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Abstract: Aminopeptidase N (E.C. 3.4.11.2) is a
membrane-bound metalloproteinase expressed in
many tissues. Although its cytoplasmic portion has
only eight amino acids, cross-linking of CD13 by
monoclonal antibodies (mAb) has been shown to
trigger intracellular signaling. A functional associ-
ation between CD13 and receptors for immuno-
globulin G (FeyRs) has been proposed. In this
work, we evaluated possible functional interactions
between CD13 and FeyRs in human peripheral
blood monocytes and in U-937 promonocytic cells.
Our results show that during FeyR-mediated
phagocytosis, CD 13 redistributes to the phagocytic
cup and is internalized into the phagosomes. More-
over, modified erythrocytes that interact with the
monocytic cell membrane through FeyRI and
CD13 are ingested simultaneously, more efficiently
than those that interact through the FeyRI only.
Also, co-cross-linking of CD13 with FeyRI by spe-
cific mAbs increases the level and duration of Syk
phosphorylation induced by FeyRI cross-linking.
Finally, FeyRI and CD13 colocalize in zones of
cellular polarization and coredistribute after ag-
gregation of either of them. These results demon-
strate that CD13 and FeyRI can functionally inter-
act on the monocytic cell membrane and suggest
that CD13 may act as a signal regulator of FeyR
function. J. Leukoc. Biol. 77: 1008-1017; 2005.
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INTRODUCTION

Receptors for the Fec portion of immunoglobulin G (IgG;
FeyRs) are glycoproteins that belong to the family of mul-
tichain immune recognition receptors (MIRRs) and are ex-
pressed on the vast majority of leukocytes. Three distinet types
of classic FeyRs have been described: one with high-affinity
for FeyRI and two low-affinity receptors, FeyRII and FeyRIIT
[1, 2]. Cross-linking of FeyRs by IgG-opsonized particles or
IgG-containing immunocomplexes triggers an intracellular cas-
cade of biochemical events that leads to a variety of important
cellular functions such as phagocytosis, immune regulation,
cytolysis, and transcriptional activation of cytokine-encoding
genes, which initiate inflammatory responses related to protec-
tion against bacterial infection, autoimmunity, and hypersen-
sitivity [3-7].
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Cell activation mediated by other MIRRs, such as the B cell
receptor (BCR) and the T cell receptor (TCR), is modulated by
costimulatory and inhibitory molecules [8]. Similarly, several
studies suggest that signaling induced by activatory FeyRs is
susceptible to modulation by other membrane proteins (signal
regulators) such as tetraspanins, signal regulatory proteins, and
siglecs (sialic acid-binding lectins) [9], although the biological
significance of these phenomena has not been explored in
detail.

CD13 (aminopeptidase N) is an ectoenzyme (E.C.3.4.11.2)
of the superfamily of zinc metalloproteases [10] expressed in
many tissues including kidney, intestine, liver, placenta, and
the nervous system [11]. In the hematopoietic system, CD13 is
expressed on stem cells and during most developmental stages
of myeloid cells [12], and for this reason, it is widely used as
a marker of myelomonocytic cells in the diagnosis of hemato-
poietic malignant disorders. Furthermore, CD13 participates in
angiogenesis regulation [13], cellular motility, and dendritic
cell (DC)-induced T cell activation [14]. CD13 is also a recep-
tor for human coronavirus 229E and other enteropathogenic
coronaviruses [15] and participates in human cytomegalovirus
infection [16, 17]. Moreover, the possibility of CD13 being a
receptor for the coronavirus responsible for the severe acute
respiratory syndrome has been suggested recently [18]. Be-
cause of its ectopeptidase activity, CD13 has been implicated
in the regulation of vasoactive peptides, neuropeptide hor-
mones, and immunomodulating peptides such as interleukin-6
and -8 (IL-6 and IL-8, respectively) [19-22].

A role for CD13 as a signal-transducing molecule in mono-
cytes has been reported [23, 24], although it has a short
cytosolic domain of eight amino acid residues containing no
known signaling motifs [25]. This observation has led to the
suggestion that signal transduction by CD13 requires the par-
ticipation of an auxiliary membrane protein of still-unknown
identity.

Cooperation between CD13 and FeyRs was first suggested
when Mclntyre et al. [24] in 1989 proposed that the Ca™™
increase induced by anti-CD13 monoclonal antibodies (mAb)
in the human monocytic cell line U-937 could result from
mAb-induced formation of membrane complexes between the

antigen (CD13) and the FeyRs. The involvement of FeyRs in
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CD13-mediated signaling was deduced from two observations:
the effect could not be reproduced using F(ab)', fragments of
the antibody, and the magnitude of this effect varied according
to the isotype of the anti-CD13 antibody tested [24]. However,
the conclusion that CD13 signals through FeyRs has been
challenged by the observation that inhibition of the enzymatic
activity of CD13, which in principle would not alter the for-
mation of the CD13-FeyR complexes, blocks the CD13-medi-
ated signal, although other reports showed that enzymatic
activity is not required for CD13-mediated signaling [26, 27].

In 1996, Tokuda and Levy [28] found a correlation between
CD13 expression and phagocytosis of carboxyl microspheres.
They noticed that the most actively phagocytic cells in the
monocytic gate of peripheral blood mononuclear cells ex-
pressed higher levels of CD13 (more than twice the level) than
less phagocytic cells. Moreover, they showed that induction of
differentiation of these cells with 1,25-dyhydroxyvitamin D3,
which increases the phagocytic capacity of monocytes, dimin-
ishes CD13 expression in cells with low, but not in those with
high, phagocytic capacity, suggesting a role for CD13 in phago-
cytosis [28].

In this work, we evaluated the possible functional associa-
tion between FeyRs and CD13 using several approaches. Our
results lead us to propose CD13 as a signal regulator of
FeyRI-mediated signal transduction.

MATERIALS AND METHODS

Cells and antibodies

The promonocytic cell line U-937 [obtained from the American Type Cell
Culture Collection (ATCC), Rockville, MD] was cultured in RPMI-1640 me-
dium (Invitrogen, Grand Island, NY), supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen), 1 mM sodium pyruvate 0.1 mM MEM nones-
sential amino acid solution, 0.1 mM L-glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin. Cultures were maintained in a humidified atmosphere at
37°C with 5% CO, Murine monoclonal anti-human FeyRI (32.2) was purified
from supernatants of the corresponding hybridoma obtained from the ATCC
and was conjugated with fluorescein isothiocyanate (FITC; Sigma Chemical
Co., St. Louis, MO) by standard procedures. Murine monoclonal anti-human
CD13 (clone 452, 1gG1) was purified in our laboratory from the culture
supernatant of the hybridoma, kindly donated by Dr. Meenhard Herlyn (Wistar
Institute of Anatomy and Biology, Philadelphia, PA). F(ab)’, fragments of the
antibodies were prepared with immobilized ficin (Pierce, Rockford, IL). Texas
Red”-X succinimidyl ester (TR) was from Molecular Probes (Eugene, OR).
Monoclonal anti-human CD13 (clone WM47, 1gG1) was from Sigma Chemical
Co. Monoclonal anti-human CD82 was from BD PharMingen (San Diego, CA).
Monoclonal anti-human CD33 (P67.6) was from Santa Cruz Biotechnology
(CA). Antiphosphotyrosine antibodies (PY20 and PY99) and polyclonal anti-
Syk (N-19) were from Santa Cruz Biotechnology. Mouse monoclonal dinitro-
phenyl (DNP)-specific antibody 3B5 (IgG,,,), used as opsonizing antibody in
the confocal microscopy phagocytosis assay, was purified from culture super-
natant of the correspondent hybridoma and conjugated with FITC. Goat anti-
mouse IgG-FITC, goat anti-mouse IgG-horseradish peroxidase (HRP), strepta-
vidin-TR, and biotinylated F(ab)’, fragments of goat anti-mouse IgG were from
Zymed (San Francisco, CA). F(ab)', fragments of goat anti-mouse IgG and
F(ab)’, fragments of goat anti-mouse IgG conjugated with TR were from
Jackson Immunoresearch Laboratories (West Grove, PA).

Human peripheral blood monocytes and
monocyte-derived macrophages

Normal human peripheral blood mononuclear cells were isolated by density
gradient centrifugation of buffy coats from healthy donors using Ficoll-Paque
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Plus (Amersham Biosciences, Uppsala, Sweden), as described previously [29],
washed four times, and cultured for 45 min at 37°C in RPMI-1640 medium
supplemented with 5% autologous plasma-derived serum, 1 mM sodium pyru-
vate, 0.1 mM MEM nonessential amino acid solution, 0.1 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin, allowing monocytes to
adhere to plastic. Nonadherent cells were eliminated by several washes, and
adherent cells enriched for monocytes (more than 95% purity as determined by
flow cytometry using CD14 and CD33 as markers of the monocytic population)
were cultured for 48 h in a humidified atmosphere at 37°C with 5% CO, and
finally harvested by mechanical scraping for further experimentation. Mono-
cyte-derived macrophages were obtained after culturing adherent cells for 6
days in the presence of 5% autologous plasma-derived serum as described

[29, 30].

Phagocytosis by laser-scanning confocal
microscopy (LSCM)

Sheep red blood cells (SRBC) were washed in 2.5% dextrose, 0.05% gelatin,
2.5 mM veronal, 0.5 mM MgCl,, and 0.15 mM CaCl, (DGVB?*) and sensitized
with 2,4,6-trinitrobenzene sulfonic acid sodium salt in borate buffer (boric acid
200 mM, NaCl 150 mM, pH 8.5) for 10 min at room temperature (RT) and then
washed twice with DGVB®* and once with serum-free RPMI medium. Opso-
nization of SRBC was achieved by incubation of a suspension of sensitized
SRBC with a subhemagglutinating concentration of anti-DNP-FITC-labeled
3B5 mAb (IgG2b) or anti-DNP-nonlabeled 4F8 mAb (IgG2b) for 60 min at RT.
Unbound antibodies were removed by washing. For the phagocytosis assay, the
opsonized fluorescent erythrocytes were incubated for different times at 37°C
with monocytes or U-937 cells in supplemented RPMI medium in a humidified
incubator with 5% CO,. Simultaneously, monocytes or U-937 cells were
incubated with nonopsonized erythrocytes or erythrocytes opsonized with non-
fluorescent IgG under the same conditions. The cells were then washed with
ice-cold phosphate-buffered saline (PBS) and where indicated, fixed in 1%
paraformaldehyde (PFA) for 20 min, incubated on ice with TR-labeled F(ab)’,
fragments of anti-CD13 mAb, pelleted, and mounted on microscopy slides
[mounting medium 50% PBS/glycerol v/v, 0.1% 1,4-diazabicyclo (2.2.2) oc-
tane (DABCO)] for analysis on a Zeiss LSM 510 confocal microscope. In other
samples, biotinylated F(ab)’, fragments of the anti-CD13 antibody were added
and incubated for 30 min. After two more washes, TR-conjugated streptavidin
(TR-streptavidin, Zymed) was added to the cell suspension for 20 min, and
cells were pelleted and mounted as above. X-Y slices of every image were
generated. Only an appropriate X-Y slice of each image is presented. Where
indicated, noninternalized erythrocytes were lysed by hypotonic shock before
CD13 staining. Incubation with streptavidin-TR alone led to negligible stain-
ing.

CD13/FcyRl-specific phagocytosis

Modified SRBC were prepared as described previously [31] with some modi-
fications. Briefly, erythrocytes (at 1X10%ml in 0.1 M carbonate buffer, pH 8.6)
were incubated with 125 wg/ml sulfosuccinimidobiotin (Pierce) for 20 min at
4°C. Next, they were coated with streptavidin (125 pg/ml, Calbiochem, San
Diego, CA) for 30 min at 4°C. The biotin-streptavidin-coated erythrocytes were
washed and incubated with biotinylated F(ab)’, fragments of goat anti-mouse
IgG (Zymed) for 30 min [SRBCs coated with biotin, streptavidin, and F(ab)’,
fragments of biotinylated anti-IgG antibodies (EBS-Ab)].

For the phagocytosis assay, monocytes, monocyte-derived macrophages, or
U-937 cells were incubated with the indicated concentrations of complete or
F(ab)’, fragments of anti-FcyRI mAb, anti-CD13 mAb, or both, washed, and
mixed with erythrocytes at a ratio of one monocytic cell:25-50 EBS-Ab at 37°C
for 20-30 min in the case of peripheral blood monocytes and for 90 min with
U-937 cells. Finally, after lysis of noninternalized erythrocytes by hypotonic
shock, phagocytosis was quantified by light microscopy. Data are expressed as
phagocytic indexes (the number of ingested erythrocytes/100 phagocytic cells).
Statistical analysis was performed using a paired -test with a significance level
of 0.05.

Cell stimulation and immunoblotting

Cell suspensions (3X10° cells/300 pl) were incubated for 10 min on ice in
serum-free RPMI 1640 with primary antibodies (10 g each anti-FcyRI,
anti-FeyRI and anti-CD13, or anti-CD13 alone). After a brief centrifugation at
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1000 r.p.m., the supernatant was discarded, the cells were resuspended in
fresh serum-free medium, and 20 pg F(ab)’, fragments of secondary antibody
were added for the indicated periods of time at 37°C. Stimulation was stopped
by placing tubes on ice and adding 150 wl ice-cold Tris-buffered saline (TBS;
10 mM Tris-HCI, 150 mM NaCl, pH 7.5). The cells were pelleted by a brief
centrifugation, resuspended in ice-cold lysis buffer (150 mM NaCl, 10 mM
Tris-HCI, glycerol 5%, Triton X-100 1%, pH 7.5) with 1 mM phenylmethyl-
sulfonyl fluoride, 10 mM NaF, and 1 pg/ml each aprotinin, leupeptin, pepstatin
A, and NazVO,, and kept on ice for 15 min. Lysates were clarified by
centrifugation at 14,000 r.p.m. at 4°C for 15 min. Protein quantification was
made using the DC protein assay (Bio-Rad, Hercules, CA). Aliquots of the
lysates were boiled in Laemmli sample buffer, separated on 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred onto nitrocellulose membranes (Bio-Rad) using a semi-dry Trans-blot
apparatus (Bio-Rad). Membranes were blocked in 3% bovine serum albumin
(BSA) in TBS containing 0.05% Tween 20 overnight at 4°C. After washing,
tyrosine phosphorylated proteins were detected with a mixture of two antiphos-
photyrosine antibodies (PY20 and PY99) in 3% BSA and a secondary HRP-
conjugated antibody. Chemiluminiscent signal was detected using Super Sig-
nal enhanced chemiluminescence kit (Pierce), according to the manufacturer’s
instructions in a Fluor-S Multi-imager (Bio-Rad). Densitometry was performed
using the Quantity One software (Bio-Rad). Membranes were stripped with 0.1
M glycine (pH 2.5), blocked for 1 h, and reblotted with anti-Syk antibody,
followed by HRP-conjugated secondary antibody. Detection was made as
described above.

Colocalization and coredistribution assays by
LSCM

For colocalization studies, peripheral blood monocytes or U-937 cells
(2.5%10°/300 pl) were fixed in 1% PFA for 20 min on ice, washed, and
subsequently incubated on ice for 15 min in PBS with 5% fetal calf serum and
0.1% sodium azide. F(ab)', fragments of primary antibody (anti-FeyRI) were
added (10 g) for 30 min at 4°C. The cells were washed and then incubated
with F(ab)’, fragments of a secondary FITC-labeled antibody (1:300 dilution)
for 30 min at 4°C. After washing, biotinylated F(ab)’, fragments of the
anti-CD13 mAb were added for 30 min on ice and detected with streptavi-
din-TR for 30 min at 4°C. Finally, cells were washed and mounted in
PBS/glycerol/DABCO as described above for analysis by LSCM. In other
experiments, TR-labeled F(ab)’, fragments of anti-CD13 mAb were used.

For coredistribution experiments, monocytes or U-937 cells were incubated
with anti-FeyRI mAb for 30 min at 4°C. After washing, they were incubated
with F(ab)’, fragments of a secondary FITC-labeled antibody for 20 min at 4°C
and then at 37°C for different periods of time to allow the receptor’s aggrega-
tion. After washing and fixing in 1% PFA for 20 min on ice, CD13 was detected
as above in the presence of 0.1% sodium azide, and cells were mounted for
analysis by LSCM. The opposite experiment was conducted, inducing aggre-
gation of CD13 with TR-labeled F(ab)’, fragments of the 452 mAb, followed by
F(ab)’, fragments of a secondary, nonlabeled antibody. After cell fixation at
4°C, FeyRI was detected with FITC-labeled, anti-FcyRI mAb.

RESULTS

CD183 redistributes to the zones of FcyR-
mediated phagocytosis and is internalized into
the phagosomes

Changes in the cellular distribution of CD13 associated with
FeyR-mediated phagocytosis were evaluated by confocal mi-
croscopy. Peripheral blood monocytes or U-937 cells were
incubated with erythrocytes opsonized with FITC-labeled 1gG
for different periods of time. These opsonized erythrocytes
aggregate both types of FeyRs expressed on the monocytic cell
membrane (i.e., FeyRI and FeyRIl). To visualize CD13 at
different stages of the process, we stopped phagocytosis by
transferring the assay tubes into ice or fixing cells with 1%
PFA at 4°C. At this temperature, they were incubated with
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TR-labeled F(ab)', fragments of anti-CD13 mAb for 30 min or
alternatively, with biotinylated F(ab)', fragments of the anti-
body and subsequently, with TR-streptavidin. Figure 1A
shows distribution of CD13 on the U-937 cell membrane before
phagocytosis. After 60 min of incubation at 37°C, a clear
redistribution of CD13 to the zones of contact with opsonized
erythrocytes was seen (Fig. 1, B-D). In the initial steps of
phagocytosis (Fig. 1, E-H), CD13 was concentrated in the
zones of the membrane starting to internalize the erythrocytes
(Fig. 1E, white arrows), seen in yellow in the projection (Fig.
1H). Green fluorescence outside of the two visible erythrocytes
(Fig. 1, G and H) corresponds to other erythocytes barely
visible at this plane of slicing. Figure 1H corresponds to a
single projection obtained by rotating the data of the original
image around the x-axis. In this image, it is evident that
colocalization of FeyRI and CD13 is restricted to the zones of
contact between the membranes of erythrocytes and that of the
U-937 cell.

Moreover, in samples in which U-937 cells were preincu-
bated with TR-labeled F(ab), fragments of the mAb and then
incubated with IgG-FITC-opsonized erythrocytes for longer
periods of time (90 min) to allow complete internalization,
phagosomes appeared entirely surrounded by CD13 (Fig. 1,
I-L). Internalization of CD13 into phagosomes was also ob-
served when the erythrocytes were opsonized with nonfluores-
cent IgG (Fig. 1, M=0), in which case, no green fluorescence
was detected in the corresponding channel (Fig. 1, O) under
the instrument settings used to detect a bright red fluorescence,
ruling out the possibility of a bleed-through-originated signal.
In cells incubated with opsonized erythrocytes at 4°C, no
redistribution of CD13 to the zones of contact was detected
(Fig. 1P).

In peripheral blood monocytes, which internalized IgG-op-
sonized erythrocytes more efficiently than U-937 cells, the
same redistribution phenomenon was seen (Fig. 2). As can be
noted in Figure 2, A and B, distribution of the CD13 label in
the phagosomes can be visualized as a uniform red staining or
as a ring surrounding the internalized erythrocyte, depending
on the plane of the X-Y slice. Figure 2, C and D, shows
monocytes after 30 min of incubation with IgG-opsonized
erythrocytes at 37°C, showing most of the CD13 initially ex-
pressed on the cell membrane, now internalized in the phago-
somes.

After internalization of erythrocytes in U-937 cells and
primary monocytes, red fluorescent signals were detected in
periphagosomal and perinuclear areas in the cytoplasm, as
shown in Figures 1M and 2A.

Coaggregation of FcyRIl and CD13 increases the
FcyRI-mediated phagocytic capacity of
monocytic cells

To analyze in detail the functional implications of CD13 re-
distribution during phagocytosis, we focused on the activatory,
high-affinity FeyRI, as this receptor, in contrast to FeyRII,
does not have inhibitory isoforms that could obscure the effect
of CD13 on FeyR-mediated signaling. Thus, we compared the
phagocytic index when SRBC, coated with biotin, streptavidin,
and F(ab)', fragments of biotinylated anti-IgG antibody (EBS-
Ab), bound to the monocytic or U-937 cell through the FeyRI
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Fig. 1. CD13 redistributes to the phagocytic cup during FeyR-mediated phagocytosis in U-937 cells. (A) CD13 distribution on resting cells. (B-D) U-937 cells
were incubated with IgG-opsonized erythrocytes for 60 min at 37°C. Cells were fixed, and CD13 was detected by incubation with TR-labeled F(ab)’, fragments
of mAb anti-CD13. (D) Redistributed CD13 in the zone of contact with erythrocytes. (E—H) U-937 cells were incubated with FITC-IgG-opsonized erythrocytes for
60 min at 37°C. Cells were chilled, and CD13 was detected by incubation with TR-labeled F(ab)’, fragments of mAb anti-CD13. CD13 is visualized in the zones
of the membrane in contact with erythrocytes (E, white arrows). Cell membranes are out of focus (see transmitted light, F), impeding detection of distribution of
the rest of the population of CD13 molecules in this slice. Erythrocytes are fluorescent in the green channel (G). (H) Projection shows in yellow sites of colocalization
of FeyR (IgG-opsonized erythrocytes) and CD13 (arrows). (I-L) U-937 cells were incubated with TR-labeled F(ab)’, fragments of anti-CD13 mAb at 4°C before
phagocytosis, washed, and incubated with FITC-IgG-opsonized erythrocytes for 90 min at 37°C. Noninternalized erythrocytes were lysed before observation in the
confocal microscope. Erythrocytes internalized into phagosomes (J, K) are surrounded by CD13 (I). (J and L) Colocalization of the CD13-red signal with
FITC-IgG-labeled erythrocytes in the phagosomes. (M—0) Similar experiment as that shown in I-L but with erythrocytes opsonized with nonlabeled IgG. CD13 is
seen inside the phagosomes (M). No fluorescence is seen in the green channel (0). (P) Transmitted light and red channel-composed image of U-937 cells incubated
with TR-labeled F(ab)’, fragments of anti-CD13 mAb before incubation with IgG-opsonized erythrocytes for 60 min at 4°C. CD13 does not redistribute to zones
of contact with erythrocytes.

alone, through the FeyRI and CD13 together, or through CD13
alone.

In peripheral blood monocytes and U-937 cells, FeyRI
alone was able to mediate phagocytosis of EBS-Ab. However,
when EBS-Ab interacted with U-937 cells through FeyRI and
CD13 (10 g each mAb), phagocytosis was 220% higher (n=6)
than that mediated by FeyRI alone (Fig. 3A). Similar results
were obtained using two different anti-CD13 mAb—the 452
mAb and the WM47 mAb (data not shown)—and using intact
antibody or its F(ab)’, fragments. EBS-Ab, interacting through
FeyRI and CD82, which is another highly expressed molecule
in U-937 cells that has also been reported to possibly cooperate
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with FeyRs [32], did not induce statistically significant
changes in the phagocytic index even when mAb anti-CD82
was used as complete antibody (Fig. 3A).

In peripheral blood monocytes, EBS-Ab that interacted
through CD13 and FeyRI, were also internalized more effi-
ciently than those that bound through FeyRI alone (Fig. 3B).
At concentrations of 10 pg of each antibody, the phagocytic
index was 48.41% higher than that observed with FeyRI alone
(n=11). Although cells from different donors showed large
differences in phagocytic capacity, it was clear that in cells
from all donors examined, the effect of co-engagement of CD13
and FeyRI was observed (Fig. 3C).
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Fig. 2. CD13 redistributes to the phagocytic cup during FeyR-mediated
phagocytosis in peripheral blood human monocytes. (A, B) Human monocytes
were incubated with TR-labeled F(ab)’, fragments of anti-CD13 mAb at 4°C
before phagocytosis, washed, and incubated with IgG-opsonized erythrocytes
for 15 min at 37°C. Noninternalized erythrocytes were lysed before observation
in the confocal microscope. Erythrocytes internalized in phagosomes are
surrounded by CD13. Distribution of CD13 label in the phagosomes is visu-
alized as a uniform red staining in one phagosome and as a ring surrounding
the other two internalized erythrocytes as a result of the plane of the X-Y slice.
(C, D) After 30 min, phagosomes show internalized CD13.

It is surprising that anti-CD13 mAb tested triggered EBS-Ab
internalization with a phagocytic index similar to that observed
through FcyRI alone, using complete antibody or its F(ab)',
fragments. To determine the specificity of this CD13-mediated
phagocytosis, we preincubated cells with a mAb specific for
CD33, another highly expressed molecule in U-937 cells, or
with an unrelated IgG1 mAb (anti-DNP), and both conditions
resulted in phagocytic indexes not significantly different from
those obtained when the cells were incubated without antibod-
ies (Fig. 3A), although as expected, EBS-Ab bound to cells
preincubated with the anti-CD33 mAb. Furthermore, CD13-
mediated phagocytosis of EBS-Ab depended on the amount of
anti-CD13 mAb bound to monocytes (Fig. 3D).

The effect of co-engaging CD13 on FeyRI-mediated phago-
cytosis was even higher in monocyte-derived macrophages
obtained after culturing blood monocytes for 6 days (Fig. 4A).
In these cells, CD13 alone also mediates phagocytosis (Fig. 4,
A and B, H). Figure 4B shows the relative phagocytic index
(ratio of the phagocytic index of FeyRI-CD13 to that of FeyRI
alone at the corresponding dose of anti-FeyRI mAb). The
maximal increase (250%) was observed with 2 g anti-FeyRI
and 10 pg F(ab)’, fragments of the anti-CD13 mAb compared
with 2 g of anti-FeyRI alone.

Co-cross-linking of FcyRIl and CD13 prolongs
Syk phosphorylation induced by FcyRl
cross-linking

Next, we characterized the effect of FeyRI and CD13 co-cross-
linking on FeyRI-mediated signaling. A crucial step in FeyR-
mediated signal transduction is activation of tyrosine kinase
Syk. Consequently, we examined the time-course of Syk phos-
phorylation induced by co-cross-linking of FeyRI and CD13 in
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U-937 cells and compared it with that induced by cross-linking
FeyRI alone.

As shown in Figure 5, A and B, the phosphorylation peak
level of Syk was observed after 3 min of stimulation through
FeyRI alone. This level of phosphorylation started to decrease
at 10 min. In contrast, co-cross-linking of FeyRI and CD13
induced an increase in the maximum level of Syk phosphory-
lation after 10 min and its preservation for a longer period of
time (up to 20 min). CD13 cross-linking alone was not able to
induce Syk phosphorylation at any of the tested times (Fig. 5A),
even using different concentrations of primary and secondary
antibodies (not shown). Figure 5B shows the averages of den-
sitometric quantification of the band corresponding to Syk in
the antiphosphotyrosine immunoblots of five independent ex-
periments similar to that shown in Figure 5A.

CD183 partially colocalizes and coredistributes
with FcyRl

We used confocal microscopy to determine colocalization of
the two molecules and coredistribution after aggregation of
each of them. In resting, prefixed cells, using antibody
incubation temperatures of 4°C, and in the presence of 0.1%
sodium azide, there is colocalization of FeyRI and CD13
only in cells in which both molecules are polarized (~40%
of the cells; Fig. 6, A=D). These zones of polarization
coincide with the zones of the membrane most prominently
showing lamellipodia and fillopodia as shown in Figure 6, E
and F.

For coredistribution experiments, FeyRI was aggregated at
37°C by anti-FeyRI mAb followed by a secondary antibody.
The cells were fixed, and staining of CD13 was conducted at
4°C. In these experiments, part of the population of CD13
redistributed to the zones of FeyRI aggregation (Fig. 6, G-I).
This redistribution was evident at 10 min of incubation at 37°C
and reached its maximum at 20 min, after which it disappeared
with both molecules located completely apart from one another
(not shown).

When the opposite experiment was conducted, an almost
complete redistribution of FeyRI to the zones of secondary
antibody-induced CD13 aggregation was seen (Fig. 6, J-L).

As a control, aggregation of FeyRI did not induce redistri-
bution of other molecules such as CD33 (Fig. 6, M-0).

DISCUSSION

In the last few years, it has become increasingly evident that
interactions between membrane molecules modulate cell
signaling and thus, cell response. The possibility that FeyR-
mediated signaling is regulated by other membrane mole-
cules has not been usually considered, and the generalized
view is that FeyR-mediated responses are mainly modulated
by the balance between activatory and inhibitory isoforms of
FeyRs involved in the interaction of the opsonized particle
or antigen-antibody complex with the cell. However, a pos-
sible functional cooperation between FeyRs and CD13 had
already been suggested [23, 24], and the results presented
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Fig. 3. Coaggregation of FeyRI with CD13 increases the phagocytic capacity of U-937 cells and peripheral blood human monocytes. (A) U-937 cells were
incubated with 10 g of the mAb specific for the indicated molecules for 30 min at 4°C. After washing, the cells were incubated for 90 min at 37°C with erythrocytes
opsonized with F(ab)', fragments of biotin-labeled goat anti-mouse IgG (EBS-Ab). After lysis of noninternalized erythrocytes, phagocytosis was evaluated by light
microscopy. Data are presented as the number of EBS-Ab internalized per 100 cells (Phagocytic Index). Mean = SD of six independent experiments; ¢ = complete
mAb. (B) Peripheral blood monocytes from human donors were incubated with the indicated concentrations of anti-FcyRI mAb with (e) or without () F(ab) ,
fragments of anti-CD13 mAb (10 pg) for 30 min. After washing, incubation with EBS-Ab was carried out at 37°C for 30 min. After lysis of noninternalized
erythrocytes, the phagocytic index was determined by light microscopy. Data are the mean phagocytic index (SE) of at least four different donors for each point.
(*) Statistically significant difference comparing FeyRI + CD13 with FeyRI alone; P < 0.05. (C) Peripheral blood monocytes from different human donors were
incubated with 10 pg anti-CD13 mAb, 10 pg anti-FeyRI, or the combination of the two antibodies and subsequently, with EBS-Ab, as indicated above. Each
distinct symbol represents a different donor. (D) Peripheral blood monocytes from different human donors were incubated with different concentrations of anti-CD13
452 mAb and subsequently with EBS-Ab. Data represent mean and sD of at least four donors. Solid bar represents the phagocytic index obtained with 10 pg

anti-FeyRI mAb.

in this paper further support a possible functional involve-
ment of CD13 in FeyR-mediated functions in monocytic
cells.

The first line of evidence suggesting a functional inter-
action between CD13 and FcyR is the finding that CD13
redistributes to the zones of contact between IgG-opsonized
erythrocytes and monocytic cells. Redistribution of CD13 to
these zones is probably an active process, as incubation of
monocytic cells with [gG-opsonized erythrocytes at 4°C does
not induce redistribution of CD13. This also suggests that
CD13 redistribution is related to the initiation of the inter-
nalization process and induced by signals generated by the
FeyRI aggregation rather than simply to the binding of
IgG-opsonized erythrocytes. Moreover, a significant fraction
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of CD13 molecules is internalized into the phagosomes with
[gG-opsonized erythrocytes, suggesting a role for CD13 in
phagocytosis. Additionally, some CD13-associated red flu-
orescence is also observed in the cytoplasm after phagocy-
tosis. This may be attributable to endocytosis of CD13
occurring simultaneously to the phagocytic process. In this
regard, Lohn et al. [33] reported endocytosis of CD13 at
37°C after occupation of the active center of CD13 with a
mADb. Yet, another explanation for the presence of cytoplas-
mic CD13 can be the retrotranslocation of CD13 to the
external phagosomal membrane (as suggested by CD13 dis-
tribution in Fig. 2A) and later, to the cytosol (Figs. 1M and
2C). Houde et al. [34] have shown retrotranslocation of
phagosomal contents to the external phagosomal membrane
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Fig. 4. Coaggregation of FcyRI with CD13 increases the phagocytic capacity
of monocyte-derived macrophages from human donors. Cells were incubated
with the indicated concentrations of anti-FeyRI mAb with or without F(ab)’,
fragments of anti-CD13 mAb (10 pg) or with anti-CD13 mAb alone (10 pg) for
30 min. After washing, incubation with EBS-Ab was carried out at 37°C for 30
min. After lysis of noninternalized erythrocytes, the phagocytic index was
determined by light microscopy. (A) Data represent the mean phagocytic index
of cells from three different donors. (B) Data are presented as the relative
phagocytic index, which corresponds to the ratio of the phagocytic index
observed with the combination of the two mAb to the phagocytic index obtained
with anti-FeyRI mAb alone. The number close to each point corresponds to the
fold increase attributable to CD13 co-cross-linking.
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Fig. 5. Coaggregation of FeyRI with CD13 in-

duces a prolongation in the Syk phosphorylation  Time (min)

and their subsequent presence in the cytoplasm 60 min after
incubation of macrophages with latex-ovalbumin beads.

We have also shown that phagocytosable particles (EBS-Ab)
bound through FeyRI and CD13 are internalized more effi-
ciently than similar particles bound to the monocyte through
FeyRI only, in peripheral blood monocytes, monocyte-derived
macrophages, and U-937 cells.

An unexpected finding was that binding of EBS-Ab
through CD13 alone was able to induce phagocytosis. Pe-
ripheral blood monocytes and U-937 cells preincubated
with the anti-CD13 mAb or its F(ab)’, fragments were able
to ingest KBS-Ab, but cells preincubated without anti-CD13
mADb or with other murine mAb of the same isotype specific
for another highly expressed molecule of monocytes (CD33)
or for a nonrelated antigen (DNP) do not ingest EBS-Ab.
Furthermore, increasing doses of anti-CD13 mAb go along
with a parallel increase in phagocytosis of EBS-Ab by
monocytes. These findings show that phagocytosis of
EBS-Ab is mediated specifically by CD13. Thus, CD13 is
not only able to positively modulate FeyRI-mediated phago-
cytosis, but under certain circumstances, it is able to me-
diate phagocytosis to an extent similar to that of FeyRI (Fig.
3D), which might suggest that the increased phagocytic
index observed when both molecules are engaged results
from the sum of the individual phagocytosis. However, we
cannot be certain of whether the effect of CD13 on FeyRI-
mediated phagocytosis when both receptors are coaggre-
gated is additive or synergistic. One point that might suggest
that it is not an additive event is that the magnitude of the
effect is not directly proportional to the phagocytic index
observed with CD13 alone. Conversely, for a synergistic
effect to be invoked, one would expect that at a given point,
the phagocytosis obtained by engaging CD13 and FeyRI
should be significantly higher than the sum of the phagocy-

level. (A) U-937 cells were incubated with 10 pg

each of anti-FcyRI mAb, anti-CD13 mAb, or the Blot anti-PY:

combination of both antibodies. After cross-linking Blot anti-Syk

for 3, 5, 10, 15, or 20 min with F(ab)’, fragments of - e— -
anti-mouse antibodies at 37°C, cells were lysed,
and proteins were resolved on SDS-PAGE. Ty- B
rosine-phosphorylated proteins were blotted with 0.28
PY20-PY99 antiphosphotyrosine antibodies (Blot
anti-PY). Bands in the upper panels show the phos- b
phorylated protein in the molecular weight of Syk 020
(72 kDa). To corroborate the identity of this band, &
the same membranes were stripped and reprobed § 0.16
with an anti-Syk polyclonal antibody (Blot anti- ;
Syk). (B) Averaged data from five independent ex- -5 0.12
periments as that shown in A. Each point represents é'
the mean * spD of the optical density of the Syk o0
band in the anti-PY blot. p— -o- FeyRI
| —e— FcyRI+CD13
0.00 | |

1014 Journal of Leukocyte Biology Volume 77, June 2005

5 10 15 20

Stimulation time (minutes®

http://www.jleukbio.org



Fig. 6. Colocalization and coredistribution of CD13 with FeyRI. (A-D) U-937
cells were prefixed with PFA. FeyRI was stained first with anti-FeyRI mAb
and FITC-labeled F(ab)’, fragments of secondary antibody (B). CD13 was then
stained by incubating cells with biotinylated F(ab)’, fragments of anti-CD13

mAb and streptavidin-TR at 4°C (A). (C) Colocalization of FeyRI and CD13
(yellow) in a polarized cell. (D) A field showing CD13 and FeyRI polarized in

several cells (arrows). (E, F) Zones of FeyRI and CD13 colocalization corre-
spond to membrane zones showing lamellipodia and fillopodia. (G-I) U-937
cells were incubated with anti-FeyRI mAb followed by FITC-labeled second-
ary antibody for 20 min at 4°C. Cells were incubated at 37°C for 20 min to
allow aggregation, and after fixation, CD13 staining was performed with TR-
labeled F(ab)’, fragments of anti-CD13 mAb at 4°C in the presence of sodium
azide. (I) Zones of coredistribution of FeyRI and CD13 as yellow aggregates.
(J-L) U-937 cells were incubated with TR-labeled F(ab)’, fragments of anti-
CD13 mAb, followed by incubation with a nonlabeled, secondary antibody for
20 min at 4°C and subsequently, at 37°C for 20 min to allow aggregation. After
fixation, FeyRI was detected with FITC-labeled anti-FeyRI mAb at 4°C in the
presence of sodium azide. (L) Coredistribution of FeyRI and CD13. (M-0)
U-937 cells were incubated with anti-FcyRI mAb followed by phycoerythrin-
labeled secondary antibody for 20 min at 4°C. Cells were incubated at 37°C for
20 min to allow aggregation, and after fixation, CD33 staining was performed
with a FITC-labeled anti-CD33 mAb at 4°C under the same conditions of
CD13 staining in G-I

tosis mediated by each receptor alone, and this was never
observed. Nevertheless, the finding that CD13 is able to
modulate FeyRI-mediated phagocytosis is noteworthy re-
gardless of the synergistic or additive origin of the phenom-
enon.

The biological significance of CD13-mediated phagocytosis
is difficult to establish at this point. From the dose-response
curve (Fig. 3D), optimal CD13-mediated phagocytosis occurs

Mina-Osorio and Ortega

at concentrations of anti-CD13 mAb close to those required for
saturation, indicating that an important fraction of CD13
should be engaged for phagocytosis to proceed. Whether these
levels of CD13 engagement could be achieved in vivo is
uncertain. Thus, CD13 participation in phagocytosis could be
more relevant when CD13 is not the only receptor involved,
especially when opsonization of the target is suboptimal.

Another important finding suggesting that CD13 regulates
FeyRI signaling is the observation that the level and duration
of Syk phosphorylation are increased after FeyRI and CD13
co-cross-linking as compared with the phosphorylation of Syk
observed after FeyRI cross-linking. This clearly shows that
coaggregation of CD13 results in a modification of the bio-
chemical signal elicited by FeyRI cross-linking. The absolute
requirement of Syk during FeyR-mediated phagocytosis is well
established [35], and thus, it is tempting to propose that this
effect could be related to the increased phagocytosis observed
when the particle is able to cross-link FeyRI and CD13. It is
interesting that cross-linking of CD13 alone does not induce
changes in the level of Syk phosphorylation, suggesting that
CD13 cross-linking only affects the level of Syk phosphoryla-
tion when it is coaggregated with FeyRI. As CD13 was able to
mediate phagocytosis, the biochemical pathways involved in
this phenomenon are apparently independent of Syk phosphor-
ylation. These results are in line with those of Navarrete Santos
et al. 23], who showed that inhibitors of tyrosine kinases were
not able to block the initial Ca™" peak induced by CD13
cross-linking in monocytes.

Finally, we have shown that although in a fraction of resting
U-937 cells, FeyRI and CD13 appear to distribute indepen-
dently of each other, in those cells in which CD13 is polarized
to a distinct zone of the membrane FeyRI is found to colocalize
with it. Moreover, when aggregation of FeyRI is induced by an
anti-FeyRI mAb and a secondary antibody, part of the CD13
population redistributes to the zones of FeyRI aggregation.
Conversely, aggregation of CD13 by anti-CD13 and secondary
antibody induces an almost complete redistribution of FeyRI
in peripheral blood monocytes and U-937 cells. As a control,
FeyRI aggregation does not induce redistribution of CD33.

Taken together, our results demonstrate that FeyR aggrega-
tion (induced by IgG-opsonized erythrocytes or secondary an-
tibodies) induces coredistribution of CD13, a phenomenon that
could be of functional relevance, as under experimental con-
ditions in which both molecules are coaggregated (i.e., phago-
cytosis of EBS-Ab and co-cross-linking for Syk phosphoryla-
tion determinations), a positive modulation of the FeyR-in-
duced signal is observed. The in vivo significance of the
functional interaction between CD13 and FcyRI remains to be
established. An intriguing possibility is that CD13 establishes
interactions with pathogen-derived molecules and that when
CD13 and FeyRs bind to their ligands (i.e., an 1gG-opsonized
and CD13 ligand-containing pathogen), a positive modulation
of the FeyR-mediated signal occurs. Although a natural ligand
for human CD13 on the surface of a phagocytable pathogen has
not been described, its role as a viral receptor is well known,
and in the insect Manduca sexta and other insect species,
CD13 binds the CrylA(c) toxin of Bacillus thuringiensis [36].
Besides, Galectin-4 has been reported to act as a ligand for
CD13 in the small intestinal brush border epithelia, and as a
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result of the role of galectins as opsonins [37, 38], an enticing
possibility is that these molecules function as ligands for CD13
in monocytes during phagocytosis. Finally, molecules known to
be substrates or inhibitors of CD13 could be regarded as
ligands in that they may trigger CD13-mediated signals, which
given the extent of CD13 substrates described, would be of
great relevance in vivo.

In addition, the participation of aminopeptidases in the
processing of N-terminal-extended peptides is now well ac-
cepted [39], and a role for CD13 in the trimming of peptides in
antigen-presenting cells, for major histocompatibility complex
(MHC) class I- and MHC class Il-associated peptide genera-
tion, has been described [40—-42]. Our results could point to a
role of phagosome-internalized CD13 in processing peptides
after phagocytosis.

It has been reported that part of the CD13 population is
associated with lipid rafts [43]. FeyRs as well as other MIRRs,
such as BCR, TCR, and FceRI, are mostly excluded from lipid
rafts but translocate into them upon clustering [44—48]. Fur-
thermore, there are indications that coreceptors influence the
residency of MIRRs in rafts [49]. Preliminary results in our
laboratory show colocalization among FeyRI, CD13, and gan-
glioside M1 in the zones of polarization (unpublished results).
Thus, it is tempting to suggest that CD13 could modify the
affinity of FcyRs for rafts maintaining their residency there for
longer periods of time. This could explain the prolongation in
the peak level of Syk phosphorylation that we have observed,
as Src family kinases responsible for the initial phosphoryla-
tion of tyrosines of the immunoreceptor tyrosine-based activa-
tion motif reside predominantly in these membrane domains,
and Syk itself has been shown to relocate into rafts after FeeRI
aggregation [50]. Furthermore, the population of CD13 colo-
calizing with FeyRI during phagocytosis could correspond to
that associated with rafts, taking into account that a role for
lipid rafts has already been demonstrated in phagocytosis [51].

The results presented in this paper demonstrate that CD13
is able to modulate FeyR-mediated responses. Further studies
are necessary to better characterize this phenomenon to estab-
lish its physiological importance.
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