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Human natural killer (NK) cells express an abundant level of
2B4 and CD2 on their surface. Their counter-receptors, CD48
and CD58, are also expressed on the NK cell surface, raising a
question about the functional consequences of potential 2B4/
CD48 and CD2/CD58 interactions. Using blocking antibodies
specific to each receptor, we demonstrated that both 2B4/
CD48 and CD2/CD58 interactions were essential for the devel-
opment of NK effector functions: cytotoxicity and cytokine
secretion. However, only 2B4/CD48, but not CD2/CD58, inter-
actions were shown to be critical for the optimal NK cell pro-
liferation in response to interleukin (IL)-2. IL-2-activated NK
cells cultured in the absence of 2B4/CD48 or CD2/CD58 inter-
actions were severely impaired for their ability to induce intra-
cellular calcium mobilization and subsequent ERK activation
upon tumor target exposure, suggesting that the early signal-
ing pathway of NK receptors leading to impaired cytolysis and
interferon (IFN)-vy secretion was inhibited. Nevertheless, these
defects did not fully account for the reduced proliferation of
NK cells in the absence of 2B4/CD48 interactions, because an-
ti-CD2 or anti-CD58 monoclonal antibody (mAb)-treated NK
cells, showing defective signaling and effector functions, dis-
played normal proliferation upon IL-2 stimulation. These re-
sults propose the signaling divergence between pathways lead-
ing to cell proliferation and cytotoxicity/cytokine release,
which can be differentially regulated by 2B4 and CD2 during
IL-2-driven NK cell activation. Collectively, these results re-
veal the importance of homotypic NK-to-NK cell cross-talk
through 2B4/CD48 and CD2/CD58 pairs and further present
their differential and overlapping roles in human NK cells.

2B4 (CD244) belongs to the CD2 family along with CD48,
CD2, CD58 (LFA-3), CD84 (GR6), Ly9 (CD229), SLAM,
NTB-A, and CRACC. Receptors within this family have been
implicated in homophilic and heterophilic self-interactions
(1). Among them, CD84, Ly9, SLAM, NTB-A, and CRACC
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are all self-ligands and receptors, and up-regulated in NK°
cells as well as T cells, B cells, dendritic cells, and macro-
phages (2). In both mouse and human, CD48 appears to be a
high affinity ligand for 2B4, as well as a weak ligand for CD2
(3). Although mouse NK cells in the resting state express both
2B4 and CD2, only 2B4, but not CD2, was found to play a ma-
jor role in the activation and expansion of NK cells (4, 5). The
preferential role of 2B4 over CD2 in murine NK cells appears
to be due to its high affinity interaction with CD48 because
2B4 binds to CD48 with 5-10-fold higher affinity than CD2
(6). Furthermore, murine 2B4 was shown to function as a co-
stimulatory receptor in response to cytokine (IL-2 or IFN-«)
stimulation, via triggering cell to cell cross-talk through bind-
ing to CD48 expressed on neighboring NK cells (7). These
homotypic interactions via 2B4/CD48 were found to be nec-
essary for optimal expansion, lytic potential, and cytokine
secretion in murine NK cells (7). Additionally, murine 2B4
could also function as a co-stimulatory ligand for CD48, capa-
ble of generating bidirectional signals (8, 9). For example, 2B4
expressed on neighboring activated/memory T cells (10) or
surrounding IL-2-activated NK cells (11) was demonstrated to
promote the proliferation of TCR™ CD8™ transgenic T cells
through stimulating CD48. Paradoxically, 2B4 was found to
serve as a MHC class I-independent inhibitory receptor and
to be involved in NK cell self-tolerance in mice (12).

Unlike murine 2B4, inhibitory function has not been found
with human 2B4. Engagement of 2B4 on human NK cells by
2B4-specific monoclonal antibodies (mAbs) induced IFN-vy in
vitro and triggered NK cell-mediated cytotoxicity in redi-
rected antibody-dependent cell cytotoxicity assays (5). Fur-
thermore, NK cytotoxicity against tumor targets was aug-
mented when these targets expressed CD48 on their surface
(13, 14). These in vitro findings were corroborated by a recent
discovery that x-linked lymphoproliferative disease patients
demonstrated defective clearance of Epstein-Barr virus infec-
tions due to the absence of 2B4 signaling (15). These results
highlight the activating role of 2B4 in human NK cells, and
further present a differential mode of 2B4 activities between
human and mouse NK cells.

Similar to murine NK cells, human NK cells express abun-
dant quantities of 2B4, CD48, and CD2 on their surface. Un-

% The abbreviations used are: NK, natural killer; PBMC, peripheral blood
mononuclear cell; ELISPOT, enzyme-linked immunosorbent spot;
ANOVA, analysis of variance; PLC, phospholipase.
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like mice, human NK cells also express CD58, a high affinity
ligand for CD2, raising a question about the functional out-
come of potential CD2/CD58 interactions in addition to 2B4/
CD48 binding among NK cells. Therefore, this study was set
up to dissect the roles of 2B4, CD48, CD2, and CD58 in NK to
NK cell interactions and to provide a molecular mechanism
and consequences of these interactions in the generation of
effector NK cells in human. Our results present that 2B4/
CD438, but not CD2/CD58, interactions among NK cells are
required for the proliferation of human NK cells, whereas
both 2B4/CD48 and CD2/CD58 interactions are important
for the development of optimal cytolytic and secretory NK
effector functions. Thus, 2B4 and CD2 differentially contrib-
ute to NK to NK cell cross-talks by providing co-stimulatory
signals among NK cells themselves in human.

EXPERIMENTAL PROCEDURES

NK Cell Purification and Cell Culture—Human primary
NK cells were isolated from peripheral blood mononuclear
cells (PBMCs) from healthy volunteers using a RosetteSep
Human NK Enrichment Mixture (Stem Cell Technologies,
Vancouver, Canada) and Ficoll-Plaque (GE Healthcare) fol-
lowing the manufacturer’s instructions. The purity of
CD37CD56" NK cells was >95%, determined by flow cytom-
etry (FACScalibur, BD Biosciences). Freshly purified NK cells
were cultured in RPMI1640 medium (Welgene, Daegu, Ko-
rea) supplemented with 10% fetal bovine serum (FBS; Lonza,
Walkersville, MD), 100 units/ml of penicillin (Lonza), 100
units/ml of streptomycin (Lonza), and 300 units/ml of human
recombinant interleukin-2 (hrIL-2; Chiron, Charlotte, NC) at
37 °Cin 5% CO,, for 1-2 weeks. In some experiments, 5 pg/ml
of anti-2B4, anti-CD48, anti-CD2, or anti-CD58 blocking
monoclonal antibodies (mAbs) were added in culture media
and replenished every 5 days. Mouse immunoglobulin G1
(mIgG1) was used as a corresponding isotype control for anti-
2B4, anti-CD2, and anti-CD58 and mouse immunoglobulin M
(mIgM) was used for anti-CD48 mAb. The effect of mIgG1 or
mlIgM on cell proliferation was comparable with negative
control without any antibodies, hence only the mIgG1-treated
group was plotted in the figures. All procedures were ap-
proved by the Korea University Institutional Review Board
and donor consent. A human myelogenous leukemia cell line,
K562 (ATCC, Manassas, VA), was maintained in RPMI1640
supplemented with 10% FBS (Lonza), 100 units/ml of penicil-
lin (Lonza), and 100 units/ml of streptomycin (Lonza), which
we refer to as complete RPMI.

Antibodies—Fluorescently labeled anti-human 2B4 (clone
2-69), anti-human CD48 (YU145), purified anti-CD48
(TU145) mAbs, and Annexin V were purchased from BD
Pharmingen (San Diego, CA). Fluorescence-labeled anti-CD3
(UCHT-1) and anti-CD56 (MEM-188) mAbs were purchased
from DiNonA Inc. (Seoul, Korea). Purified anti-2B4 (C1.7),
anti-CD2 (RPA-2.10) mAbs, mIgG1, or mIgM were purchased
from Immunotec (Vaudreuil-Dorion, Canada) or eBioscience
(San Diego, CA). Purified anti-CD58 mAb (IC3; BD Bio-
sciences) was used to block CD58 binding from CD2. For in-
tracellular staining, fluorescence-labeled anti-human perforin
(6G9), granzyme B (GB11), and CD107a (eBioH4A3) mAbs
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were purchased from eBioscience. Anti-phospho-ERK1/2
(p44/42 MAPK) and anti-ERK1/2 (p44/42 MAPK) Abs were
purchased from Cell Signaling Technology (Boston, MA).
Goat anti-mouse HRP-conjugated Ab and goat anti-rabbit
HRP-conjugated Ab were purchased from Amersham
Biosciences.

Generation of CD48-expressing K562 Cells—To produce
CD48-expressing K562 cells, human CD48 cDNA from
PBMCs were subcloned into pMFG retroviral vector (16).
Infectious retroviral supernatants were generated by transient
transfection of a H29D packaging cell line using ExGen 500 in
vitro Transfection Reagent (Fermentas Inc., Daemyung Sci-
ence, Seoul, Korea). The culture supernatant was collected
after 48 and 72 h post transfection. K562 cells were stably
transduced with retroviral particles in the presence of 8 ug/ml
of Polybrene (Sigma) and transduced cells were selected by
puromycin (Sigma).

Cell Proliferation Assays—To measure DNA synthesis, °H
incorporation assay was performed. In brief, live cell numbers
were counted with a hemocytometer (Improved Neubauer;
Hawksley Co., Lansing, UK) by trypan blue exclusion. To as-
sess DNA duplication, 1 wCi/ml of [*H]thymidine (Amer-
sham Biosciences) was incorporated overnight into NK cells.
The next day, cells were harvested onto filter paper with Mi-
cro96 harvester (Skatron, Norway) and disintegrations per
minute were counted by a B-counter (Packard Instrument
Company, Meriden, CT).

Flow Cytometry—For surface staining, the cells were
stained with the indicated phycoerythrin- or FITC-conjugated
mADb in 100 ul of FACS buffer (BD Biosciences). For intracel-
lular staining, cultured NK cells were fixed and permeabilized
with Cytofix/Cytoperm solution and Perm/Wash buffer (both
from BD Biosciences), respectively, prior to specific staining
with fluorescence-labeled perforin or granzyme B mAbs. To
assess cell death, NK cells were stained with Annexin V-FITC
and propidium iodide. CD107a assay was performed to deter-
mine the frequency of degranulating NK cells (17). Briefly, NK
cells were mixed with K562 target cells at an E:T ratio of 1:1
and incubated for 1 h in the presence of 10 ul/ml of CD107a-
FITC (BD Biosciences). GolgiStop (BD Biosciences) was
added at 6 pug/ml and incubated for an additional 5 h at 37 °C.
Stained cells were analyzed by a flow cytometer (FACScalibur,
BD Biosciences) and CellQuest software (FACScalibur).

Cytotoxicity Assay—A standard >'Cr release assay was per-
formed as previously described (18). In brief, K562 target cells
were labeled with **Cr (PerkinElmer Life Sciences, Boston,
MA) at 50 pCi/5 X 10° cells. 5 X 10> labeled target cells were
incubated for 4 h with serially diluted NK cells, cultured with
or without anti-2B4, anti-CD2, anti-CD48, or anti-CD58
blocking mAbs or their isotype controls (mIgG1 or mIgGM).
In some experiments, the assay was done in the presence of 5
pg/ml of anti-2B4, anti-CD2, anti-CD48, and anti-CD58
mAbs or isotype controls. The y-scintillation of supernatant
was measured by a y-counter (PerkinElmer Life Sciences).
Percent of specific lysis was calculated as follows: 100 X (ex-
perimental release — spontaneous release)/(maximum re-
lease — spontaneous release).
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IFN-y Enzyme-linked Immunosorbent Assay (ELISA)—To
assess IFN-vy secretion, ELISA was performed. Two hundred
thousand IL-2-activated NK cells, cultured with or without
anti-2B4, anti-CD2, or anti-CD48 blocking mAb or their iso-
type controls, were subsequently incubated with K562 (1 X
10°) cells in 200 wl of complete RPMI for 18 h in the pres-
ence of the same blocking mAbs at 37 °C. The supernatant
was collected and ELISA was performed using [FN-y ELISA
kits (eBioscience) following the manufacturer’s instructions.
Plates were read at 450 nm using a SpectraMax Microplated
Reader (Molecular Devices, Sunnyvale, CA) and data were
analyzed using SoftMax pro Software (Molecular Devices). All
experiments were performed in duplicate and repeated at
least three times.

Granzyme B Enzyme-linked Immunosorbent Spot
(ELISPOT) Assay—For Granzyme B ELISPOT assay, Multi-
Screen-IP plates (PVDF membrane, Millipore) were coated
overnight at 4 °C in 100 ul/well with anti-human Granzyme B
capture antibody (eBioGrB; eBioscience). Two hundred thou-
sand IL-2-activated NK cells in the presence of anti-2B4, anti-
CD48, and anti-CD2 blocking mAbs or their isotype controls
were coincubated with K562 target cells at an E:T ratio of 2:1
in 200 pl of medium. Three negative controls were applied:
effector cells in the absence of target cells, target cells in the
absence of effector cells, and medium alone. After incubation
for 24 h, Granzyme B secretion was quantified using the Hu-
man Granzyme B ELISPOT kit (eBioscience, CA) following
the manufacturer’s instructions. The plates were air-dried and
spots per well were counted using the Immunospot Imaging
Analyzer system (Cellular Technology Ltd., Shaker Height,
OH). All experiments were performed in triplicate and re-
peated at least two times.

Measurement of Calcium Flux—NK cells were loaded with
2 um fura 2-AM (Molecular Probes, Invitrogen) in 2Ca™*/Na
buffer (140 mm NaCl, 10 mm Hepes, 2 mm CaCl,-2H,0, 1 mm
MgCl,-6H,0, 10 mm glucose, and 5 mm KCl, pH 7.4) for 40
min at 37 °C. Cells were washed three times and resuspended
in serum-free RPMI medium. Cells were then plated onto
poly-L-lysine-coated 25-mm coverslips and incubated for 10
min. Coverslips were mounted at the bottom of a chamber
placed on the stage of a Nikon Diaphot inverted epifluores-
cence microscope (Nikon, Garden City, NJ). Cells in a cham-
ber were placed in 2Ca™*/Na buffer (pH 7.4), and changes of
the intracellular calcium concentration were measured upon
addition of K562 target cells (E:T ratio = 1:1) and 4 uM iono-
mycin at intervals. The fluorescence ratio was monitored us-
ing a Metafluor Imaging System (Molecular Devices).

Western Blotting—K562 target cells were starved in serum-
free medium overnight and fixed with 1.6% formaldehyde for
10 min. One million target cells were mixed with NK cells at
1:1 ratio and incubated at 37 °C for the designated times. Cells
were harvested and lysed in ice-cold lysis buffer (20 mm Tris,
pH 7.5, 100 mm NaCl, 5 mm MgCl,, 1% Nonidet P-40, 0.5%
sodium deoxycholate) supplemented with protease inhibitor
mixture and the phosphatase inhibitor mixture PhosSTOP
(Roche Diagnostics) for 1 h at 4 °C. Equal amounts of protein
was loaded on 10% SDS-PAGE gel and transferred to PVDF
membrane (Gelman Science, Ann Arbor, MI) after gel elec-
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trophoresis. The resulting blot was processed using anti-phos-
pho-ERK (Cell Signaling Technology) and developed by Im-
mobilon Western Chemiluminescent HRP substrate
(Millipore) on x-ray film. The blot was stripped and reprobed
with anti-total ERK Ab (Cell Signaling Technology).
Statistics—One sample ¢ test and analysis of variance
(ANOVA) were performed to compare the mean difference
between the samples (SPSS, Chicago, IL). Where p value was
less than 0.05, the result was considered significant: *, p <
0.05; **, p < 0.01; ***, p < 0.001. All error bars represent S.D.

RESULTS

Ligation of 2B4 and CD48, but Not CD2 or CD58, Is Re-
quired for NK Cell Proliferation—Human NK cells freshly
isolated from PBMCs express 2B4, CD48, CD2, and CD58 on
their surface (Fig. 14). To dissect the role of 2B4/CD48 and
CD2/CD58 interactions among NK cells and determine
whether homotypic NK-NK cell interactions occur through
these receptors, purified NK cells (>95%) were cultured with
IL-2 in the presence or absence of blocking mAbs specific to
2B4, CD48, CD2, or CD58, or their matched isotype controls
(mIgG1 or mIgM; Fig. 1 and data not shown). When the num-
ber of NK cells was assessed following 10 days in culture with
IL-2, those treated with anti-2B4 or anti-CD48 mAbs, but not
with anti-CD2 or anti-CD58 mAbs, demonstrated ~45—60%
reduction in total cell numbers, compared with their isotype
control-treated groups (Fig. 1B).

Because reduced NK cell expansion in the mAb-treated
groups might have been the result of decreased cell prolifera-
tion, increased cell death, or both, the rate of cell proliferation
was determined using [*H]thymidine incorporation assay and
cell death was assessed using Annexin-V/PI staining. For the
cells cultured with blocking anti-2B4 or anti-CD48 mAbs, the
rate of [*H]thymidine incorporation into their DNAs was de-
creased approximately 35% compared with that of the isotype
control groups, whereas cells treated with anti-CD2 or anti-
CD58 mAbs remained unaffected (Fig. 1C). These results sug-
gest that homotypic 2B4/CD48, not CD2/CD58, interactions
among NK cells were critical for the expansion of human NK
cells. Notably, neither blocking of 2B4/CD48 nor CD2/CD58
interactions significantly affected NK cell death during the
culture, as the percentages of Annexin V"PI™ early apoptotic
cells and Annexin V*PI™ late apoptotic/necrotic cells in all
mAb-treated groups were comparable with those of isotype
controls (Fig. 1D). These data suggest that the reduced NK
cell number by blocking homotypic 2B4/CD48 interactions
was primarily due to the defect in cell proliferation rather
than accelerating apoptotic cell death. Therefore, similar to
mouse, engagement of 2B4 with CD48 on neighboring NK
cells was found to be essential for the proliferation and proper
expansion of NK cells in human.

NK Cell Cross-talks through Homotypic 2B4/CD48 and
CD2/CD58 Interactions Were Required for the Development of
Full NK Cytotoxicity—To determine whether LAK cells gen-
erated in the absence of homotypic 2B4/CD48 or CD2/CD58
interactions could develop full cytotolytic potential, a stand-
ard >'Cr release assay was performed against the NK-sensitive
leukemia K562 cells. As seen in Fig. 24, K562 cells did not
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FIGURE 1. Human NK cell proliferation was dependent on homotypic 2B4/CD48 interactions among NK cells. A, human NK cells were isolated from
PBMCs and their surface expression of 2B4, CD48, CD2, and CD58 was assessed by flow cytometry. B-D, isolated NK cells were cultured with IL-2 (300 units/
ml) for 10 days in the presence of anti-2B4, anti-CD48, anti-CD2, or anti-CD58 mAb (5 ug/ml). Mouse IgG1 (mIgG1) or IgM (not shown) were used as match-
ing isotype controls. The effect of mlgG1 or migM on cell proliferation was comparable with that of the untreated. B, live cell numbers were counted by
trypan blue exclusion. Relative cell numbers compared with the isotype control are presented as mean (%) = S.D.n = 9. *** p < 0.001 (one sample t test).
C, cells were incubated with 1 uCi of [*H]thymidine for the last 18 h in culture with IL-2 and incorporated [*H]thymidine into the DNA was measured. n = 4.
** p < 0.01 and ***, p < 0.001 determined by ANOVA combined with a Tukey post hoc test. D, cells were stained with FITC-conjugated Annexin V and pro-

pidium iodide and analyzed by flow cytometry. The values represent the percentage of cells in each quadrant. The results are representatives of 5 inde-
pendent experiments. The mean = S.D. from these 5 experiments are summarized in the table.

express surface 2B4 or CD438, thus the interaction between
2B4 and CD48 was localized only between NK cells, but not
between NK and target cells. When human NK cells were cul-
tured in the presence of IL-2, NK cytotoxicity increased
within 48 h and remained elevated for up to 14 days (data not
shown). Addition of isotype controls (mIgG1 or mIgM) dur-
ing IL-2 culture did not affect elevated natural cytotoxicity.
However, addition of blocking anti-2B4, anti-CD48, anti-CD2,
or anti-CD58 mAbs during the culture resulted in reduction
of NK cytotoxicity against K562 target cells (Fig. 2B). This
reduction was apparent despite the absence of blocking mAbs
during the 4-h *'Cr release assay, demonstrating that impair-
ment of cytotoxicity was not developed instantly during the
assay but rather could have occurred during the 14-day cul-
ture with IL-2 via blocking homotypic NK-NK interactions.
At an E:T ratio of 10:1, cytotoxicity of the anti-2B4, anti-
CD48, anti-CD2, or anti-CD58 mAb-treated NK cells was
reduced by approximately 30% compared with the isotype
control. Impaired cytotoxicity of anti-2B4 or anti-CD48 mAb-
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treated cells was not the result of poor viability or the inhibi-
tion of lytic machinery in these cells, as anti-NKG2D mAb-
induced redirected antibody-dependent cell cytotoxicity of
FcR™P815 targets was normal regardless of the presence of
the mAbs (Fig. 2C). On the other hand, blocking 2B4/CD48
interactions by anti-2B4 or anti-CD48 mAbs only during the
4-h ®!Cr release assay did not significantly alter NK cytotoxic-
ity (Fig. 2D). These data demonstrate that prolonged interac-
tions of 2B4 and CD48 among NK cells were required to de-
velop maximal cytotoxicity and that the contribution of
homotypic 2B4/CD48 interactions to target lysis became rela-
tively insignificant once effector cells mounted full cytotoxic
potential.

Intriguingly, whereas long-term blocking of CD2/CD58
interactions during the culture with IL-2 did not affect NK
cell expansion (Fig. 1), cells cultured in the presence of anti-
CD2 or anti-CD58 mAbs demonstrated reduced NK cytotox-
icity against K562 cells (Fig. 2B). This raised a possibility that
CD2/CD58 interactions might also have provided a co-stimu-
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FIGURE 2. Blocking homotypic 2B4/CD48 or CD2/CD58 interactions caused reduction of NK cytotoxic-
ity against CD48 negative K562 targets. A, expression of 2B4, CD48, CD2, and CD58 on K562 target cells
was assessed by flow cytometry. B, a standard 4-h >'Cr release assay was performed with NK cells, cultured
with 300 units/ml of IL-2 in the presence of 5 wg/ml of migG as an isotype control (#), anti-2B4 mAb (H),
anti-CD48 mAb (A), anti-CD2 mAb (@), or anti-CD58 mAb (X) for 14 days, as effectors and with *'Cr-labeled
K562 cells as target cells (Ab long-term blocking). C, a redirected antibody-dependent cell cytotoxicity assay
against °'Cr-labeled P815 cells pre-coated with anti-NKG2D mAb was performed with NK cells cultured as in
B. Specific lysis observed at an E:T ratio of 10:1 was shown. D, a standard 4-h >'Cr release assay was per-
formed using NK cells cultured with IL-2 without blocking mAbs. Mouse IgG as isotype control (), anti-2B4
mAb (M), anti-CD48 mAb (A), anti-CD2 mAb (@), or anti-CD58 mAb (X) at 5 ug/ml were added only during
the 4-h cytotoxicity assay (Ab short-term blocking). All the results are representatives of a minimum of 5 inde-

pendent experiments. Error bars represent S.D.

latory role in the development of cytotoxic NK cells. How-
ever, because K562 target cells also expressed CD58, reduced
cytotoxicity in the anti-CD2 mAb-treated cells might have
resulted from the inhibition of NK-target interactions
through down-regulated CD2. Indeed, addition of anti-CD2
or anti-CD58 mAbs during the 4-h *>'Cr release assay caused
significant reduction of cytotoxicity against K562 targets (Fig.
2D), demonstrating that the CD2 receptor was engaged in
natural cytotoxicity against CD58™ targets. However, the fact
that anti-CD58 mAb-treated NK cells, which expressed nor-
mal levels of CD2, also showed defects in lysing CD58 “K562
cells suggests that homotypic interactions through CD2/
CD58 among NK cells existed and influenced the develop-
ment of full cytotoxic potentials. Therefore, unlike 2B4/CD48,
CD2/CD58 interactions appeared to control both homotypic
NK-NK and heterotypic NK-target interactions.

Ectopic Expression of CD48 on K562 Cells Increases Their
Lysis by 2B4-expressing NK Cells—The results presented
above demonstrate a co-stimulatory role of 2B4 during the
IL-2-induced NK cell activation process. Because human 2B4
was also found to be an activating receptor in a variety of in
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retroviral vector encoding the hu-
man CD48 gene. Selected CD48-
expressing cells uniformly ex-
pressed CD48 on their surface,
whereas no CD48 was detected on
cells transduced with an empty
vector (Fig. 3A4). In accordance
with previous reports (22), CD48-
expressing K562 cells were more
susceptible to NK lysis by LAK
cells than those not transduced or
empty vector-transduced (Fig. 3B).
The average percent increase of
NK lysis against CD48 K562 cells
was calculated to be 40.9% as
compared with CD48-K562 cells
(K562 or K562 vector, **, p < 0.01).
Increased cytotoxicity of
CD487K562 cells was mainly due
to the 2B4/CD48 interactions be-
tween NK and K562 cells, as addi-
tion of blocking anti-2B4 mAb dur-
ing the 4-h cytotoxicity assay
abrogated this increase (Fig. 3B).
Furthermore, CD48-expressing
K562 cells significantly increased
IFN-vy secretion in LAK cells as
compared with the control un-
transduced or empty vector-trans-
duced cells (Fig. 3C). This increase
was also dependent on 2B4 binding of CD48 on targets, as an
additive increase of IFN-vy production was hampered in the
presence of blocking anti-2B4 mAbs. Together, these data
demonstrate that 2B4 in human NK cells plays a role not only
as a co-stimulatory receptor but also as an activating receptor
leading to cytokine secretion and cytotoxicity.

Homotypic NK Cell Interactions through 2B4/CD48 and
CD2/CD58 Was Required for the Secretion of IFN-y—To ex-
amine if reduced cytolytic functions by LAK cells generated in
the absence of 2B4/CD48 or CD2/CD58 interactions was as-
sociated with impaired secretory functions, we assessed the
ability of these cells to secrete IFN-+ (Fig. 4). Upon stimula-
tion by K562 cells, NK cells secreted a substantial amount of
IFN-vy (Fig. 4A). However, cells cultured in the presence of
anti-2B4, anti-CD48, anti-CD2, or anti-CD58 mAbs showed
dramatic impairment in secreting [FN-vy (Fig. 44 and data not
shown). The effect of anti-2B4 and anti-CD2 mAbs was found
to be highly comparable with anti-CD48 and anti-CD58
mADbs, respectively. When compared with cells cultured with
isotype control, anti-2B4-, anti-CD48-, or anti-CD2 mAb-
treated cells displayed ~36, 29, and 16% of IFN-vy, respec-
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FIGURE 3. CD48-expressing K562 target cells were more susceptible to NK cytotoxicity. A, K562 cells
were transduced with pMFG retroviral vector carrying human CD48 cDNA, as described under “Experimental
Procedures.” CD48 expression on empty vector-transduced or CD48-transduced K562 cells was analyzed by
flow cytometry. B, a standard 4-h *'Cr release assay was performed using NK cells cultured with 300 units/ml
of IL-2 for 10-14 days as effector cells and parental K562 cells, empty vector-transduced K562 cells, or CD48-
expressing K562 cells as targets. Where indicated, 5 png/ml of anti-2B4 mAb was added during the 4-h cyto-
toxicity assay. Specific lysis (%), presented as mean = S.D. of triplicates, at an E:T ratio of 10:1 was shown. The
average NK cytotoxicity against K562, K562 vector, K562 CD48 ", and K562 CD48™ with «2B4 mAb was

37.1 £1.2,38.1 = 0.9,53.7 = 2.5, and 43.3 = 1.8%, respectively (**, p < 0.01). The data are representative of
5 independent experiments. C, LAK cells, cultured as described above, were incubated with parental, empty
vector-transduced, or CD48-expressing K562 cells at an E:T ratio of 2:1 for 18 h. Where indicated, 5 ug/ml of
anti-2B4 mAb was added during the assay. Secretion of IFN-vy into the supernatant was assessed by ELISA.
The data are representatives of a minimum of 3 independent experiments. **, p < 0.01 and ***, p < 0.001, as
determined by ANOVA combined with a Tukey post hoc test. Error bars represent S.D.
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FIGURE 4. LAK cells, cultured in the presence of blocking anti-2B4, anti-
CD48, or anti-CD2 mAbs, produced less IFN-y upon K562 target expo-
sure. Human primary NK cells, cultured with 300 units/ml of IL-2 for 14 days
in the presence (A) or absence (B) of 5 ug/ml of isotype control or anti-2B4,
anti-CD48, or anti-CD2 mAbs, were incubated with K562 cells at an E:T ratio
of 2:1 for 18 h. In B, mIgG isotype control, anti-2B4, anti-CD48, or anti-CD2
mAbs were added during the 18-h assay. Secretion of IFN-vy into the super-
natant was assessed by ELISA. The data are representatives of a minimum 3
of independent experiments. ***, p < 0.001, as determined by ANOVA com-
bined with a Tukey post hoc test. Error bars represent S.D.

tively. Among the cells tested, anti-CD2 mAb caused the most
profound reduction of IFN-v, presumably due to inhibition of
both homotypic NK-NK and heterotypic NK-target CD2/
CD58 interactions. Indeed, addition of anti-CD2 mAbs par-
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Defective Degranulation Process—
To identify the basis for the cyto-
toxic defects of LAK cells cultured
in the absence of 2B4/CD48 or
CD2/CD58 interactions, intracellu-
lar content of granzyme B and per-
forin was assessed by flow cytom-
etry. As shown in Fig. 54, LAK
cells generated in the presence of
blocking mAbs to 2B4, CD48, or
CD2, or CD58 (data not shown) all
expressed comparable levels of
perforin and granzyme B, demonstrating that blocking homo-
typic interactions among NK cells did not affect the intrinsic
capacity to produce cytotoxic molecules. However, the release
of granzyme B in NK cells upon encountering K562 targets
was significantly inhibited in the absence of 2B4/CD48 or
CD2/CD58 binding (Fig. 5B). Degranulation events, as mea-
sured by CD107a expression, were also hampered in LAK
cells cultured in the presence of blocking anti-2B4, anti-
CD48, or anti-CD2 mAb (Fig. 5C). These results suggest that
blocking homotypic NK cell interactions through 2B4/CD48
or CD2/CD58 specifically affected the release, but not the
production, of cytotoxic granules in LAK cells and thereby
caused impaired lysis against tumor targets.

Blocking Homotypic Interactions Among NK Cells Resulted
in Defective Intracellular Calcium Release and ERK Phosphoryla-
tion—Impaired cytotoxicity and cytokine secretion in anti-
2B4-, anti-CD48-, or anti-CD2 mAb-treated cells suggest that
the signaling pathway initiated from NK receptors might
not have operated properly upon tumor target exposure.
Because calcium mobilization induced by activation of
PLC-v is an initial step leading to degranulation events, we
addressed whether the defective signaling in anti-2B4-, an-
ti-CD48-, or anti-CD2 mAb-treated LAK cells emerged at
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(Fig. 6B). However, LAK cells
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CD48 or CD2/CD58 interactions
was not able to induce phos-

phorylation of ERK after encoun-
1y tering K562 cells (Fig. 6C). Taken

together, costimulatory signals

conveyed by homotypic 2B4/CD48
and CD2/CD58 interactions
among NK cells were necessary for
intracellular calcium mobilization
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Human and mouse NK cells
present an analogous mode of acti-
vation mechanisms, mainly
through altering the balance be-
tween activating and inhibitory
signals upon stimulation. Although
a number of receptors were found
to be specifically expressed on hu-

man or mouse NK cells, e.g. the

FIGURE 5. Blocking 2B4/CD48 homotypic interactions impaired degranulation events without af-
fecting the production of granzyme B and perforin. A, isolated NK cells, cultured with 300 units/ml of
IL-2 for 14 days in the presence of isotype control, anti-2B4, anti-CD48, or anti-CD2 mAbs, were incu-
bated with K562 cells at a 1:1 ratio for 6 h. GolgiStop was added for the last 5 h. The cells were then
stained with anti-granzyme B or anti-perforin mAbs and assessed by flow cytometry. The data are rep-
resentatives of a minimum of 3 independent experiments. B, isolated NK cells cultured as above were
co-incubated with K562 cells at an E:T ratio of 1:1 for 24 h in anti-granzyme B Ab-coated ELISPOT plates.
The spot numbers per well were presented as mean = S.D.n = 3, *,p < 0.05 and **, p < 0.01, as deter-
mined by ANOVA combined with a Tukey post hoc test. C, NK cells cultured as above were co-incubated
with K562 cells at an E:T ratio of 1:1 for 6 h. GolgiStop was added for the last 5 h. The cells were stained

killer cell immunoglobulin-like
receptors, CD56, CD58, and
NKp44 for human and a lectin-like
structure (Ly49 receptors) and
NK1.1 for mouse, many receptors
were found and functionally pre-
served in both mouse and human
NK cells. 2B4 and CD2 are among

with anti-CD56 and anti-CD107a Abs and degranulation was assessed by flow cytometry. The values
NK cell number as compared with the isotype control, presented

represent the relative CD56"CD107a™
as mean (%) = S.D.,n = 5 (*, p < 0.05, one sample t test).

the level of intracellular calcium mobilization. As seen in
Fig. 6A, NK cells elevated intracellular calcium upon inter-
acting with K562 target cells. The percentage of NK cells
responded to K562 target cells varied between 50 and 70%.
In contrast, LAK cells generated in the presence of anti-
2B4, anti-CD48, or anti-CD2 mAbs substantially dimin-
ished intracellular calcium flux (Fig. 6A). Impaired calcium
release in these mAb-treated cells was not the result of
poor viability because they showed normal release of intra-
cellular calcium by addition of ionomycin, a calcium iono-
phore. These results suggest that the signaling defect in the
absence of homotypic 2B4/CD48 interactions might have
occurred at the proximal step of PLC-y activation. To fur-
ther dissect pathways involved in homotypic NK cell inter-
actions, ERK activation was assessed in LAK cells cultured
in the presence or absence of anti-2B4, anti-CD48, or anti-
CD2 mAbs. ERK is one of the known downstream mole-
cules of 2B4 signaling, mediating polarization of the micro-
tubule organizing center and granule exocytosis in NK
cells (23-25). Upon mixing LAK cells with target cells,
ERK was found to be increasingly phosphorylated in a
time-dependent manner, reaching a plateau within 30 min

DECEMBER 31, 2010+VOLUME 285+-NUMBER 53

those shared by mouse and human
NK cells and function through
binding to CD48, their common
ligand. Additionally, CD2 has another high affinity ligand,
CD58 in human. Although 2B4, CD2, CD48, and CD58, are all
constitutively expressed on NK cells, the functional conse-
quences of these interactions among NK cells have remained
elusive until now.

Previously we reported that 2B4, but not CD2, was found to
play a major role in the proliferation and activation of murine
NK cells through homotypic NK-NK interactions (7). In this
study, we confirm the presence of such homotypic interac-
tions through 2B4/CD48 in human NK cells and further pres-
ent the role of CD2/CD58 interactions during NK cell activa-
tion. Using blocking antibodies specific to each receptor, it
was demonstrated that both 2B4/CD48 and CD2/CD58 inter-
actions were required for the development of effector NK
cells equipped with full cytolytic and secretory functions.
However, 2B4/CD48, but not CD2/CD58, interactions were
found to control optimal NK cell proliferation in response to
IL-2. Therefore, the costimulatory function of 2B4 appeared
to be preserved across the species, but that of CD2 was differ-
entially regulated in human and mice.

These results are consistent with an earlier report by
Valiante and Trinchieri (5), where 2B4 was initially found as
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FIGURE 6. Blocking homotypic 2B4/CD48 interactions hampered intracellular calcium release and phosphorylation of ERK. A, NK cells were cultured
with 300 units/ml of IL-2 for 14 days in the presence of mIgG as isotype control, anti-2B4, anti-CD48, or anti-CD2 mAbs. Calcium flux was measured with an
epifluorescence microscope. K562 cells and ionomycin were inoculated sequentially. Each line represents intracellular calcium concentration from a single
cell in a given microscopic field. The data are representatives of minimum 3 independent experiments. B, Western blotting was performed to assess time-
dependent changes of ERK phosphorylation in LAK cells upon stimulation with K562 cells. LAK cells were co-incubated with fixed K562 cells at 1:1 ratio and
subsequently harvested at the designated time points for lysis. The upper bands represent phosphorylated ERK1/2 and the lower bands represent total
ERK1/2. C, human primary NK cells were cultured with 300 units/ml of IL-2 for 14 days in the presence of mlgG as isotype control, anti-2B4, anti-CD48, or
anti-CD2 mAbs. NK cells were coincubated with fixed K562 cells at an E:T ratio of 1:1 for 30 min, and Western blotting was performed as described above.
The data are representatives of a minimum of 3 independent experiments. Error bars represent S.D.

an activating receptor on human NK cells. Inhibition of NK
cell proliferation was apparent when blocking mAb against
human 2B4 (clone C1.7) was added to LAK cells cultured for
7 days. In contrast, a recent report by Stark and Watzl (19)
demonstrated no discernible effect on NK cell proliferation
for up to 4 days when 2B4/CD48 interactions were blocked
using C1.7 mAb during cultures with IL-2 and phytohemag-
glutinin. Those results are not entirely inconsistent from our
findings because it was also noticed that the presence of C1.7
mAD for less than 7 days in culture did not significantly influ-
ence proliferation of LAK cells. Thus, NK-NK cross-talk be-
tween 2B4 and CD48 appears to become more important in
the later effector phase than the earlier activation phase.
However, an alternative possibility is that the culture condi-
tion containing IL-2 and phytohemagglutinin in the presence
of irradiated feeder cells (K562 and 721.221, 1:1 mix), applied
by Stark and Watzl (19), were highly stimulating, hence cells
might become less dependent on homotypic 2B4/CD48 inter-
actions. Notably LAK cells generated in the absence of 2B4/
CD48 interactions were severely impaired for their ability to
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elevate intracellular calcium and subsequent ERK activation,
which was required for perforin-dependent cytolysis, degran-
ulation, and IFN-vy secretion. Therefore, NK signaling defect
in the absence of 2B4/CD48 interactions appeared to have
occurred at the proximal level of PLC-+ activation.

Although homotypic 2B4/CD48 interactions were shown to
exist both in human and mouse NK cells, murine 2B4 could
also function as an inhibitory receptor. Thus, CD48 expres-
sion on tumor targets inhibited NK lysis, whereas the absence
of 2B4 induced self-fratricide in murine NK cells (26). These
results provide a self-tolerance mechanism, independent of
MHC class [, against surrounding autologous CD48 ex-
pressing hematopoietic cells. However, such an inhibitory
function of 2B4 has not been found in mature human NK
cells. Similarly, no changes of cell death rate or fratricide
were detected in the human NK cell culture where 2B4/
CD48 binding was blocked in our study. Furthermore, in
contrast to mouse, ectopic expression of CD48 on K562
tumor targets rather facilitated than inhibited their lysis by
NK cells, suggesting that 2B4 in human consistently pro-
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vided co-stimulatory and activating, not inhibitory, func-
tions. These results raised a question of the mechanism of
controlling tolerance against CD48* NK or surrounding
hematopoietic cells in human. Recent reports demon-
strated that the 2B4 function was tightly regulated by MHC
class I (27) and by collective and simultaneous engagement
of other NK receptors, e.g. LFA-1 and NKG2D, in human
(28-29). Therefore, the species-specific regulatory mecha-
nism of 2B4 function may operate in mouse and human NK
cells.

Role of CD2 on NK cells was much less appreciated al-
though it is a well known co-stimulatory receptor in T cells
(30, 31). CD2 was abundantly expressed in human T cells and
shown to enhance antigen-presenting cell-T cell adhesion and
promote T cell activation at lower antigen concentrations
(32). In addition, CD2 was also suggested to initiate intracel-
lular signaling when cross-linked with anti-CD2 mAbs (33,
34). More recent results demonstrated that CD2 ligation with
CD58-stimulated T cell signaling cascades involved Lck,
TCR{ chain, and LAT through actin-dependent recruitment
to the plasma membrane microdomain (35). Furthermore,
CD2 interaction with CD58 on antigen-presenting cells acti-
vated PLC-vy and augmented intracellular calcium release in
antigen-specific T cell clones (31). It was also shown that sim-
ulation of CD2 up-regulated IL-8 production in human intes-
tinal intraepithelial lymphocytes upon contact with epithelial
cells (36). Therefore, CD2/CD58 interactions in human T
cells exhibited a potential to initiate TCR signaling independ-
ently and/or synergistically with TCR stimulation. Herein we
demonstrate two distinct functions of CD2 in human NK
cells: as an activating receptor toward CD58 expressed on
target cells to promote their lysis, and as a co-stimulatory re-
ceptor to regulate the development of NK effector functions.
This dual function of CD2 appeared to be mostly the results
of binding to CD58, not CD48, in human NK cells, although
CD2 could bind CD48 with relatively weak affinity. The com-
parable effects by anti-CD2 and anti-CD58 mAbs in blocking
proliferation and cytotoxicity support this notion. Notably,
LAK cells generated in the absence of CD2/CD58 interactions
did not show defects in cell proliferation or production of cy-
totoxic granules, such as perforin and granzyme B. Nonethe-
less, they were much less efficient in secreting IFN-vy and tu-
mor cytotoxicity. These impairments were likely associated
with the inability of NK cells to induce intracellular calcium
release and subsequent ERK activation upon tumor target
exposures, similar to those observed with anti-2B4 or anti-
CD48 mAb-treated cells. Our results are consistent with a
previous report using a human NK cell line, NK92, wherein
blockade of CD2 on NK cells reduced cytotoxicity and ERK
activation against K562 targets (37).

It is not clear at present what determines the co-stimula-
tory versus activating interactions when 2B4 or CD2 are en-
gaged with their cognate ligands. LAK cells generated in the
absence of 2B4/CD48 or CD2/CD58 interactions both dem-
onstrated severe intracellular singaling defects leading to im-
paired calcium mobilization and ERK activation, which might
have accounted for defective cytotoxicity and IFN-v secretion.
However, these defects do not explain the proliferative defects
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in the absence of 2B4/CD48 because LAK cells cultured in the
absence of CD2/CD58 interactions displayed normal prolifer-
ation. These data propose signaling divergence between cell
proliferation and cytotoxicity/cytokine release, which may be
controlled differentially by 2B4 or CD2 during NK activation
and expansion. Studies are underway to dissect individual
signaling pathways controlled by homotypic 2B4/CD48 and
CD2/CD58 interactions.

The differential function of 2B4 from mouse and human
may be attributed to its intracellular sequences. Although two
isoforms of 2B4, 2B4L with 4 immunoreceptor tyrosine-based
switch motifs and 2B4S with 1 immunoreceptor tyrosine-
based switch motif, were found in mouse, only the long form
of 2B4 with 4 immunoreceptor tyrosine-based switch motifs
is reported so far in human. 2B4L is known to mediate inhibi-
tory signals via SHP-1, whereas 2B4S delivered activating sig-
nals (38). In human, the third immunoreceptor tyrosine-
based switch motif was shown to recruit inhibitory tyrosine
phosphatases, e.g. SHP-1, SHP-2, and SHIP. The competition
between adaptor molecule SAP and tyrosine phosphatases
was demonstrated to drive the function of 2B4 toward activat-
ing or inhibiting (13, 39). Another adaptor molecule, 3BP2
(SH23BP2), was found to interact with human 2B4, but not
with murine (24). 3BP2 acts downstream of SAP and links to
the activation of PI3K, Vav, ERK, PLC-v, and PKC (40). Thus,
lack of SAP binding to 2B4, observed in x-linked lymphopro-
liferative disease patients, likely converts activating 2B4 into
inhibitory via associated tyrosine phosphatases. Consistent
with this hypothesis, SAP expression was shown to be up-
regulated upon activation (41), and relative paucity of SAP
failed to deliver signals to 3BP2 and subsequent PLC-y and
ERK activation (42). Unlike 2B4, the role of CD2 in control of
NK effector functions was found to be specific to human, not
murine, NK cells. However, we cannot rule out the possibility
that the lack of CD2 function in mouse NK cells might have
been due to the absence of its high affinity receptor. There-
fore, it would be interesting to see whether expression of hu-
man CD58 on mouse NK cells turns CD2 into a positive regu-
lator for homotypic NK-NK cross-talk in mouse.

In summary, these results demonstrate the existence of cell
to cell cross-talks among NK cells through 2B4/CD48 and
CD2/CD58 in humans. Both 2B4/CD48 and CD2/CD58 inter-
actions are required for the development of cytotoxic and
secretory effector functions, but only 2B4/CD48, not CD2/
CD58, binding appears to be critical for the optimal NK cell
expansion. These results suggest differential and overlapping
roles of 2B4/CD48 and CD2/CD58 interactions in mouse and
human NK cells, which is required to be taken into consider-
ation to analyze in vivo immune phenomena in particular dis-
ease settings of animal models.
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