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SUMMARY: Isolated(rat liver macrgpha§E§7adherent to culture d1shes{EE;;:;;;z§E:}
selectively senescent rat erythrocytes as well as in vitro aged rat erythro-
cytes but not young or freshly isolated erythrocytes. Since in vitro aged ery-
throcytes lack cell bound antibodies and phagocytosis occurs in serum free
medium,antibodies do not appear to play a role. Phagocytosis as well as binding
of old erythrocytes to Tiver macrophages is inhibited by N-acetyl-D-galactos-
amine and related monosacchar1de? 1 - 25 mM range) and by corresponding syn-
thetic glycoproteins (1076 - 10-10'm range) but not by D-mannose or N-acetyl-D-
glucosamine, We conclude that recognition and phagocytosis of senescent and in
vitro aged erythrocytes is mediated by the galactose particle receptor on rat
liver macrophages.,

Sequestration of senescent red blood cells (RBC) is thought to primarily
take place in the liver, spleen and bone marrow (1-3). In the liver resident
macrophages (Kupffer cells) have been shown in vivo to take up old erythro-
cytes (4). It has been suggested, on the basis of studies with monocytes, that
macrophages are not able to recognize senescent RBC per se but need the
attachment of specific autoantibodies to senescence-associated antigens on ery-
throcytes (5), In contrast to findings with monocytes we now present evidence
that macrophages of the 11ver can directly bind and phagocyt1ze senescent or
in v1tro aged RBC, without pr1or binding of erythrocyte autoantibodies. The
;ggéptor for old Réz 56 Tiver macrophages has been identified as a N-acetyl-D-

galactosamine/D-galactose-specific Tectin, the galactose-particle receptor.

ABBREVIATIONS: (BSA) bovine serum albumin, (EGTA) ethyleneglycol-bis-
(B-amino-ethylether)-N,N'-tetraacetic acid, (D-Fuc) D-fucose, {L-Fuc) L-fucose,
(Gal) D-galactose, (GaTlNAc) N-acetyl-D-galactosamine, (Glc) D-glucose,

(G1cNAc) N-acetyl-D-glucosamine, (Man) D-mannose, (RBC) erythrocytes.
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MATERIALS AND METHODS

Senescent erythrocytes were separated from young erythrocytes according
to their differences in density by a method described by Murphy (6). In detail,
12 - 15 m1 blood was collected from Wistar rats (200 - 250 g body weight)with
a syringe containing heparin. After centrifugation at 1000 g and 4°C for 20 min
the serum was collected and the buffy coat removed. The erythrocytes were re-
suspended in the serum and the centrifugation step was repeated. The final ery-
throcyte pellet, at least 5 ml, was centrifuged in round bottom tubes with a
volume of 10 ml for 60 min at 30°C at 30 000 g in a fixed angle rotor. About
150 pl from top and bottom of the erythrocyte pellet was collected and diluted
in modified Eagle's medium containing 10 mM sodium phosphate, pH 7.4, to a
final concentration of 2x 108 cells/ml. Erythrocytes aged in vitro were pre-
pared by storing the cells for 2 weeks at 4°C as described by Kay (5). Control
erythrocytes were prepared as follows. Freshly drawn rat blood was mixed with

sodium citrate to prevent clotting. Erythrocytes were washed three times w1th
modified Eagle's medium plus 10 mM sodium phosphate and adjusted to 1 x 108
cells/ml.

Liver macrophages were prepared from male Wistar rats weighing 150 - 180 g
by liver perfusion with 0.6 % collagenase (Boehringer, Mannheim, FRG) as de-
scribed previously (7). Macrophages were enriched by differential centrifuga-
tion, The final macrophage suspension contained about 5 % hepatocytes and 5 to
15 % endothelial cells, Viability of the liver macrophages was more than 98 %
as determined by trypan blue exclusion. Density was adjusted to 2 x 10° liver
macrophages per ml modified Eagle's medium.

Phagocytosis assay. Liver macrophages were allowed to adhere to tissue
culture dishes (24 well clusters from Costar, Cambridge, USA) in serum-free
RMPI 1640 for 20 min at 37°C with 5 % COp. Nonadherent cells were removed by
gentle washing. Erythrocytes were added at a ratio of about 50 cells per liver
macrophage. Cells were cocultured for 20 min at 37°C. In inhibition experiments
inhibitors were added to Kupffer cells 1 min prior to addition of erythrocytes.
Noninternalized erythrocytes were removed by lysis with distilled water and
Tiver macrophages were fixed with 1.5 % glutaraldehyde. Phagocytosis was
examined by light microscopy. The percentage of macrophages with 3 or more
erythrocytes internalized was determined ("% phagocytosis"). Each determina-
tion was performed in duplicate with 150 to 200 macrophages per sample.

Binding assay. 50 ul of liver macrophages was mixed with an equal volume
of erythrocytes in round bottom tubes, Cells were centrifuged at 80 g for
5 min at 6°C and incubated for 60 min at 10°C. Resuspension was performed by
gentle shaking. Cells were stained with crystal violet and examined in a
haemocytometer by light microscopy. The percentage of macrophages with three
or more erythrocytes bound was determined, Inhibition studies were performed
by preincubating liver macrophages with the inhibitor for 5 min on ice. Mono-
and oligosaccharides were from Serva (Heidelberg, FRG) and from Sigma
(Miinchen, FRG). Asialofetuin was a gift from Prof. Bauer (Berlin, FRG).
Synthetic glycoproteins, i.e. bovine serum albumin (BSA) derivatized with
monosaccharides were a generous gift from Dr. Y.C. Lee {Baltimore, USA). The
synthetic glycoproteins were derivates of the amidino-type and contained the
following amounts of monosaccharides per mole BSA: 44 mole of D-galactose
(Ga1-BSA), 37 mole of N-acetyl-D-galactosamine (GaINAc-BSA), 37 mole of D-
glucose (Glc BSA), 44 mole of N-acetyl-D-glucosamine (GI1cNAc-BSA), 28 mole of
L-fucose (L-Fuc-BSA) and 38 mole of D-mannose (Man-BSA). Defatted BSA was from
Sigma (Miinchen, FRG).

RESULTS AND DISCUSSION

Our studies were performed in parallel with senescent erythrocytes and
with in vitro aged erythrocytes. Both cell types have been shown to express

the same senescent antigen(s) (8). A major difference between the two RBC
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types, however, is, that on senescent erythrocytes the age-specific antigen(s)
are partially complexed with autoantibodies whereas RBC aged in vitro under
serum-free conditions are devoid of such antibodies. Kay has reported that
monocytes phagocytize senescent RBC but not in vitro aged RBC unless the latter
have been allowed to react with autoantibodies, present in normal sera (5). On
repeating these experiments with liver macrophages we observe here, however,
that these macrophages phagocytize senescent RBC as well as in vitro aged RBC
in the absence of serum antibodies (Fig. 1). Phagocytosis of young or freshly
drawn erythrocytes is negligible. These results indicate that liver macro-
phages, in contrast to monocytes, have the ability to directly recognize
senescence-associated antigens on erythrocytes, i.e. erythrophagocytosis by
Kupffer cells does not depend on prior reaction of opsonin with age-specific
antigens.

In a second series of experiments we tried to define the macrophage
receptor involved and the nature of the senescence-associated antigen(s).
Since it has been often speculated that erythrocytes during aging undergo

changes in the carbohydrate portion of membrane glycoconjugates (7, 9-13) we

L

50

% PHAGOCYTOSIS

0 l ll I l
SENES-  YOUNG  IN VITRO FRESHLY
CENT AGED DRAWN

ERYTHROCYTES

Fig.1 Phagocytosis of senescent and in vitro aged erythrocytes by liver
macrophages in the absence of serum. Given is the percentage of
liver macrophages which have internalized three or more erythrocytes
per cell. Data are the average (+ standard deviation) from 4 experi-
ments. The asterisks indicate significant difference at the p <0.001

level (Student's t-test) to phagocytosis of young or freshly drawn
erythrocytes.
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have studied whether Tiver macrophages might recognize saccharide moieties of
in vivo or in vitro aged erythrocytes. The results in Table 1 show that the
addition of N-acetyl-D-galactosamine or D-galactose to the erythrophagocytosis
assay specifically inhibits uptake of in vitro aged or senescent RBC. In con-
trast Fc-receptor mediated uptake of IgG-coated RBC is not inhibited under the
same conditions (to be published).

Since it might be possible that these high carbohydrate concentrations
(25 mM) have an effect on macrophage metabolism we have studied the process of
senescent cell recognition separate from endocytosis in a cell adhesion assay
at 10°C, About 50 % of freshly isolated Tiver macrophages spontaneously bind
at this temperature senescent or in vitro aged RBC, binding of normal RBC is
below 20 % (see legend Table 2). As shown in Table 2 the carbohydrate inhibition
pattern of erythrocyte adhesion is identical to results obtained in the erythro-
phagocytosis assay (cf, Table 1), Furthermore there is a strict calcium depend-
ence of RBC adhesion (Table 2}. Inhibition studies with various concentrations
of monosaccharides confirm that the order of inhibitory potency is GalNAc>Gal>>
G1cNAc for recognition of senescent as well as of in vitro aged erythrocytes

(Fig. 2).

Table 1 Carbohydrate-specific phagocytosis of senescent or in vitro
aged erythrocytes (RBC) by liver macrophages

% Inhibition of phagocytosis (+ S.D.)

Saccharide gggescent ige;iﬁgg
(25 i) (n'=3) (n = 4)
N-Acetyl-D-galactosamine 91.0 + 6.3 77.0 + 22.4
D-Galactose 61.5 + 19.2 70.0 + 15.3
L-Fucose 18,7 + 16.4 11.3 + 11.6
D-Glucose 32.7 + 10.6 19.0 + 17.8
D-Mannose 18.4 + 16.0 19.9 + 111
N-Acetyl1-D-glucosamine 13.7 + 12.7 29.2 + 19.3

Carbohydrate inhibition experiments were‘performed by preincubation of adherent
macrophages with saccharides for 1 min at 37°C followed by the addition of ery-
throcytes without removal of carbohydrates.
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Table 2  Carbohydrate specificity of binding by liver macrophages of
senescent and in vitro aged erythrocytes (RBC)

% Inhibition of binding (+ S.D.)

ot tor pescent - In vite
(n=5) (n = 4)
N-Acetyl-D-galactosamine 81.2 + 6.1 73.4 + 13.1
D-Galactose 64.4 + 13.7 65.1 + 11.9
D-Fucose 68.2 + 13.5 55.5 + 3.4
L-Fucose 35,9 + 14.2 22.7 + 0.9
D-Glucose 22.8 + 13.8 9.5+ 7.6
D-Mannose 23.6 + 10.6 26.0 + 16.3
D-Fructose 24,9 + 13,5 25.3 + 5,5
N-Acetyl-D-glucosamine 24.0 + 9,1 1.8+ 6.6
EGTA + MgCl, 89.1 + 4.1 88.4 + 9.1

(each 2.5 mM)

In the absence of inhibitors 45.5 + 1.8 (n = 9) of liver macrophages bound
senescent RBC and 50.3 + 11.1 (n = 10) bound in vitro aged RBC. Binding of
young RBC was 19.6 + 10.7 (n = 9) and of freshly drawn RBC 17.5 + 7.3 (n = 13).
Inhibition studies were performed by incubation of liver macrophages with in-
hibitors for 5 min on ice prior to the addition of RBC.

Further inhibition experiments were carried out with synthetic glycopro-
teins, bovine serum albumin (BSA) conjugated with a number of different mono-
saccharides (14), Synthetic glycoproteins have been successfully used to study

" membrane lectins on mammalian cells (15-17). BSA conjugated with GalNAc
(GalNAc-BSA) and Gal (Gal-BSA) turned out to be potent inhibitors of cell
contacts between Tiver macrophages and senescent or in vitro aged RBC even

at 1078 to 10710

M concentration (Table 3). Less inhibition is noted with
GTc-BSA and L-Fuc-BSA, no inhibition with Man~BSA or GlcNAc-BSA. The differ-
ence in reactivity of GalNAc-BSA compared to GlcNAc-BSA by at Teast 5 orders
of magnitude clearly shows that the recognition of senescent or in vitro aged
RBC is carbohydrate-specific. These results TJed us to conclude that the

putative receptor for old erythrocytes on Tiver macrophages is a GalNAc/Gal-

binding membrane protein,
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Fig.2 Inhibition of cell binding by various concentrations of monosaccha-
rides. (A) Inhibition of adherence of senescent erythrocytes to liver
macrophages, (B) inhibition of adherence of in vitro aged erythro-
cytes to liver macrophages, (G1cNAc) N-acetyl-D-glucosamine, (Gal)
D-galactose, (GalNAc) N-acetyl-D-galactosamine. Data are the average
of 2 experiments.

A survey of the literature shows that macrophages can express on the cell
surface at least three different proteins with galactose binding capacity:

(i) a 13-15 K protein found in many cell types including liver macrophages,

Table 3  Competitive inhibition of binding by liver macrophages of
senescent or in vitro aged erythrocytes (RBC) by glycoproteins

Concentration for 50 % inhibition (M)

Senescent In vitro
Inhibitor RBC aged RBC
(n =3) {(n = 3)
GalNAC-BSA 3 x 10710 3 x 10710
Gal-BSA 4.9 x 107° 4.5 x 1072
Glc-BSA 1.1 x 1078 4.1 x 1078
L~Fuc-BSA 0.9 x 107 2.5 x 107°
Man-BSA 5 107> > 1070
GTcNAC-BSA > 107° > 107°
-5 5

BSA > 10 > 107
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carbohydrate specifity: Lac>> Gal> GalNAc > D-Fuc, Man, GlcNAc, non calcium
dependent (18, 19), (ii) the galactose-particle receptor described by several
laboratories on macrophages of the liver and peritoneum, carbohydrate specifity:
GalNAc > Gal, D-Fuc>>Man, GlcNAc, calcium dependent (20-25), and (iii) a galactose
binding protein on peritoneal macrophages with carbohydrate specificity GalNAc >>
Gal, D-Fuc, Man, GlcNAc, non calcium dependent (26). Of these three lectins the
galactose-particle receptor is the only one that shares all characteristics
described here for the recognition of old eryhtrocytes, i.e. the carbohydrate
inhibition pattern GalNAc > Gal, D-Fuc»Man, GIcNAc as well as the strict calcium
dependence. The galactose-particle receptor has been previously called asialo-
glycoprotein receptor due to its close similarity in binding specificity to the
analogous lectin on parenchymal liver cells (27,28). However, it has become
clear that the galactose-particle receptor does not mediate endocytosis of
soluble asialoglycoproteins (29,30) but only of particles or cells with asialo-
glycoproteins on the surface (20-25, 28).

Conflicting results have been reported about the nature of senescence-
associated antigens on erythrocytes. Early speculations that sialidase-treated
erythrocytes resemble 01d RBC (7,9) could not be supported by biochemical
studies (12,13). However, as pointed out by Kay (4) the possibility of minor
desialylation remains and is supported by two studies (11,12). A further
finding in this direction is that autoantibodies eluted from senescent RBC
bind to desialylated erythrocytes (5). Kay defined the autoantibody-reactive
antigen on senescent and in vitro aged RBC as non band 3 protein (31), as a
72 X fragment of ankyrin (32), as a 62 K sialoglycoprotein (8) and recently
as band 3 immunologically related polypeptides of 60 K, 42 K and 18 - 26 K
molecular weight (33). Other laboratories have identified the senescent
antigen as "polypeptide a" (210 K molecular weight) or as T-antigen carried
by glycophorin A (34, 35).

From the experiments in this paper it appears that the determinants re-
cognized by Tiver macrophages on age-specific antigens are galactose-related

carbohydrates in terminal position. Whether these determinants reside on auto-
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antibody-reactive antigens of senescent RBC or on other membrane constituents
remains open, However, the reactivity of age~specific autoantibodies with
desialylated RBC (5) suggests that they bind to B-D-galactosyl residues uncovered
by sialidase treatment, This would fndicate that liver macrophages recognize the
same determinants on senescent RBC as autoantibodies. We suggest that macrophages
can recognize age-specific antigen(s) on old RBC by two mechanisms, either
directly via a GalNAc/Gal-specific membrane receptor, or indirectly via the
Fc-receptor and senescent cell-specific autoantibodies, The antibody mediated
mechanism has been demonstrated by Kay (5) for monocytes. We have shown here,
that macrophages of the 1iver, the physiological site of erythrocyte turnover,
can bind and phagocytize old RBC without the help of antibodies.
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