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NK Cells Stimulate Proliferation of T and NK Cells through
2B4/CD48 Interactions'

Erika Assarsson,* Taku Kambayashi John D. Schatzle? Sven O. Cramer® Arne von Bonin,3
Peter E. Jensen, Hans-Gustaf Ljunggren,?* and Benedict J. Chambers*

Few studies have addressed the consequences of physical interactions between NK and T cells, as well as physical interactions
among NK cells themselves. We show in this study that NK cells can enhance T cell activation and proliferation in response to CD3
cross-linking and specific Ag through interactions between 2B4 (CD244) on NK cells and CD48 on T cells. Furthermore, 2B4/CD48
interactions between NK cells also enhanced proliferation of NK cells in response to IL-2. Overall, these results suggest that NK
cells augment the proliferation of neighboring T and NK cells through direct cell-cell contact. These results provide new insights
into NK cell-mediated control of innate and adaptive immunity and demonstrate that receptor/ligand-specific cross talk between
lymphocytes may occur in settings other than T-B cell or T-T cell interactions. The Journal of Immunology, 2004, 173: 174—-180.

atural killer cells represent a third subset of lymphocytes Recent data have indicated a direct role for T-T cell interactions
important in theearly defense against certain viruses, mi- in the enhancement of Ag-specific proliferation of naive CDB
crobial infections, and cancer (1-5). NK cells have potentcells and cytokine-driven proliferation of memory CDT cells
cytotoxic functions and are efficient producers of several cytokines(19, 25). Although the cytokine milieu formed by NK cells during,
including IFN-y, TNF-«, and GM-CSF (6). These cytokines provide for example, an infection plays a central role in influencing the
important immunoregulatory properties by which NK cells can affectoutcome of specific T cell-mediated immune responses, it is still
antimicrobial and antitumor responses as well as influence the outinclear whether direct cellular interactions between NK and T
come of autoimmune and hypersensitivity reactions (7). NK cellscells can influence T cell responses. In the present study, we dem
have also been reported to affect CTL responses in infection and twnstrate that NK cells efficiently enhance CD4s well as CD8
mor models as well as B cell responses (8, 9). T cell proliferation and that this process is dependent upon inter- =
A number of receptor/ligand pairs have been shown to modulatections between 2B4 on NK cells and CD48 on T cells. In addition,
lymphocyte responses. Among these are members of the CD2 sulare demonstrate that 2B4/CD48 interactions enhance NK cell pro-
set of the Ig family of receptors, including CD2, CD48, CD58, liferation in response to IL-2. These results represent a novel &
CD84, signaling lymphocyte activation molecule, 2B4, and Ly-9. mechanism by which NK cells may bridge the innate and the adap-
These receptors have been implicated in modulation of T or NKtive immune systems and highlight the role for lymphocyte-lym-
cell responses (10). One of the better characterized interactions ghocyte interactions in driving immune responses.
the one occurring between CD2 and CD48 that lowers quantitative
thresholds and fine-tunes T qell activation both in vitro aqd in viv_o Materials and Methods
(11-14). The 2B4 (CD244) is a cell surface glycoprotein that is;; .o
expressed on all NK cellg;s T cells, and a subset of CD8T cells
with memory/effector phenotype (15-19). Like CD2, 2B4 binds to The strains used in this study include adD§7BL/6 (B6), F5 (TCR trans-

. ) ) . genic (Tg¥ specific for an influenza nucleoprotein epitope, ASNENMDAM,
CD48, but with 6- to 9-fold greater affinity (20-22). Engagement presented on H-20) (26), DO11.10 (TCR-Tg specific for an OVA epitope,

of 2B4 on NK cells with specific Ab leads to secretion of IRN-  |SQAVHAAHAEINEAGR, presented on I-8) (27), RAG-1'~ (28), per-

and increased cytotoxicity (15, 21, 23, 24). forin-deficient (PKOB)’"xRAG-1"/~ (29), B10.D2, CD48'~ (30), and
DBA/2. All animals were bred and housed under standard conditions at the
Microbiology and Tumor Biology Center, Karolinska Institutet; Depart-
*Center for Infectious Medicine, Department of Medicine, Karolinska Institutet, Hud- ment of Pathology, Emory University SChOOI. of Medicine; and Department
dinge University Hospital, Stockholm, SwedéiEmory University School of Med- ~ Of Pathology, Brigham and Women Hospital, Harvard Medical School
icine, Department of Pathology, Atlanta, GA 3032Bepartment of Pathology and ~ (Boston, MA). All animal procedures were approved by the local depart-
Graduate Program in Immunology, University of Texas, Southwestern Medical Cenments as well as by the Committee for Animal Ethics in Stockholm,
ter, Dallas, TX 75390; an@Bernhard-Nocht-Institute for Tropical Medicine, Bern- Sweden.

hard-Nochtstrasse, Hamburg, Germany
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Tr’:e costs ?:. p“bl.icl""tion of tﬂis afrticlebwer:e df)frayed in part by the paymznt of Page>g1 51umor cells were transfected with 2B4 (clone P815-2B4.D1 used, des-
charges. This article must therefore be hereby maddwértisement in accordance . . . - ’
with 18 U.S.C. Section 1734 solely to indicate this fact. |gnateq P815-2B4; see below) and with H%stgnated P8153Xand cul-
tured in RPMI 1640, 5% FCS, 100 U/ml penicillin, and 100ml strepto-
1 This work was supported by the Swedish Foundation for Strategic Research, thﬁhycin. All chemicals were purchased from Sigma-Aldrich (St. Louis
Karolinska Institutet, the Swedish Research Council, the Swedish Cancer Society, tfﬁo) unless otherwise specified. OVA-derived peptide (Q ) !
Il . ydAg_ 39

Tobias Foundation, the Ake Wiberg Foundation, the Alex and Eva Wallstrém Foun- -
dation, the Lars Hiertas Foundation, the Swedish Foundation for International CoopI—SQAVHAAHAEINEAGR’ was purchased from Interactiva (Ulm, Ger-

eration in Research and Higher Education, and the Swedish Society for Medical"@n), and the influenza virus nucleoprotein-derived peptide,NE),
Research. ASNENMDAM, was purchased from Research Genetics (Huntsville, AL).
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All Ab used were purchased from BD PharMingen (San Diego, CA), ex-
cept for FITC anti-human Ig and human Ig (Jackson ImmunoResearch
Laboratories, West Grove, PA); anti-murine CD3 (145-2C11) was purified
from cell culture medium. All Ab used in proliferation assays were
azide free.

Transfection

Tumor cells were grown to a density of 1 X 10%ml, and ~1 X 107 total
cells were used for transfection. Cells were harvested and washed twice
with serum and antibiotic-free medium. Approximately 10 ng of plasmid
(PBSRaEN with or without 2B4-D1 cDNA inserted) was linearized and
used for transfection by electroporation at 960 wF and 250 V. Cells were
kept on ice for 15 min following transfection, then placed into complete
medium (RPMI 1640, 10% FCS, 100 U/ml penicillin, 100 U/ml strepto-
mycin) overnight at 37°C, 5% CO,. The following day, cells were har-
vested and resuspended in complete medium containing 1 mg/ml G418 and
plated into a single 96-well flat-bottom plate. Clones were obtained ~2 wk
later and screened for 2B4 expression by flow cytometry.

Flow cytometry

Fc receptors were blocked by incubating the cellsin anti-CD16/32 Ab at 10
no/ml, after which the cells were stained with the specified Ab or its iso-
type control at 10 wg/ml. For stainings with Ig fusion proteins, splenocytes
were stained with polyclonal human g (Jackson ImmunoResearch Labo-
ratories) or 2B4 1g (see below) at 10 wg/ml, washed twice, and stained with
FITC-conjugated goat anti-human Ig at 10 pg/ml. The intensity of fluo-
rescence was measured on a FACScan flow cytometer (BD Biosciences,
Mountain View, CA) and analyzed using CellQuest computer software
(BD Biosciences).

Cell purification

Murine CD4*, CD8", and DX5™ cells were purified from spleens of mice
using the MACS separation system (Miltenyi Biotec, Bergisch Gladbach,
Germany), according to the manufacturer’s guidelines, and resuspended in
complete eMEM («MEM, 10 mM HEPES, 2 X 10°> M 2-ME, 10% FCS,
100 U/ml penicillin, 100 U/ml streptomycin). Unless noted elsewhere, NK
cells were purified from RAG-1"'~ mice. Purity of the NK cells was ex-
amined by flow cytometry by confirming the expression of NK1.1 and the
lack of CD14 and MHC class 1.

NK cell activation

For IL-2 activation, freshly purified DX5" cells were cultured in complete
oMEM with IL-2 at 1000 U/ml for 6 days. When not else noted, all NK
cells used in this study were IL-2 activated.

Proliferation assays

Dendritic cells (DC) were prepared from bone marrow of mice, cultured for
6 days, as previously described (31), pulsed with ASNENMDAM or
ISQAVHAAHAEINEAGR peptide for 24 h, and seeded at 2 X 10* cells/
well in U-bottom 96-well plates. A total of 3 X 10* naive CD8" or CD4*
TCR-Tg T cellsand 4 X 10* DX5" IL-2-activated NK cells were added to
each well with the indicated Ab. In the DC-free cultures, 3 X 10* naive
CD8" or CD4" B6 T cellswere added to each well in aflat-bottom 96-well
plate precoated with anti-CD3 Ab at 10 pg/ml (if not otherwise noted) at
4°C for 24 h. All T cell proliferation assays were performed for 3 days,
except for the IL-2-induced proliferations that lasted for 5 days. [*H] Thy-
midine (1 nCi/well) was added for the last 18 h of all assays. The plates
were harvested on glass fiber filters and analyzed in a beta scintillation
counter (Wallac Oy, Turku, Finland). For NK cell proliferation assays,
cells were seeded at 4 X 10 cells’well in U-bottom 96-well plates and
cultured in IL-2 at 1,000 U/ml with the indicated Ab. The NK cell prolif-
eration assays were performed for 5 days and measured, as above. In pro-
liferations using CFSE, purified B6 CD8", CD4* T, or DBA/2 CD8" T
cells were incubated with 1 uM CFSE for 10 min at 37°C, washed twice,
and cultured at 1.5 X 10°well with 2 X 10° DX5" IL-2-activated NK cells
or irradiated (20,000 rad) P815 cells in a 12-well plate precoated with
anti-CD3 Ab. Proliferation was determined by dilution of the CFSE dye by
flow cytometry.

Construction of the m2B4-1g expression vector and production
of the 2B4-Ig fusion protein

Total cellular RNA was extracted from DX5 cells using the TRIzol RNA
isolation method (Life Technologies, Rockville, MD), followed by cDNA
synthesis using the first-strand cDNA synthesis kit (Pharmacia Amersham
Biotech, Piscataway, NJ), according to the protocol using pd(N)6 primers.
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The cDNA was used as template in a PCR with the primers 2B4-forward
(5'-GATCAAGCTTCGCACCATGTTGGGGCAAG CTG-3') and 2B4-
reverse (5'-GATCGGATCCGCATTCGAAGGGACACTTTGAC-3') con-
taining arestriction site for Hindlll and BamHI, respectively. The cycling
parameters were asfollows: 95°C, 3 min; 35 cycles, 95°C, 30 s, 55°C, 45 s,
72°C, 120 s; 72°C, 10 min. The resulting PCR product was digested with
Hindlll and BamHI and cloned into the plasmid pcDNA1.1/Amp-hlg, 5" of
a DNA fragment encoding for the Fc part of human I1gG1. After verifying
the construct by seguencing, vectors containing the m2B4-1g sequence
were transfected into COS-1 cells (32). After 14 days, the culture super-
natant was collected and applied to a protein G-Sepharose column. Bound
m2B4-1g molecules were eluted with imidazole and dialyzed against PBS.
Purity and integrity were analyzed by silver staining and Western blotting.

CD8* T cell stimulation for CD69 expression

A total of 3 X 10° freshly purified CD8" T cells was cultured in anti-
CD3-coated (at concentrations indicated) 48-well platesin 500 ul of com-
plete «MEM for 3 h alone or in the presence of 3 X 10° irradiated P815
cells. After culture, the cells were stained with anti-CD69 FITC and anti-
CD8a PE and analyzed by flow cytometry.

Satistical analysis

Student’s two-sample t test was used, assuming unequal variances when
comparing triplicates from the different treatments with controls within
each experiment, or the paired two-sample t test when comparing groups of
combined experiments.

Results
NK cells enhance the anti-CD3-induced proliferation of CD8*
and CD4™ T cells through 2B4/CD48 interactions

To investigate whether NK cells could directly enhance T cell
proliferation, we used a system in which CD8" and CD4" T cells
were stimulated with immobilized anti-CD3 Ab in the presence or
absence of IL-2-activated NK cells. To visualize the T cell prolif-
eration, CD8" and CD4™" T cells were labeled with CFSE, which
allows the measurement of proliferating cells by flow cytometry.
As shown in Fig. 1A, the addition of NK cells to CFSE-labeled
CD8"* and CD4™ T cells significantly increased T cell prolifera-
tion. The addition of anti-2B4 Ab to these cultures reduced the
proportion of proliferating CD8" and CD4™ T cells to background
levels. T cells cultured in the absence of NK cells were not affected
by the addition of anti-2B4 Ab (Fig. 1A, top two histograms; data
not shown). These results suggest that the enhanced proliferation
of T cells upon the addition of NK cells was mediated through
cell-cell contact. In support of this notion, the NK cell-mediated
stimulation of T cell proliferation was abrogated if the NK cells
were separated from the T cells by a cell-impermeable porous
membrane (data not shown).

NK cell-mediated enhancement of T cell proliferation was also
confirmed by measuring [*H]thymidine incorporation. The addi-
tion of IL-2-activated NK cells to the T cell cultures clearly en-
hanced the proliferative response of both CD8* and CD4™ T cells
(Fig. 1, B and C). Under these conditions, the enhanced prolifer-
ation was reversed either by Ab to 2B4 or to its only known ligand
CD48, whereas addition of an isotype control Ab or anti-NK1.1
Ab, another activating molecule expressed on NK cells, had no
effect (Fig. 1, B and C; data not shown). Additional control ex-
periments revealed that T cell proliferation was not affected by
anti-2B4 Ab in the absence of NK cells (Fig. 1, B and C), nor did
NK cells proliferate to any major extent when cultured aone (Fig.
1, B and C). However, to exclude that even a minor proliferation
of NK cells would give rise to the enhanced thymidine uptake
observed when mixed with T cells, NK cells were treated with
mitomycin C to inhibit cell division. Mitomycin C-treated NK
cells enhanced the T cell proliferation to the same degree as the
untreated NK cells (data not shown).
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FIGURE 1. NK cell-mediated enhance-
ment of T cell proliferation in an APC-free
system. A, CFSE-labeled B6 CD8" T cells
or CD4" T cells cultured in anti-CD3-coated
plates (1 wg/ml) in the presence or absence
of NK cells and Ab. The fluorescence inten-
sity was determined by flow cytometry.

Numbers represent percentage of nondivid-
ing cells. B, CD8" T cells, or C, CD4* T
cells cultured in anti-CD3-coated plates (1

Counts

ng/ml) in the presence or absence of NK
cellsand Ab: W, 1gG2b; N, anti-2B4; [, anti-
CD48. Proliferation was measured by
[3H]thymidine incorporation during the last

18 h. Results are expressed as mean cpm *
SD of triplicate cultures. One representative
result of three (A) and two (B and C) inde-

pendent experiments is shown.
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The 2B4/CDA48 interactions regulate Ag-driven proliferation of
CD8" and CD4" T cells in the presence of NK cells

We next investigated whether 2B4 expression on NK cells could
also regulate Ag-specific T cell proliferation. CD8" or CD4*
TCR-Tg T cells were cocultured with NK cells and Ag-pulsed DC
in the absence or presence of anti-2B4 or anti-CD48 Ab. In these
systems, NK cells increased proliferation of T cells, athough the
degree to which this occurred varied between different experi-
ments. In experiments in which efficient stimulation of T cell pro-
liferation was seen, blocking of either 2B4 or CD48 significantly
reduced the proliferative response of both CD8* and CD4" T cells
(Fig. 2, A and B). In contrast, no decrease in proliferation was
observed upon addition of an isotype control or anti-NK1.1 Ab
(Fig. 2, A and B). Importantly, proliferation was not affected by
anti-2B4 Ab in the absence of NK cells.

NK cells can kill autologous DC in vitro in a perforin-dependent
manner (33, 34). Because cross-linking of 2B4 is known to en-
hance NK cell-mediated cytotoxicity, there was a possibility in the
present setting that the anti-2B4 Ab triggered NK cells to lyse
peptide-loaded DC, which would result in a relatively reduced in-

y

duction of Ag-specific T cell response (15, 21, 23, 24). Therefore,
similar experiments were performed using NK cells from perforin-
deficient mice. In addition, anti-Fas ligand (FasL) Ab was added to
the cultures to block any possible Fas-FasL-mediated killing of
DC. As shown in Fig. 2C, anti-2B4 Ab significantly reduced the
CD8* T cell proliferation even in cocultures using perforin-defi-
cient NK cells in combination with anti-FasL Ab. Similar obser-
vations were also made using formaldehyde-fixed DC not being
susceptible to NK cell-mediated lysis (data not shown). Fab of
anti-2B4 Ab were also able to block T cell proliferation in the
presense of NK cells, suggesting that the reduced proliferation was
not due to cross-linking activation of NK cells by 2B4 cross-link-
ing or Ab-dependent cellular cytotoxicity on the DC (data not
shown).

NK cells make up ~5% of all lymphocytes in the peripheral
blood and spleen. NK cells are also detectable in lymph nodes,
albeit at low numbers. The relatively lower numbers of NK cells
than T cells in periphera blood and secondary lymphoid organs
led us to address how many NK cells were required to enhance
CD8* T cdll proliferation. As few as 1 NK cell per 16 T cells
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FIGURE 2. The 2B4/CD48 interactions regulate Ag-driven proliferation of CD4* and CD8™ T cellsin the presence of NK cells. TCR-Tg T cells were
cocultured with H-2-syngeneic NK cells (B6 or B10.D2) and DC loaded with specific peptide at concentrations indicated and various Ab, as shown. A, F5
TCR-Tg CD8* T cells, or B, DO11.10 TCR-Tg CD4™ T cells. C, F5 TCR-Tg CD8" T cells cocultured with DC loaded with 1 1M specific peptide and
perforin-deficient (PKOB ~'~) NK cells in the presence or absence of anti-FasL Ab, and 1gG2b or anti-2B4 Ab. Proliferation was measured by [°H]thy-
midine incorporation. Results are expressed as mean cpm *+ SD of triplicate cultures. *#, p < 0.01 compared with cultures with IgG2b. One representative

result of three (A and B) or two (C) independent experiments is shown.
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enhanced the anti-CD3-induced T cell proliferation (Fig. 3). This
result suggests that activated NK cells may affect T cell prolifer-
ation in organs and tissues in which NK cells are relatively few in
numbers.

P815 tumor cells expressing 2B4 enhance the proliferation of
CD8" T célls

To directly investigate whether 2B4 expression alone is sufficient
to enhance T cell proliferation, we transfected CD48-negative
P815 tumor cells with a mutant form of 2B4 that has a truncated
intracellular domain, to obviate the signaling potential of the mol-
ecule. CFSE-labeled CD8" T cells from DBA/2 mice were cul-
tured in ahigh dose of IL-2 alone or with irradiated P815-2B4 cells
or P815 control cells for 5 days (Fig. 4, A-H). The proliferative
response of T cells cultured alone (Fig. 4A) was equivalent to that
of T cells cultured with P815 wild type (wt) (Fig. 4C) or with
P815-K®, used as a control for the transfection (Fig. 4H). In con-
trast, the addition of P815-2B4 cells to the cultures resulted in a
marked increase in cell division (Fig. 4E). Notably, the addition of
anti-2B4 Ab reversed the proliferation nearly to background levels
(Fig. 4F), whereas there was no effect on the proliferation of T
cells cultured alone (Fig. 4B) or with P815 wt (Fig. 4D). Similarly,
Fab’ fragments of the anti-2B4 Ab also reduced the 2B4-mediated
increase in T cell proliferation (Fig. 4G).

The 2B4 binds exclusively to CD48

From the present and previously published reports, it could not
formally be excluded that 2B4 bound to molecules other than
CD48. To address this, we produced a fusion protein composed of
the extracellular domain of murine 2B4 and a human IgG1 tail,
which was used to stain B6 and CD48/~ splenocytes. All B6
lymphocytes stained positively for 2B4-1g, whereas no binding
was detected on CD48 '~ lymphocytes, suggesting that 2B4 binds
specifically to CD48 (Fig. 5A). To confirm that the effects of 2B4
were mediated through CD48 on the proliferating T cells, anti-2B4
and anti-CD48 Ab were added together to anti-CD3-stimulated
CD8" T cellsand NK cells. No additive effect was observed when
combining the two Ab, which suggested that the anti-2B4 Ab spe-
cifically blocked the interaction between 2B4 and CD48 (Fig. 5B).

When CD4* T cells purified from CD48 '~ mice were cocul-
tured with NK cells, no significant increase in T cell proliferation
was observed (Fig. 5C). Nor did anti-2B4 or anti-CD48 Ab affect
the T cell responses (Fig. 5C). When CD8* T cells purified from

% *

*
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8000
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2000
0

W 1gG2b
o «2B4

3H-Thy Incorporation

0:1 1:1 1:4 1:16 1:64
NK cell / T cell-ratio

FIGURE 3. Low numbers of NK cells are sufficient to enhance T cell
proliferation. B6 CD8" T cells (30,000/well) were cultured in anti-CD3-
coated plates with decreasing numbers of NK cells in the presence of Ab.
Proliferation was measured by [*H]thymidine incorporation. Results are
expressed as mean cpm = SE of triplicate cultures. **, p < 0.01; *, p <
0.01 compared with cultures without NK cells. Shown is the result of two
independent experiments pooled.
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FIGURE 4. The 2B4-expressing P815 tumor cells enhance the prolif-
eration of CD8" T cells. CFSE-labeled DBA/2 CD8" T cells cultured
aone or with irradiated P815 tumor cells in the presence of IL-2. Prolif-
eration was determined as decreased fluorescence intensity measured by
flow cytometry: A, T cellsalone + 1gG2b; B, T cells dlone + anti-2B4; C,
T cellswith P815 wt + 1gG2b; D, T cells with P815 wt + anti-2B4; E, T
cells with P815-2B4 + 1gG2b; F, T cells with P815-2B4 + anti-2B4; G,
T cellswith P815-2B4 + anti-2B4 Fab’; H, T cellswith P815-K® + 1gG2b.
Numbers represent percentage of nonproliferating cells. One representative
result of three independent experiments is shown.

CD48 '~ mice were cocultured with wt NK cells, anincreasein T
cell proliferation was observed (Fig. 5D). The latter increase could
for obvious reasons not be due to 2B4-CD48 interactions, nor was
the proliferation decreased by the presence of anti-2B4 or anti-
CD48 Ab. Thereason for this effect of NK cells on CD48-deficient
CD8* T cellsis not known, and was not subject for further anal-
ysis. It is possible, however, that the CD48-deficient CD8™ T cells
retain some compensatory mechanisms in the absence of CD48-
dependent interactions. These results confirm the specificity of the
anti-2B4 and anti-CD48 Ab used in our studies.

The 2B4-expressing cells enhance the activation of CD8*
T cells

The expression of CD69, a marker of recent activation, was ex-
amined on anti-CD3-stimulated CD8™ T cells that were cocultured
with or without 2B4-expressing cells. Strikingly, coculture with
P815-2B4 cells increased the fraction of CD69™ T cells from ~15
to ~50% as early as 3 h after anti-CD3 stimulation (Fig. 6). The
addition of anti-2B4 Ab reduced the number of CD69™ T cells to
~20%. In contrast, coculture with P815 wt cells had only a minor
effect on the CD69 expression of anti-CD3-stimulated CD8" T
cells (Fig. 6). Similarly, coculture with NK cells significantly in-
creased the number of CD69™ T cells through 2B4/CD48 interac-
tions (data not shown). Thus, costimulation through 2B4/CD48
interactions not only affected proliferation, but also enhanced
short-term activation of T cells.

Increased NK cell proliferation upon 2B4/CD48 interaction

To examine whether NK cell proliferation could also be regulated
by 2B4/CDA48 interactions, freshly purified murine splenic NK
cells were cultured in a high dose of 1L-2 (1000 U/ml) for 5 days
in the presence of Ab. In these cultures, NK cell proliferation was
reduced upon blocking either 2B4 or CD48 (Fig. 7). No additional
blocking effect was observed when combining anti-2B4 and anti-
CD48 Ab (Fig. 7). Taken together, these results show that NK cells
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augment the proliferation of neighboring T cells as well as other
NK cells through direct cell-cell contact via 2B4/CD48
interactions.

Discussion

In the present study, we demonstrate that NK cells enhanced the
proliferation of both CD8" and CD4™ T cells in response to spe-
cific Ag and CD3 cross-linking. Addition of P815 tumor cells
transfected with the gene encoding 2B4 (P815-2B4) also enhanced
the T cell proliferation in response to I1L-2, whereas the addition of
P815 wt cells had no effect. The enhancement in proliferation me-
diated by NK cells or P815-2B4 cells was reversed by anti-2B4 or
anti-CD48 Ab. Strikingly, 2B4 displayed immediate effects on T
cell activation, because 2B4-expressing cells increased the fraction
of CD69-expressing CD8™ T cells as early as 3 h after anti-CD3-
induced activation. Again, this effect was reversed by the addition
of anti-2B4 Ab. These results suggest that the 2B4 molecule acts
as aligand for enhancing activation and proliferation of neighbor-
ing T cells through CD48. Furthermore, the IL-2-induced prolif-
eration of both murine and human NK cells was markedly reduced
when anti-2B4 or anti-CD48 Ab were added to the cultures (Fig.
7; our unpublished data). These data suggest that 2B4/CD48 in-
teractions play an important rolein the proliferation of both T cells
and NK cells.

This present study implies that 2B4 bound specifically to CD48,
as demonstrated by the inability of a 2B4-1g fusion protein to bind
cellsfrom CD48~'~ mice. Furthermore, anti-2B4 Ab had no effect
on the proliferation of CD48~/~ T cells that were cocultured with
NK cells. These results suggest that the anti-2B4 Ab specifically
interrupted binding between 2B4 and CD48. The 2B4/CD48 in-
teraction is known to be 5-10 times stronger than the CD2/CD48
interaction.

Interestingly, CD2~/~ mice have a similar phenotype to wt
mice, whereas T cellsfrom CD48 '~ mice have a severe reduction
in proliferation and IL-2 production in response to lectins, anti-
CD3 Ab, and alloantigens (30, 35-37). Possibly, 2B4 compensates
for the lack of CD2 in CD2/~ mice, which may explain why the
phenotype of CD2 '/~ mice is less pronounced. Related to this
issue, we have recently shown that memory-like CD8" T cells
up-regulate 2B4 upon activation in vitro and in vivo (19). In cul-
tures containing 2B4-expressing T cells, the interaction between

CD2 and CD48 no longer influenced T cell proliferation (19).
Therefore, 2B4 may be a more potent ligand than CD2 for co-
stimulating lymphocytes through CD48. Based on our present
findings, one may predict that 2B4-deficient mice could exhibit
reduced T cell responses when additional costimulation is required
to drive efficient proliferation of CD4* and CD8* T cells. For
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FIGURE 6. The2B4-expressing cellsenhance the activation of CD8* T
cells. CD8" T cells were cultured in anti-CD3-coated (0.1 ug/ml) plates
for 3 h done or in the presence of P815 wt or P815-2B4 cells and Ab, as
shown. After culture, the cells were analyzed for CD69 expression (a
marker for early activation) when gated on CD8a™* T cells by flow cy-
tometry. A, Histograms showing CD69 expression on CD8a™ T cells from
the cultures. B, E, T cells aone plus IgG2b; [, T cells plus P815 wt and
1gG2b; M, T cells plus P815-2B4 and 1gG2b; N, T cells plus P815-2B4 and
anti-2B4 Ab. Results are expressed as percentage of CD69™ cells of total
CD8a™ T cells. One representative result of two independent experiments
is shown.
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example, 2B4/CD48 interactions may be important for T cells to
mount a sufficient response against an Ag/MHC complex that
binds to a given TCR with low affinity. The 2B4 '~ mice may also
have difficulty in sustaining long-term T cell memory, because
2B4 aso enhances cytokine-induced proliferation of memory
CD8™ T cells. Furthermore, expansion of NK cells may be ham-
pered in the 2B4 '~ mice.

The present study demonstrates that, apart from being an inhib-
itory or activating receptor on NK cells (38, 39), 2B4 can act as a
ligand for CD48 expressed on other cells. Cross-linking of CD48
by specific Ab has previously been shown to increase the prolif-
erative response of anti-CD3-stimulated CD8™ T cells (40). The
present study corroborates the conclusions of that study, by dem-
onstrating that 2B4, a natural ligand for CD48, congtitutively ex-
pressed on NK cells stimulates proliferation of anti-CD3- as well
as specific Ag-stimulated T cells. Although CD48 is a GPl-an-
chored receptor and lacks intracytoplasmic domains, it can be
physicaly associated to G proteins or to the SRC family of ty-
rosine kinases in glycolipid-enriched microdomains of the cell
membrane (41, 42). This may be mediated by Lck, which is phos-
phorylated upon CD48 cross-linking (43-45). Interestingly,
Ick~/~ CD8" T cells expressed higher levels of CD48 when com-
pared with wt T cells (our unpublished data). Additionally, lck '~
NK cells expressed higher levels of 2B4 than wt NK cells. The
increased expression level of 2B4 and CD48 may be a compen-
satory mechanism to achieve efficient cross talk between NK and
T cellsin the absence of Lck. However, exactly what signals led to
the enhancement of proliferation through 2B4/CD48 interactions
remains to be determined.

Although cross-linking of 2B4 on NK cells stimulates lytic ac-
tivity, IFN-vy secretion, and granule exocytosis, the function of 2B4
expressed on T cells is not clear (15, 18, 46). Kumar and col-
leagues (47) have shown that 2B4/CD48 interactions between T
cells can augment CTL activity. These data suggest that ligand
interaction among T cells themselves may play arole not only in
improving T cell proliferation, but also in enhancing CTL function
when these T cells encounter Ags.

T-T cell interactions have recently been described as important
players in the generation of T cell memory (25). Briefly, the gen-
eration of memory CD8" T cells, with an enhanced capacity for
cell division and cytokine secretion, requires CD4 help, but not
CDA40 expression by the APC. Activated CD4" and CD8™ T cells
express CD40 and, in the absence of this protein, CD8" T cellsare
unable to receive CD4 help and to differentiate into memory cells
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(25). These results suggest that, like B cells, CD8" T cells receive
CD4 help directly through CD40, and that this interaction is fun-
damental for generation of CD8™ T cell memory (25). These stud-
ies typify the complex cross talk between different T lymphocyte
populations. Our study involving interactions between NK and T
cells supports and adds to these previous findings, and furthermore
highlights a possible role for cellular interactions between mem-
bers of the innate and the adaptive immune systems. Our present
study also suggests that CD48 can act as a costimulatory receptor
and support NK cell proliferation through interaction with other
NK cells expressing 2B4. We also found that 2B4 expression is
up-regulated on NK cells upon poly(1:C) and IL-2 stimulation (our
unpublished data). This suggests that 2B4/CD48 interactions could
be important for quickly attaining adequate numbers of activated
NK cells at sites of infection.

The locdlization of NK cells in lymphoid organs has been an-
alyzed in detail (48). It was recently demonstrated that numbers of
NK cells within various tissues as well as their specific location
changed during murine CMV infection. NK cells were found in
close physical proximity to infected cells in both spleen and liver
in situ (48, 49). Although speculative at this moment, NK cells
recruited to the site of Ag presentation in secondary lymphoid
organs or during inflammation could regulate the priming and/or
stimulation of adaptive immune cells. In the present study, we
demonstrated that low numbers of NK cells can provide help to
enhance both CD4™* and CD8" T cell responses. However, NK
cells could not stimulate T cell proliferation by themselves, but did
so in combination with CD3 cross-linking, cytokines, or specific
Ag presented by DC. In aphysiological setting, one could envisage
a menage a trois between mature DC, T cells, and NK cells, in
which T cells receive signals 1 and 2 from the DC and additional
signals from the NK cells. Similar models were previously pro-
posed for B cell class switching (50). Signals given by DC (CD40-
CD40L interaction) and cytokines produced by T cells primed on the
DC act synergidtically to stimulate class switching in the B cells.

A number of reports have convincingly demonstrated that the
cytokine milieu formed by the NK cells early during an infection
plays a central role in influencing the outcome of the subsequent
humoral and cellular immune responses (4, 6, 8, 9, 51, 52). In
addition to this notion, we have demonstrated that direct physical
interactions between NK and T cells result in enhanced prolifera-
tive responses of the latter.
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