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A LECTIN-LIKE RECEPTOR ON MURINE MACROPHAGE IS
INVOLVED IN THE RECOGNITION AND PHAGOCYTOSIS
OF HUMAN RED CELLS OXIDIZED BY
PHENYLHYDRAZINE
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Abstract—Phenylhydrazine (Phz) is a powerful hemolytic agent which has several effects on both normal
and G6PD deficient red blood cells (RBCs). We have studied the mechanism of removal of Phz-damaged
human RBCs by murine macrophages. Phagocytosis of Phz-treated RBCs was found to be 50 RBCs/
100 mac as compared to 2 RBCs/100 mac of the controls. EGTA and sodium azide inhibited the
phagocytosis, indicating a requirement for both calcium ions and energy. Incubation of macrophages
with sugars such as D-galactose or b-mannose reduced phagocytosis of Phz-treated RBCs by up to 60%,
indicating the involvement of a macrophage lectin-like receptor in the recognition of Phz-treated RBCs.
The presence of serum in the phagocytosis assay did not affect either phagocytosis of Phz-treated RBCs
or inhibition by sugars. $-Galactosidase, but not neuraminidase, treatment of RBCs caused a significant
inhibition in phagocytosis of Phz-treated RBCs. These results suggest that galactosyl residues are
exposed on RBC membrane during oxidation, probably not as a result of desialization. We conclude
that Phz-treated RBCs are detected as damaged cells mainly due to sugar changes on their membrane,
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which are directly recognized by lectin-like receptors on the macrophages.

Oxidative agents have been useful in vitro for under-
standing the pathophysiological events which cause
red blood cell (RBC*) destruction in oxidant-
induced hemalytic disease, such as glucose-6-phos-
phate dehydrogenase (G6PD) deficiency [1, 2].
Phenylhydrazine (Phz) is a powerful hemolytic
agent which has several effects on RBCs. Reactions
between Phz and hemoglobin are known to generate
both superoxide and hydrogen peroxide [3]. These
types of activated oxygen may cause various kinds of
cellular damage, such as methemoglobin formation,
disulfide bond formation between intracellular
glutathione (GSH), and/or various proteins, or
between hemoglobin and membranal proteins [1, 4].
Asaresult of the cellular changes induced by Phz, the
RBC membrane is affected: membranal aggregates
between proteins are formed, polymerization of
spectrin and covalent binding of hemoglobin to spec-
trin are observed [5], leading to configurational and/
or proteolytic changes in the integral anion channel
band 3 and enhanced binding of autologous IgG to
the RBC membrane [6, 7]. In order to correlate these
changes with ultimate macrophage-related RBC
destruction in vivo, it has to be assumed that the
membranal modifications on Phz-treated RBCs can
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ne; FCS, fetal calf serum; PBS, phosphate buffered saline;
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be recognized by macrophages, leading to increased
phagocytosis.

The erythrophagocytosis assay has been useful in
studying the interaction between human RBCs and
autologous or xenogeneic macrophages in vitro in
cases of normal aging RBCs [8-12] and in hemolytic
anemias such as thalassemia or sickle cell anemia
[13, 14].

Many different signals for recognition and clear-
ance of damaged RBCs has been proposed. The
suggestions include generation of desialysated gly-
coproteins [13, 15, 16], exposure of galactose resi-
dues [9-11,17,18], oligomerization of band 3
[6,18,19], exposure of hydrophobic domains
[14,20], or other topological changes in the RBC
membrane [22]. These changes are recognized by
specific macrophage receptors in a direct [9-
11, 20, 21], or immunoglobulin mediated [12, 15, 17—
19, 22], way. The signals generated on red cells by
various oxidative stresses are less clear [6, 7, 21].

The present studies were undertaken using murine
thioglycollate-elicited macrophages to analyse the
recognition mechanism of human Phz-treated RBCs.
The results show that the pronounced phagocytosis
of Phz-oxidized RBCs is mediated by a lectin-like
macrophage receptor which recognizes galactosyl
and not sialic acid residues on the surface membrane
of the damaged RBCs.

MATERIALS AND METHODS

Materials

RPMI 1640, fetal calf serum (FCS), glutamine,
and penicillin-streptomycin were obtained from Bio-
logical Industries (Beth Haemek, Israel). Thio-
glycollate medium was obtained from Bacto, Difco
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Labs. (Detroit, MI). Phenylhydrazine, sugar deri-
vates, neuraminidase (from Clostridium perfrigiens),
B-galactosidase (from Escherichia coli), and other
chemicals were obtained from the Sigma Chemical
Co. (St Louis, MO).

Balb/c mice {6-9 weeks old) were purchased from
the Annilab Co. (Rehovot, Israel).

Methods

Macrophages. Peritoneal exudate cells were
recovered from peritoneal cavities 4-5 days after the
i.p. injection of 3 mL of 3% sterile thioglycollate by
washing the cavities twice with RPMI containing 10
units heparin/mL. The cells were then washed twice
with RPMI containing no heparin, counted and sus-
pended in RPMI in the presence or absence of 2%
FCS to a final concentration of 2 x 10° mac/mL.

The cell suspension (1 mL) was placed on glass
slides in 35-mm Falcon plastic culture dishes and
incubated for 2 hr at 37°in a 5% CO, moist incubator.
Non-adherent cells were removed after incubation
by gentle washing in serum free RPMI, and 0.9 mL
of fresh RPMI was placed in each well.

Red blood cells. Freshly heparinized human blood
{Rh-positive) was depleted of leukocytes by passage
through cellulose columns [23], washed six times
with cold phosphate buffered saline (PBS) (pH 7.4),
and resuspended to 10% hematocrit (% Hct) in PBS
containing 6 mM D-glucose. The RBC suspensions
were then incubated with 3 mM Phz (unless other-
wise specified) for 1 hr at 37°. After incubation the
cells were washed three times with PBS and sus-
pended in cold RPMI (10% Hct).

Incubation of RBCs with serum. One volume of
Phz-treated RBCs were resuspended in one volume
of fresh autologous serum for 30 min at 37°. The
suspension was then diluted 1:5 (10% Hct) in RPMI
before the addition to macrophage cultures.

Opsonization of RBCs. Washed RBCs, suspended
in PBS at 10% Hct, were incubated with anti-D
antibodies at a final dilution of 1:2 for 30 min at 37°.
The cells were then washed three times in PBS and
resuspended in cold RPMI (10% Hct).

Enzymatic treatment of RBCs. RBC suspensions
(10% Hct) were incubated with different con-
centrations of neuraminidase or f-galactosidase for
30 and 60 min, respectively, at 37°. After incubation
the supernatants were collected for sialic acid deter-
mination by the TBA method [24] and the cells were
washed three times and resuspended in cold RPMI
(10% Hct).

Phagocytosis assay. RBC suspension (0.1 mL) was
added to the macrophage cultures and incubated for
1 hr at 37°. The medium was subsequently removed,
the cell layer was twice washed with PBS and the
non-internalized RBCs were removed by 20-sec lysis
with double distilled water.

The macrophages were then stained with Giemsa
and examined by light microscopy. The number of
RBCs ingested in 200 randomly-observed macro-
phages was counted. All assays were performed in
triplicate and all experiments were performed at least
three times. The results are expressed as mean *
SD.

Phagocytosis inhibition assays. Sodium azide and
EGTA were incubated with macrophage cultures
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Fig. 1. Phagocytosis of Phz-treated RBCs. Normal RBCs

were incubated with various concentrations of Phz without

D-glucose (solid line) or with 6 mM D-glucose (broken line)

in the incubation medium. Mean * SD of three experiments

are presented.

for 30 min and removed with RPMI prior to RBC
addition. Sugars at 25 mM final concentration (unless
otherwise specified) were incubated with macro-
phage cultures for 30min prior to RBC addition
and during phagocytosis assay. The percentage of
phagocytosis inhibition’ was determined by the rela-
tive decrease in phagocytosis compared to
phagocytosis values of Phz-treated RBCs without
any inhibition treatment.

RESULTS

The effect of Phz on RBC phagocytosis

Phagocytosis of untreated RBCs by mouse per-
itoneal macrophages was found to be less than
2 RBCs/100 macrophages (% phagocytosis). Pre-
treatment of the RBCs with Phz for 1 hr in a serum-
free medium caused a significant increase in
phagocytosis in a concentration dependent manner
up to values of 90% phagocytosis (Fig. 1). Addition
of D-glucose (6 mM) or fresh autologous serum to
the RBC suspensions did not significantly affect
phagocytosis of Phz-treated RBCs. In all subsequent
experiments, washed RBCs were oxidized with 3 mM
Phz after removal of leukocytes in a serum-free
medium. At this Phz concentration, significant
phagocytosis occurs and no apparent hemolysis is
observed (the viability of the cells was 90-95%).

Incubation of macrophages with a chelating agent
such as EGTA, or with the metabolic inhibitor
sodium azide, almost totally inhibited phagocytosis,
indicating the need for calcium ions and normal
metabolic activity of the macrophages in order to
obtain phagocytosis (Table 1).

During incubation of RBCs with Phz, superoxide
and hydrogen peroxide are known to be formed
[3, 4]. In order to test whether these oxygen derived
products non-specifically activate macrophages and
enhance phagocytosis [25], macrophage cultures
were exposed to 3 mM Phz, or to 2.5-5% hemolysate
of Phz-treated RBCs, before the addition of
untreated RBCs. These treatments did not affect
phagocytosis {Table 1). Furthermore, phagocytosis
values of Phz-treated RBCs were not reduced by the
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Table 1. The effect of oxidation and metabolic inhibitors
on erythrophagocytosis

Treatment Treatment Phagocytosis
of RBCs of macrophages (RBCs/100 mac)
+Phz Untreated 54.6 +11.8
+Phz +EGTA 17.0x 10
+Phz +sodium azide 10.6 = 10.4
+Phz+catalase*

800 units/mL PC  Untreated 53.3+1.3
Untreated Untreated 0.6+0.17
Untreated +2.5% Hem. 1203
Untreated +5.0% Hem. 42+38
Untreated +Phz 1.5x09

Hem., hemolysate of Phz-treated RBCs; PC, packed
RBCGs.

Cultured adherent macrophages were incubated with
0.1 mM sodium azide, 2.5-5% hemolysate, or 3 mM Phz
dissolved in RPMI for 36 min. The incubation media were
then washed and replaced with new RPMI before the
addition of 0.1 mL RBC suspensions (10% Hct). EGTA
(4mM) was handled in exactly the same way except it
remained in the medium without being washed out before
the addition of RBC suspensions.

* Samples of Phz-treated RBCs suspended in RPMI
(10% Hct) were incubated with catalase for 5 min before
being added to macrophages. Catalase was therefore
present during phagocytosis.

addition of catalase to these cells, suggesting that
hydrogen peroxide released from Phz-treated hem-
olysates is not directly responsible for the increase
in the phagocytosis observed.

The involvement of sugars in phagocytosis of Phz-
treated RBCs

Macrophages have the ability to recognize sugar
derivatives such as D-galactose or D-mannose on
various cells [9-11, 26-28]. In order to determine
whether carbohydrate recognition is involved in the
interaction between macrophages and Phz-treated
RBCs, phagocytosis inhibition studies using various
sugars were performed.

As can be seen in Fig. 2, addition of various sugars
such as D-galactose, D-mannose, N-acetyl-D-glucose
amine and N-acetyl-D-galactose amine to macro-
phage cultures inhibited the phagocytosis of Phz-
treated RBCs. Sugars such as a-methyl-mannoside
and D-glucose, however, did not significantly affect
phagocytosis of these cells. Simultaneous addition of
both D-galactose and D-mannose did not change
inhibition values obtained with each individual sugar,
indicating that the effect of those sugars is not addi-
tive, and therefore suggesting that they are recog-
nized by the same receptor. Inhibition of
phagocytosis by D-mannose (Fig. 3) was already
observed at low sugar concentrations (0.1 mM) and
itincreased in a concentration-dependent manner up
to a maximal inhibition of 63%.

In Table 2, it can be seen that the inhibition of
phagocytosis by D-galactose or D-mannose was not
affected by the addition of serum to RBCs.
Moreover, the phagocytosis of anti-D opsonized
RBCs, which is mediated by Fc receptors, was not
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Fig. 2. The effect of sugars on phagocytosis of Phz-treated
RBCs. Various sugars at 25 mM concentration were added
to macrophage cultures. After 30 min incubation, 0.1 mL
of Phz-treated RBCs (10% Hct) were added to the medium.
(*) p-Galactose and D-mannose, each at 25mM con-
centration, were added simultaneously to macrophage cul-
tures. Mean * SD of three experiments are presented.
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Fig. 3. The effect of sugars on phagocytosis of Phz-treated
RBCs. Different sugar concentrations were added to
macrophage cultures. After 30 min incubation, 0.1 mL
RBCs were added to the medium, as indicated in Fig. 2,
and phagocytosis was determined. Mean = SD of eight
experiments are presented. (—M—) b-glucose, (--{1--)
D-galactose, (----@----) D-mannose.

affected by the addition of D-galactose or D-
mannose, which excluded the possibility that non-
specific inhibition of macrophage phagocytic activity
occurs in the presence of these sugars.

We thus conclude that the mechanism by which
Phz-oxidized RBCs are recognized involves a lectin-
like macrophage receptor.

The effect of B-galactosidase and neuraminidase treat-
ments of RBCs on phagocytosis

To further establish the involvement of D-galac-
tose recognition in phagocytosis, control and Phz-
treated RBCs were incubated with f-galactosidase.
Figure 4a shows that indeed B-galactosidase treat-
ment of oxidized RBCs reduced the phagocytosis to
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Table 2. The effect of serum and D-galactose or mannose on phagocytosis of Phz-
treated RBCs

Phagocytosis (erythrocytes/100 mac)

Treatment Phz-RBCs Opsonized RBCs
of
macrophages —Serum +Serum* (anti-D)*
Untreated 50.5 4.1 53.2+6.3 60.3 = 12.5
+D-Galactoset 18.6 £ 3.9 19.4+4.5 67.4+11.9
+D-Mannose# 23.3+9.0 242+ 8.0 65.0=10.4

* One volume of Phz-treated RBCs were resuspended in one volume of fresh
autologous serum for 30 min at 37°. The suspension was then diluted 1:5 (10% Hct)
in RPMI before the addition to macrophage cultures.

+ RBCs were incubated with anti-D antibodies (1:2 dilution) for 30 min at 37°.
The cells were then washed and resuspended in RPMI (10% Hct) before being added

to the macrophages.

t Cultured adherent macrophages were incubated with 25 mM of D-galactose or
p-mannose, as described in the legend to Fig. 2.
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Fig. 4. The effect of B-galactosidase and neuraminidase on
phagocytosis of Phz-treated RBCs. Control (solid columns)
and Phz-treated (striped columns) RBCs (10% Hct) were
incubated with B-galactosidase (A) or neuraminidase (B),
for 60 or 30 min at 37°, respectively. After incubation the
cells were washed, suspended in RPMI, and added to
macrophage cultures for phagocytosis. Mean + SD of three
experiments are presented.

a degree similar to that obtained with D-galactose or
D-mannose (almost 50% inhibition) and did not
affect the phagocytosisof untreated RBCs.
Phagocytosis of Phz+ f-galactosidase-treated RBCs
was not further inhibited in the presence of D-galac-
tose (60% inhibition), indicating that the galactosyl
residues removed by f-galactosidase are significant
in the recognition of the oxidized RBCs by lectin-
like macrophage receptors.

Since desialization is known to be one of the
mechanisms for sugar exposure on RBCs
membranes, we determined: (i) the effect of desi-
alization on phagocytosis; (ii) the release of sialic
acid during oxidation; and (iii) the amount of sialic
acid on the oxidized cell membrane. The results show
that neuraminidase treatment of RBCs caused only
a slight increase in the phagocytosis of non-oxidized
RBCs (from 2% to 10%) and did not significantly
affect the phagocytosis of Phz-treated RBCs (Fig.
4b). In parallel, no sialic acid was detected in the
medium during Phz oxidation (data not shown), and
the amount of sialic acid released from both
untreated and Phz-treated RBCs was found to be
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Fig. 5. The effect of neuraminidase treatment of RBCs on
sialic acid removal. Normal or Phz-treated RBCs were
incubated with various concentrations of neuraminidase for
30 min at 37°. After incubation the cells were centrifuged
and the supernatants were collected. The sialic acid content
removed from the RBCs membranes into the supernatant
was determined by the TBA method. (—4—) Sialic acid
content in supernatant of control RBCs, (—{——) sialic acid
content in supernatant of Phz-treated RBCs.

similar (Fig. 5). These data suggest that the galactosyl
residues recognized by the macrophages are not
exposed by the removal of sialic acid.

DISCUSSION

In this paper the mechanism of recognition and
phagocytosis of oxidized RBCs was studied in order
to further our understanding of the basis of macro-
phage removal of oxidized RBCs. For this purpose,
a heterologous system was used involving mouse
thioglycollate-elicited peritoneal macrophages that
interacted with human RBCs. It has been previously
shown that mouse peritoneal macrophages efficiently
phagocytose senescent, thalassemic, and sickle cell
anemic RBCs [9, 11, 13, 14). This system was chosen
since the phagocytic activity of these macrophages is
high and consistent from experiment to experiment.
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RBCs treated with the oxidative agent Phz are
phagocytosed by macrophages (Fig. 1) (7, 21]. How-
ever, the mechanism(s) by which these cells are
recognized is still unclear.

Since enhanced phagocytosis of Phz-treated RBCs
is not due to non-specific macrophage activation by
oxidative agents, such as hydrogen peroxide or Phz
(Table 1), specific mechanisms that could mediate
the interaction between the oxidized cells and the
macrophages were searched for.

One of the known mechanisms of interaction
between cells involves recognition of membrane
sugars by lectin-like receptors. This mechanism has
also been reported in the recognition of senescent
RBCs, bacteria or yeast by macrophages
[9.11,26,27]. It was therefore reasonable to test
whether macrophage lectin-like receptors are also
involved in the recognition of Phz-treated RBCs.
Phagocytosis of Phz-treated RBCs, but not opson-
ized RBCs., was found to be inhibited by several
sugars, most efficiently by D-galactose and D-man-
nose (Figs 2 and 3). These results imply the involve-
ment of galactosyl/mannosyl lectin-like receptor(s)
in the recognition of these cells, which differ from
the classical Fc receptor mechanism. The binding
ability of these receptors is calcium-dependent, since
the chelator agent, EGTA, almost totally inhibited
the phagocytosis of Phz-treated RBCs (Table 1), as
previously shown with senescent RBCs [9].

Inhibition of phagocytosis was also obtained by
removal of galactosyl residues from the cell surface
with fB-galactosidase (Fig. 4a). These results comp-
lement the previous sugar inhibition experiments
and further support the role played by sugars in
recognition and phagocytosis. Taken together, these
data imply that during oxidation, sugar residues are
exposed on RBC membrane and are recognized by
the lectin-like receptors. Since phagocytosis was
inhibited by D-galactose/D-mannose in the presence
of serum as well (Table 2), it seems that sugar rec-
ognition of oxidized RBCs by macrophages may play
a role in vivo.

Various explanations have been reported for
exposure of sugars. Among these are desialization of
the RBC membrane (as in thalassemic and senescent
RBCs) [13, 15, 16], by the presence of contaminating
glycosidases [29], and by enhanced proteolysis occur-
ring during Phz oxidation [30, 31].

Our results do not support desialization as the
main mechanism for D-galactose/D-mannose
exposure since sialic acid residues were apparently
not removed during oxidation (Fig. 5) and high levels
of phagocytosis to the extent observed with Phz-
treated RBCs could not be elicited by neuraminidase
treatment of control RBCs (Fig. 4b).

Contaminating glycosidases of leukocyte origin
[29] are probably not responsible for the exposure
of sugars, since all RBC preparations were freed
from leukocytes by cellulose columns [23].

Enhanced proteolysis has been reported in
erythrocytes treated with hydrazines [30, 31]. It is
conceivable that the proteolytic removal of oxi-
datively-damaged proteins could contribute to the
exposure of cryptic sugars on the cell surface. This
possibility remains to be tested.

Sugar residues on Phz-treated RBCs could be

directly recognized by the putative lectin-like recep-
tor on the macrophages, or indirectly through bind-
ing of antibodies. Recent reports have shown binding
of immunoglobulins to Phz-treated RBCs, but it is
not established whether this binding is essential for
the observed phagocytosis [6, 7, 21]. Our results sup-
port the interpretation that immunoglobulins are
not essential for the enhanced phagocytosis of Phz-
treated RBCs, since: (i) phagocytosis of extensively-
washed Phz-treated RBCs, takes place in the absence
of serum and is not affected by its addition (Fig. 1,
Table 2); and (ii) immunoglobulins are not detected
on RBC membranes, as tested by immunoblots (data
not shown). Studies using other oxidative agents
such as diamide have shown the involvement of anti-
band 3 antibodies and complement in the recognition
and phagocytosis of RBCs [19,22]. Therefore, it
seems that a variety of oxidative agents may elicit a
variety of changes in RBC membranes, leading to
different patterns of RBC recognition by macro-
phages [7, 19-22].

We conclude that RBCs damaged by Phz oxidation
are detected by macrophages mainly through lectin-
like receptors which directly recognize sugar changes
in RBC membrane in the absence of specific binding
of immunoglobulins.
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