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Phagocytosis of Aged Human Neutrophils by Macrophages Is Mediated
by a Novel "Charge-Sensitive" Recognition Mechanism
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Abstract

The removal of neutrophils and their histotoxic contents from
the inflamed site is a prerequisite for resolution of tissue in-
jury, and a point at which factors critical to the pathogenesis of
chronic inflammation may act. Engulfment of intact, senescent
neutrophils by macrophages represents an important neutro-
phil disposal process. In this study the mechanism by which
human monocyte-derived macrophages (MO) recognized and
ingested human neutrophils that had been aged in culture was
studied using an in vitro phagocytic assay. Inhibition of MO
receptors for Ig Fc and the opsonic complement fragments C3b
and iC3b with MAbs to MOFcR, CR1, CR3, and CR4had no
effect on recognition, and the pattern of inhibition observed
when polyanions were included in the medium at 1 mg/ml was
different from that reported for the MOreceptor for protein
advanced glycosylation end products (AGE), indicating a rec-
ognition mechanism different from those proposed for MO
phagocytosis of senescent erythrocytes. Furthermore, al-
though aging neutrophils undergo programmed cell death (or
apoptosis), which is directly related to recognition by MO, the
pattern of inhibition observed with monosaccharides was dif-
ferent from that reported to inhibit the binding of apoptotic
mouse thymocytes to isologous Mo. By contrast, evidence was
obtained for a novel recognition mechanism inhibitable by cat-
ionic sugars and amino acids in a charge-dependent fashion,
and directly modulated by pH but not affected by inhibitors of
the mannose-6-phosphate, sheep erythrocyte, mannosyl-fuco-
syl, asialoglycoprotein, and scavenger receptors of the macro-
phage. These observations suggest that hydrogen ions and
charged molecules may modulate Mouptake of senescent neu-
trophils at inflamed sites, and that recognition itself may in-
volve charged structures on the cells.

Introduction

Macrophage phagocytosis of apparently intact neutrophils has
been described at inflamed sites since the time of Metchnikoff
(1), although the changes in the neutrophil responsible for
recognition as nonself have remained obscure until recently (2,
3). Humanmonocyte-derived macrophages (M/),' during the
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process of maturation from monocytes in vitro, gain the capac-
ity to recognize and ingest human neutrophils that have been
aged in culture for 24 h after purification from the blood of
normal donors (2). The phagocytic nature of the interaction
was proven by electron microscopy with postfixation incuba-
tion with cationized ferritin; phagosomes containing aged neu-
trophils did not admit ferritin (2). Freshly isolated neutrophils
were not ingested, but needed to undergo a time-dependent
aging process before recognition and phagocytosis by macro-
phages occurred. Subsequently, it was shown that neutrophils
isolated from normal blood or inflamed sites undergo morpho-
logical and biochemical changes typical of programmed cell
death or apoptosis during aging in vitro (3-5), and that this
process was directly related to recognition of the aging cell by
Mo. Furthermore, there was evidence that neutrophil apopto-
sis leading to recognition of the intact cell by macrophages
occurred at inflamed sites in vivo, representing a mechanism
for disposal of neutrophils that may serve to limit the degree of
tissue injury (3).

However, the cell surface interactions involved in Mo rec-
ognition of aged neutrophils have not been examined hitherto,
and are the subject of this study. Macrophage receptors for
opsonins (Ig Fc and the complement fragments C3b and iC3b)
and for advanced glycosylation end products of proteins
(AGE) have been implicated in Mo recognition of the senes-
cent erythrocyte (6-10). A possible role for these mechanisms
in aged neutrophil recognition was sought in this study, al-
though an opsonic mechanism appears unlikely to account for
Mo recognition of aged neutrophils since, by contrast with
senescent erythrocyte recognition, serum is not required (2),
but it remains possible that cytophilic antibody persisting in
culture, or Mo-derived complement fragments could mediate
phagocytosis by such a mechanism. Furthermore, the time
course of glycosylation of cell-surface proteins (9, 10) would
appear to be too slow to account for the recognition of neutro-
phils that have been aged for 24 h or less. However, since it has
been proposed that the binding of apoptotic mouse thymo-
cytes by isologous Mo occurs by a sugar-lectin mechanism
involving a macrophage lectin inhibitable by monosaccharides
such as N-acetylglucosamine (1 1), these studies also sought a
role for such a mechanism in MOrecognition of aged neutro-
phils, which undergo apoptosis (3).

In the present study evidence was obtained that neither MO
receptors for opsonins (Fc, C3b, and iC3b), nor those for AGE,
participated in the recognition of aged neutrophils, and no
evidence in support of a role for an N-acetylglucosamine-spe-
cific lectin was found. Indeed, inhibitors of a number of other
Mo receptors with properties that suggested they might have
played a role in recognition of aged neutrophils failed to influ-
ence the interaction. However, recognition was inhibited by

with rabbit IgG; MPO, myeloperoxidase; MO, monocyte-derived mac-
rophages.
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cationic monosaccharides and amino acids in a pH- and
charge-dependent fashion, and was directly modulated by pH,
suggesting that the MOrecognition of aged neutrophils occurs
by a novel charge-sensitive mechanism.

Methods

Materials. All chemicals were obtained from Sigma Chemical Co., St.
Louis, MO, unless otherwise indicated; culture media were from Gibco
Laboratories, Grand Island, NY; and sterile tissue culture plasticware
was purchased from Falcon Plastics, Cockeysville, MD.

Cells. Neutrophils (> 98% pure) were isolated from fresh, citrated
normal human blood by dextran sedimentation and plasma-Percoll
(Pharmacia Fine Chemicals, Piscataway, NJ) density gradient centrifu-
gation and aged in culture for 24 h at 370C as previously described (3,
12). In some experiments inflammatory neutrophils were purified
from rheumatoid synovial fluid as described (3). Human M) were
prepared by standard methods from adherent PBMCby culture for 7 d
in 24-well plates as described (3). Opsonized ox erythrocytes (EIgG)
were prepared by standard methods using polyclonal rabbit anti-ox
erythrocyte IgG (a gift of Dr. Grennan). Ox red cells were washed three
times in PBS, incubated at room temperature for 30 min with antibody
at - 10 Ag ml, and then washed three more times before resuspension
in the appropriate medium (see below).

Interaction assay. This phagocytic assay, based on that used in
earlier work (2), was as previously described (3). Briefly, aged neutro-
phils were washed in HBSS and then suspended in HBSS at 5
X 106/ml. 1 ml of suspension was then added to each washed well of
mature Mi and interaction allowed to occur at 370C/5% CO2and pH
7.4 for 30 min, during which the neutrophils settled into a carpet in
close relation to the MOmonolayer. The interaction was terminated by
vigorous washing of the wells with cold (40C) 0.9% saline, and M4 were

fixed in 2% glutaraldehyde in PBS. MOinteracting with aged neutro-
phils were identified by staining for myeloperoxidase (MPO) using
hydrogen peroxide and dimethoxybenzidine (o-dianisidine HCl) as a
substrate (see references 2 and 13 for details). After 7 d maturation the
M4 themselves were 100% MPOnegative. Aged neutrophils were
100% MPOpositive. The magnitude of the interaction was quantified
by inspection of five randomly selected microscope fields in each well
so that at least 500 MOwere examined. Macrophages were scored as
positive if they contained one or more masses of MPO-positive mate-
rial which usually had the appearance of intact neutrophils. The vigor-
ous washing used dislodged neutrophils that had not been ingested
(Fig. 4 A and B) but the occasional aged neutrophil appeared to project
beyond the outline of the M+. The earlier ultrastructural studies (2)
suggested that even these had been engulfed by the macrophages (pre-
sumably they may be surrounded by a thin cytoplasmic covering not
visible by light microscopy) and that the neutrophils were rapidly in-
gested and did not remain in an attached state. However, to minimize
any potential overestimate of phagocytosis, neutrophils that appeared
to project by more than half their diameter beyond the outline of the
macrophage were not counted. Results were recorded for each well as
the percentage of M4 ingesting aged PMN. Previous work (2, 3) has
shown that this simple assay correlates well with assessment of inter-
action by radiolabeling neutrophils and measuring radioactivity in the
wells after interaction.

Mk uptake of opsonized erythrocytes was assayed by similar
methods, 1 ml of a suspension at 5 X 106/ml in HBSSbeing added to
each well before an identical incubation. After washing with cold (40C)
0.9% saline, noningested EIgG were removed by lysis with cold 0.2%
saline, followed by an equal volume of 1.6% saline before washing,
fixing, staining for peroxidative activity, and quantitation of the inter-
action by the same methods as for neutrophils. In all experiments
> 95% of My recognized and ingested EIgG.

Monosaccharide and amino acid effects. Mk recognition of aged
neutrophils and EIgG were assessed after inclusion of these molecules
at the desired concentration and pH in the interaction medium. Mono-

saccharides and amino acids (all in the D[+] stereroisomeric form
unless stated; Sigma Chemical Co.) were dissolved in HBSS at the
desired concentration. If necessary, the pH was adjusted by addition of
small quantities of concentrated sodium hydroxide or hydrochloric
acid (the small differences in osmolality, ionic strength, and sodium
and chloride concentrations induced by this procedure had no inde-
pendent effect on recognition as assessed by use of HBSSwith the
appropriate concentration of sodium chloride added; data not shown).
After being washed in HBSSat the appropriate pH and added to the
MO, aged neutrophils were suspended at the standard concentration in
the appropriately treated HBSS. According to cell availability, between
two and five replicates of each treatment were included in each experi-
ment; results were expressed as mean±SEMpercentage of control (the
mean percentage of MOingesting aged neutrophils in wells simulta-
neously assayed under standard conditions, as above). In some experi-
ments aged PMNor MOwere preincubated with HBSScontaining
sugars or amino acids; the cells were incubated in such media at 40C
for 30 min and then washed before interaction under standard condi-
tions.

Polyanion effects. These were assayed by the same methods, poly-
anions being included in the interaction medium at pH 7.4. These
included heparin, fucoidin, dextran sulfate, and a-mannosidase (from
Jack beans; Sigma Chemical Co.). Other inhibitors used were also from
Sigma Chemical Co. and included ganglioside GDla, neuraminyl-lac-
tose, mannan, and ribonuclease B.

Effects of mouse MAb inhibition of MOreceptors for Fc, C3b, and
iC3b. These were assessed by adaptations of the interaction assay de-
scribed above, designed to reduce the possibility that MOmight inter-
nalize and inactivate blocking antibody. Washed MOwere preincu-
bated with antibody (or medium alone) at 40C for 15 min in 300 Mll of
medium. Aged neutrophils (5 X 106) were added at the end of this time
in 100 Ml of medium, and interaction was allowed to occur at 370C in
the presence of antibody excess for a further 15 min before washing,
fixing, staining, and counting as above. Blockade was verified by the
simultaneous demonstration in other wells on the same plate of M+,
that identical procedures inhibited MOrecognition of 5 X 106 xeno-
genic red cells coated by standard methods (14-16) with the appro-
priate ligand: EIgG for the FcR and sheep red cells coated with C3b
(EC3b) or iC3b (EiC3b; these and EC3b were the gift of Dr. Gordon D.
Ross). Preliminary experiments (Savill, J. S., G. D. Ross, and C. Has-
lett, unpublished data) demonstrated that to inhibit MOFcR function
by over 90%, i.e. reduce uptake of EIgG to < 10% of control, it was
necessary to use antibodies directed against FcRI, FcRII, and FcRIII
simultaneously (i.e., antibodies 10.1, IV.3 and 3G8, kindly provided
by Dr. Gordon Ross, Dr. Nancy Hogg, and their colleagues), each at 25
Mg per well. Inhibition of EC3b binding by MOdown to - 10% of
control (binding being assessed by counting the proportion of MOstill
forming rosettes with E3Cb after washing in cold saline without a lysis
step) was achieved using 150 Mg per well of a Fab'2 preparation of a
polyclonal anti-CR 1 antibody (a gift of Dr. Gordon Ross). To inhibit
MObinding of EiC3b to a similar degree, three antibodies, MN41,
Leu 15, and OKM1, directed against three distinct epitopes on the CR3
molecule ( 14, 15) were necessary, each at 25MAgper well. EiC3b binding
diminished by these antibodies could be further reduced to < 5% of
control, evidence of inhibition of CR4-mediated iC3b binding (15, 16),
by the addition, each at 25 Mug/well, of three antibodies to p150,95
(LeuM5, 3.9, and L-29, gifts of Dr. Gordon Ross). Subsequently, as-
sessment of aged neutrophil recognition with simultaneous verifica-
tion of CR4 inhibition was not practicable because of shortage of
antibody.

Results

Recognition of aged neutrophils by macrophages. In a large
number of experiments the proportion of the MOrecognizing
aged neutrophils under standard conditions was 46.1+2.3%
(mean±SEM, n = 159), but this varied from experiment to
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experiment, with a range of 13-86%. However, in each experi-
ment between two and five replicates were included, and when
the proportion of MOrecognizing aged neutrophils in a given
experiment was expressed as a percentage of the mean of the
replicates in that experiment, 95% of observations fell within
9.6% of the mean (Fig. 1). Therefore, although there was varia-
tion in recognition of aged neutrophils between experiments,
the assay of recognition was highly reproducible within an
individual experiment, and inhibitory effects on recognition
were compared between experiments by expressing recogni-
tion within each experiment as percent of the mean of control
wells (i.e., wells on the same plate of M4 in which recognition
was assayed under standard, control conditions). The percent-
age of macrophages recognizing aged PMNin each series of
experiments is given as mean±SE in the legend of each figure
or table.

No effect of inhibition of MOFc, complement, and AGE
receptors. WhenMOreceptors for IgG Fc, C3b, and iC3b were
inhibited by preincubation with mouse MAbs to FcR, CR1,
CR3, and CR4 (see Methods), blockade being verified in the
same experiment by the confirmation of reduced recognition
of xenogenic red cells coated with the appropriate ligand, no
effect on MOrecognition of aged neutrophils was observed
(Table I). The remote possibility that antibodies might be
blocking recognition by one class of receptor, but opsonizing
the neutrophils for another to a compensating degree (e.g.,
anti-CR3 antibodies might bind to CR3 on the aged neutro-
phils and opsonize them for the MOFcR) was excluded by: (a)
simultaneous blockade within the same well of MOFcR and
CR3or CR4 (Table I); (b) the use of Fab'2 antibody fragments
(i.e., anti-CR 1); and (c) failure of any of the antibody combina-
tions used to induce ingestion of freshly isolated neutrophils
assayed under identical conditions (data not shown).

MOAGE receptors can be competitively inhibited by
polyanions such as heparin and fucoidin (9, 10), but when
these molecules were included in interactions at 1 mg/ml, a
concentration well in excess of that required to inhibit the
AGEreceptor (9, 10), fucoidin had no effect (Fig. 2). Although
heparin inhibited phagocytosis of aged neutrophils by macro-
phages in a concentration-related manner, dextran sulfate (an
inhibitor of the MOscavenger receptor) was inactive. Heparin
did not affect MOuptake of EIgG at the same concentrations
(Fig. 2).

1001
+ 2 SD

85 91 97 103 109 115

Figure 1. Intraexperi-
ment variability of mac-
rophage recognition of
aged neutrophils.
Within each experi-
ment, when the interac-
tion in each well per-
formed under control
conditions was stan-
dardized as a percent-
age of the mean value
for such replicate wells,
95% of observations fell
within 9.6% of the
mean (arbitrarily taken
as 100%). n = 159.

Table I. Effect of Mouse Antibody Inhibition
of MOFc and Complement Receptors on Recognition
ofAged Neutrophils or Xenogenic Erythrocytes (E)
Opsonized with the Appropriate Ligand

Receptor Recognition of aged
inhibited neutrophils Recognition of opsonized E

mean % of control±SEM

FcR 99.4±1.9 (n = I 1) EIgG; 6.1±1.5 (n = 5)
CRI 99.8±5.4 (n = 5) EC3b; 12.4±2.0 (n = 4)
CR3 97.2±3.9 (n = 10) EiC3b; 10.1±3.2 (n = 5)
CR4 104.6±4.3 (n = 8) ND*
CR3 + FcR 93.8±5.4 (n = 6) ND
CR4+ FcR 102.5±3.1 (n = 4) ND

* See Methods. There was insufficient antibody to confirm inhibition
of CR4-mediated EiC3b binding in these experiments, but this was
done in preliminary experiments (not shown). As explained in
Methods, M40 interaction with EC3b and EiC3b was assayed by as-
sessment of the proportion of M,0 binding coated erythrocytes after
washing in cold saline; for recognition of EIgG, phagocytosis was
confirmed by hypotonic lysis of noningested cells. In this series of ex-
periments 46.1±3.3% of M4 recognized aged PMNunder control
conditions; 95% of observations fell within 10.4% of the mean of
control (100%).

Inhibition by amino sugars but not by N-acetylglucos-
amine. Whena range of monosaccharides were included in the
interaction medium at 10 mM, buffered to pH 7.4, it was
observed that the amino sugars glucosamine, galactosamine,
and mannosamine inhibited MOuptake of aged neutrophils
(Figs. 3 and 4). The lack of effect on phagocytosis of ox eryth-
rocytes opsonized with rabbit IgG (EIgG) provided evidence
against inhibition being due to a nonspecific toxic effect of
amino sugars on the Mo. Furthermore, these observations did
not appear to be due to some toxic effect of amino sugars on
the neutrophils, since there was no change in the percentage of
neutrophils excluding trypan blue when aged neutrophils were
incubated with amino sugars under conditions identical to
those resulting in inhibition of recognition (Fig. 3). The effect
of amino sugars on aged neutrophil recognition was concen-
tration related (Fig. 5; data for glucosamine shown). Despite
variation in the proportion of macrophages recognizing aged
neutrophils under control conditions, as reported above, the

M6 ingesting PMN (as % of control, n=10) Figure 2. Effect of poly-
0 50 100 anions on recognition

of aged neutrophils and
EIgG by M+. At 1

Fucoidan 1mg/ml mg/ml in the interac-

Dextran SO4 1mg/ml I tion medium fucoidin
_______________________________ and dextran sulfate had

no effect on uptake of
OHep 6.6mg/mim aged neutrophils into

°Heparin 1mg/m;h° MO, whereas heparin
I Heparin 66O0I#/Qm }h was inhibitory in a con-

oHeparin 660pg/ml h o centration-dependent
manner (open bars). No
effect was seen on up-

take of EIgG (open squares). None of the treatments affected aged
neutrophil viability assessed by exclusion of trypan blue (open cir-
cles). In these experiments 33.1 ± 1.7% of MOrecognized aged PMN
under control conditions.

1520 J. S. Savill, P. M. Henson, and C. Haslett

U,W

0

m
._
o)
U,

.0
0
4-
0
L.

.0
E
z

0-

Recognition as % of mean

-F-1



Proportion kid ingesting PNMN (as ° Of control
0 20 40 60 80 100

° Glucose

o Fucose

° Mannose

o Galactose

o N-acetyl glucosamine

o N-acetyl galactosamine

° Glucosamine k * 0

o Galactosamine * °

o Mannosamine * °

Figure 3. Effect of 10
mMmonosaccharides
on MOrecognition of

(n- 12) aged neutrophils at pH
7.4. Amino sugars in-
cluded in the interac-

(n=10) tion medium, but not
(n=1 5) other sugars, inhibited
(n=1 5) Mk recognition of aged
(n=1 5) neutrophils (open bars)
(n=32) but not recognition of
(n=15) EIgG (open squares).
(n=10) Neutrophil viability as-

sessed by trypan blue
exclusion (open circles)

was not affected by the conditions used in these experiments. In
these experiments 49.5± 2.5% of MOrecognized aged neutrophils
under control conditions. *P < 0.001.

degree of inhibition associated with a given concentration of
glucosamine did not appear to be related to the magnitude of
the control interaction in an extended range of experiments
where under control conditions the percentage of macro-
phages recognizing aged PMNvaried from 12.3 to 89.9%, n
= 58. It was found that in experiments where between 10.0
and 29.9% of MOrecognized aged PMNunder control condi-
tions, 10 mMglucosamine in the interaction reduced recogni-
tion to 41.3±9.3% of control (%C, mean+SD, n = 22); with
control interactions between 30.0 and 49.9% there was inhibi-
tion to 36.0±10.4%C, n = 13; between 50.0 and 69.9% to
40.3±9.9%C, n = 1; and between 70.0 and 89.9% to
34.4±8.8%C, n = 13. At the maximum concentration used (50
mM), none of the sugars tested, other than the amino sugars,
induced inhibition (data not shown). In particular, no effect
was observed with N-acetylglucosamine, N-acetylgalactos-
amine, or galactose, the sugars reported to inhibit the binding
of apoptotic mouse thymocytes to isologous MO(11), even
when these sugars were preincubated with MOat 10 and 50
mMfor 30 min at 40C (data not shown), a maneuver that had
inhibited apoptotic thymocyte binding (1 1).

When MOor aged neutrophils (at 5 X 106/ml) were prein-
cubated with 10 mMmonosaccharides for 30 min at 40C,
washed, and then interacted under standard conditions, it was
found that preincubation of aged neutrophils (but not MO)
with amino sugars (but not glucose) inhibited subsequent rec-
ognition (Fig. 6). Thus inhibition of MOrecognition of aged
neutrophils by sugars appeared to be specific, concentration
related, and related in large part to an effect at the neutrophil
surface.

Inhibition by cationic amino acids. It was noted that nei-
ther the parent sugars nor the N-acetylated derivatives of the
amino sugars inhibited recognition of aged neutrophils by MO
(Fig. 3). A salient difference between these sugars and the rele-
vant amino sugar is that the free amino group allows the
amino sugars to act as weak bases, such that at pH 7.4 the
majority of glucosamine molecules, for example, are cationi-
cally charged. Thus it appeared possible that the inhibitory
effect of amino sugars might relate to their charge, and to
investigate this possibility further amino acids of neutral, an-
ionic, and cationic charge were included in the interaction
medium at 10 mMbuffered to pH 7.4. The neutrally charged
D-glutamine and L-glutamine had no effect, nor did the an-

ionic L-glutamic acid, but L-lysine and L-arginine, which have
cationically charged Rgroups at pH 7.4, inhibited MOrecogni-
tion of aged neutrophils but not EIgG (Fig. 7).

Effect of pH on MOrecognition of aged neutrophils. Since
the inhibitory effect of amino sugars and basic amino acids
may depend on their capacity to bear protons, the effect of
hydrogen ion concentration itself on macrophage recognition
of aged neutrophils was investigated. Within the range pH
6.5-8.5 there was no effect on the ability of aged neutrophils to
exclude trypan blue nor on MOrecognition of EIgG (Fig. 5),
although out of this range these parameters were adversely
affected (data not shown). By contrast, MOrecognition of aged
neutrophils was significantly modulated by pH; at pH 6.5 rec-
ognition was inhibited, while at pH 8.5 it was enhanced rela-
tive to pH 7.5 (Fig. 8).

Dependency of amino sugar and amino acid inhibition on
charge. It was possible to investigate whether the inhibitory
effect of a given amino sugar or amino acid depended on
bearing a cationic charge, as suggested by the preceding data,
by varying the pH at which the interaction was performed and
calculating the proportion of molecules bearing protons from
the pK and the Henderson-Hasselbach equation (17). The de-
gree of inhibition observed with 10 mMglucosamine relative
to control at the same pH was correlated with this proportion
(Fig. 9). The reduction of inhibitory effect at pH 8.5 appeared
not to be related to the pH itself, since 10 mML-lysine inhib-
ited at pH 8.5 where this molecule is still predominantly cat-
ionic (Fig. 9). Indeed, lOmM histidine, which is predomi-
nantly neutral at pH 7.5 but 33% cationic at pH 6.5, only
exerted an inhibitory effect on My recognition of aged neutro-
phils at the pH at which it bore a cationic charge (Fig. 9). Thus,
at least for glucosamine and histidine, the inhibitory effect of
the molecule on macrophage recognition was directly related
to the cationic charge on the molecule, be it amino sugar or
amino acid. It did not appear likely that the lack of abrogation
of the inhibitory effect of L-lysine at pH 8.5 reflected inhibition
by a mechanism different from glucosamine since, just as had
been shown for glucosamine, preincubation of aged neutro-
phils for 30 min at 40C and pH 7.5 with 10 mML-lysine,
followed by washing, inhibited subsequent recognition of these
cells (to 59.5±2.1%C, n = 6). Preincubation with MOhad no
effect.

Relationship of aged neutrophil recognition mechanism to
known macrophage receptors. There were grounds to examine
the effects on the interaction of inhibitors of a number of
well-characterized macrophage receptors (in addition to those
for Fc, iC3b, C3b, and AGE). First, receptors expressed by
mature macrophages and known to have negatively charged
ligands (i.e., the mannose-6-phosphate, sheep erythrocyte, and
scavenger receptors) were examined since the polyanion hepa-
rin had inhibited the interaction. No effect was seen with con-
centrations of inhibitors such as mannose-6-phosphate ac-
cepted as suprainhibitory by previous investigators (see Table
II for data and references). Second, human Mi receptors with
sugar specificities similar to that of the lectin-like structure
proposed to mediate binding of isologous apoptotic thymo-
cytes (1 1; inhibited by N-acetylglucosamine, N-acetylgalacto-
samine, and galactose) were examined. Inhibitors of the man-
nosyl-fucosyl receptor (which may recognize residues bearing
N-acetylglucosamine; 18) and asialoglycoprotein/galactosyl
receptor had no effect on M4 recognition of aged neutrophils
(Table II).
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Figure 4. Appearances of control and glucosamine-inhibited assays of macrophage recognition of aged neutrophils. A, A high power view
(X 1,000) of an interaction performed under control conditions is shown, a sparse area of the macrophage culture being shown for clarity. Those
macrophages that have recognized aged neutrophils contain one or more brown-staining, MPO-positive bodies (arrows), some of which are al-
ready in early stages of fragmentation and digestion within the macrophage. Two macrophages in the center of the field have not ingested aged
neutrophils. B, A positive interaction assay is shown at the magnification at which the interaction is scored (X250). In this well 59.1% of M4y
recognized aged neutrophils. The interacting macrophages are easily distinguished by their content of MPO-positive aged neutrophils. Four
noninteracting aged neutrophils, some of which have spread on the culture surface, have not been removed by washing (arrows) but are easily
distinguished from macrophages on the basis of size and pattern of MPOpositivity. C, 50 mMglucosamine was present in the interaction solu-
tion; 1 1.1% of MOrecognized aged neutrophils, 18.8% of control. Two noninteracting neutrophils are seen (arrows).

Macrophage recognition of human inflammatory neutro-
phils. The preceding data refer to neutrophils that had been
isolated from the blood of healthy donors. Previous work
showed that viable inflammatory neutrophils from the syno-
vial fluid of patients with rheumatoid arthritis also became
recognizable to MOin a time-dependent fashion (3). In com-
mon with aged neutrophils prepared from the circulating pool
of normal donors, recognition of aged joint-derived neutro-
phils could also be inhibited in this study by 10 mMglucos-
amine (to 37.1±2.4% of control, n = 9) and 10 mML-lysine
(47.6±6.3 of control, n = 9), but not by the control sugars,
glucose (99.6±2.5%, n = 9), and N-acetylglucosamine
(96.6±1.4%, n = 9), or the control amino acid, glutamine
(96.0±2.3%, n = 9), in the same experiments.

Discussion

In this study we report that phagocytosis of aging neutrophils
in vitro by MOmay be specifically modulated by charged mol-
ecules and pH, but not by inhibitors of MOreceptors for op-
sonic complement fragments, FcR, or advanced glycosylation
end products of proteins, three classes of receptor for which
direct evidence exists to indicate a role in MOrecognition of

senescent erythrocytes (6-10). Furthermore, although aging
neutrophils undergo changes typical of programmed cell death
or apoptosis (3-5), no evidence was found in support of a role
in aged neutrophil phagocytosis for the cell surface sugar-lectin
interaction proposed for MObinding of apoptotic thymocytes
(1 1). MOphagocytosis of apparently intact neutrophils at in-
flamed sites has been described since the time of Metchnikoff
(1, 19-24), and seems likely to represent an important neutro-
phil disposal mechanism (3, 23, 24) with the potential to limit
inflammatory tissue injury by removing neutrophils without
the inevitable release of contents with demonstrated histotoxic
properties (25, 26). Failure of the recognition and uptake pro-
cess may represent an event favoring persistence of inflamma-
tion and progression rather than resolution of tissue injury.
Our data suggest that this cellular interaction depends upon a
novel charge-sensitive recognition mechanism with properties
that imply that the extracellular microenvironment of the in-
flamed site may influence removal of intact senescent neutro-
phils.

Macrophage phagocytosis of senescent erythrocytes, al-
though enucleate, might have served as a model for the recog-
nition of aged neutrophils. However, although MOreceptors
for Fc, C3b, and iC3b have been implicated in the recognition
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Glucose (n=5)
My ingesting aged PMN (as % contro

0 50

L-glutamine n=9 Neutral

D-glutamine n=11 Neutral

Glucosamine (n=9)

r
2.5 5 10 50

sugar concentration (mmolesfl)

Figure 5. Concentration-related inhibition of aged neutrophil uptake
by glucosamine. Glucose at the same concentrations was ineffective.
In these experiments 55.0 ± 8.8% of MOrecognized aged neutrophils
under control conditions.

of senescent erythrocytes (6-8), inhibition of these structures
with MAbs to MO, FcR, CR1, CR3, and CR4 failed to affect
aged PMNrecognition (and MOphagocytosis of IgG-opson-
ized ox erythrocytes was not inhibited by the molecules in-
hibiting aged PMNuptake). Furthermore, despite evidence
that the MOreceptor for advanced glycosylation end products
(AGE-R) may also play a role in senescent erythrocyte recogni-
tion (9, 10), the pattern of inhibition of recognition of aged
neutrophils by polyanions did not support a role for the
AGE-R. Therefore, the mechanism of MOrecognition of aged
neutrophils does not resemble mechanisms proposed for the
recognition of senescent erythrocytes.

There are other mechanisms by which unwanted senescent
cells may be removed. Nucleated cells of many types undergo
programmed cell death or apoptosis, a process characterized
by stereotyped morphological changes (including nuclear
chromatin condensation and cytoplasmic vacuolation due to
dilatation of the endoplasmic reticulum) and evidence of en-
donuclease activation, with a specific pattern of DNA frag-

Proportion of MO ingesting PMN (as % of control)

100 I

Glucose

Glucosamine

Galactosamine

10mM sugar in interaction medium

Glucose

GlucosamineiI7
Galactosamine J

Preincubation of PMNwith IOmM so

Figure 6. Localization
n= of the inhibitory effect
12 of amino sugars. Prein-
32 cubation at 4VC for 30

min of aged neutro-
15 phils, but not of MO,

with 10 mMamino
sugars, followed by

8 washing, inhibited rec-

23 ognition to a degree
12 comparable to that ob-

served when these
r sugars were present in

the interaction. In these
6 experiments 47.1

8 ± 3.2% of MOrecog-
nized aged neutrophils

7 under control condi-
tions.

2 glutamic acid n=11 Anionic

vlysine n=lS Cationic

oarginine p n=10 Cationic

Figure 7. Effect of
amino acids at 10 mM
and pH 7.4. The cat-
ionic, basic amino acids

1 ) L-lysine and L-arginine
100 inhibited macrophage
-J interaction with aged

neutrophils; basic and
) neutral amino acids had

no effect. In these ex-

periments 43.5 ± 3.8%
of MOrecognized aged

}I neutrophils under con-
trol conditions. Open
squares, MOingestion

o of EIgG (%); open cir-
cles, %PMNadmitting
trypan blue.

mentation (4, 5). Programmed cell death plays an important
role in tissue kinetics since it leads to the removal of intact
apoptotic cells by phagocytes, for example in embryological
remodeling, or hormone-dependent thymic involution (4). In
neutrophils isolated and aged by the methods described here,
we have recently demonstrated a progressive increase in the
proportion of cells with features typical of apoptosis (3), recog-
nition by M) (assayed by the methods used here) being di-
rectly related to this process in the aging neutrophil (3). Unfor-
tunately, since apoptosis is usually distributed broadly within
tissues, there has been little study of the cell-surface interac-
tions that lead to recognition of apoptotic cells as nonself.
However, in a rosetting assay performed at 4VC it has been
reported that the binding of apoptotic mouse thymocytes to
isologous MOcould be inhibited by 10 or 20 mMN-acetylglu-
cosamine, N-acetylgalactosamine, and galactose (1 1). Preincu-
bation experiments localized this effect to the MOsurface, and
it was suggested that a MOlectin-like receptor might recognize
putative changes in the surface carbohydrates of the apoptotic
thymocyte, and that a similar process might apply to the recog-
nition of other apoptotic cells. However, when these sugars
were included at concentrations up to 50 mMin the assay of
phagocytosis of aged neutrophils at 370C no evidence was
obtained in support of a role for such a lectin. So far as these
assays are comparable, and possible species differences should
be noted, it did not appear likely that a human analogue of this
putative structure played an important role in MOuptake of

100

z
-
CL 50-

0
w

In
v

CP

-a
0-

0 0 0

pH6.5 pH7.5
Li

pH8.5

Figure 8. Effect of pH on the in-
teraction of aged neutrophils with
Mo. MOrecognition of aged neu-
trophils (open bars) and EIgG
(open squares) is expressed as ab-
solute proportion of MOrecogniz-
ing aged neutrophils. Open circles,
%PMNadmitting trypan blue;
n = 24.
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Proportion Md ingesting PMN
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0 50 100 %
lI I

) pH 6. 5

) pH 7. 5L
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proportion
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rbc uptake = o 96% +ve
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- 4 16% +ve

Glucosamine pK=7.8 (n=11)

cpH 7.5

pH 8.5

Histidine pKr=6. 1 (n=l1)

pH 7.5J

pH 8. 5

L-lysine pKr=8.9 (n=6)

o 30% +ve

0 4% +ve

1% +ve

o 96% +ve
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Figure 9. Dependence of the inhibitory effect of 10 mMamino
sugars and amino acids on charge. The pH of the interaction in-
fluenced the degree of inhibition relative to the control at the same
pH, suggesting a relationship with the proportion of glucosamine or
histidine calculated (see Methods) to be bearing a cationic charge
(right column). The reduction of the inhibitory effect of these mole-
cules at higher pH was not observed with L-lysine. In these experi-
ments, at pH 7.5 46.0 ± 3.6% of MOrecognized aged PMNunder
control conditions, at pH 0.5 this figure was 32.2 ± 3.4%, and at pH
8.5, 68.4 ± 2.7%. Open squares, MOuptake EIgG; open circles, %
PMNtrypan blue positive.

aged neutrophils, particularly as inhibitors of human MOlec-
tin-like receptors with similar sugar specificities (the manno-
syl-fucosyl and asialoglycoprotein/galactosyl receptors) had no
effect on the interaction. Indeed, the apparent localization of
the inhibitory effect of amino sugars to the neutrophil surface

and inhibition by amino acids are not consistent with the gen-
erally accepted concepts of a lectin-like molecule (27).

In this study it was observed that amino sugars and basic
amino acids inhibited MOrecognition of aged neutrophils but
not of opsonized erythrocytes, indicating that this effect was
not due to a nonspecific impairment of Mq phagocytic capa-
bility. Furthermore, the lack of effect of preincubation of these
molecules with MO(followed by washing) indicated that inhi-
bition was unlikely to reflect binding to MOreceptors for aged
neutrophils. However, molecules of both classes inhibited the
subsequent recognition of aged neutrophils with which they
were preincubated. As preincubations were done at 4°C it
appeared likely that the inhibitory effect of both amino sugars
and basic amino acids was directly on the aged neutrophil's
surface, rather than on the intracellular metabolic processes
leading to expression of aged neutrophil surface structures rec-
ognized by Mo. Indeed, the inhibitory effect of molecules of
both classes at different pHs indicated that this effect was de-
pendent on bearing a cationic charge in each case, a further
indication that amino sugars and basic amino acids were in-
fluencing the interaction by similar mechanisms.

The possible nature of the inhibitory effect of amino sugars
and basic amino acids was suggested by consideration of the
other findings of this study. Although the pattern of inhibition
of Mo recognition of aged neutrophils was different from that
of the AGE-R, inhibition by heparin suggested that Morecep-
tors for anionic ligands might be involved in the interaction.
However, anionic competitive inhibitors of a number of well-
characterized Mo receptors for anionic ligands (the sheep
erythrocyte, mannose-6-phosphate, and scavenger receptors)
failed to inhibit the interaction. Nevertheless, the possible im-
portance of anionic charge of aged neutrophil moieties recog-
nized by Mo receptors for these cells was highlighted by the
direct effects of pH on the interaction; conditions in which
anionic charge on aged neutrophil surface structures might be
expected to increase (i.e., raising pH) were associated with
potentiation of the interaction. Furthermore, the localization
of the inhibitory effect of amino sugars and basic amino acids

Table II. Lack of Effect of Inhibitors of Known Macrophage Receptors on Aged Neutrophil Recognition

Inhibitor Aged PMN
Receptor (maximum concentration) (% of control±SE, n = 12) Reference

Mannose-6-phosphate Mannose-6-phosphate (10 mM) 101.8±2 30, 31
Fructose-6-phosphate (20 mM) 100.8±2.4
Fructose-I-phosphate (20 mM) 98.9±3.7
a-Mannosidase (200 mg/ml) 102.8±3.1

Sheep erythrocyte Ganglioside GD1a (100 mg/ml) 98.9±1.9 32, 33
Neuraminyl-lactose (20 mM) 101.0±2.3

Scavenger Dextran sulfate (1 mg/ml) 107.5±3.1* 34-36
Fucoidin (1 mg/ml) 102.2±2.6*

Mannosyl-fucosyl Ribonuclease B (1 mg/ml) 101.6±0.9 18, 37, 38
Mannan (1 mg/ml) 100.2±2.6

Asialoglycoprotein N-Acetylgalactosamine (100 mM) 104.2±4.3 39-41
(Galactosyl-R) Galactose (50 mM) 99.0±1.2

L-Fucose (50 mM) 98.8±2.7

In these experiments the mean proportion of MOrecognizing aged PMNunder control conditions was 49.1±4.5%, 95% of observations falling
within 9.5% of the mean of control (100%). Glucosamine (10 mM) in the same series of experiments inhibited aged neutrophil recognition to
40.1±2.2% of control. * See also Fig. 2.
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to the aged neutrophil surface also supports the importance of
anionic charge on aged neutrophil surface moieties; the associ-
ation of cationic molecules with the neutrophil surface would
be expected to disturb anionic charges and thus inhibit the
interaction if the anionic charge on neutrophil structures in-
volved in the interaction were an important component of the
recognition mechanism. Similar effects might account for the
inhibitory effects of raised hydrogen ion concentrations. How-
ever, because only one of a number of anionic molecules tested
inhibited the interaction it appeared very unlikely that anionic
charge per se represented the sole recognition signal to the MO,
in which case inhibition would have been expected with all
anionic molecules. Therefore, rather than suggesting that the
surface charge density of the whole neutrophil represents the
signal to the MO, these data imply that the anionic charge on
specific aged neutrophil sites is an important component of the
recognition mechanism.

To conclude, it would appear that MOrecognition of aged,
apoptotic neutrophils depends on a novel recognition mecha-
nism, different from those proposed for recognition of aged
erythrocytes and apoptotic thymocytes, and not involving a
number of MOreceptors for which there were grounds to sug-
gest a possible role. To understand the inhibitory effects of
amino sugars, basic amino acids, and heparin on the interac-
tion, and the basis for modulation by pH, the structures in-
volved in this recognition process need to be defined. Our
findings show that the recognition mechanism has properties
that may be summarized as "charge sensitive," which have
important implications for the fate of the neutrophil at in-
flamed sites in vivo. Since perturbations of interstitial pH and
release of charged molecules into the extracellular environ-
ment are well documented in inflammation (26, 28, 29), our
data suggest that these factors could influence the degree to
which senescent inflammatory neutrophils are removed in situ
by phagocytosis while still intact. It can be speculated that
failure of this process, perhaps related to a low tissue fluid pH
or a particular mix of charged molecules, might lead to greater
release of potentially histotoxic contents from disintegrating
neutrophils and therefore to exacerbation and persistence of
tissue injury.
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