
[26], or complement deposition [39]. In this study, pre-
treatment of 0xRBCs with autologous serum did not af-
fect macrophage binding. However, little ingestion of
pretreated oxRBCs by macrophages was observed in the
absence of serum. This result contradicts the report [41]
that the preincubation of RBCs with autologous serum
caused macrophage ingestion, although there were differ-
ences in experimental conditions. Kay [41] used in vitro
aged human RBCs and macrophages isolated on Lym-
phoprep from human blood, and determined the percent-
age of phagocytosis based on the difference in the num-
ber of RBCs before and after treatment with macro-
phages. These results suggest that binding of macro-
phages to oxRBCs is mediated by serum-independent
mechanisms, for example, by the carbohydrate chain on
RBCs and the lectin-like receptor of macrophage [29], or
by phosphatidylserine on the outer membrane leaflet of
RBCs and the oxidized low-density lipoprotein receptor



1732

K. Tanaka, Y. Usui and S. Kojo

of macrophage [8]. However, as with phagocytosis, our
results suggest that serum components are needed by
macrophages for ingestion process of oxRBCs, rather
than as a signal caused by the reaction of serum compo-
nents with oxRBCs.
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