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Src-Dependent Syk Activation Controls CD69-Mediated
Signaling and Function on Human NK Cells'

Simona Pisegn&* Alessandra Zingoni,>* Gianluca Pirozzi,* Benedetta Cinque;
Maria Grazia Cifone, " Stefania Morrone,* Mario Piccoli,* Luigi Frati,* * Gabriella Palmieri, **
and Angela Santoni*

CD69 C-type lectin receptor represents a functional triggering molecule on activated NK cells, capable of directing their natural
killing function. The receptor-proximal signaling pathways activated by CD69 cross-linking and involved in CD69-mediated
cytotoxic activity are still poorly understood. Here we show that CD69 engagement leads to the rapid and selective activation of
the tyrosine kinase Syk, but not of the closely related member of the same family, ZAP70, in IL-2-activated human NK cells. Our
results indicate the requirement for Src family kinases in the CD69-triggered activation of Syk and suggest a role for Lck in this
event. We also demonstrate that Syk and Src family tyrosine kinases control the CD69-triggered tyrosine phosphorylation and
activation of phospholipase G2 and the Rho family-specific exchange factor Vavl and are responsible for CD69-triggered
cytotoxicity of activated NK cells. The same CD69-activated signaling pathways are also observed in an RBL transfectant clone,
constitutively expressing the receptor. These data demonstrate for the first time that the CD69 receptor functionally couples to the
activation of Src family tyrosine kinases, which, by inducing Syk activation, initiate downstream signaling pathways and regulate

CD69-triggered functions on human NK cells. The Journal of Immunology, 2002, 169: 68—-74.

a vast array of triggering and inhibitory receptors,

mainly belonging to Ig and C-type lectin superfamilies,
whose ultimate balance dictates the development of cytotoxic ac-
tivity. Besides activating receptors expressed on their endogenous
state, such as NKp46, NKp30, NKG2-D, MHC-I-specific CD94/
NKG2-C, and triggering counterparts of killer inhibitory receptors
(1-3), activation of human NK cells induces the de novo expres-
sion of other triggering receptors, such as CD69, NKp44, CD40
ligand, and CD80/CD86 counterstructures, which endow activated
NK cellswith new recognition capability (3—7). Theligands for the
receptors responsible for natural cytotoxic activity remain mostly
unidentified yet.

The signaling pathways activated by triggering receptors on NK
cells and responsible for NK cytotoxicity have not yet been satis-
factorily clarified. Although belonging to different molecular fam-
ilies, many activating NK receptors associate with conserved ty-
rosine-based sequence-containing subunits, such as TCR ¢, FceRlI
v, DAP-12, and DAP-10, which alow the SH2-dependent recruit-
ment and activation of intracellular effectors in a protein tyrosine

N atural killer cell interaction with target cells relies upon

*Department of Experimental Medicine and Pathology, Istituto Pasteur-Fondazione
Cenci Bolognetti, University La Sapienza, Rome, Italy; "Department of Experimental
Medicine, University of L’ Aquila, L’ Aquila, Italy; and *Istituto Mediterraneo di Neu-
roscienze Neuromed, Pozzilli, Italy

Received for publication February 15, 2002. Accepted for publication April 26, 2002.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was partially supported by grants from Associazione Italiana per la
Ricerca sul Cancro, Ministero dell’Istruzione, Universita’ e Ricerca Scientifica 40%
and 60%, Ministero della Sanita, and Consiglio Nazionale delle Ricerche.

2S.P. and A.Z. contributed equally to this work.

3 Address correspondence and reprint requests to Dr. Gabriella Palmieri, Department
of Experimental Medicine and Pathology, University La Sapienza, Viade Regina
Elena 324, 00161 Rome, Italy. E-mail address: gabriella.palmieri@uniromal.it

Copyright © 2002 by The American Association of Immunologists, Inc.

kinase (PTK)*-dependent fashion (8). Thus, receptor-mediated ac-
tivation of PTK has been acknowledged as a critical step in the
development of cytotoxic activity, and, in particular, the central
role of Syk has been shown (8—10). The possible contribution of
PTK belonging to other families, such as Src, remains mostly un-
explored. Among the downstream events, the crucial involvement
of phospholipase Cy (PLCry)-activated calcium influx and the
Vav-Rac-extracellular signal-regulated kinase (ERK) pathway in
cytotoxic activity and degranulation has been reported (11-17).

CD69 belongs to the family of C-type lectin receptors whose
genes are clustered in the NK gene complex (18-21) and bears
strong similarity to the closely related NK receptors CD94 and
Ly49A (22, 23). Although constitutively expressed on few cell
types, CD69 is rapidly acquired following in vitro activation of T,
B, and NK cells, neutrophils, and eosinophils (24, 25).

CD69 cross-linking induces the cytotoxic activity and costimu-
lates cytokine production of activated NK cells and selected T cell
clones, thus representing a putative receptor for target cells of ac-
tivated cytotoxic lymphocytes (4, 5, 24, 26, 27).

The signa transduction pathways activated by CD69 engage-
ment and responsible for its functional ability are poorly under-
stood. Although CD69 cross-linking has been reported to induce
intracellular signaling eventsin different cell types (5, 24), no clear
information is available on the receptor-proximal mechanisms that
endow CD69 with signaling ability. Moreover, no recognizable
sequences for connection to intracellular effectors are present in
the CD69 intracellular domain or has association with accessory
chains been reported to date. In particular, no evidence on its abil-
ity to activate PTK-dependent pathways has been provided.

“ Abbreviations used in this paper: PTK, protein tyrosine kinase; DAG, diacylglyc-
erol; ERK, extracellular signal-regulated kinase; GAM, goat anti-mouse 1gG F(ab’),;
ITAM, immunoreceptor tyrosine-based activation motif; Lck-KI, kinase-inactive Lck;
MBP, myelin basic protein; PI, phosphoinositide-specific; PlI4,5PIP,, phosphatidyl-
inositol 4,5-bisphosphate; PLC, phospholipase C; PP2, 4-amino-5-(4-chlorophenyl)-
7-(t-butyl)-pyrazol o[ 3,4-d]pyrimidine; pTyr, phosphotyrosine.
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The aim of our work wasto investigate the involvement of PTK-
dependent signaling pathways in the CD69-mediated cytotoxic ac-
tivity of human NK cells. Our results demonstrate that CD69 en-
gagement specifically induces the activation of Syk and disclose
the essential involvement of members of the Src family in this
event. In an effort to identify downstream effectors for CD69-ac-
tivated PTK's, we show that CD69 cross-linking initiates two im-
portant pathways involved in the development of cytotoxicity,
namely the activation of PLCy and Vav1. Our results also indicate
that Src- and Syk-dependent pathways control CD69-triggered cy-
totoxic activity. The same signaling events are aso triggered by
CD69 stimulation in an RBL transfectant clone constitutively ex-
pressing the human CDG69 receptor.

Materials and M ethods
Cell lines and Abs

The murine FcyR™ P815 mastocytoma cell line was used for redirected
cytotoxicity assay. The RBL-2H3 clone transfected with human CD69
cDNA R8#6 has been previously described (5).

The following mouse mAbs were used: anti-CD3 (Leu 4), anti-CD16
(Leu 1ic), anti-CD56 (Leu 19), and anti-CD69 (Leu 23), al from BD
Biosciences (Franklin Lakes, NJ); anti-CD69 (clone TP1/8 (28) and clone
227 (4)) provided by Dr. F. Sanchez-Madrid (Hospital de La Princesa,
Madrid, Spain) and Prof. A. Moretta (University of Genoa, Genoa, Italy),
respectively; anti-CD16 (B73.1) and anti-CD56 (C218) provided by Dr. G.
Trinchieri (Schering-Plough, Dardilly, France), and Prof. A. Moretta, re-
spectively; anti-FceRIl «a-chain (BC4) was kindly provided by Dr. R. Sira-
ganian (Nationa Institutes of Health, Bethesda, MD). Goat anti-mouse |gG
F(ab"), (GAM) was from Cappel Laboratories (ICN Biomedicals, Opera,
Milan, Italy); FITC-conjugated GAM was purchased from Zymed (South
S. Francisco, CA); rabbit anti-ERK, anti-Syk, and anti-PL Cy2 antisera, and
anti-Syk and anti-Lck mAb were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA); anti-Vavl and anti-ZAP70 mAb were purchased from
Upstate Biotechnology (Lake Placid, NY).

NK cell preparation and immunofluorescence analysis

Polyclonal NK cell cultures were obtained by coculturing nylon nonadher-
ent PBMC with irradiated RPM| 8866 cells for 9-10 days at 37°C in a
humidified 5% CO, atmosphere as previously described (5); NK cell cul-
tures (>90% CD16"*, CD56", CD3", as assessed by immunofluorescence
and cytofluorometric analysis) were treated with human riL-2 (EuroCetus,
Amsterdam, The Netherlands; 500 U/ml) for 8 h at 37°C to induce CD69
expression and then were kept overnight in RPMI 1640 plus 0.1% FCS. At
the end of incubation, cells were >95% CD69", as evaluated by FACS
analysis.

For immunofluorescence staining, cells were incubated with saturating
concentrations of specific mAbs, either directly conjugated to fluoro-
chromes or revealed by a second incubation with FITC-conjugated GAM,
and analyzed on a FACSCalibur (BD Biosciences). Fluorescence intensity
is expressed in arbitrary units on a logarithmic scale.

Cell stimulation, lysis, immunoprecipitation, and Western blot
analysis

IL-2-activated human NK cells or R846 transfectants were incubated with
primary mAb for 30 min on ice, then stimulated with GAM (1.5 ug/10°
cells) for different time periods at 37°C. In some experiments cells were
pretreated with either piceatannol (Biomol, Plymouth Meeting, PA)
or 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazol o[ 3,4-d] pyrimidine (PP2)
(Calbiochem, Darmstadt, Germany) for 20 min at 37°C and kept in the
presence of inhibitors during the assay. After stimulation cells were lysed
and immunoprecipitated as previously described (29); immunocomplexes
were resolved by SDS-PAGE and transferred to Immobilon-P nitrocellu-
lose membranes (Millipore, Bedford MA). After blocking nonspecific re-
activity, filters were probed with specific Abs diluted in TBS-T (20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, and 0.05% Tween 20). After extensive
washing, immunoreactivity was detected using an ECL kit (Amersham
Pharmacia Biotech Italia, Cologno Monzese, Milan, Italy).

In vitro kinase assay

Immunoprecipitates were processed for kinase assay as previously de-
scribed (29). Kinase reaction was performed at 30°C in 25 ul kinase assay
buffer plus 10 wCi [y->2P]JATP (4500 Ci/mmol; Amersham), 1 uM ATP,
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and 5 ng myelin basic protein (MBP; Sigma-Aldrich, Italy) (when indi-
cated). Samples were separated by SDS-PAGE, transferred to nitrocellu-
lose membranes, exposed to autoradiography, and then subjected to West-
ern blot analysis.

Vaccinia virus infection

WR strain and recombinant vaccinia viruses encoding wild-type or a ki-
nase-inactive Lck mutant (lysine to arginine mutation at position 273) were
provided by Dr. P. J. Leibson (Department of Immunology, Mayo Clinic
and Foundation, Rochester, MN). Viruses were amplified, semipurified,
and titrated using standard techniques (30). Semipurified vaccinia viruses
were used to infect human NK cells for 1 h in serum-free medium at a
multiplicity of infection of 20:1. Cells were then incubated for an addi-
tiona 4 h in RPMI containing 0.1% BSA and 25 mM HEPES, as previ-
ously described (31). After infection, dead cells were removed by Ficoll-
Hypague density gradient centrifugation for 15 min at 1400 rpm. The
stimulation was performed as described above.

Cytotoxicity assay

The 5'Cr release assay was used to measure redirected cytotoxic activity
against P815 target cells in the presence of saturating amounts of different
mAbs, as previously described (5, 29). IL-2-activated NK cell cultures,
used as effector cells, were preincubated with PP2, piceatannol, or diluent
(DMSO) for 30 min, then tested for cytotoxicity. Inhibitors were present
throughout the assay.

Phosphoinositide-specific (Pl)-PLC activity assay

After stimulation, IL-2-activated NK cells were resuspended in 50 mM
Tris-HCI, pH 7.4, containing protease inhibitors and lysed by sonication,
and protein concentrations were determined using the Bio-Rad protein as-
say (Bio-Rad, Hercules, CA). PI-PLC activity in cell lysates was quanti-
tated by the release of diacylglycerol (DAG) from radiolabeled phospha-
tidylinositol 4,5-bisphosphate (P14,5PIP,; DuPont-New England Nuclear,
Boston, MA)-containing vesicles and is expressed as picomoles of DAG
per milligram of protein, as previously described (32).

Results
CD69 engagement induces the selective activation of Syk, but
not ZAP70, kinase in human NK cells

Several immunoreceptor tyrosine-based activation motif (ITAM)-
coupled activating receptors have been reported to direct the acti-
vation of Syk/ZAP70 family PTKs on NK cells (8, 10, 11). To
investigate whether CD69 receptor could induce the activation of
these enzymes, highly purified IL-2-stimulated human NK cells
were triggered by anti-CD69 mAb plus GAM treatment, and the
tyrosine phosphorylation status of Syk and ZAP70 was evaluated
after immunoprecipitation with specific Abs. As shown by anti-
phosphotyrosine (anti-pTyr) immunoblot, CD69 engagement in-
duces the rapid and transient tyrosine phosphorylation of Syk com-
pared with untreated sample (Fig. 1A, upper panel). Strikingly,
under the same conditions, no increased tyrosine phosphorylation
of ZAP70 protein above the basal level was found (Fig. 1B, upper
panel). However, CD16 stimulation potently induced the tyrosine
phosphorylation of both Syk and ZAP70, as previously reported
(11, 29), while treatment with an isotype-matched control mAb did
not affect the phosphorylation level of either kinase. Western blots
of the same membranes with anti-Syk and anti-ZAP70 mAb (Fig.
1, A and B, lower panel, respectively) confirmed the equivalent
loading of al lanes.

Syk enzymatic activation was then directly assessed by in vitro
kinase assay on specific immunoprecipitates. As shown in Fig. 2A
(upper panel), CD69 engagement on NK cells induced the signif-
icant augmentation of Syk activity on the exogenous substrate
MBP compared with the untreated or control mAb-treated sample.
CD69-triggered activation of Syk (evaluated as in vitro autophos-
phorylation) was also observed in the CD69" RBL transfectant
cell clone R8#6 (Fig. 2B, upper panel), in which the ability of
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FIGURE 1. CD69 engagement induces Syk, but not A

ZAPT0, activation in human NK cells. [L-2-activated NK o
cells (50 X 10%sample) were left untrested (NT) or were
stimulated with saturating doses of different mAb plus
GAM at 37°C for the indicated time periods. Cell lysates
were immunoprecipitated with anti-Syk (A) or anti-
ZAP70 (B) mAb, electrophoresed under reducing condi-
tions, blotted with anti-pTyr mAb (upper panel), and, after
stripping off bound Ab, reprobed with anti-Syk and anti-
ZAP70 mAD, respectively (lower panel). The data shown
are representative of one of four independent experiments.

time (min): 3

CD69 to trigger signaling and functional events has been previ-
ously assessed (5). Syk activation through CD16 and FceRI recep-
tor triggering was aso shown in NK and RBL transfectants, re-
spectively, as a positive control (29, 33). Western blot analysis
showed a CD69-mediated increase in tyrosine phosphorylation of
Syk (Fig. 2, A and B, middle panel) and normalization with the
specific anti-Syk Abs (Fig. 2, A and B, lower panel) in both cell
types.

Collectively taken, this set of data demonstrates that CD69 en-
gagement induces the selective activation of Syk, but not ZAP70,
in human NK cells, moreover, the ability of CD69 to activate Syk

A B

- KA time: __ 3' 15'
LT & )
e —— S& & Fee
MEP - . g Syk—= --'.

autoradiography

Syk —p
IgH

Syk— WD -
IgH —3 e - -

blot:pTyr

SYK —r . oo - —

o S

blot:Syk

FIGURE 2. CD69 engagement induces Syk activation in human NK
cells and in CD69" RBL transfectants. A, IL-2-activated NK cells (20 X
10%/sample) were left untreated (NT) or were stimulated with saturating
doses of different mAb plus GAM for 3 min at 37°C, and cell lysates were
immunoprecipitated with anti-Syk mAb. Syk immunoprecipitates were
subjected to in vitro kinase assay in the presence of MBP. Then, samples
were separated on 12.5% (MBP) or 7.5% (Syk immunoprecipitates) SDS-
PAGE, transferred to nitrocellulose membranes, and either subjected to
autoradiography (upper panel) or immunoblotted with anti-pTyr mAb
(middle panel) and, after stripping off bound Ab, with anti-Syk Ab (lower
panel) asindicated. B, CD69" R8#6 transfectants (10 X 10° cells/sample)
were left untreated (NT) or were stimulated with saturating doses of dif-
ferent mAb plus GAM for 3 min at 37°C, and cell lysates were immuno-
precipitated with anti-Syk Ab. Syk immunoprecipitates were subjected to
in vitro kinase assay (KA) for 3 or 15 min asindicated. After separation by
SDS-PAGE, the gel was transferred to membrane, subjected to autoradiog-
raphy (upper panel), then blotted with anti-pTyr mAb (middle panel) and,
after stripping off bound Ab, reprobed with anti-Syk Ab (lower panel). IgH
indicates the reactivity of the heavy chain of the Ab used in the immuno-
precipitation. Results are representative of one of three independent
experiments.
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kinase is a'so evident in a heterologous cell system, where CD69
is constitutively expressed.

CD69-triggered activation of Syk is mediated by Lck

The PTK-dependent activation of Syk by immunoreceptors may
depend on autophosphorylation or be under the control of Src fam-
ily kinases (33-35); no definitive information exists on the up-
stream events involved in Syk activation upon engagement of NK-
activating receptors. To address the role of Src family kinases in
CD69-triggered activation of Syk, we initially used the Src-selec-
tive pharmacological inhibitor PP2 (36). The experiment reported
in Fig. 3 shows that pretreatment of IL-2-activated NK cells with
PP2 completely abrogated the CD69-triggered tyrosine phosphor-
ylation of Syk; conversely, the Syk/ZAP70-specific inhibitor
piceatannol (37) did not affect the CD69-induced tyrosine phos-
phorylation of Syk under the same experimental conditions. It is
worth noting that the ability of piceatannol to substantially sup-
press the Syk-dependent tyrosine phosphorylation of different sub-
strates was assessed in the same samples (data not shown and Figs.
6 and 8). However, a dlight inhibitory effect of piceatannol on
CD69-triggered tyrosine phosphorylation of Syk could be occa-
sionally appreciated in some donors. This result thus indicates that
Src family PTK activity is an essential requisite for the CD69-
mediated tyrosine phosphorylation of Syk.

Among the Src family members, Lck has been shown to be
associated with NK receptors of the C-type lectin family (38, 39)
and with CD16, where its crucial involvement in the early steps of
signaling has been reported (40—44). To directly analyze the role

ST ¢ Fe ¢Ffe s F e

Syk-» 5 PEVR . I blot:pTyr
IgH —=

piceatannol piceatannol PP2
DMSO  Vosug/ml  S0pg/ml  10uM

Syk —» blot:Syk

IgH =

FIGURE 3. CD69-triggered phosphorylation of Syk depends on Src
family kinases. |L-2-activated NK cells (25 X 10%/sample) were preincu-
bated with piceatannol, PP2, or diluent (DMSO) for 20 min at 37°C, then
left untreated (NT) or stimulated with saturating doses of anti-CD69 or
control mAb plus GAM for 3 min at 37°C, and cell lysates were immu-
noprecipitated with anti-Syk mAb. Immunoprecipitates were separated on
SDS-PAGE, transferred to nitrocellulose membranes, and subjected to
Western blot with anti-pTyr mAb (upper panel) and, after stripping off
bound Ab, with anti-Syk mAb (lower panel) asindicated. IgH indicates the
reactivity of the heavy chain of the Ab used in the immunoprecipitation.
Results are representative of one of three independent experiments.
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of Lck in CD69-initiated signaling, the wild-type or kinase-inac-
tive form of Lck kinase was overexpressed in human IL-2-acti-
vated NK cells by means of recombinant vaccinia virus vector
infection. As shown in Fig. 4A, the overexpression of wild-type
Lck (Lck) greatly augmented the CD69-induced tyrosine phos-
phorylation of Syk, while the kinase-inactive enzyme (Lck-K1) did
not affect Syk phosphorylation levels compared with those in sam-
ples infected with the empty viral vector (WR). It is worth noting
that although overexpression of wild-type Lck augmented the
basal level of phosphorylated Syk (40), the net level induced by
CD69 engagement was nevertheless >3-fold higher than that ob-
served in empty virus- or Lck-Kl-infected samples, as indicated by
densitometric analysis (data not shown). The Western blot of
whole cell lysates from the same cell samples showed the over-
expression levels of Lck and the comparable levels of Syk protein
in the different samples (Fig. 4B).

These results show that PTKs belonging to the Src family con-
trol the CD69-triggered activation of Syk on human NK cells and
strongly suggest a role for Lck in this event.

CD69 induces the PTK-dependent activation of PLCy

PTK activation by NK triggering receptors initiates many signal-
ing pathways through the regulation of different enzymes and
adaptor proteins; in particular, PTK-dependent activation of PLCy
leads to the generation of inositol 1,4,5-trisphosphate and DAG
second messengers, which are involved in the development of cy-
totoxic activity (8, 11, 45). To investigate whether CD69 engage-
ment could trigger PLCy tyrosine phosphorylation and activation,
PL Cy2 was immunoprecipitated from CD69-stimulated |L-2-acti-
vated NK (Fig. 5A) or CD69" R8#6 transfectant (Fig. 5B) cell
lysates and immunoblotted with anti-pTyr mAb. CD69 cross-link-
ing specifically induced the tyrosine phosphorylation of PLCy2 in
both cell types, while no tyrosine phosphorylation above basal
levels was induced in samples treated with control mAb. CD16-
and FceRlI-induced PLCy phosphorylation in human NK or R8#6
transfectant, respectively, is shown in the same figure and was
previously described (11, 46). Fig. 5C shows that CD69 stimula-
tion rapidly induces augmentation of the corresponding PI-PLC
enzymatic activity in human NK cell lysates at levels comparable
to those observed after CD16 stimulation.

We then addressed the relative roles of Syk and Src PTK in
CD69-mediated PLC activation. The results shown in Fig. 6 indi-
cate that pretreatment of human NK cells with the Syk- or Src-
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FIGURE 4. CD69-triggered Syk phosphorylation depends on Lck. IL-
2-activated NK cells were infected with empty (WR), wild-type-expressing
(Lck), or Lck-Kl-expressing vaccinia viruses, and then stimulated (20 X
10%/sample) with anti-CD69 or control mAb (clg) plus GAM for 3 min at
37°C. A, Cell lysates were immunoprecipitated with anti-Syk mAb, sepa-
rated on SDS-PAGE, transferred to nitrocellulose membranes, and sub-
jected to Western blot with anti-pTyr mAb (upper panel) and, after strip-
ping off bound Ab, with anti-Syk mAb (lower panel) as indicated. B,
Whole cell lysate were normalized for protein content, and aiquots were
blotted with anti-Lck (upper panel) and anti-Syk mAb (lower panel). Re-
sults are representative of one of two independent experiments.
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FIGURE 5. CD69 engagement induces PLCy2 activation in human NK
cellsand CD69* transfectants. A and B, |L-2-activated NK cells (50 x 108
cells/sample; A) or CD69" R8#6 transfectants (20 X 10° cells/sample; B)
were left untreated (NT) or were stimulated with saturating doses of dif-
ferent mAb plus GAM for 3 min at 37°C. Cell lysates were immunopre-
cipitated with polyclona anti-PLCy2 Ab, electrophoresed under reducing
conditions, blotted with anti-pTyr mAb (upper panel), and then, after strip-
ping off bound Ab, reprobed with polyclonal anti-PLCy2 Ab (lower panel).
Results are representative of one of three independent experiments. C, IL-2-
activated NK cells (10 X 10%sample) were |eft untrested (NT) or were stim-
ulated with saturating doses of different mAb plus GAM for different time
periods a 37°C. PI-PLC activity was assessed on cell lysates by measuring
DAG release from radioactive Pl4,5PIP,-containing lipid vesicles. Results are
representative of one of three independent experiments.

selective pharmacological inhibitor, either alone or in combina-
tion, substantially inhibited CD69-stimulated PLC enzymatic
activity (Fig. 6B) and PLCy2 tyrosine phosphorylation (Fig. 6A).

Together, these data demonstrate that both Syk and Src PTKs
control the CD69-mediated activation of PLCry in human NK cells.

CD69 engagement induces the PTK-dependent activation of Vav

We have previously reported the ability of CD69 engagement of
inducing ERK activation (5), a crucia intermediate in the devel-
opment of NK cell cytotoxicity (12—14); the existence of a Vav/
Rac/ERK pathway leading to natural killing has been recently de-
scribed in NK cells (15). As the GDP/GTP exchange factor for
Rac, Vav, is regulated in a PTK-dependent manner (47), we ana-
lyzed whether CD69 engagement could induce the tyrosine phos-
phorylation of Vav. The results reported in Fig. 7 show that CD69
engagement led to the rapid tyrosine phosphorylation of Vavl in
both human NK cells (Fig. 7A) and R8#6 transfectant clone (Fig.
7B). The enhancement of phosphorylation was not observed after
treatment with an irrelevant mAb (control 1g), used as a negative
control. We then analyzed the roles of Syk and Src kinases in
CD69-induced Vav phosphorylation, and we found that pretreat-
ment of NK cells with Syk- and Src-specific pharmacological in-
hibitors, alone or in combination, amost completely abrogated the
CD69-induced tyrosine phosphorylation of Vavl (Fig. 8).

In summary, these results demonstrate that both Syk and Src
family PTKs are responsible for CD69-triggered tyrosine phos-
phorylation of Vavl, the GTP/GDP exchange factor for Rac, in
human NK cells.

Role of Syk and Src family PTK in CD69-triggered NK
cytotoxicity

We then sought to determine whether Syk and Src family PTK-
dependent pathways were involved in CD69-triggered cytotoxicity
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FIGURE 6. CD69-triggered activation of PLC+y depends on Syk and Src
family kinases. IL-2-activated NK cells were pretreated with vehicle
(DMSO0), piceatannol (35 wg/ml), PP2 (10 uM), or both inhibitors and
stimulated with saturating doses of anti-CD69 or control (clg) mAb plus
GAM for 3 min at 37°C. A, Cell lysates (50 X 10%/sample) were immu-
noprecipitated with polyclonal anti-PLCy2 Ab, electrophoresed under re-
ducing conditions, blotted with anti-pTyr mAb (upper panel), and then,
after stripping off bound Ab, reprobed with polyclona anti-PLCy2 Ab
(lower panel). B, PI-PLC activity was assessed on cell lysates (10 X 10¢/
sample) by measuring DAG release from radioactive Pl4,5PI P,-containing
lipid vesicles. Results are representative of one of three independent
experiments.

of human NK cells. To this purpose, |L-2-activated polyclonal NK
cell cultureswere assayed in aredirected cytotoxicity assay against
P815 FcyR™ target cells in the presence of Syk- and Src-specific
inhibitors. The experiments reported in Fig. 9 show that treatment
with PP2 (Fig. 9A) abrogated CD69-dependent cytotoxicity, and
piceatannol (Fig. 9B) almost completely impaired it. The cytolytic
activity against P815 cells in the absence of Ab or in the presence
of control mAb was imputable to the IL-2-dependent activation of
the NK effectors, as previously reported (5). These data thus show
the essential involvement of both Syk and Src PTK in the CD69-
triggered cytolytic function.
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FIGURE 7. CD69 engagement induces the tyrosine phosphorylation of
Vavlin human NK cellsand CD69* transfectants. |L-2-activated NK cells
(40 X 10° cells/sample; A) or CD69" R8#6 transfectants (15 X 10° cells/
sample; B) were left untreated (NT) or were stimulated with saturating
doses of different mAb plus GAM for 2 min at 37°C. Cell lysates were
immunoprecipitated with anti-Vav mAb, electrophoresed under reducing
conditions, blotted with anti-pTyr mAb (upper panel), and, after stripping
off bound Ab, reprobed with anti-Vav mAb (lower panel). Results are
representative of one of four independent experiments.
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FIGURE 8. CD69-triggered activation of Vavl depends on Syk and Src
family kinases. |L-2-activated NK cells were pretreated with vehicle
(DMSO), piceatannol (35 wg/ml), PP2 (10 uM), or both inhibitors and
stimulated with saturating doses of different mAb plus GAM for 3 min at
37°C. Cdll lysates (40 x 10%sample) were immunoprecipitated with anti-
Vavl mAb, electrophoresed under reducing conditions, blotted with anti-
pTyr mAb (upper panel), and then, after stripping off bound Ab, reprobed
with anti-Vavl mAb (lower panel). Results are representative of one of
four independent experiments.

Discussion

In the present work we describe for the first time the ability of the
C-type lectin receptor CD69 to initiate PTK-dependent signaling
pathways in human IL-2-activated NK cells. Our results clearly
show that CD69 engagement induces the selective activation of
Syk, but not ZAP70, kinase. We provide evidence that this event
is under the control of Src family members and suggest that Lck
can be responsible for it. We aso show that Syk and Src family
PTK regulate the development of the CD69-induced cytolytic
function of human NK cells and identify PLCy2 and Vavl as
downstream effectors of CD69-activated PTK-dependent path-
ways. Comparable results have been obtained in human NK cells
by cross-linking the receptor with two different mAbs, as the iden-
tity of CD69 ligand is still unknown. The same signaling pathways
are observed in a heterologous transfectant cell clone, constitu-
tively expressing human CD69 receptor.

NK/target interaction is regulated by multiple activating recep-
tors that contact mostly unidentified counterstructures on target
cell membrane, and whose expression pattern depends on the NK
cell activation state. CD69 is a hemopoietic C-type lectin receptor,
whose gene is located in the NK gene complex, clustered with the
genes for other membrane receptors that regulate NK cell func-
tions, such as CD94/NK G2 heterodimers, NKG2-D, and NKR-P1
(18-21). CD®&9 is rapidly induced on NK and other hemopoietic
cells in response to cytokines or other activating stimuli (24, 25)
and has been shown to induce cytotoxic activity and costimulate
cytokine production of activated NK cellsand T cell clones (4, 5,
26, 27). It thus represents one of the receptors that endow activated
NK cells with new recognition capability in the context of natural
killing activity (3-7).

The signaling pathways regulating CD69-mediated functions
are mostly unknown; we have recently described the ability of
CD69 of inducing ERK activation (5), and the rise of intracellular
calcium levels and the generation of arachidonic acid have been
reported in different cell types (24, 26, 48). Here we present evi-
dence on the selective and rapid activation of Syk, but not ZAP70,
PTK in IL-2-activated human NK cells by CD69 engagement.

Syk/ZAP70 family PTKs are functionally coupled to severa
immunoreceptors and critically contribute to the signaling and
functional ability of Ag and Fc receptors on T, B, and NK lym-
phocytes, myeloid cells, and platelets (33—-35). Syk and ZAP70 are
highly homologous, nevertheless, they do not seem to fulfill re-
dundant roles. Recent evidence have shown that Syk, but not
ZAP70, activity is crucialy involved in the signaling pathways
activated by the triggering receptors responsible for natural killing
of human NK cells (9, 10), although the mechanisms upstream of
Syk activation have not yet been clarified.
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FIGURE 9. Syk-and Sc-spedificinhibitorsab- A )
rogate CD69-dependent cytotoxicity. |L-2-acti-

vated NK cells were pretrested with vehicle 60
(DMSO; both panels, closed symbols), PP2 (5 Z
M), or piceastannol (25 wg/ml; both panels, open é a0 |
symbols) for 30 min at 37°C, then tested in a redi- 2
rected cytotoxicity assay against P815 target cellsin 3

the presence of anti-CD69 (squares) or control (cir- ~ © 20
cles) mAb or no mAb (triangles). Inhibitors were

present throughout the assay (3 h). Results are rep- 0-
resentative of one of four independent experiments.

Here we show that CD69-triggered activation of Syk essentially
relies upon the catalytic activity of Src family PTKs and propose
Lck as the main enzyme responsible for the regulation of Syk.
However, it cannot be ruled out that a low grade autophosphory-
lation of Syk may also play arole. Syk activation has been shown
to involve several mechanisms, including a conformational change
due to ITAM binding, autophosphorylation, and phosphorylation
by other kinases (33-35). The relative importance of such mech-
anisms may be dictated by the modalities regulating Syk recruit-
ment to different receptors. The lack of evidence for CD69-asso-
ciated ITAM-containing subunits could offer an explanation for the
complete dependence of Syk activation on Src family PTKs.

How CD69 receptor is coupled to Src family PTKs is presently
unknown. CD69 is endowed with a brief intracellular tail that does
not display consensus motifs for protein-protein interactions (19—
21). Interestingly, we could evidentiate a kinase activity physicaly
associated to CD69 receptor, which is specifically induced by re-
ceptor engagement on RBL transfectants (unpublished observa-
tions); the molecular identity of such activity(ies) and the modal-
ities regulating its association with the receptor are unknown and
are presently under investigation. The possibility that CD69 could
localize in a raft-like compartment, where some members of the
Src family have been shown to partition (49), is presently under
investigation. Indeed, polarization of glycosphyngolipid-rich areas
on NK cell membrane has been recently reported to occur after
conjugation with sensitive targets, and the polarization of Lck and
Syk in the area facing target cell has been observed (50-52).

PTK activation by NK triggering receptors initiates many sig-
naling pathways by means of several enzymes and adaptor proteins
that are involved in the development of cytotoxic activity (8, 11).
Here we describe for the first time the ability of CD69 receptor to
induce the activation of PLCvy2 and of the exchange factor for Rho
family GTPases, Vavl;, moreover, our results show that CD69-
induced activation of PLC and Vav lies downstream of Syk and
Src family PTK.

PI-PLC enzymatic activation is an important requisite for the
development of NK cytotoxicity, as shown by the impairment of
NK killing in PLCy2 knockout mice (53); indeed, several recep-
tors able to activate NK cell cytotoxic activity have been shown to
induce PLCy activation (8, 10, 11). PI-PLC activity products lead
to the augmentation of the intracellular Ca®* concentration, and
can also contribute to activation of the ERK pathway (45, 54).
Although CD69 engagement has been reported to induce the aug-
mentation of cytoplasmic Ca?* levelsin several cell types (24, 26,
48), the contribution of PLC-activated pathways had not been di-
rectly addressed to date.

Tyrosine-phosphorylated Vavl promotes the exchange of Rac
GTPase to its active GTP-bound state (47). Vavl has been previ-
ously shown to undergo tyrosine phosphorylation in NK cells upon
contact with sensitive target cells or CD16 stimulation (16, 17),
and the importance of the Vavl-Rac-ERK pathway in the devel-
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opment of NK cytotoxic activity has been previously shown (15—
17). As Vavl-dependent pathways have been also reported to af-
fect calcium metabolism (47), it is possible that Vavl activation
could participate in CD69-triggered PLCy2 and ERK activation.

Finally, the functional relevance of Syk and Src family PTK-
activated pathways is shown by the effects of the selective phar-
macological inhibitors on CD69-triggered cytolytic function, thus
providing the first evidence on the role of Src PTKs in the devel-
opment of natural cytotoxicity.

The signaling pathways we have described may also play arole
in the development of natural killing initiated by other activating
receptors on NK cells. Moreover, as CD69 expression is rapidly
induced on several leukocyte subpopulations, where it triggers bi-
ologicaly relevant functions, the signal transduction pathways
described herein could be relevant in the understanding of the
mechanisms regulating CD69-triggered functions in different he-
mopoietic cell types.
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