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SUMMARY
Myeloperoxidase is a leukocyte component able to
generate potent microbicidal substances. A homologous
invertebrate blood cell protein, peroxinectin, is not only
a peroxidase but also a cell adhesion ligand. We demonstrate in this study that human myeloperoxidase also
mediates cell adhesion. Both the human myeloid cell line
HL-60, when differentiated by treatment with 12-Otetradecanoyl-phorbol-13-acetate (TPA) or retinoic acid,
and human blood leukocytes, adhered to myeloperoxidase; however, undifferentiated HL-60 cells showed only
minimal adhesion. No cells adhered to horseradish peroxidase, and cell adhesion to myeloperoxidase was not
decreased by catalase, thus showing that peroxidase
activity, per se, was neither sufficient nor necessary for
the adhesion activity. Mannan, which has been reported
to inhibit the binding of peroxidases to cells, did not
affect adhesion to myeloperoxidase. However, adhesion to
myeloperoxidase was inhibited by monoclonal antibodies

to αM (CD11b) or to β2 (CD18) integrin subunits, but not
by antibodies to αL (CD11a), αX (CD11c), or to other
integrins. Native myeloperoxidase mediated dosedependent cell adhesion down to relatively low concentrations, and denaturation abolished the adhesion
activity. It is evident that myeloperoxidase supports cell
adhesion, a function which may be of considerable
importance for leukocyte migration and infiltration in
inflammatory reactions, that αMβ2 integrin (Mac-1 or
CD11b/CD18) mediates this adhesion, and that the αMβ2
integrin-mediated adhesion to myeloperoxidase is
distinct from the previously reported ability of this
integrin to bind to certain denatured proteins at high
concentrations.

INTRODUCTION

an opsonin, i.e. it stimulates phagocytosis (Thörnqvist et al.,
1994). Cloning of the crayfish cell adhesion protein revealed
that its sequence is significantly similar to a family of animal
peroxidases that includes myeloperoxidase (Johansson et al.,
1995). As the crayfish protein has peroxidase activity
(Johansson et al., 1995), we have named this invertebrate
protein, which to our knowledge is the first protein with
combined adhesive/peroxidase functions, peroxinectin.
The question now arises as to whether the classical vertebrate peroxidases, which are homologous to invertebrate peroxinectin, are also able, in addition to producing microbicidal
agents (Klebanoff, 1991), to support cell adhesion. Such
adhesion of, for example, leukocytes to myeloperoxidase
released from neutrophils, could be of considerable importance
in the inflammatory process.
We show here that myeloperoxidase does, indeed, mediate
adhesion of blood leukocytes and that it also mediates adhesion
of cells of an established human myeloid cell line, HL-60,
following differentiation. We also show that cell adhesion to
myeloperoxidase occurs through the αMβ2 integrin (Mac-1 or
CD11b/CD18).

Cell adhesion, essential for the function of multicellular
organisms, is not only involved in many physiological
processes, e.g. development, wound healing and haemostasis,
but also in pathological conditions such as metastasis of cancer
cells and inflammatory disease (for reviews, see e.g. Hynes,
1992; Hynes and Lander, 1992). At sites of inflammation,
leukocyte adhesive events occur at the vessel wall, during
extravasation, and during migration into the underlying tissue
(Patarroyo et al., 1990; Springer, 1990; Hynes, 1992; Hynes
and Lander, 1992).
Adhesion of nucleated white blood cells has also been
studied in an invertebrate system. The first cell adhesive ligand
from invertebrate blood cells was purified (Johansson and
Söderhäll, 1988), and recently cloned (Johansson et al., 1995).
This adhesion protein, first obtained and described from freshwater crayfish, is synthesized in granule-containing blood cells
and stored in the granules, and following secretion (degranulation) is able to mediate attachment and spreading of the blood
cells (Johansson and Söderhäll, 1988). It is also, in addition,
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Cells
Blood leukocytes from healthy human individuals were isolated, as
described (Siegbahn et al., 1987) and obtained in Gey’s modified
buffer (Siegbahn et al., 1987). The human cell line HL-60 (Lozzio and
Lozzio, 1975) was grown in RPMI 1640 medium, supplemented with
10% foetal calf serum (FCS, Gibco, Uxbridge, UK) and with antibiotics (penicillin 100 i.u./ml and streptomycin 50 µg/ml). For differentiation, the cells were grown in the above medium for 3 days in the
presence of 10−8 M 12-O-tetradecanoyl-phorbol-13-acetate (TPA)
(monocytic differentiation) or in the presence of 10−6 M retinoic acid
(RA) (myeloid differentiation). In some experiments, undifferentiated
HL-60 cells were treated for only 30 minutes (at 37°C) with 10−8 M
TPA. The HL-60 cells were washed three times with Gey’s modified
buffer by centrifugation at 150 g for 10 minutes before they were used
in the adhesion assay.
Antibodies
The following adhesion-blocking anti-human integrin monoclonal
antibodies were used in the adhesion assay: 4B4 (anti-β1, CD29,
Coulter Immunology, Hialeah, FL, USA), IB-4 (anti-β2, CD18, originally provided by Dr Samuel D. Wright, Rockefeller University, New
York, NY, USA), H12 (anti-αL, CD11a, provided by Professor Hans
Wigzell, Karolinska Institute, Stockholm, Sweden), 2LPM19c (antiαM, CD11b, Dakopatts, Glostrup, Denmark), SHCL-3 (anti-αX,
CD11c, Becton Dickinson, San Jose, CA, USA) and anti-αV (CD51,
originally provided by Dr James O. Gailit, State University of New
York, Stony Brook, NY, USA) (Freed et al., 1989). Flow cytometry
was performed with the monoclonals G25.2 (CD11a, Becton
Dickinson), 2LPM19c (CD11b, Dakopatts), SHCL-3 (CD11c, Becton
Dickinson) and L130 (CD18, Becton Dickinson). Purified polyclonal
rabbit anti-human myeloperoxidase antibody was purchased from
Dako (Glostrup). Purified polyclonal rabbit anti-human fibronectin
antibody was a gift from Dr Erkki Ruoslahti, The Burnham Institute
(La Jolla, CA, USA).
Other materials
Human myeloperoxidase was purchased from Sigma (St Louis, MO,
USA) or from Calbiochem (La Jolla, CA, USA). Recombinant human
myeloperoxidase (Moguilevsky et al., 1991) was a gift from Dr Alex
Bollen, Université Libre de Bruxelles (Nivelles, Belgium). Horseradish peroxidase and bovine liver catalase were purchased from Sigma.
Cell adhesion assay
All steps were performed at room temperature. Non-tissue-culturetreated 96-well microtitre plate wells were coated with 100 µl of the
sample under study (e.g. myeloperoxidase, usually at 10 µg/ml),
dissolved in Gey’s modified buffer, for 2 hours. The wells were then
washed three times with Gey’s modified buffer, blocked by incubation with 3% bovine serum albumin (BSA) in the same buffer
overnight, and washed again three times with the buffer before
addition of the cells. Control wells were coated only with BSA. Cells
were diluted to a concentration of 3×105/ml in Gey’s modified buffer,
and 100 µl of the cell suspension was added to each well. Cells were
then incubated for 5-45 minutes (blood leukocytes usually 5 minutes,
cultured cells usually 45 minutes). After incubation, the wells were
washed once with the buffer, and the attached cells were fixed with
10% formalin in Gey’s modified buffer (pH adjusted). The number of
attached cells, per well, was calculated by counting the cells in the
central object field corresponding to 1/9 of the well area, at ×10 magnification in an inverted microscope. In some experiments, antibodies
or chemicals were added to the cell suspension. The cells were preincubated for 15 minutes with the antibody, before the adhesion assay.
In another set of experiments, the effect of denaturation on the
adhesive activity of myeloperoxidase was tested. Recombinant human
myeloperoxidase, horseradish peroxidase or BSA was reduced and

alkylated essentially as described (Davis, 1992). The proteins (1
mg/ml) were mixed with 9 volumes of 8 M urea, 50 mM Tris-HCl,
pH 7.4, treated first with dithiothreitol (10 mM final concentration)
for 2 hours at 20°C, and then with iodoacetamide (60 mM final concentration) for 2 hours at 20°C in the dark. Finally, the samples were
dialyzed against Gey’s modified buffer and diluted in the same buffer
before being used to coat wells.
Flow cytometry
The cell surface expression of proteins was analyzed by indirect
immuno-fluorescence using a flow cytometer (FACScan, Becton
Dickinson). Cells (106) were washed with ice-cold PBS containing
0.5% FCS, incubated on ice for 30 minutes with primary antibody
(100 ng, except 200 ng of 2LPM19c), washed twice, further incubated
for 30 minutes on ice with fluorescein-isothiocyanate(FITC)-labelled
goat anti-mouse F(ab′)2 fragments (50 µl of 60 µg/ml) (CLB,
Amsterdam, Netherlands), and finally washed twice before analysis.
Results obtained with only the secondary antibody determined the
lower limit for positive fluorescence.

RESULTS
Adhesion of human blood leukocytes to human
myeloperoxidase
The human blood leukocyte suspension consisted of approximately 80% polymorphonuclear cells and 20% mononuclear
cells (not shown). When these cells were added to microtitre
wells previously coated with human myeloperoxidase (and
blocked with BSA), the cells were found to attach to and to
spread on this substratum. This adhesion was specific because
the cells did not attach to control wells coated with BSA (Fig.
1), and it was dose-dependent (not shown). The variation in
leukocyte adhesion to myeloperoxidase was relatively high
(Fig. 1). This variation was mostly observed among cells from
different individuals, whereas parallel experiments with cells
from the same individual showed less variation.
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Fig. 1. Leukocyte adhesion to myeloperoxidase. Isolated human
blood leukocytes were added to microtitre wells coated with human
myeloperoxidase (MPO) or horseradish peroxidase (HRP), both at 10
µg/ml, and then blocked with 3% BSA. Control wells were coated
only with BSA. s.d., standard deviation from 13 experiments.
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Table 1. Surface expression of β2 integrins on HL-60 cells
analyzed by flow cytometry

Number of attached leukocytes (+s.d.)

4000

3000

2000

Integrin subunit

Control

TPA
(30 minutes)

RA
(3 days)

TPA
(3 days)

αL (CD11a)
αM (CD11b)
αX (CD11c)
β2 (CD18)
Control*

94 (14)
10 (7.8)
6 (5.1)
92 (38)
1 (2.6)

92 (25)
13 (16)
10 (7.4)
91 (42)
1 (5.0)

96 (27)
25 (12)
17 (6.6)
100 (68)
1 (3.3)

99 (87)
96 (129)
100 (105)
100 (243)
26 (11)

Values show the percentage of positive cells (and mean fluorescence
intensity) after different treatments.
RA, retinoic acid; TPA, 12-O-tetradecanoyl-phorbol-13-acetate.
*Without primary antibody.
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Fig. 2. Leukocyte adhesion to myeloperoxidase in the presence of the
peroxide scavenger catalase or mannan. Microtitre wells were coated
with 10 µg/ml human myeloperoxidase, and blocked with BSA.
Control wells were coated only with BSA. Isolated human blood
leukocytes were added in the presence of catalase (0.1 mg/ml) or
mannan (1 mg/ml). s.d., standard deviation from 4 experiments.

In order to determine whether the enzyme activity of
myeloperoxidase was necessary for cell adhesion to occur, an
excess of catalase was added to the cells. This preparation of
catalase blocked peroxidase activity in a standard enzyme
assay (not shown), but did not decrease adhesion (Fig. 2), thus
indicating that the observed cell adhesion activity of myeloperoxidase is independent of its peroxidase activity. Furthermore,
horseradish peroxidase, whose sequence is not homologous to
myeloperoxidase, did not mediate adhesion (Fig. 1). Thus, in
conclusion, peroxidase activity, per se, was neither sufficient
nor necessary for cell adhesion.
Because myeloperoxidase has been reported to bind to (and
be taken up by) macrophages via its mannose groups, and
because this uptake can be inhibited by mannan (Shepherd
and Hoidal, 1990), we next tested the effect of mannan on
cell adhesion. We found that mannan did not affect attachment (Fig. 2), indicating that cell adhesion to myeloperoxidase is a mannose-independent process, and that the cell
binding needed for adhesion is distinct from the uptake by
macrophages.
Adhesion of differentiated HL-60 cells to
myeloperoxidase
To further study cell adhesion to myeloperoxidase, we tested
cells of the HL-60 cell line, undifferentiated and after
monocytic differentiation induced by TPA, or myeloid differentiation by retinoic acid (RA) treatment. Undifferentiated HL60 cells attached minimally to myeloperoxidase (Fig. 3C). HL60 cells that had been treated for only 30 minutes with TPA
(which is known to activate the αLβ2 integrin) (Patarroyo et al.,
1985a), also attached minimally (Fig. 3D). On the other hand,
cells differentiated for a period of 3 days showed significant
adhesion (Fig. 3A,B). As with blood leukocytes, the cells did
not attach to the non-homologous horseradish peroxidase (Fig.
3A,B) and adhesion to myeloperoxidase was not decreased by

an excess of catalase (not shown). Cell adhesion at room temperature, or at 37°C, showed the same general pattern, although
cells became more spread at 37°C (not shown). At 4°C, only
minimal adhesion was seen (not shown), indicating that
metabolic energy is required for firm attachment and spreading
and that the adhesion is not due to non-specific sticking to the
substratum.
The adhesion of differentiated HL-60 cells to myeloperoxidase was inhibited by a polyclonal anti-human myeloperoxidase antibody, whereas a control polyclonal anti-human
fibronectin antibody did not decrease adhesion (not shown).
Recombinant human myeloperoxidase, expressed in Chinese
hamster ovary cells (Moguilevsky et al., 1991), mediated
adhesion to approximately the same degree as the natural
protein (Fig. 4).
Cell surface molecules mediating adhesion to
myeloperoxidase
Blocking monoclonal antibodies to integrins were tested, in
order to identify cell surface molecules involved in the
adhesion process. At 1 µg/ml (as well as at higher concentrations), adhesion to myeloperoxidase was inhibited by
monoclonal antibodies to the αM (CD11b), or to the β2
(CD18) integrin subunits, but not by monoclonal antibodies
to other subunits (Fig. 4). Also, a polyclonal antibody to β3
integrins did not inhibit adhesion (not shown). As in other
integrin-mediated adhesion systems, 10 mM EDTA almost
completely inhibited the cell adhesion to myeloperoxidase
(data not shown). As with the leukocytes, HL-60 cell
adhesion to myeloperoxidase was dose-dependent, showing
half maximal activity at around 0.01 µg/ml coating concentration (Fig. 5A).
Since it has been reported in the literature that the αMβ2
integrin can bind to certain denatured proteins (Davis, 1992),
we tested the effect of denaturation on myeloperoxidase.
Reduction and alkylation of myeloperoxidase abolished its
adhesion activity (Fig. 5A), as did heating (not shown). Also,
treatment with urea only decreased this adhesion activity (not
shown). Denaturation of horseradish peroxidase by the same
methods did not significantly change cell behaviour on this
substratum (Fig. 5B) and, thus, did not cause this protein to
become adhesive. However, in the same set of experiments, we
were able to confirm the results of Davis (1992) as we obtained
some cell adhesion (although significantly less than on native
myeloperoxidase) on reduced, urea-treated or heated BSA (not
shown) at high coating concentrations (100 or 10 µg/ml, i.e.
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Fig. 3. Adhesion of HL-60 cells to myeloperoxidase. Microtitre wells were coated with human myeloperoxidase or horseradish peroxidase,
both 10 µg/ml, and blocked with BSA. Control wells were coated only with BSA. Cells of the human cell line HL-60 were added to the wells.
The cells had been treated for 3 days with 10−8 M 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (A) or with 10−6 M retinoic acid (RA) (B) to
induce differentiation. In (C) undifferentiated HL-60 cells were used and in (D) HL-60 cells that had been treated with 10−8 M TPA for only 30
minutes. s.d., standard deviation from 8 (A), 9 (B), 10 (C) and 6 (D) experiments.

1,000-10,000 times the concentration required for native
myeloperoxidase), whereas we did not observe any adhesion
on native BSA.
Flow cytometry studies demonstrated that HL-60 cells
expressed β2 integrins (Table 1). Almost all undifferentiated
cells expressed the αL chain, but only a few of these cells were
positive for αM and αX. After 3 days of differentiation in the
myelomonocytic lineage, when cells had become adhesive to
myeloperoxidase, an increased number of cells expressed αM
and αX (high with TPA, modest with retinoic acid). These
results are in accordance with earlier reports (e.g. Prieto et al.,
1994).

DISCUSSION
Our results show that human myeloperoxidase can mediate
adhesion of differentiated HL-60 cells and human blood leukocytes. Myeloperoxidase is known to be present in very high
concentrations in the primary (azurophil) granules of neutrophils; it can also be secreted into the extraceIlular fluid when
neutrophils respond to non-phagocytosable antibodies, complement-coated surfaces and/or soluble stimuli, such as chemotactic factors and cytokines (Klebanoff, 1991). This leukocyte
protein, which is also found in blood monocytes (Bos et al.,
1978), plays a central and critical role in host defence by
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Fig. 4. Inhibition of adhesion of HL-60 cells to myeloperoxidase
by monoclonal antibodies to integrin subunits. Microtitre wells
were coated with 10 µg/ml recombinant human
myeloperoxidase, and blocked with BSA. Retinoic aciddifferentiated HL-60 cells were pre-incubated for 15 minutes
with 1 µg/ml antibody and then added to the wells in the
presence of the antibody. The monoclonal anti-integrin
antibodies were: anti-β1 (CD29), anti-β2 (CD18), anti-αL
(CD11a), anti-αM (CD11b), anti-αX (CD11c) and anti-αV
(CD51). s.d., standard deviation from 6 experiments.

producing powerful antimicrobial agents of broad specificity
(Klebanoff, 1991). Cell adhesion to myeloperoxidase, or any
other vertebrate peroxidase, has not, to our knowledge, been
shown previously.
The results obtained here are similar to those obtained earlier
from the study of an invertebrate system, where peroxinectin,
a protein purified and cloned from crayfish blood cells, is both
a cell adhesion ligand for crayfish blood cells, and a peroxidase (Johansson and Söderhäll, 1988; Johansson et al., 1995).
Human myeloperoxidase can also trigger attachment,
spreading and degranulation of crayfish blood cells (M. W.
Johansson and K. Söderhäll, unpublished).
The sequences of human myeloperoxidase (Morishita et
al., 1987) and peroxinectin are significantly similar (32% of
the residues are identical) (Johansson et al., 1995); both
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appear to belong to a family of homologous animal peroxidases. The present results, together with the results obtained
from the crayfish system, indicate that this family of peroxidases, in addition to producing potent microbicidal agents
(Klebanoff, 1991), can also mediate cell-substratum
adhesion. Cell adhesion may thus be a conserved function of
animal peroxidases; they may form a new family of cell
adhesion proteins.
Several results show that, even though the peroxidase and cell
adhesive activities are present in the same protein, these activities are independent of each other. The peroxidase scavenger
catalase did not affect the adhesive activity to human myeloperoxidase. Horseradish peroxidase did not mediate adhesion of
the human cells (this report) or of the crayfish cells (M. W.
Johansson and K. Söderhäll, unpublished). Thus, peroxidase

A

B

2000

Number of attached cells (±s.d.)

Number of attached cells (±s.d.)

2000

1000

0

1000

0
0.001

0.01

0.1

1

10

MPO concentration used to coat wells (µg/ml)

0.01

0.1

1

10

HRP concentration used to coat wells (µg/ml)

Fig. 5. Dose-dependent adhesion of HL-60 cells to myeloperoxidase and abolishment of its activity by denaturation. Recombinant human
myeloperoxidase (MPO) or horseradish peroxidase (HRP) was denatured by reduction and alkylation. HL-60 cells differentiated by treatment
with retinoic acid were added to microtitre wells coated with different concentrations of native (filled squares) or denatured (open squares)
MPO (A) or HRP (B) and blocked with BSA. s.d., standard deviation from 3 experiments.
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activity, by itself, is not sufficient for cell adhesion, and the plant
peroxidases, which are not homologous to myeloperoxidase or
to peroxinectin, may not be adhesive for cells.
There already are some indications in the literature that
myeloperoxidase may play other biological roles apart from its
function as an enzyme. The fact that myeloperoxidase
comprises up to 5% of the protein content in neutrophils
(Schultz and Kaminker, 1962) may well suggest this. Furthermore, myeloperoxidase has been found to induce secretion of
certain cytokines, e.g. tumour necrosis factor α, and has been
suggested to have an immuno-modulatory role in addition to
its enzyme activity (Lefkowitz et al., 1991, 1992, 1993).
However, these authors obtained a response with horseradish
peroxidase, as well as with mannosylated BSA, indicating that
this effect, like the myeloperoxidase uptake by macrophages
(Shepherd and Hoidal, 1990), is due to the mannose groups on
the peroxidases. In contrast, we did not observe any significant
effect by horseradish peroxidase but did observe that the
adhesion to myeloperoxidase appeared to be mannose-independent. It thus appears that the mechanism of the proposed
immuno-modulatory role of peroxidases, studied by Lefkowitz
and colleagues, and the mechanism of cell adhesion to
myeloperoxidase are distinct.
Our experiments with monoclonal antibodies suggest that
the αMβ2 integrin (Mac-1 or CD11b/CD18) functions as a cell
adhesion receptor for myeloperoxidase. The αMβ2 integrin has
been shown to mediate neutrophil adhesion to endothelium,
subsequent extravasation to inflammatory sites, and also neutrophil homotypic adhesion and chemotaxis; it is also involved
in phagocytosis of opsonized particles (Harlan et al., 1985;
Patarroyo et al., 1985b; Anderson et al., 1986; Arnaout et al.,
1988, Carlos and Harlan, 1990; Larson and Springer, 1990;
Patarroyo et al., 1990). This integrin, which is largely
expressed by polymorphonuclear leukocytes (PMNs),
monocytes/macrophages and natural killer cells, binds intercellular adhesion molecule 1 (ICAM-1or CD54), iC3b, factor
X and fibrinogen (Altieri et al., 1988; Wright et al., 1988;
Diamond et al., 1991; Sánchez-Madrid and Corbi, 1993).
However, these four established ligands do not account for all
αMβ2-dependent adhesive activities; for instance, the adhesive
ligands for the αMβ2 integrin in neutrophil aggregation and
chemotaxis are not known. It has recently been suggested that
heparin or heparan sulfate may mediate some, or all, of these
interactions (Diamond et al., 1995). It is possible that
myeloperoxidase is a novel αMβ2 adhesive ligand, and that it
may be involved in these situations.
One report claims that the αMβ2 integrin can also bind and
mediate adhesion to a variety of denatured proteins, for
instance to denatured bovine serum albumin (but not e.g. to
gelatin) (Davis, 1992). However, myeloperoxidase does not
belong to this group of proteins, since we found that denaturation in fact abolished its adhesion activity. Furthermore,
1,000-10,000 times higher concentration is required of
denatured BSA than of (native) myeloperoxidase to obtain significant adhesion. In conclusion, we believe that adhesion to
myeloperoxidase in its native conformation is due to an interaction with the αMβ2 integrin that is distinct from the
‘scavenger’ type of binding to denatured proteins.
We further believe that the adhesive activity of myeloperoxidase, which we have described here, may be of importance
in inflammation. We propose that when PMNs and monocytes

respond to inflammatory stimuli, they secrete myeloperoxidase
as an endogenous adhesive substratum for their migration.
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