Engagement of p75/AIRM1 or CD33 inhibits the
proliferation of normal or leukemic myeloid cells
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P75/AIRM1 is a recently identified surface molecule that belongs to
the sialoadhesin family and displays homology with the myeloid
cell antigen CD33. In lymphoid cells, p75/AIRM1 is confined to
natural killer cells and mediates inhibition of their cytolytic activity.
In this study, we show that p75/AIRM1 is also expressed by cells of
the myelomonocytic cell lineage, in which it appears at a later stage
as compared with CD33. In vitro proliferation and differentiation of
cord blood-derived CD34+ cells (induced by stem cell factor and
granulocyte-macrophage colony-stimulating factor) were consis-
tently inhibited by the addition of anti-p75/AIRM1 mAb. Engage-
ment of CD33 led to inhibition in some experiments. A sharp
decrease of cell proliferation/survival was detected in all three
p75/AIRM1+ chronic myeloid leukemias analyzed when cultured
in the presence of either anti-p75/AIRM1 or anti-CD33 mAbs. Thus,
the present study suggests that p75/AIRM1 and CD33 may play a
regulatory role in normal myelopoiesis and may be viewed as
suitable target molecules to counteract the proliferation/survival
of chronic myeloid leukemias.

t is well established that normal hemopoiesis is a multistep

process in which lineage development occurs as a consequence
of the ordered effect of a number of growth factors and of the
expression of determined transcription factors (1, 2). This pro-
cess is characterized by the sequential expression of surface
markers, which allows recognition of various stages of cell
differentiation and assessment of commitment to different lin-
eages. For example, cells expressing CD34 include the pluripo-
tent hemopoietic stem cells whereas CD33 is absent from these
stem cells but appears on myelomonocytic precursors and con-
tinues to be expressed in both the myeloid and monocytic
lineages while it is lost by mature granulocytes (3-5). Although
CD33 represents a useful marker to distinguish myeloid from
lymphoid leukemias, little is known of its function (6, 7). Being
a member of the sialoadhesin family, it has been proposed to
mediate cell-to-cell adhesion but it is unclear whether it actually
plays any role in the process of myeloid cell differentiation (6).

Recently, we have identified and cloned p75/AIRMI, a novel
molecule that functions as a potent inhibitory receptor in human
natural killer (NK) cells. p75/AIRM1 is a type I transmembrane
glycoprotein characterized by one IgV- and two IgC2-type
domains. Remarkably, it was found to display homology with
certain members of the sialoadhesin family, primarily with CD33
(8). In particular, both the IgV domain and the transmembrane
region of p75/AIRMI display a high degree of amino acid
identity with CD33 molecule. In addition, both molecules are
characterized by functional immunoreceptor tyrosine-based in-
hibition motifs (ITIMs) in their cytoplasmic tail (8, 9). Because
the presence of ITIMs is a typical feature of different inhibitory
receptors (10, 11), it is important to reinvestigate the role of
CD33, especially with respect to its possible inhibitory function
in hemopoietic cell proliferation and/or differentiation.

In this study, we show that, similar to CD33, p75/AIRM1 is
also expressed by myelomonocytic cells. More importantly,
engagement of p75/AIRM1 or CD33 led to a variable degree of
inhibition of proliferation of normal myelomonocytic cell pre-

cursors and of chronic myeloid leukemias (CMLs). These data
suggest a modulatory role of p75/AIRM1 and CD33 during
myeloid differentiation and may offer clues toward novel ap-
proaches in the therapy of myeloid leukemias.

Materials and Methods

mAbs and Reagents. QA79 (IgG1) mAb was obtained by immu-
nizing a 5-week-old BALB/c mouse with the NK clone LM5
(surface phenotype: CD3~, CD16%, CD56", NKp46*, NKp44+,
pl40*, CD94/NKG2A+) as described previously (12). The
following mAbs were produced in our lab: JT3A (IgG2a anti-
CD3), KL247 (IgM anti-p46), BAB281 (IgG1 anti-p46), Z176
(IgG2b anti-p75/AIRM1), and E59-126 (IgG1l anti-IRp60).
QA79 mAb, similarly to the previously described Z176 mAb,
selectively reacted with CO7 cells transfected with the VR1012-
AIRMI construct (8). mAbs HPCA II (IgG1 anti-CD34) and
Leu-M3 (IgG2b anti-CD14) were purchased from Becton Dick-
inson; mAb MY9 (anti-CD33 IgG2b) was purchased from
Coulter. Purified mAb WMS53 (IgG1 anti-CD33), sodium azide-
free, and the FITC- and phycoerythrin (PE)-conjugated anti-
isotype goat anti-mouse antibodies were purchased from South-
ern Biotechnology. The PE-conjugated anti-CD34 (IgG1) and
FITC-conjugated anti-CD33 (IgG1) mAbs were purchased from
Immunotech (Westbrook, ME). The affinity-purified anti-IgG
(H+L) goat anti-mouse serum was purchased from ICN. Nota-
bly, the mAb-containing culture supernatants were endotoxin
free. In addition, the WM53 anti-CD33 mAb was supplied as
endotoxin-free.

The culture medium was Iscove’s modified Dulbecco’s me-
dium supplemented with 1% L-glutamine (GIBCO/BRL) and
antibiotic mixture (5 mg/ml penicillin, 5 mg/ml streptomycin,
and 5 mg/ml neomycin stock solution; GIBCO), 10% of FCS
(Sigma), and human recombinant granulocyte—macrophage col-
ony-stimulating factor (GM-CSF) at the final concentration of
100 ng/ml and stem cell factor (SCF) at the final concentration
of 50 ng/ml (PeproTech, Rocky Hill, NJ). Ficoll/Hypaque
(F/H) density gradient was purchased from Sigma.

Isolation and Purification of CD34+ Cell Precursors and CML-Derived
Myeloid Cells. Cord blood samples from full-term newborns were
collected upon informed consent of the mother at San Martino
Hospital in Genoa, Italy. Mononucleated cells were isolated on
F/H gradients, and CD34" were purified by immunomagnetic
bead-positive selection by using the magnetic-activated cell
sorter device (Mini-MACS) following the manufacturer’s guide-
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Pattern of expression of p75/AIRM1 molecule in cord blood-derived lymphoid or myeloid cell populations. Cells were isolated from cord blood by the

use of aF/H gradient and analyzed by two-colorimmunofluorescence and FACS analysis for the expression of p75/AIRM1 in combination with CD3, NKp46, CD14,
or CD33 molecules. In A-C, analysis was performed on cells gated on lymphoid populations, whereas, in D-F, analysis was performed on cells gated on myeloid
populations. C and F show lymphoid or myeloid cell populations stained with anti-IRp60 mAb in combination with anti-NKp46 or anti-CD33, respectively. The
dot plots were divided into quadrants representing unstained cells (lower left), cells with only red fluorescence (upper left), cells with red and green fluorescence

(upper right), and cells with only green fluorescence (lower right).

lines (Miltenyi Biotec, Auburn, CA). CD34* cells obtained after
bead separation were >95%.

Peripheral blood samples from patients affected by CML were
collected after informed consent at the San Martino Hospital,
and mononucleated cells were isolated on F/H gradient. Cyto-
genetic analyses of bone marrow cells of patients 1, 2, 3, and 4
showed that 100% of metaphases carried t(9;22) (q 34; q 11);
moreover, patient 2 showed an additional t(4; 10) (q 12; q 26).

Culture and Stimulation of CD34* Cells and Leukemic Cells. CD34*
cord blood-derived cells were plated at the concentration of 2 X
10* cc/well in 96 flat-bottomed well plates and cultured in the
presence of GM-CSF (100 ng/ml) + SCF (50 ng/ml) whereas
CML cells were plated at the final concentration of 5 X 10°
cc/well in 6 flat-bottomed well plates and cultured in the
presence of GM-CSF alone (100 ng/ml). Both cell types, sup-
plemented with the indicated growth factors, also were plated at
the concentration of 2 X 10* cc/well in 96 flat-bottomed well
plates coated with goat anti-mouse (10 pg/ml). Cells were
cultured with saturating amounts of one or another of the
following mAbs: QA79 (anti-p75), 50 ul of hybrid supernatant
(at a final concentration of 5-10 pg/ml) or of purified mAb (10
pg/ml), purified anti-CD34 mAb (10 pg/ml), purified anti-
CD33 mAb (10 ug/ml); E59-126 (anti-IRP 60), 50 ul of hybrid
supernatant at a final concentration of 5-10 pg/ml.

At different time intervals (4, 6, and 8 days for cord blood-
derived cells and 3, 4, 5, and 7 days for CML-derived cells), cells
were harvested, counted, and analyzed for their surface pheno-

type.

Proliferation Assay. CML-derived myeloid cells cultured as de-
scribed above for different time intervals (3, 4, 5, and 7 days)
were pulsed with 1 uCi/well [*H]thymidine (Amersham Phar-
macia) 16 hr before harvesting. Cells were harvested by using a
Titertek Cell Harvester 550. Radioactivity was measured in a
scintillation B-counter (Beckman Coulter). All cultures were
performed in triplicates.

Indirect Immunofluorescence and Cytofluorimetric Analysis. Before
immunofluorescence analysis, fresh or cultured cells harvested
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at different time intervals were pretreated with human IgG (1
mg/ml) to block Fc receptors. CD34" also were treated with
mouse-derived polyclonal Ig serum to eliminate cross-reactions
with MACS beads. Cells then were analyzed by single and double
immunofluorescence as described previously (13). Briefly, 5 X
10* cells were stained with the corresponding mAb followed by
FITC- and PE-conjugated isotype-specific goat anti-mouse se-
rum second reagent. Samples were analyzed on a flow cytometer
(FACSort; Becton Dickinson) equipped with an argon ion laser
exciting FITC at 488 nm and PE at 514 nm. Results are expressed
as Log red fluorescence intensity (arbitrary units) vs. Log green
fluorescence intensity (arbitrary units) or vs. cell number.

Results

p75/AIRM1 Molecule Is Expressed by Myelomonocytic Cells and Is
Coexpressed with CD33. As reported previously, among lymphoid
cells, p75/AIRM1 was expressed by most NK cells but was
absent in B lymphocytes and in most T lymphocytes. More
importantly, mAb-mediated crosslinking of p75/AIRMI1 inhib-
ited NK cell function (8). Here, we analyzed the expression of
p75/AIRM1 on cells isolated from human cord blood or bone
marrow. Thus, we assessed the expression of p75/AIRMI in
different leukocyte populations including myelomonocytic cells
at different stages of maturation. Fig. 1 shows the reactivity of
the anti-p75/AIRM1 QA79 mAb (IgG1) with cells isolated from
cord blood (on F/H gradients). In agreement with previous data,
FACS analysis of cells gated on lymphoid populations revealed
that p75/AIRM1+ cells expressed NKp46 (a surface marker
that precisely identifies the human NK cell population) but not
CD3 (Fig. 1 4 and B). In Fig. 1C, lymphoid cells are stained with
the anti-IRp60 E59-126 mAb. IRp60 is a previously described
surface molecule characterized by four ITIMs in the cytoplasmic
tail that, similar to p75/AIRMI, functions as an inhibitory
receptor in NK cells (14). In Fig. 1 D and E, the analysis of cells
gated on myeloid populations revealed that p75/AIRMI is
expressed by most CD33* cells and by the majority of CD14*
cells. Fig. 1F shows that IRP60 is coexpressed with CD33, thus
indicating that this molecule is also expressed by myeloid cells.
A similar pattern of reactivity has been observed in all 10 cord
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blood samples analyzed. It should also be noted that, different
from CD33, p75/AIRMI is expressed by mature granulocytes
(not shown). Analysis of adult bone marrow-derived samples
confirmed the same pattern of expression of p75/AIRM1 in cells
of the myelomonocytic cell lineage (not shown).

Analysis of the Surface Expression of p75/AIRM1 or CD33 Antigens in
CD34+ Cells Either Freshly Isolated or Cultured with SCF and GM-CSF.
Analysis of purified CD34* cell populations revealed a variable
pattern of expression of CD33. Thus, whereas in some experi-
ments, isolated CD34" cells coexpressed CD33 in variable
proportions, in others, no coexpression of CD33 could be
detected. On the other hand, p75/AIRMI1 was consistently
absent in CD34" populations, thus suggesting that this surface
molecule may be expressed later than CD33 during myeloid cell
differentiation.

To determine the time course of expression of p75/AIRM1 in
comparison with CD33, we selected those CD34" cell popula-
tions that lacked not only p75/AIRM1 but also CD33. These
cells were cultured with SCF and GM-CSF and analyzed for the
expression of the two markers at different time intervals. As
shown in Fig. 24, the starting CD34" cell population did not
express either p75/AIRM1 or CD33. At day 4 of culture, a
fraction of these cells expressed p75/AIRM1 and CD33. How-
ever, it is evident that the percentages of CD33* cells were
higher than those of cells expressing p75/AIRM1. This was also
true at the different time intervals analyzed including days 6, 10
(Fig. 2A4), and 20 (not shown). Although not shown, in the same
cultured cell populations, IRP60 displayed a pattern of surface
expression similar to that of CD33. Analysis of marker expres-
sion at earlier culture intervals could not be performed because
of the limited number of cells available. These data suggest that,
although CD33 and p75/AIRMI1 antigens were expressed by the
same cell populations in fresh cord blood or bone marrow, their
time of appearance during myeloid differentiation was different,
the expression of CD33 preceding that of p75/AIRMI1.

Effect of mAb-Mediated Crosslinking of p75/AIRM1 or CD33 on the
Proliferation of Myelomonocytic Cell Precursors. Because engage-
ment of p75/AIRMI exerted a strong inhibitory effect on NK
cell cytotoxicity, it could also induce inhibition of myeloid cell
function. A similar possibility also could be envisaged for CD33
in view of its homology with p75/AIRMI1 (including the pres-
ence of functional ITIMs in the cytoplasmic tail) (8, 9). There-
fore, we analyzed whether addition of anti-p75/AIRMI1 or
anti-CD33 mAbs had any effect on the proliferation/
differentiation of CD34" cells cultured with SCF and GM-CSF.
Control cultures contained isotype-matched mAbs specific for
CD34 or IRP60. Fig. 2B shows the data of five experiments in
which both anti-p75/AIRM1 and anti-CD33 mAb have been
used. Data represent the mean (£SE) of the percentages of
viable cells recovered (at day 6) from cultures containing
different mAbs vs. control cultures containing no mAb. It can be
seen that, in cultures containing anti-CD34 or anti-IRP60 mAb,
cells underwent proliferation similar to control cultures contain-
ing no mAb. On the other hand, a sharp inhibition of cell
proliferation occurred in cultures containing anti-p75/AIRMI.
Although anti-CD33 mAb did not appear to significantly affect
cell recovery, it should be mentioned that in two of five
experiments, ~50% inhibition could be detected. Ten additional
experiments performed with anti-p75/AIRM1 mAb confirmed
the ability of this mAb to sharply inhibit proliferation of cultures
derived from CD34" cell precursors (not shown).

Anti-CD33 or anti-p75/AIRM1 mAbs Inhibit Cell Proliferation of
Chronic Myeloid Leukemias. Cells of CMLs presenting the typical
t(9;22), isolated from four chemotherapy-free patients, were
analyzed for the surface expression of p75/AIRM1, CD33, and
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IRP60. Leukemic cells from three of these patients were homo-
geneously CD33*. In addition, they expressed, in variable pro-
portions, p75/AIRM1 and IRP60 (Fig. 3 Left). The fourth
patient expressed low levels of CD33 and virtually no p75/
AIRMI. Leukemic cells from these patients were cultured in the
presence of GM-CSF. Cells underwent variable degrees of
proliferation as assessed by evaluating cell recovery at different
culture intervals or by measuring the uptake of [*H]thymidine.
We analyzed whether addition of anti-p75/AIRMI, anti-CD33,
or anti-IRP60 mAbs could affect the leukemic cell proliferation
examined at different culture intervals. Cell proliferation in the
absence of mADb assessed after 5 days of culture resulted in a 1.5-
to 3.5-fold increase of the original cell input (not shown). Fig. 3
Right shows the effect of mAb addition on cell proliferation (at
day 5) in the four patients. It is evident that both anti-p75/
AIRMI1 and anti-CD33 mAb exerted a strong inhibitory effect
in the first three patients. Thus, the cell recovered after 5 days
from cultures containing anti-p75/AIRM1 mAb ranged be-
tween 26% and 57% of cells recovered from control cultures
containing no mAb. In cultures containing anti-CD33 mAD the
recovered cells ranged between 24% and 55%. Again, anti-
IRP60 mAD had no inhibitory effect. A similar inhibition was
observed in parallel cultures in which cells were pulsed with
[*H]thymidine for 16 hr at day 5 (not shown).

Note that maximal inhibition mediated by anti-p75/AIRM1
was observed in patient 1 in which leukemic cells showed the
highest expression of the antigen. Leukemic cells from patient 4
did not express p75/AIRM1, and, accordingly to this phenotype,
no substantial effect on cell recovery could be detected.

Discussion

In this study we show that p75/AIRMI, a recently identified
inhibitory receptor expressed by NK cells that displays homology
with CD33, is also expressed by myelomonocytic cells during
differentiation. More importantly, engagement of either p75/
AIRMI1 or CD33 may lead to a substantial inhibition of prolif-
eration of both normal and leukemic myeloid cells.

P75/AIRMI is a novel transmembrane glycoprotein that, in
lymphoid cells, is expressed primarily by NK cells. Molecular
cloning revealed homology with two members of the sialoadhe-
sin family, namely, the myelomonocytic lineage CD33 and the
placental CD33L1 antigens (4, 6, 8, 15). In this study we show
that in cells of the myelomonocytic lineage isolated from the
human cord blood, the surface expression of p75/AIRM1
appears to overlap largely with that of CD33. Different exper-
imental evidence, however, would indicate that they are ex-
pressed at different stages of myeloid cell differentiation. Thus,
(a fraction of) CD34" cells frequently coexpressed CD33, but
not p75/AIRMI. In addition, during in vitro proliferation/
maturation of purified CD34" cells, the percentages of cells
expressing CD33 outnumbered those expressing p75/AIRMI.
Finally, the CML cells analyzed expressed CD33, although in
variable proportions, whereas p75/AIRM1 was expressed in
lower percentages or, in one case, was missing. Taken together,
these data support the concept that p75/AIRM1 may be ex-
pressed at a later stage of myeloid differentiation. Remarkably,
similar to CD33, p75/AIRM1 was expressed on the majority of
CD14* cells (monocytes). On the other hand, it was expressed
by mature granulocytes that lack CD33 (not shown). These data
suggest that p75/AIRM1 may represent a useful marker for
further dissecting the normal myeloid differentiation process
and, possibly, for a more accurate leukemic cell typing. Exper-
iments to further analyze the expression of p75/AIRM1 during
normal hemopoiesis as well as in different myeloid leukemias are
in progress in our lab.

Regarding the various molecules belonging to the sialoadhesin
family, beside their ability to bind sialic acid, limited information
is available on their function. Apart from the recently demon-
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mAbs

Surface expression of p75/AIRM1 or CD33 antigensin fresh or cultured CD34* myeloid precursorsisolated from cord blood and effect of anti-p75/AIRM1

or anti-CD33 mAb on their in vitro induced proliferation. A highly purified CD34" cell population that did not express either p75/AIRM1 or CD33 antigen (A Left)
was cultured with SCF and GM-CSF. The surface expression of p75/AIRM1 or CD33 was analyzed at different culture intervals, asindicated. In B, CD34" populations
isolated from different cord blood samples were analyzed for proliferation either in the absence of mAbs or in the presence of mAbs specific for p75/AIRM1,
CD33, CD34, or IRp60 molecules. The data indicate the percentage of cell recovery (at day 6) in the indicated culture conditions vs. control culture (containing

no mADb). Bars indicate the mean (+SE) of five independent experiments.

strated inhibitory effect of p75/AIRM1 on NK cell cytotoxicity,
the only molecule of this family known to display inhibitory
function is CD22, which is expressed on B cells and may
down-regulate B cell receptor-mediated cell triggering (16, 17).
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Regarding CD33, no information was available on its possible
function in myeloid cell differentiation. Clues that CD33 could
exert a regulatory role in myeloid cell function have been
provided by two recent observations: first, CD33 is homologous

Vitale et al.
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Inhibitory effect of anti-p75/AIRM1 or anti-CD33 mAb on the in vitro proliferation of chronic myeloid leukemic cells. Cells were isolated on F/H density

gradients from peripheral blood of four patients affected by chronic myeloid leukemias t(9;22) and analyzed for the surface expression of CD33, p75/AIRM1,
and IRp60 by indirect immunofluorescence and FACS analysis (Left). Cells were cultured with GM-CSF either in the presence or in the absence of mAbs specific
for p75/AIRM1, CD33, or IRP60 surface molecules. After 5 days, cells were harvested and viable cells were counted (Right); values indicate the percentages of
viable cells recovered in each experimental condition vs. control cultures containing no mAb.

to p75/AIRMI, which functions as an inhibitory receptor (8);
second, CD33 is characterized by ITIMs in its cytoplasmic tail
that undergo phosphorylation upon mAb-mediated crosslinking
(9). The present studies demonstrate directly that engagement of
CD33 indeed may lead to some degree of inhibition of normal
hemopoietic cell proliferation in vitro. Importantly, strong inhi-
bition of normal myelopoiesis was detected consistently upon
engagement of p75/AIRMI. Taken together, our data suggest
that both CD33 and p75/AIRMI1 may exert a regulatory role in
normal hemopoiesis. Because they are expressed at different
stages of myeloid differentiation, they may act at different stages
of development. In addition, although both molecules bind
ligands in a sialic-dependent fashion, it is conceivable that they
may recognize different ligands. This would imply that CD33 and
p75/AIRM1 may regulate normal myelopoiesis in response to
different stimuli.

Vitale et al.

Remarkably, p75/AIRMI1 inhibits both NK-mediated cyto-
toxicity and myelomonocytic cell proliferation. In contrast,
IRP60, which exerted a similar inhibitory effect on NK cytotox-
icity, had no effect on the proliferation of myeloid cells (14). This
indicates that surface receptors with inhibitory activity on NK
cytotoxicity and characterized by functional ITIMs cannot nec-
essarily exert an inhibitory effect in myeloid cell proliferation.

Perhaps more importantly, both anti-p75/AIRM1 and anti-
CD33 mAbs sharply inhibited the proliferation of three chronic
myeloid leukemias expressing p75/AIRM1 and CD33 surface
antigens. The molecular mechanism responsible for this effect
remains to be determined. Because both p75/AIRM1 and CD33
can recruit and activate the hemopoietic phosphatase SHP-1, it
is conceivable that SHP-1 may extinguish the activating signaling
pathways leading to cell proliferation and survival. Another
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possible mechanism might imply an interference with molecular
regulators of the cell cycle. A still unexplained question is why
anti-p75/AIRM1 mAD can exert a sharp inhibition of prolifer-
ation of cord blood-derived cell precursors although only a
fraction of these cells expressed p75/AIRMI. It is possible that
inhibition of cell growth may result both from a direct effect of
the mAb on p75/AIRM1+ cells and from an indirect effect,
possibly mediated by proteolytic enzymes released as a conse-
quence of cell damage or death. Experiments aimed at the
definition of the mechanism(s) involved in the p75/AIRM1- or
CD33-mediated inhibition of myeloid cell proliferation and/or
survival are in progress in our lab. Preliminary experiments
would suggest that the engagement of CD33 in a leukemic cell
line may act by inducing apoptosis. Whatever the mechanism, the
present experiments indicate that signaling via inhibitory surface
molecules that are expressed by myeloid cells may provide a
powerful tool to counteract proliferation and/or survival of
leukemic cells. A therapeutic approach based on the use of mAbs
to CD33 or p75/AIRM1 may be particularly useful to eliminate
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residual leukemic cells after chemotherapy. Along this line, it is
noteworthy that an anti-CD33 mAb recently has been applied
successfully to the therapy of promyelocytic leukemias by Caron
et al. (7, 18, 19). It is possible that the observed effect on
leukemic cells in patients may result not only from their killing
via phagocytosis or antibody-dependent, cell-mediated cytotox-
icity, as suggested by the authors, but also by a direct inhibitory
effect of anti-CD33 mADb on leukemic cells. Our present data
also clearly imply that CD33 cannot be considered simply as a
myeloid cell marker, but should be viewed as a signaling surface
molecule possibly regulating myeloid cell growth and differen-
tiation.
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