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CD33 (siglec-3), a well-known target in leukemia therapy, is an inhibitory sialoadhesin expressed in human leukocytes of the
myeloid lineage and some lymphoid subsets, including NK cells. It may constitute a control mechanism of the innate immune
system; nevertheless, its role as an inhibitory receptor remains elusive. Using human NK cells as a cellular model, we analyzed
CD33 inhibitory function upon different activating receptors. In high-cytotoxicity NKL cells, CD33 displayed a prominent
inhibition on cytotoxicity triggered by the activating receptors NKG2D and, in a lower extent, 2B4, whereas it did not inhibit
NKp46-induced cytotoxicity. NKp46 was partially inhibited by CD33 only when low-cytotoxicity NKL cells were tested. CD33
triggering did not inhibit IFN-γ secretion, contrasting with ILT-2 and CD94/NKG2A inhibitory receptors that inhibited
cytotoxicity and IFN-γ secretion induced by all activating receptors tested. CD33-mediated inhibition of NKG2D-induced
triggering involved Vav1 dephosphorylation. Our results support the role of CD33 as an inhibitory receptor preferentially
regulating the NKG2D/DAP10 cytotoxic signaling pathway, which could be involved in self-tolerance and tumor and infected
cell recognition.

1. Introduction

Siglecs (sialic acid-binding immunoglobulin-like lectins) are
immunoglobulin-type transmembrane proteins that recog-
nize sialylated ligands commonly found at terminal positions
of cell surface glycoproteins and glycolipids. Most of the
siglec family members are expressed on the surface of
immune cells and function as inhibitory receptors since they
possess ITIM and ITIM-like cytoplasmic motifs that, after
engagement, become phosphorylated and transmit inhibi-
tory signals by recruiting SHP-1 and/or SHP-2 phosphatases.
Siglecs interact both in cis and in trans with their ligands
which raises the possibility that siglecs inhibit cellular func-
tions at both levels, self-membrane and after transmembrane
interaction [1–3]. It has been hypothesized that siglecs main-
tain a constitutive inhibitory tone in their native state, as they
were bound to sialo conjugates in cis when expressed on
normal leukocytes [1, 2]. Increasing evidence indicates that

inhibitory siglecs modulate inflammatory and immune
responses through dampening of tyrosine kinase-driven
signaling pathways as a mechanism of preventing self-
reactivity [3].

CD33 (siglec-3) is the smallest siglec member. It prefer-
entially binds to α2-6- and α2-3-sialylated glycans and
strongly binds to sialylated ligands on leukemic cell lines
[3–5]. Recently, the C1q complement system component
has been established as a soluble ligand for CD33 [6]. CD33
is mainly expressed in the surface of human leukocytes of
the myeloid lineage; however, it is important to note that it
can also be expressed on lymphoid cells, including NK cells
at several differentiation stages [7–12]. Previous works have
clearly demonstrated that CD33 is working as an inhibitory
receptor since, when crosslinked, it becomes phosphorylated
on its cytoplasmic ITIM sequence that recruits SHP-1 and
SHP-2 phosphatases and negatively regulates cell activation,
in both myeloid cell lines and activated NK cells [4, 7, 13].
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Human CD33 is expressed on the cell membrane as two iso-
forms, CD33M, the full-length protein, and CD33m, lacking
the V extracellular domain [7]. The CD33 expression level
has been recently related to Alzheimer’s disease pathology
[5], autoimmune diseases such as systemic lupus erythema-
tosus (SLE) [6], type II diabetes [14], or infection [15]. How-
ever, CD33 inhibitory/regulatory function remains elusive.
Expression of CD33 on activated T and NK cells provides
new models to further study CD33 biological function.

NK cells are large granular lymphocytes of the innate
immune system that provide protection against pathogens,
tumor cells, and autoimmune responses. They represent the
best-studied model in which a wide array of activating and
inhibitory receptors regulates their cellular activity. Inhibi-
tory receptor function is involved in self-tolerance mainte-
nance in NK cells [16, 17]. CD16, NKp46, or NKp30 are the
major triggering human NK receptors that, through associa-
tion with different adaptor molecules, initiate different acti-
vation signaling cascades. Thus, CD16 associates with the
CD3zeta and/or FcRγ ITAM- (immunoreceptor tyrosine-
based activation motif-) bearing subunits which recruit
ZAP70/Syk kinases [17]. NKG2D (associated with DAP10,
a transmembrane adaptor molecule containing a YINM
sequence) signals via recruitment of phosphatidylinositol 3-
kinase (PI3K) and Grb2 (growth factor receptor-bound pro-
tein 2) [18, 19]. Other activating receptors such as 2B4
(CD244) or NTB-A (CD352) which contain TxYxxV/I cyto-
plasmic motifs permit association with the SLAM-associated
protein (SAP) adaptor protein [20, 21]. The best known
human inhibitory receptors (KIR, LILR, and lectin-like
receptors such as CD94/NKG2A) are also expressed on NK
cells and recognize mainly MHC class I molecules [16, 17].

In this work, we aimed to further explore the inhibitory
role of CD33 and compare it with other well-known inhibi-
tory receptors. To address this aim, we used NK cells that
express CD33 and can be triggered through different activat-
ing and canonical inhibitory receptors. We found that CD33
modulated the function of non-ITAM-coupled NKG2D and
2B4 receptors and mediated effector/target adhesion through
dephosphorylation of Vav1 signaling intermediary and cyto-
skeleton activation. Our data indicate that CD33, differently
to canonical inhibitory receptors, may inhibit the function
of some specific activating receptors, and thus, it could be
involved in self-tolerance regulation.

2. Materials and Methods

2.1. Antibodies. The anti-CD33 mAb used were clone WM53
(IgG1, Serotec, Oxford, UK) which recognizes the Ig V
domain on the CD33M isoform and clone HIM3-4 (IgG1,
eBioscience, San Diego, CA) which recognizes the C2 domain
on both CD33M and CD33m isoforms [8]. Other functional-
grade purified mouse anti-human antibodies were as follows:
anti-NKG2D clone 1D11 (IgG1) from eBioscience, anti-
NKp46 (IgG2b) from RD Systems, anti-2B4 (C1.7, IgG1)
from Immunotech (Marseille, France), and anti-NKG2A
(Z199, IgG2a) from Beckman Coulter (Marseille, France).
Isotype control Ab were from Sigma-Aldrich (Saint Louis,
MI, USA). Fluorochrome-conjugated PE-WM53, FITC-

anti-CD3, PE-anti-CD25, PE-anti-CD56, FITC-CD56, and
PE-Cy5-anti-CD16 mAb were from BD Biosciences
(Mountain View, CA, USA). PE-Cy5-HIM3-4 was from
eBioscience. APC-Cy7-CD3, FITC-CD16, BV421-CD56,
PE-Cy7-NKG2D, PE-Cy7-NKp46 (BioLegend), FITC-CD57
(BD Biosciences), and biotin-NKG2A (Miltenyi Biotec) were
used for multicolor analysis of NK cells. KD1 (anti-CD16,
IgG2a), HP3B1 (anti-CD94, IgG2b), HP-F1 (anti-ILT2,
IgG1), Z199 (anti-NKG2A), HP-3E4 (anti-CD158a, IgM),
and MAR93 (anti-CD25, IgG1) were kindly provided by
Dr. A. Moretta (Milan, Italy) and Dr. M. López-Botet (Barce-
lona, Spain) and used as culture supernatants. W6/32 (anti-
MHC class I, IgG2a) was obtained from ATCC.

Western blot primary antibodies were as follows: rabbit
polyclonal anti-phospho-PI3K p85 (Tyr458)/p55 (Tyr199)
Ab from Cell Signaling Technology; rabbit polyclonal anti-
phospho-Vav1 (Tyr160) Ab from Invitrogen; rabbit poly-
clonal anti-CD33, rabbit polyclonal anti-SHP-2, and rabbit
polyclonal anti-phospho-ERK1/2 (Thr202/Tyr204); rabbit
anti-phospho-Akt/PKB (Ser473); and rabbit anti-phospho-
p38 MAPK (Thr180/Tyr182), and their correspondent Ab
against total proteins were from Santa Cruz Biotechnology®
(Santa Cruz, CA, USA). Anti-Vav1 was from Sigma-Aldrich.

2.2. Effector and Target Cells and Immunophenotypic
Analysis. The human NK cell line NKL (kindly provided
by Dr. Michael J. Robertson, Indiana University (Blooming-
ton, IN, USA)) was maintained (a) ranging from an expo-
nential phase to plateau (approx. from 0 05 × 106 cells/mL
to 0 6 × 106 cells/mL) or (b) growing under a continuous
exponential growth phase (approx. from 0 025 × 106
cells/mL to 0 25 × 106 cells/mL) for two or more weeks,
using complete tissue culture medium (MCC, composed of
RPMI 1640, 10% heat-inactivated FBS, and antibiotics
(PAA Laboratories, Pasching, Austria) and supplemented
with 100U/mL rIL-2 (Proleukin, Chiron, Amsterdam, Hol-
land)). Additionally, NKL cells were grown for 24h in the
presence of 1000U/mL rIL-2 before being used in the killing
assays to increase their killer activity. The length of the expo-
nential growth phase after the last plateau had important
functional implications in NKL cells. Consequently, assays
were mainly performed using 24-48 h exponentially growing
NKL cells [22].

Polyclonal primary NK cells were obtained from blood
samples of healthy volunteers. Collection of blood and all
protocols were approved by the Ethics Committee of the
University of Murcia and complied with the Declaration
of Helsinki and the Good Clinical Practice guidelines. Vol-
unteers gave written informed consent. Peripheral blood
lymphocytes (PBL) were purified by discontinuous density
gradient in LSM 1077 Lymphocyte separation medium
(PAA Laboratories GmbH) according to standard proto-
cols, and they were stimulated and expanded by coculture
with irradiated allogeneic cells in the presence of IL-2
(100U/mL) as described [7]. After 6-day stimulation, cells
were maintained in MCC supplemented with 100U/mL of
rIL-2 until quiescence (low expression of surface CD25
antigen) which occurred approximately three-four weeks
after stimulation. Then, quiescent primary NK cells were
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negatively selected using anti-CD3 (OKT3) and goat anti-
mouse-coated magnetic beads (Dynabeads, Invitrogen,
Oslo, Norway). The resulting populations were shown to
be ≥95% CD3─CD16+CD56+. Phenotypic analysis of cells
was carried out by flow cytometry using a FACScan and a
LSRFortessa X-20 cytometer (Becton Dickinson). CellQuest
software (Becton Dickinson) and Flowing 2.5.1 (http://
flowingsoftware.btk.fi) software were used [7].

NK target cells were the mouse mastocytoma FcR+

P815 (ATCC), the MHC-I-deficient erythroblastoid cell
line K562, and the EBV-transformed lymphoblastoid cell
line 721.221.

2.3. Redirected Cytotoxicity Assays. The redirected lysis
assay was performed as previously described [22] cocultur-
ing NKL cells with 51Cr-labeled P815 target cells and
optimized concentrations of the following soluble mAb
against activating and/or inhibitory receptors or control Ig:
anti-CD16 (1/40 diluted culture supernatant), anti-NKp46
(0.34μg/mL), NKG2D (0.34μg/mL), 2B4 (0.17μg/mL),
anti-MHC-I (1/40 diluted culture supernatant), anti-CD33
(WM53 or HIM3-4, 1.25μg/mL), anti-ILT2, anti-NKG2A
or anti-CD94 (1/20 diluted culture supernatants), and con-
trol Ig (1.25μg/mL). Isotype control antibodies IgG1 and
IgG2a were included in all inhibitory experiments alone or
together with antibodies against activating receptors when
anti-CD33 or anti-NKG2A mAb were tested, showing no
effect. IgG2b was previously tested showing also no effect
on cytolytic assays [22].

NKL apoptosis was assessed determining the percentage
of CD25+ annexin V+ NKL cells by flow cytometry after the
4 h killing assay. The inhibitory effect of CD33 away from
activating receptors was tested by performing the redirected
lysis assay using 96-well ELISA plates (Nunc, Roskilde, Den-
mark) coated with anti-CD33 mAb or isotype control
immunoglobulins.

Spontaneous killing of P815 cells by NKL cells was very
low (3 6 ± 2 7% lysis at a 20 : 1 E/T ratio) indicating that, in
our experimental setting, the interaction of NKL activating
receptors with putative murine ligand(s) [22] was not
significant.

2.4. Cytokine Production Assays. We studied IFN-γ produc-
tion by NKL (25000 cells/well, grown in 100U/mL rIL-2)
cocultured with P815 cells at a 1 : 1 E/T ratio in the presence
of the same combination of mAb but using twice the Ab con-
centration. After 22-24 h incubation, cell-free supernatants
were collected and tested for IFN-γ concentrations by ELISA
(eBioscience) [22].

2.5. Quantitation of Percentages of Inhibition on Cytotoxicity
and Cytokine Production. Results reported as the percentage
of inhibition were calculated as follows:

% inhibition of cytotoxic function

= 100 −
% lysisActiv +Inhib −% lysisisotype control

% lysisActiv +isotype control −% lysisisotype control
× 100,

1

% inhibition of IFN‐γ secretion

= 100 –
IFNActiv +Inhib − IFNisotype control

IFNActiv +isotype control − IFNisotype control
× 100

2

2.6. Sialidase and Periodate/Borohydride Treatments. Siali-
dase treatment or mild periodate/borohydride oxidation/re-
duction was used to eliminate homotypic or heterotypic
CD33 cis interactions as described [8, 23]. Briefly, NK cells
were treated with Arthrobacter ureafaciens sialidase (Roche,
Mannheim, Germany) at 10-20mU/106 cells in RPMI 1640
pH6.9 for 1.5 h at 37°C and then extensively washed with
2% FCS in PBS. For mild periodate oxidation, cells (1 × 106
cells/mL) were incubated with sodium periodate (1mM,
Sigma-Aldrich) in PBS for 30min on ice and then quenched
with 1mM glycerol and washed twice with cold PBS. Cells
were then treated with freshly prepared sodium borohydride
(20mM) for 10min to reduce the aldehydes generated by
periodate. They were washed again with PBS and culture
medium. Finally, cells were counted and used for functional
assays or stained with the corresponding mAb or with bio-
tinylated Sambucus nigra lectin (SNA, Vector Laboratories,
Burlingame, CA, USA) to test the effectiveness of the treat-
ment. Cell viability after treatment was determined by using
the MTT assay [24].

2.7. Receptor Crosslinking and Western Blotting Analysis. To
evaluate the intracellular phosphorylation pattern, NKL cells
were starved for 4 h in RPMI 1640 medium supplemented
with 1% FBS and then incubated with primary antibodies
(1μg/106 cells) against CD33, NKG2A inhibitory receptors,
or control MHC-I molecules plus anti-CD16, anti-NKG2D,
anti-NKp46, or anti-2B4 mAb on ice. Cells were then cross-
linked with sheep anti-mouse F(ab′)2 Ab and stimulated
for 5-10min at 37°C. Stimulation was stopped on ice, and
then cells were pelleted, lysed (lysis buffer from Cell Signal-
ing Technology (Danvers, MA, USA) supplemented with
1mM PMSF), and analyzed by Western blot as described
[8]. Immunoblots were detected by using the Enhanced
Chemiluminescence System© (ECL 2 Western Blotting Sub-
strate, Thermo Scientific, Rockford, IL, USA). Protein bands
were quantified by densitometry using Aida software and
expressed as relative to total protein.

2.8. CD33/SHP-2 Coprecipitation. Exponentially growing
NKL or purified activated primary NK cells were lysed at a
concentration of 107 cells/mL, and then 350μL lysates were
incubated with 1μg WM53, Z199, or IgG1 isotype control
Ab and protein G-coated magnetic microbeads (Miltenyi
Biotec GmbH, Germany) for 1 h on ice. Separation was
performed following the manufacturer’s protocol.

2.9. Statistical Analysis. Data are reported as mean ±
standard deviation or mean ± SEM. Statistical differences
were analyzed using Student’s t-test. Calculations were per-
formed using the SPSS 21.0 software (Chicago, IL, USA).
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3. Results

3.1. Functional Characteristics of NKL Cells under Different
Culture Conditions. First, we explored the suitability of NKL
cells as a model to study the CD33 inhibitory receptor upon
the activity triggered by distinct killer activating receptors
(KARs) since these cells constitutively expressCD33 (detected
by both WM53 and HIM3-4 anti-CD33 mAb) as well as sev-
eral activating (CD16, NKp46, NKG2D, and 2B4) and inhibi-
tory (ILT2 and CD94/NKG2A) receptors (Supplementary
Figure S1A). NKL cells did not express KIR2DL1, 2DS1,
2DL2, 2DL3, 2DS2, or 3DL1 receptors (not shown). We
found that NKL cells, grown following exponential/steady-
state three-day cycles, compared to cells growing constantly
at an exponential rate, did not show changes in the

expression of CD33 or other studied receptors (not shown).
However, NKL cytotoxic activity was dependent on the cell
growing conditions, displaying a high cytotoxic activity
against both 721.221 and K562 target cells when growing at
the exponential phase for a short period of time (24-48 h)
and a very low cytotoxic capability against the same targets
when growing at the long-term exponential phase
(Figures 1(a) and 1(b)). Similar to natural cytotoxicity, the
redirected killing activity of NKL cells, triggered by several
KAR against P815, decreased as the length of the NKL
exponential growth phase increased (Figure 1(c)). Long-
term exponentially growing NKL cells recovered their
cytotoxic capability when culture conditions were readapted
(data not shown). Thus, we selected NKL cells growing
under the exponential phase for 24-48 h as the optimum
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Figure 1: Functional differences of NKL cells cultured at different growing conditions. Cytotoxic ability against (a) 721.221 or (b) K562
target cells displayed by 24 h (■) or 3 weeks (◊) exponentially growing NKL cells, as described in Materials and Methods. One
representative experiment out of three with similar results is shown. (c) Redirected cytotoxicity against P815 cells in the presence of
mAb against CD16, NKp46, NKG2D, or 2B4 activating receptors by NKL cells (3 : 1 E/T ratio) grown at an exponential phase for
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NKL cells (hc-NKL). Data show the mean ± SEM of P815 lysis percentages of a minimum of three independent experiments.
All differences are statistically significant. The highest cytotoxic ability was displayed by 24 h exponentially growing NKL cells.
∗∗P < 0 01.
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time in which these effector cells displayed their highest
cytotoxic capability. They are referred to as high-
cytotoxicity NKL (hc-NKL) cells.

3.2. CD33 Modulation of the Cytolytic Activity Triggered by
Different Activating Receptors on High-Cytotoxicity NKL
Cells. Next, we examined the inhibitory role of CD33 using
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hc-NKL cells and the antibody-redirected killing assay
against FcR+ P815 cells, since pairs of activating and inhibi-
tory receptors can be crosslinked [25]. We found that hc-
NKL cells did not significantly kill P815 cells when triggered
with anti-CD33, anti-ILT2, anti-CD94, anti-NKG2A, or
irrelevant mAb alone (Figure 2(a), A) and killed them when
mAb against CD16, NKp46, NKG2D, or 2B4 activating
receptors were used alone or coligated with an isotype con-
trol mAb. As expected, P815 killing was inhibited when
mAb against CD16, NKp46, NKG2D, or 2B4 were colligated
with mAb specific for canonical ILT2 or CD94/NKG2A
inhibitory receptors. However, anti-CD33 mAb strongly
reduced P815 killing only when triggered by NKG2D
(69 6 ± 11 6% reduction, WM53 mAb at 1.25μg/mL, and a
E/T ratio of 3 : 1 to 20 : 1) or 2B4 (41 5 ± 21 8% WM53 at
1.25μg/mL, and a E/T ratio 3 : 1 to 9 : 1) activating receptors
(Figures 2(a) and 2(b)). Anti-CD16 or anti-NKp46-induced
cytotoxicity was only slightly inhibited by several concentra-
tions of anti-CD33 mAb, i.e., WM53 mAb decreased the lysis
by 10 0 ± 9 5% and 2 8 ± 14 9% and HIM3-4 mAb produced
a 7 8 ± 1 8% and 20 6 ± 7 0% of inhibition at 1.25μg/mL and
0.125μg/mL, respectively. Occasionally, WM53 or HIM3-4
produced a slight increase in the lysis induced by anti-
CD16 or NKp46 mAb (Figures 2(a) and 2(b)). CD33-
induced inhibition was not due to the induction of apoptosis
in NKL cells (data not shown and [7]). Percentages of inhibi-
tion were dependent on the Ab-relative concentration used
to crosslink both inhibitory and activating receptors
(Figure 2 and data not shown). The lower CD33 inhibition
exerted upon CD16 or NKp46 stimulation was not due to
an insufficient concentration of inhibitory mAb since the
assayed concentration of WM53 mAb almost saturated
CD33 surface molecules on NKL cells as determined by flow
cytometry (data not shown). Furthermore, the same amounts
of WM53 mAb indeed inhibited, in parallel assays, the killing
induced by NKG2D or 2B4 activating receptors. The use of a
tenfold dilution of anti-CD33 mAb still displayed a signifi-
cant inhibitory effect (Figure 2(b)). CD33 sequestering, using
immobilized anti-CD33 mAb, could not inhibit P815 killing
induced by anti-CD16 or anti-NKG2D soluble stimulators
indicating the specific inhibitory effect of CD33 when co-
crosslinked with NKG2D (Figure 2(c)).

The possibility of an artefactual inhibition caused by com-
petition between activating and inhibitorymAb for binding to
P815 FcR was explored by carrying out NKG2D-mediated
cytotoxicity when noninhibitory receptors such as CD25
or HLA-E (with comparable expression to that of CD33
on NKL) were coengaged, in parallel with the correspond-
ing dose response experiments with WM53 Ab. Results
demonstrated that similar concentrations of both anti-
CD25 and anti-HLA-E did not reduce cytotoxicity induced
by NKG2D alone. On the contrary, WM53 mAb were able
to inhibit the lysis mediated by anti-NKG2D (0.25μg/mL) at
concentrations as low as 0.075μg/mL (Supplementary
Figure S2). Crosslinking of other surface receptors, including
adhesion molecules (CD2, CD58, ICAM-1, ICAM-3,
CD29, or CD44), with NKG2D, NKp46, or CD16 cytolytic
receptors did not significantly decrease or increase
cytotoxicity against P815 cells as previously shown by us

[22]. NKL/P815 conjugation experiments (Supplementary
Table S1) demonstrated that coengagement of CD33 with
the activating receptors CD16, NKG2D, and 2B4, increased
conjugation percentages in all cases. In summary, all these
results indicate that under our experimental conditions,
there was no significant competition for P815 FcR.

The inhibitory effect of CD33 molecules was also tested
on low-cytotoxicity NKL cells (long-term exponentially
growing cells) triggered by NKp46 or NKG2D. Our results
indicated that both anti-CD33 mAb WM53 or HIM3-4
negatively modulated P815 killing triggered by these activat-
ing receptors (Figure 2(d)). CD33 modulation of CD16-
induced cytotoxicity against P815 cells (not shown) was
consistently observed when we used low-cytotoxicity NKL
cells as it was shown in our previous work [7].

Altogether, our results clearly show that CD33 is an
inhibitory receptor that preferentially modulates cytolysis
triggered by NKG2D or 2B4, both non-ITAM-bearing recep-
tors, when NKL cells display their maximal cytolytic activity.
Our results also showed that CD33 downregulates cytotoxic
activity triggered by NKp46 or CD16 ITAM-containing
receptors only when the NKL cytotoxic capability is low.
NKG2D-induced cytotoxicity could only be modulated when
both NKG2D and CD33 molecules were co-crosslinked.

3.3. IFN-γ Secretion Is Poorly Modulated by the CD33
Receptor. Next, we evaluated the inhibitory role of CD33
upon IFN-γ secretion triggered in hc-NKL cells
(Figures 3(a) and 3(b)). We found no significant increase of
IFN-γ production when cells were triggered by anti-CD33
(WM53 or HIM3-4), anti-NKG2A, anti-ILT2, or irrelevant
mAb alone. In agreement with reported data [26], IFN-γ
secretion was weakly triggered by anti-NKG2D mAb but it
was strongly induced when triggered through CD16,
NKp46, or 2B4 (Figure 3(a)). Coligation with ILT2 or
NKG2A dramatically inhibited IFN-γ secretion (71 8 ±
21 7% to 110 3 ± 17 8% of inhibition; Figures 3(a) and
3(b)). In contrast, CD33 (WM53) had no effect although
occasionally, the HIM3-4 anti-CD33 mAb could partially
inhibit the IFN-γ secretion when triggered by NKp46 and
2B4 activating receptors (43 3 ± 17 4% and 23 1 ± 24 1%
inhibition, respectively). Altogether, our results showed that
CD33 lacks significant inhibitory effect on cytokine produc-
tion by hc-NK cells, whereas canonical inhibitory receptors
such as ILT2 and CD94/NKG2A are able to neutralize almost
completely cytokine secretion.

3.4. CD33 Expression and Function on Primary Human NK
Cells. We examined CD33 expression on healthy donors’
blood lymphoid cells and found a CD3-CD56brightCD16-

WM53+ HIM3-4- small population (0 52 ± 0 40%; n = 9) of
NK cells (Figure 4(a)), phenotypically similar to the CD56+-

CD33+ NK cell subpopulation previously described by Hand-
gretinger et al. in human umbilical cord blood [9]. Further
analysis revealed that WM53+ NK cells were CD57- and
NKG2A+ and expressed the highest levels of NKG2D and
NKp46 (Figure 4(a), E–H).

Quiescent NK cell populations, obtained after stimula-
tion, showed high percentages of CD56+, CD16+, 2B4+, and
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CD94+ cells. Percentages of NKG2D+ and NKp46+ cells were
variable among individual cultures, whereas low percentages
of ILT-2+ and CD158a+ cell populations were found. CD33+

(WM53+ HIM3-4-) quiescent NK cells represented 17 9 ±
8 7% among NK cell cultures, ranging from 5% to 35%
(Figure 4(b)). CD33+ NK cells were CD57- and NKG2D+,
showing variable expression of NKp46 and NKG2A surface
receptors (Figure 4(c)).

The enriched NK populations presenting the highest
number (23-35%) of CD33+ NK cells were then tested for
redirected killing activity against P815 cells. Results showed
that, contrarily to NKL cells, NKG2D- or 2B4-mediated lytic
activity of CD33+ NK cells was not inhibited by WM53 anti-
CD33 mAb (Supplementary Figure S3). Since HIM3-4 anti-
CD33 mAb do not recognize CD33 molecules on primary
NK cells, the above results suggest a regulatory mechanism
of CD33 function in primary NK cells that could be
related to molecular modification of CD33 itself, that is,
glycosylation and/or association with other membrane
proteins as previously reported on both lymphoid and
myeloid cells [6–8].

To further explore CD33 function in primary human NK
cells, we removed cell surface sialic acid by neuraminidase [8]
or by mild periodate/borohydride (PER/BOR) treatment
[23]. Neuraminidase-treated NK cells were stained by both
WM53 and HIM3-4 anti-CD33 mAb (not shown), as we pre-
viously described for T lymphocytes [8]. In turn, PER/BOR
treatment reduced the binding of anti-CD33 mAb. Unfortu-
nately, both treatments notably diminished or completely
abolished cytotoxicity triggered by all activating receptors
in primary NK cells (not shown), as previously shown for
neuraminidase treatment [27], which hampered this part of
our work.

3.5. SHP-2 Phosphatase Coprecipitates with CD33 in Human
Primary NK Cells. To further explain the lack of inhibitory
capacity of CD33 in primary human NK cells, we tested
the presence of SHP-2 basally associated with CD33 as an
indicator of a presumable inhibitory state of this siglec.
We found that, differently to control IgG1 or NKG2A,
CD33 and SHP-2 phosphatase coprecipitated from purified
quiescent NK cells (Figure 4(d)). CD33 and NKG2A did
not coprecipitate with SHP-2 from hc-NKL cells. Thus,
CD33/SHP-2 phosphatase association together with the null
staining with HIM3-4 anti-CD33 mAb strongly suggests a
likely CD33 association in cis with cell membrane ligands
in agreement with a previous report [6]. Our results support
the hypothesis that CD33 can modulate cytotoxicity when
crosslinked with NKG2D and uncoupled with cis ligands/in-
tracellular proteins such as SHP-2 phosphatase, as shown on
NKL cells.

3.6. CD33 Inhibition of Killing Triggered by NKG2D Is
Mediated by Counteracting Vav1 Phosphorylation Levels.
To further examine the mechanism involved in CD33-
mediated inhibition of NKG2D signaling cascade, we
explored the intracellular phosphorylation status of several
signal transduction molecules triggered by NKG2D using
hc-NKL cells. Hence, phosphorylation levels of p55 and

p85 PI3K subunits, Vav1, ERK2, p38, or AKT kinases
were determined by Western blot analysis at 5 and 10
minutes after crosslinking pairs of receptors with an anti-
mouse F(ab′)2 Ab, using MHC-1 and NKG2A as negative
and positive control molecules, respectively (Figure 5). As
expected, crosslinking of NKG2D alone or coligated with
control MHC-1 molecules induced a rapid phosphorylation
of the p55 PI3K subunit, revealing PI3K pathway activation,
albeit the phosphorylated subunit p85 was not detectable in
our blots (Figure 5(a)). NKG2D and NKG2A coengagement
produced a sustained reduction of phospho-Vav1 (p-Vav1)
and phospho-ERK2 (p-ERK2) both at 5 and 10min stimula-
tion. NKG2D coligation with CD33 notably reduced p-Vav1
levels (25-60% reduction of the maximum Vav1 phosphor-
ylation; Figure 5(b)), whereas the p-ERK2 level remained
unchanged. There was no significant modification on p38
MAP kinase or AKT phosphorylation at any experimental
condition. We conclude that CD33 modulates signaling
pathways in NKL cells through dephosphorylation of the
important PI3K/Vav1 pathway like other canonical inhibi-
tory receptors such as NKG2A. However, CD33 was not
able to inhibit the MAP kinase pathway which is responsi-
ble for IFN-γ production [28]. These results were consis-
tent with the corresponding functional assays described
above and established a direct relationship between the
CD33 ability to inhibit cytotoxic function and the decrease
in Vav1 phosphorylation.

We also studied the p-Vav1 level after CD16, NKp46, or
2B4 stimulation in hc-NKL cells at several time points. In this
regard, CD16, NKp46, or 2B4 stimulation induced very low
and sometimes undetectable levels of p-Vav1 compared to
NKG2D stimulation in our NKL cells (data not shown and
Figure 5(c)). Since Tyr160 is one of the key regulatory sites
that mediates Vav1 phosphorylation-dependent activation
in the cell signaling process [29], our results suggest that
the CD33-mediated inhibition of cytotoxicity works by
impairing the Vav1 downstream pathway. Moreover, canon-
ical inhibitory receptors such as CD94/NKG2A, besides
acting on the PI3K/Vav1 pathway, may also exert their
inhibitory control on distinct intracellular intermediates,
since they could completely inhibit cytotoxicity when
NKL cells were stimulated through ITAM-bearing activat-
ing receptors such as CD16 or NKp46 that produced low
p-Vav1 levels, as shown here. We suggest that CD33 inhi-
bition may rely at least in part on the ability to decrease
Vav1 phosphorylation.

4. Discussion

The control of immune cells is determined by a fine bal-
ance between signals triggered from cell surface activating
and inhibitory receptors. The contribution of each activa-
ting/inhibitory pair is difficult to assess because multiple
receptor-ligand interactions occur during natural processes.
The precise inhibitory functions of CD33 still remain
unclear. Herein, we used the NKL/FcR+ P815 crosslinking
model which allows to engage pairwise comparison of
selected activating and inhibitory receptors since (a) the
FcR+ P815 cell line was scarcely recognized by NKL cells,
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(b) the natural cellular ligands of CD33 are unknown, and
(c) this model provides an appropriate tool to study inhib-
itory receptor features, as previously shown [22].

Our results provide evidence that CD33 can exert an
inhibitory function when crosslinked with specific activating
receptors. Thus, in hc-NKL cells, CD33 acted as a unique
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Figure 5: CD33 ligation reduces Vav1 phosphorylation under crosslinking with NKG2D activating receptor in hc-NKL cells. (a) hc-NKL cells
were treated with the indicated combination of antibodies against NKG2D and/or CD33, NKG2A, or MHC-I as a control, crosslinked with
sheep anti-mouse Ab on ice and incubated at 37°C for 5min. Then cellular extracts were analyzed by Western blotting to test the indicated
phosphorylated intracellular proteins. Crosslinking of NKG2D plus CD33 resulted in a reduction of the amount of p-Vav1 whereas
crosslinking of NKG2D plus NKG2A resulted in a reduction of both p-Vav1 and p-ERK2 intracellular mediators. Data are representative
of four independent experiments. (b) Changes in p-Vav1 and p-ERK2 over time are represented as percentage of phosphorylated proteins
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receptor that efficiently and specifically antagonized the
cytotoxic response mediated by the DAP10-coupled specific
activating receptor NKG2D or the SAP-associated 2B4. Con-
trarily, CD33 hardly inhibited IFN-γ production. Moreover,
CD33 partially modulated cytotoxicity triggered by receptors
coupled to ITAM containing subunits such as CD16 or
NKp46 only when the cytotoxic capability of NK cells
was reduced. Compared to canonical inhibitory receptors
ILT2 or CD94/NKG2A, which strongly regulate both cyto-
toxicity and cytokine production triggered by all activating
receptors, CD33 displays a fine-tune, more restricted inhib-
itory function.

We show that CD33 is expressed on a subset of blood
CD56brightCD16- NK cells, a similar NK cell subset previ-
ously found in human umbilical cord blood [9]. Additionally,
CD56brightCD16- NK cells have been found among the NK
subsets that predominate in several tissues such as the

decidua, liver, gastrointestinal mucosa, or skin (reviewed by
Sharma and Das [30]), although CD33 expression was not
determined in the above cases. NK CD56brightCD16- NK cells
have been found in vivo at increased proportions during IL-2
therapy [31], in affected tissues by pathological inflammatory
conditions like rheumatoid arthritis [32] and ex vivo IL-2-
expanded primary NK cells [12]. Our in vitro activated
NK cells were mainly CD56brightCD16+, although CD33
was expressed on both CD56bright and CD56- subsets. Func-
tionally, these NK cells were highly responsive cells (high
levels of target killing were found at low E/T ratios) and
phenotypically like the activated NK cells generated by other
researchers [12, 30, 33, 34] with a potential use in cell-based
therapy against human malignancies [34, 35]. Up to date, the
significance of these phenotypes remains unknown.

Siglecs expressed on normal cells are “masked” (probably
bound to ligands in cis) when they do not bind to trans
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Figure 6: Model for CD33 inhibition in NK cells. Trans-associated (b) but not cis-associated (a) CD33 receptors may be inhibitory receptors
for effector cells activated by NKG2D. (c) CD33 receptors may not be inhibitory for ITAM-bearing killing activating receptors such as NKp46.
It is proposed that Vav1 is a critical intermediary in CD33 inhibitory effect on NKG2D-mediated cytotoxicity.
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ligands in in vitro assays [1, 2, 36]. Since their cellular ligands
are unknown, sialic acid depletion by using neuraminidase or
periodate treatment is the only available method to address
this issue. However, these methods may be deleterious to
the cells and/or to the membrane receptors ([27] and this
work) preventing functional studies. The occurrence, mecha-
nism, and biological relevance of the masking phenomenon
require further investigation. In this work and previous
works, WM53+ lymphoid and myeloid cells were undetected
or poorly detected by HIM3-4 mAb (that recognizes the
C2-Ig-like domains) [6, 8]. Immunoprecipitated CD33 was
constitutively associated with SHP-2 phosphatase (Figure 4).
These features suggest a probable CD33-homotypic or het-
erotypic association with other membrane molecules on the
surface of primary NK cells, since sialidase treatment
increased HIM3-4 staining of activated human NK cells.
Thus, the cytotoxic activity of NK cell populations could be
at least in part modulated by a siglec-mediated inhibitory
mechanism likely determined by its cis or trans molecular
interactions. In this sense, it is well known that peripheral
blood CD56bright NK cells display lower natural cytotoxic
activity than their counterpart CD56dim cells [37]. Besides,
cord blood-derived CD33+ NK cells display lower cytolytic
activity against target cells than their CD33– counterparts
[9]. New tools allowing further in vitro manipulation of the
cis/trans ligand interaction state (transition) of siglecs are
needed in order to accomplish this issue.

Regarding the inhibitory role, our results show that CD33
engagement interferes with Vav1 and probably p55/PI3K
phosphorylation triggered by NKG2D crosslinking as
described in Figure 6. Vav1 regulates the actin cytoskeleton
and degranulation of cytotoxic cells; it has been identified as
a direct substrate of SHP-1 in NK cells [38] and a central
signaling molecule in determining the cytotoxic activity of
NK cells [39]. Importantly, mice lacking Vav1 have dimin-
ished cytolytic activity against several tumor targets but
retain the ability to produce cytokines [40]. In our model,
the lack of CD33 inhibitory activity upon CD16 and
NKp46 crosslinking is associated with low levels of Vav1
phosphorylation (Figure 5(c) and 6). At the same time,
CD33 engagement could not interfere with ERK2 phosphor-
ylation and cytokine production, while NKG2A highly
reduced Vav1, p55 PI3K, ERK2 phosphorylation, and IFN-
γ secretion. In accordance with previous findings, our
results implicate Vav1 as a relevant intracellular mediator
in both NK cell cytotoxicity and CD33 inhibitory mecha-
nism of NKG2D/DAP10-mediated lysis. Since NK cell-
expressed NKG2D mediates crosstalk and regulation on
other immune cells [19, 41], our data point out towards a
probable function of CD33 on self-tolerance mediated by
human activated NK cells.

In conclusion, this work provides evidence for the first
time that CD33 functions as an inhibitory receptor prefer-
entially for the NKG2D/DAP10 pathway, with implications
in the regulation of ongoing immune responses against
tumor and infected cells, in protecting self-cells and proba-
bly in avoiding autoimmunity. The biased nature of the
inhibitory effect of CD33 on receptors coupled to DAP10
or SAP adaptor proteins described here provides new

insights that could help to study the role of CD33 in diseases
such as Alzheimer’s disease.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgments

The authors thank Dr. M. Robertson for the NKL cell line
and Dr. A. Moretta and Dr. M. López-Botet for the gifts of
antibodies. This work was supported by grants from Funda-
ción Séneca (CARM), project numbers 03112/PI/05 and
11926/PI/09.

Supplementary Materials

Supplementary Table 1: NKL/P815 conjugation assays were
carried out by using green-labeled NKL with 400nM calcein
acetoxymethyl ester, (Ca-AM) (Molecular Probes, Eugene,
OR, USA) and red-labeled P815 cells with 235μMhydroethi-
dine (HE) (Molecular Probes) at a 1 : 2 E/T ratio and room
temperature for 20min, under the same experimental condi-
tions used in the killing assay. Percentage of conjugates was
determined by flow cytometry according to [7]. Supplemen-
tary Figure S1: activating and inhibitory receptor expression
on NKL cells. High-cytotoxicity NKL cells (hc-NKL) were
phenotyped by flow cytometry. Filled histograms represent
isotype control whereas open histograms represent surface
receptor-stained cells. Supplementary Figure S2: dose
response effect of noninhibitory mAb anti-CD25 and anti-
HLA-E versus inhibitory anti-CD33 mAb on the redirected
lysis experiments. Anti-CD25 (clone MAR93, IgG1) and
anti-HLA-E (clone 3D12, IgG1) were compared. WM53
anti-CD33 mAb were able to inhibit the lysis mediated by
anti-NKG2D (0.25μg/mL) at concentrations as low as
0.075μg/mL. Supplementary Figure S3: CD33 does not
inhibit cytotoxicity on quiescent primary NK cells. Redir-
ected cytotoxic activity of purified (95%) quiescent NK cells
against P815 cells was tested in the presence of different
mAb against CD16, NKp46, NKG2D, or 2B4 activating
receptors as described for NKL cells. The figure shows that
anti-CD33 (WM53) mAb did not inhibit any activating
receptor-induced killing. A representative assay is shown
out of three independent experiments with similar results.
(Supplementary Materials)
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