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Cutting Edge: NK Cell Inhibitory
Receptors Prevent Tyrosine Phosphory-
lation of the Activation Receptor 2B4
(CD244)

Carsten Watzl, Christopher C. Stebbins, and
Eric O. Long

) . i inhibitory receptors with CD16 inhibits the phosphorylation of Fc
2B4 is an NK cell activation receptor that can provide a €o-  ocentor-associateisignaling chain and of more downstream sig-
stlmulator){ signal to othgr qctlve}tlon receptors and whose naling molecules like ZAP-70, SLP-76, and phospholipase C
mode of signal transduction is still unknown. We show that (PLC)y (4, 5). However, engagement of inhibitory receptors on
cross-linking of 2B4 on NK cells results in its rapid tyrosine  NK cells orys T cells during target cell contact affects phosphor-
phosphorylation, implying that this initial step in 2B4 signaling  ylation of LAT, Lck, and ZAP-70, but not that of thiechain (6, 7).
does not require coligation of other receptors. Ligation of 2B4  Therefore, it is not known whether inhibition of target cell lysis
in the context of an NK cell-target cell interaction leads to 2B4  through MHC class I-specific receptors acts at the level of activa-
tyrosine phosphorylation, target cell lysis, and IFN+ release.  tion receptors or by targeting downstream effector molecules.
Coligation of 2B4 with the inhibitory receptors killer cell 1g- The activating NK cell receptors NKp46, NKp44, NKp30, and
like receptor (KIR)2DL1 or CD94/NKG2 completely blocks 2B4 have been identified recently (8, 9). Whereas NKp46, NKp44,
NK cell activation. The rapid tyrosine phosphorylation of 2B4  and NKp30 pair with immunoreceptor tyrosine-based activation
observed upon contact of NK cells with sensitive target cells is motif-containing partner chains, 2B4 activates NK cells by an un-
abrogated when KIR2DL1 or CD94/NKG2 are engaged by known mechanism. 2B4 can function as a costimulatory receptor
their cognate MHC class | ligand on resistant target cells. for other immunoreceptor tyrosine-based activation motif-based
These results demonstrate that NK inhibitory receptors can  activation receptors (10). 2B4 induces secretion of f-&hd IL-2,
interfere with a step as proximal as phosphorylation of an ac- granule exocytosis, and ceII-med!ated cytotoxmlty (11-13). The
tivation receptor. The Journal of Immunology, 2000, 165: ligand for mouse and human 284 |§ CD48, a GPI-linked molecule
3545-3548. expressed mostly on hematopoietic cells (14, 15).

In this paper, we investigated how engagement of NK inhibitory
receptors during NK:target cell contact may affect the 2B4 receptor.

atural killer cell function is regulated by a dynamic bal-
ance between negative and positive signals. ReceptorMaterials and Methods

for MHC class | molecules are involved mainly in neg- Cells and Abs

ative regulation of NK cell-mediated cytotoxicity (1, 2). The in- ) ) .
L . . . Human NK populations were isolated from human PBL using the mag-
hibitory nature of those receptors is determined by an immunorepegic_activated cell sorter NK cell isolation kit (Miltenyi Biotec, Auburn,

ceptor tyrosine-based inhibition motif (ITIM)that recruits the  CA). Populations were between 90%-99% CDZD56", and 2B4.
tyrosine phosphatase SHP-1 upon phosphorylation (3). The activcells used in this study were the human NK cell lines YTS-2DL1 (Ref. 16;
ity of SHP-1 is essential to terminate NK cell cytotoxicity. How- dift from G. Cohen, Charlestown, MA), YTS-2DL1-SHP-1, YTS-2DL1-
ever, little is known about the mechanism of inhibition of NK cell SHP-I™ (17), NKL (Ref. 18; gift from M. J. Robertson, Indianapolis,

o . - . Lo IN), 721.221, 221-Cw3, 221-Cw4, 221-Cw7 (a gift from J. Gumperz, Bos-
activation during natural killing. Ab-mediated co-cross-linking of on, MA, and P. Parham, Stanford, CA), and P815 (American Type Culture
Collection, Manassas, VA).

The following Abs were used: anti-2B4 (C1.7, IgG1; Coulter Pharma-
Laboratory of Immunogenetics, National Institute of Allergy and Infectious Diseases,ceutical, Miami, FL), rabbit anti-2B4 (generated against the peptide RLSR
National Institutes of Health, Rockville, MD 20852 KELENFDVYS; Research Genetics, Huntsville, AL), MOPC-21 (Sigma,
Received for publication June 12, 2000. Accepted for publication July 27, 2000. ~ St. Louis, MO) as a mouse IgG1 control, anti-CD94 (HP-3D9; Ancell,

The costs of publication of this article were defrayed in part by the payment of pageBayport, MN), anti-CD16 (3G8; Medarex, Annandale, NJ), anti-CD48

charges. This article must therefore be hereby masddkrtisemenin accordance (10H3; a gift from F. Mami-Chouaib; Ref. 19), antl'-klller cell Ig-like re-
with 18 U.S.C. Section 1734 solely to indicate this fact. ceptor (KIR)2DL1 (EBG, IgG1 (Coulter Pharmaceutical) and HP-3E4, IgM
1 This work was supported by a fellowship from the Deutsche Forschungsgemein(a glft from M LopeZ-Botet)_; Ref. 20), anti-SHP-1 (Transduqtlon Labo-
schaft (to C.W.) ratories, Lexington, KY), anti-PLgl (B-6—4, mouse 1gG1), anti-vav, and
B ) ) the biotin-conjugated anti-phosphotyrosine specific Ab 4G10 (IgG2b; all
2 Address correspondence and reprint requests to Dr. Eric O. Long, Laboratory ofjpstate Biotechnology, Lake Placid, NY).
Immunogenetics, National Institute of Allergy and Infectious Diseases, National In-
stitutes of Health, 12441 Parklawn Drive, Rockville, MD 20852. E-mail address: 5
elong@nih.gov
2 Abbreviations used in this paper: ITIM, immunoreceptor tyrosine-based inhibition A standard 3-t'Cr release assay was performed as previously described
motif; KIR, killer cell Ig-like receptor; PLC, phospholipase C. (21). For IFN+y release, Ix 10° NK cells were incubated with fg of the
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indicated Abs and X 10° target cells (P815 or 721.221) in 250medium ing of 2B4 induced cellular cytotoxicity by purified human NK
for 20 h at 37°C. Supernatants were harvested and analyzed in duplicateg|ls (Fig. 1Dand Ref. 11). Lysis of P815 was not observed using
in an IFN-y-specific ELISA (Genzyme, Cambridge, MA) according to the 5 jsotyne-matched control Ab and was similar to lysis induced by
manufacturer’s instructions. . . . .

Ab binding to an activating form of CD94/NKG2 but less than that
Receptor cross-linking, cell mixing, immunoprecipitation, and  obtained with an anti-CD16 mAb (Fig.D). In this type of redi-
Western blotting rected assay, 2B4-mediated NK cell activation depends on coen-

For Ab-mediated cross-linking of 2B4,8 10° human NK cells or YTS- gagement of the NKp46 receptor that can recognize an unknown

2DL1 were incubated with .g Ab in 100l medium for 10 min on ice.  ligand expressed on the mouse cell line P815 (10). It is not known
After the addition of 2ug goat anti-mouse Abs, cells were transferred to how the signals of NKp46 and 2B4 are integrated during NK cell
37°C for the indicated times and subsequently lysed in ice cold lysis buffeizctivation. However, 2B4 phosphorylation is not dependent on
(0.5% Triton X-100, 20 mM Tris-HCI (pH 7.4), 150 mM NaCl, 10% Glyc-  \kn46 or other activating receptors, as it could be induced directly
erin, 2 mM EDTA, 1 mM PMSF, 10 mM NaF, and 1 mM Nay{© Abs . . . .
were then immunoprecipitated using Protein G agarose (Life Technologie?@y Ab-mediated cross-linking of 2B4 (FigA). The SH2 domain-
Rockville, MD). containing molecule SH2D1A (SLAM-associated protein, DSHP)
For cell mixing, NK cells and target cells were mixed in 200nedium  binds to phosphorylated 2B4 and competes for association of the
at an E:T ratio of 1 (YTS-2DL1 and NKL) or 2 (human NK cells) and tyrosine phosphatase SHP-2 (23). However, it is unknown how
pelleted by centrifugation. Cells were incubated on ice for 10 min, trans-

ferred to 37°C for the indicated times, and lysed as described above. Ly-S_H2DlA or SHP-2 contribute to 2B4 signaling and the activation

sates were first incubated with @&y control IgG1 coupled to Protein G signal delivered by 2B4 may also depend on association of other
agarose followed by g anti-2B4 or 2ug anti-SHP-1 (both coupled to molecules. Tyrosine phosphorylation is required for 2B4 signaling
Protein G agarose). For Western blotting, samples were separated ongg the Src-family tyrosine kinase inhibitors herbimycin A and PP1,
10-20% SDS gel (NOVEX, San Diego, CA), transferred to a polyvinyli- 54 the syk inhibitor piceatannol interfered with 2B4-mediated
dene difluoride membrane (Immobilon P; Millipore, Bedford, MA), and . . . . . . .
developed using biotinylated 4G10, peroxidase-coupled streptavidin (AmKilling by purified human NK cells in a redirected lysis experiment
ersham, Arlington Heights, IL), and Super Signal West Dura Extended(data not shown).
Duration substrate (Pierce, Rockford, IL).

Inhibition of 2B4-mediated NK cell activation by KIR and

Results and Discussion CD94/NKG2A

2B4 can trigger NK cell activation The NK cell line YTS stably transfected with the inhibitory
The cytoplasmic tail of 2B4 contains 4 tyrosine-based sequenc&IR2DL1 (YTS-2DL1,; Ref. 16) and the cell line NKL (18) that
motifs (TxYxxI/V) that are also present in CD150 (signaling lym- expresses an inhibitory form of CD94/NKG2 (24) were used to test
phocytic activation molecule), CD84, and Ly9. Ab-mediated whether 2B4-mediated cytotoxicity can be blocked by inhibitory
cross-linking of 2B4 resulted in its rapid tyrosine phosphorylation,receptors. In a redirected lysis assay, stimulation of 2B4 on YTS-
which peaked at about 3 min after receptor engagement (Rjg. 1 2DL1 and NKL led to cellular cytotoxicity that was completely
Ab-mediated cross-linking of 2B4 also led to the phosphorylationinhibited by coligation with KIR2DL1 or CD94/NKG2A, respec-
of several cytoplasmic proteins (FigB), including PLG/1 and tively (Fig. 2,A andB; Ref. 25). These results show that inhibition
vav (Fig. 1C), both of which have been implicated in the signalis dominant over 2B4-mediated NK cell activation. A similar in-
transduction leading to natural cytotoxicity (6, 22). In a redirectedhibition could be observed using purified human NK cells express-
lysis assay with the FcR-positive mouse cell line P815, cross-linking an inhibitory form of CD94/NKG2 (data not shown).

2B4 was also able to stimulate IFsecretion by the NK cell
line NKL (Fig. 2C) and by human NK cells (Ref. 11 and data not
shown). As reported previously (11), Ab-mediated cross-linking of
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FIGURE 2. Inhibition of 2B4-mediated killing and IFN+ production
FIGURE 1. Activation of NK cells by 2B4.A, 2B4 immunoprecipita- by KIR and CD94 A, Redirected lysis of P815 cells using the NK cell line
tion following Ab cross-linking using 5< 1C° purified human NK cells ~ YTS-2DL1 in the presence of control IgG1 (OJ), anti-2B4 plus control
with 1 ug control IgG1 (MOPC 21) or anti-2B4 (C1.7) for the indicated 1gG1 (O), anti-2DL1 plus control IgG1 (), or anti-2DL1 plus anti-2B4
time. B, Ab cross-linking of 2B4 in human NK populations for 10 min. (@). B, Redirected lysis of P815 cells using NKL cells in the presence of
Lysate equivalent to 5 10° cells was analyzedC, Purified human NK  control IgG1 ((J), anti-2B4 plus control IgG1 (O), anti-CD94 plus control
cells were treated with pervanadate (Per.) or stimulated with control IgGlgG1 (4 ), or anti-CD94 plus anti-2B4 (@) (all Abs at Ou/ml each). All

or anti-2B4 for 10 min as described M Vav or PLCy1 was immunopre-  experiments were performed at least three times in triplicates; mean and
cipitated.A—C, All samples were analyzed by anti-phosphotyrosine West-SD are shownC, NKL cells were incubated with medium alone (1)

ern blotting.D, Redirected lysis assay of P815 cells using purified humananti-2B4 plus goat anti-mouse (2), P815 cells withd.anti-2B4 plus Jug

NK cells expressing an activating CD94/NKG2 receptor in the presence otontrol IgG1 (3), P815 cells with &g anti-2B4 plus lug anti-CD94 (4),

0.5 png/ml control IgG1 (MOPC 21), anti-2B4 (C1.7), anti-CD94 (HP3D9) or 721.221 cells (5). Supernatants were harvested and analyzed by ELISA
or anti-CD16 (3G8). Lysis is shown for an E:T ratio of 2. for IFN-vy.
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the FeyR™ cell line P815. This indicates that NK cells need ad 2B4 may be one among other receptors involved in natural killing by

ditional signals, such as engagement of NKp46 (10), along with\K cells.

2B4 signals to be fully activated. As already observed for killing, As shown in Fig. 2, inhibitory receptors can interfere with 2B4-

coligation of 2B4 with CD94 on NKL cells resulted in the inhi- mediated NK cell activation. However, little is known about the

bition of IFN-y secretion (Fig. 2C). step at which inhibitory receptors exert their function. The influ-

L ) ) ence of inhibitory receptors on 2B4 signaling was investigated.

Inhibition of target cell-induced 2B4 phosphorylation by KIR KIR2DL1 recognizes HLA-Cw4 but not HLA-Cw3 (21, 26). There-

and CD94/NKG2 fore, the KIR2DL1-transfected NK cell line YTS-2DL1 lysed cells

The requirement for tyrosine kinases in 2B4-mediated activation sigexpressing HLA-Cw3 (221-Cw3) but not 721.221 cells expressing

nals and the tyrosine phosphorylation of 2B4 upon receptor crosgHLA-Cw4 (221-Cw4; Fig. 38 This inhibition of YTS-2DL1 was

linking suggested that receptor phosphorylation may be an importarigverted by a blocking Ab against KIR2DL1 (Fig3)3 221-Cw3 and

step in 2B4 signaling. Therefore, phosphorylation of 2B4 in the phys221-Cw4 cells express the same level of CD48 (data not shown). As

iological setting of target cell contact was evaluated. The MHC classhown in Fig. 3C incubation of YTS-2DL1 with 221-Cw3 led to

I-negative target cell 721.221 expresses CD48 (data not shown). Mixstrong and rapid 2B4 phosphorylation. This 2B4 phosphorylation

ing of YTS-2DL1 cells with 721.221 led to 2B4 phosphorylation that could not be observed when YTS-2DL1 was mixed with the resistant

was detectable as early as 30 s after target cell contact @iglBese  target 221-Cw4, indicating that the inhibitory signal by KIR2DL1

results suggest that 2B4 is engaged during contact with CD48-positivisterferes with 2B4-mediated NK cell activation directly at the level,

target cells and that it may play a role in NK cell activation. Treatmentor even upstream of receptor phosphorylation. 2B4 phosphorylation

of target cells with the blocking anti-CD48 mAb 10H3 (19) led to was observed upon Ab-mediated cross-linking of the receptor alone

about 50% reduction of cytotoxicity by the NK cell line YTS-2DL1 Wwithout a need to cross-link other activating receptors (FAQ. Blow- o

against the target cell 221-Cw3 (data not shown). This confirms thagver, 2B4 phosphorylgnon during target cell contact may still be in- 2
fluenced by other activating receptors, such as NKp46. Therefore, %
inhibition of 2B4 phosphorylation during contact with resistant target &

A vellibdog () © SFRESHIT Va0t cells could be mediated by a block at the level of other activating &

kDa - 05123 + 221-CW3 + 221-Cwé receptors. To test whether the direct phosphorylation of 2B4 could be g
220 kDa - 03 5710035 710 min prevented by an inhibitory receptor 2B4 and KIR2DL1 were cocross- 2_
97—‘ i 2204 ' linked with Abs. A similar inhibition of 2B4 phosphorylation by &
_ — 974~ . . © =
66 ssf - | PP KIR2D.L1. was observed (Fig. .3Edemonstrat|ng that KIR can di =
46 464 rectly inhibit 2B4 phosphorylation. g
30 : Inhibitory KIR recruit the phosphatase SHP-1 upon phosphor- =,
G 307 ylation of the cytoplasmic ITIMs (27). SHP-1 can be phosphory- 3
B Wno Ab 214 ’ lated by Src-family tyrosine kinases located at the plasma mem- %
100 QigM 145 brane (28). Phosphorylation of SHP-1 was detected in YTS-2DL1 &
B BHP3E4 97 mixed with 221-Cw4 but not with 221-Cw3 (FigD3. Tyrosine é
E eer - *SHN phosphorylation of KIR2DL1 and association of SHP-1 after cell Z
%50 46 mixing were not detected consistently (data not shown). To test é
35 % E § g 3 ég more directly_ whether SHP-1 may be involv_ed in bl(_)ckir_lg 2B4 ﬁ
S O & & ad phosphorylation we used YTS cells expressing a chimeric mole- o
0 =Y I:—'q 2B4 cule consisting of KIR2DL1 in which the ITIMs in the cytoplasmic =
221-Cw3 .221-Cw4 . <
Target tail have been replaced by full-length SHP-1 (YTS-2DL1-SHP-1) @
F YTS-2DL1__ 2DL1-SHP-1(”RM  2DL1-SHP-1 or an inactive mutant of SHP-1 (YTS-2DL1-SHE) (17). In N
KDa _C“(Vf 5 gw«;_ - C(‘r~35' gwg ’Cgss‘ 0?‘”; cell mixing experiments, engagement of the chimeric KIR2DL1- T,
97 SHP-1 receptor by HLA-Cw4-expressing target cells blocked 2B4 S
66 - . - -y = < 2B4 =
97
66 - — e —— - e — — G — 2B4 A B NK + NK +
.221-Cw7_ .221-Cw3

FIGURE 3. Inhibition of 2B4 phosphorylation by KIRA, The NK cell 1004 0 kDa - 0 35 03 5 min
line YTS-2DL1 was mixed with the target 721.221 for the indicated times. 2 EHEHE 220

Cell lysates were immunoprecipitated with control IgG1 (-, 3-min sample =77 97 - ‘. ‘234
shown) followed by anti-2B4B, A 3-h>'Cr release assay using YTS-2DL1 % 504 66

cells and the indicated targets in the presence of no Ab, a control IgM & ® 46

ascites (1:1000) or anti-KIR (HP-3E4) ascites (1:1000) as indicated. Lysis 2 254 /ﬂ;

is shown for an E:T ratio of 5C and D, YTS-2DL1 cells were mixed ¢ ’ C

with the target cell 221-Cw3 or 221-Cw4 at an E:T ratio of 1 for the Ot 971 | &
indicated time. Cells were lysed and immunoprecipitated with a control vo2 Esfr 45 66 -.i. = h 1JH2B4

1gG1 (-, 3-min sample shown) followed by anti-2B4 (C) or anti-SHP-1 (D).

E, Immunoprecipitation of 2B4 following Ab-mediated cross-linking of the FIGURE 4. Inhibition of 2B4 phosphorylation by CD94A, A 4-h 'Cr
indicated receptors on YTS-2DL1 cells. The Ab concentration betweerrelease assay using purified human NK cells and the indicated target cells.
samples was kept constant by the addition of anti-CD56AMINd C-E, All B, Purified human NK cells (X 10° per sample) were incubated with
samples were analyzed by anti-phosphotyrosine Western bldifidne NK 221-Cw3 or 221-Cw7 cells at an E:T ratio of 2 for the indicated time. Cells
cell lines YTS-2DL1, YTS-2DL1-SHP-1, and YTS-2DL1-SHEY) were were lysed and immunoprecipitated with a control IgG1 (-, 3-min sample
mixed with target cells as described@ Cells were lysed and immunopre- shown) followed by anti-2B4. Immunoprecipitates were analyzed by anti-
cipitated with a control IgG1 (-, 5-min sample shown) followed by anti-2B4. phosphotyrosine Western blottinG, To confirm equal loading, the West-
Samples were analyzed by anti-phosphotyrosine Western blotting (uppeern blot shown inB was reprobed with an anti-2B4 Ab. The migration
panel) and reprobed with an anti-2B4 Ab (lower panel). position of 2B4 is indicated.
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phosphorylation (Fig. 3F). This effect was dependent on the ac-
tivity of SHP-1 as 2B4 phosphorylation was not blocked in YTS-
2DL1-SHP-1”™ cells (Fig. 3F). Therefore, it is possible that
SHP-1 is responsible for the direct dephosphorylation of 2B4.
Consistent with this we could show dephosphorylation of in vivo
phosphorylated 2B4 by recombinant SHP-1 in vitro (data not o
shown). Inhibition at the level of receptor phosphorylation could
explain the KIR-mediated block in phosphorylation of downstream
signaling molecules such as LAT, SLP-76, and Bl.&s observed

in earlier studies (4-6).

To validate our findings, the effect of inhibitory receptors on 2B4 1.
phosphorylation was investigated in purified human NK cells. Human.

NK populations express almost homogenously the C-type lectin-like
receptor heterodimer CD94/NKG2 (29) specific for HLA-E (1).
HLA-Cw3 and -Cw?7 are both recognized by the same KIR receptors.
However, whereas CD94/NKG2 binds to HLA-E presenting the
leader peptide of HLA-Cwa, it does not bind to HLA-E presenting the 1
leader peptide of HLA-Cw7 (30). Some human NK populations lysed

221-Cw7 but not 221-Cwa3 cells, indicating a predominance of CD94/15.

NKG2A on those cells (Fig. 4A2B4 became phosphorylated in pu-

rified human NK cells mixed with the sensitive target cell 221-Cw7 16,

but not with the resistant target 221-Cw3 (Fig.)4Bherefore, as
observed with KIR2DL1, the inhibitory CD94 receptor is able to

block 2B4-mediated NK cell activation directly at the level or up- 17.

stream of 2B4 phosphorylation.

18.

Conclusion

The block of 2B4 phosphorylation described in this paper is, to ouf®:

best knowledge, the first observation of a KIR- or CD94/NKG2-
mediated inhibition of the phosphorylation of an activating recep-

tor upon target cell contact. This finding illustrates how inhibitory 20-

receptors can interfere early and effectively with NK cell activa-
tion. An effect of KIR on 2B4 phosphorylation was detected as

early as 1 min after target cell contact (data not shown). In addi#%

tion, by blocking positive signals right at the region of contact

between NK and target cells, inhibitory receptors can mediate a2.

locally defined inhibition of NK cell activation rather than a global

one. Consistent with this, a recent report showed that a single NK3

cell can be in contact with a sensitive and a protected target cell a
the same time and kill the sensitive target while sparing the pro-

tected one (31). This enables NK cells to detect and kill singlexs.

target cells in an environment of cells that are protected from the
NK cell attack.
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