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Abstract

2B4 (CD244) is expressed by memory-phenotype €D&ells and all natural killer (NK) cells. The ligand for 2B4, CD48, is expressed on
hematopoietic cells. 2B4 is conserved in humans and mice, and a number of reports have linked 2B4 with activation of lymphocytes. We have
employed 2B4-deficient mice and antibody blocking to analyze 2B4 function both in vitro and in vivo and found that 2B4 is a receptor with
multiple functions. 2B4 is required for optimal activation of CD8 cells and NK cells — in this context 2B4 requires interaction with CD48
on neighboring lymphocytes, demonstrating that homotypic interaction within NK cell or T cell populations augments immunity. When 2B4
is engaged by CD48 on a target cell, 2B4 conversely inhibits NK effector function. As an inhibitory receptor, 2B4 is unconventional as it is
not regulated by MHC class | molecules. In this review we will discuss the significance of these multiple functions and the events that may
regulate differential 2B4 signaling outcome.
© 2004 Elsevier Ltd. All rights reserved.
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1. CD150 subfamily to act as co-receptor — it engages in homophilic interactions
that lead to enhanced activation of B cells and regulation of
The CD2 receptor family is within the immunoglobulin  proliferation and cytokine production by T cellSilorenko
(Ig) superfamily and consists of type 1 transmembrane pro- and Clark, 2003; Veillette and Latour, 2003
teins with anN-terminal variable Ig domain followed by a ITSM motifs bind a number of SH2 domain contain-
constant two Ig domair§idorenko and Clark, 2003Within ing proteins, including both activating and inhibitory sig-
the CD2 family falls the CD150 (signaling lymphocyte ac- naling molecules. The ITSM-interacting protein that has re-
tivation molecule, SLAM) subfamily. The receptors of this ceived the most attention is SLAM-associated protein (SAP,
subset are defined by two or more cytoplasmic immunore- SH2D1A). SAP is expressed in B, T and NK cells, and has
ceptor tyrosine-based switch motifs (ITSM; TxYxxV/l) and been found to be mutated in patients with X-linked lympho-
include 2B4 (CD244), CD84, CD229, NTB-A, and CS1. All  proliferative disorder (XLP)Coffey et al., 1998; Nichols et
of these molecules have been shown to modify lymphocyte al., 1998; Sayos et al., 1998XLP is a progressive com-
function, and many of them, including CD150, CD84, CS1, bined variable immunodeficiency, characterized by lympho-
and CD229, engage in homophilic interactiokagel et al., histiocytosis often initiated by EBV infectionP(rtilo et
2003. CD150 is the best characterized, and has been showral., 1975, 197Y. Patients with this disorder frequently have
agammaglobulinemia, increased susceptibility to fatal infec-
+ Corresponding author. Tel.: +1 773 834 7921; fax: +1 773 702 9379, UOUS mononucleosis, and lymphoma. It is thought that the
E-mail addressmenermey@midway.uchicago.edu (M.E. McNerney). absence of functional SAP leads to abnormal signaling by
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ITSM-containing proteins, including 2B4, leadingtoimmune normal (Vaidya et al., submitted). NK cell development in
insufficiency. The unique roles of individual CD150 family these mice appears to be normal, which is notable because
members, as well as the specific action of SAP in signal- 2B4 is expressed early during development, prior to acqui-
ing pathways of XLP and non-disease states are still beingsition of MHC binding inhibitory receptors, and has been
characterized. suggested to have a role in maintenance of self-tolerance on
immature NK cells Rosmaraki et al., 2001; Sivori et al.,
2000 (M. McNerney and V. Kumar, unpublished observa-
2. 2B4 (CD244) tions). Consistent with this hypothesis, 2B4-deficient imma-
ture NK cells have increased killing of syngeneic ConA blasts
2B4, which bears four ITSM motifs, is expressed by allNK  (Lee et al., 200% However, this lack of self-tolerance is not
cells, a subset of memory-phenotype CD83 T cells,yd T overtly manifested in vivo since NK cell numbers and re-
cells, basophils and monocyteS4drni-Wagner et al., 1993;  ceptor expression are unaltered. Furthermore, hematopoiesis
Nakajima et al., 1999; Schuhmachers et al., 1995; Valiante appears grossly normal as determined by lymphocyte subsets
and Trinchieri, 1998 In mice a “short” form of 2B4, contain-  in various immune organs. It cannot be excluded as yet that
ing only one ITSM also exists; it is generated by alternative there are subtle defects in hematopoiesis that are compen-
splicing of 2B4 RNA Gtepp et al., 1999 Murine 2B4 was sated for in steady-state conditions.
originally described as an activating receptor on NK cells  Surprisingly, when mature, splenic 2B4-deficient NK cells
since NK cells treated with whole anti-2B4 antibody or its were cultured in IL-2 and tested in cytotoxicity assays, they
Fab fragments lead to increased killing of several murine demonstrated enhanced killing of several Ch48rget cells
tumor cell lines, and whole anti-2B4 cross-linking lead to as compared to wild-type NK cells, a finding that is consis-
IFN+y production and granule exocytosiSdrni-Wagner et tent with 2B4 being an inhibitory receptor. NK cells lacking
al., 1993. Human NK cells were found to be activated by 2B4 demonstrated increased lysis of CD48MA-S tumors,
anti-2B4 in a redirected lysis assayafiante and Trinchieri,  allogeneic ConA blasts, and syngeneic ConA blasts, but not
1993. CD48~ RMA-S. Consistent with the in vitro findings, 2B4-
CD48 is a ligand of high-affinity for 2B4 and is a GPI- deficient mice had an increased capacity to clear CD48
linked CD2 family member Brown et al., 1998 Murine tumor cells in vivo. Engaging 2B4 on wild-type NK cells
CD48 is also a low-affinity ligand for CD2Bfown et al., inhibited not only cytotoxicity, but also production of IRN
1998; Latchman et al., 1998CD48 is expressed on lym-  in response to tumor cells. These inhibitory effects could be
phoid and myeloid cells, and its expression is upregulated reversed by antibody blockade with anti-2B4 and -C 148
in response to EBV-infection, PMA, IFN; and IFN«/3 et al., 2004
(Tissot et al., 1997; Yokoyama et al., 199The majority To delineate the signaling pathway responsible for 2B4-
of studies on 2B4 used antibody-mediated crosslinking to mediated inhibition, the 2B4 short and long isoforms were
assess 2B4 regulation of NK cells. In two studies that used retrovirally transduced into 2B4-deficient primary NK cells.
CD48 transfected and non-transfected targets it was foundConfirming a previous report using the RNK cell line, 2B4
that CD48 expression on targets activated primary humanlong inhibited NK cell cytotoxicity Schatzle et al., 1999
NK cell clones in one studylangye et al., 200Qdout not the 2B4 short did not restore inhibition to 2B4-deficient cells,
other (Nakajima et al., 1999 and furthermore, in contrast to the finding with the RNK cell
Since the initial discovery of 2B4, there has been increas- line, 2B4 short did not activate primary NK cells. These data
ing evidence that 2B4 also has inhibitory potential. 2B4 ap- illustrate that the portion of 2B4 unique to the long isoform
pears to be inhibitory in the absence of functional SAP, as is necessary for inhibitory signaling. Supporting this finding,
seen in XLP patients and in normal developing human NK 2B4 long, but not short, associates with SHPS2I{atzle et
cells Benoit et al., 2000; Nakajima et al., 2000; Parolini et al., 1999.
al., 2000; Sivori et al., 2002; Tangye et al., 2000When Itwas found that like immature human NK cells, immature
the murine 2B4 isoforms were individually transfected into murine NK cells do not express SAP transcripts. However
an NK cell line, the long form inhibited NK cytotoxicity = mature splenic NK cells do express SAP transcripts and are
(Schatzle et al., 1999Now, results from experiments em- known to express SAP proteiSdyos et al., 2000Thus in
ploying 2B4-deficient mice underscore the inhibitory role for mice, the differential expression of SAP does not necessarily
murine 2B4 [Lee et al., 200% dictate 2B4 signaling outcome — this inference is supported
by the finding that 2B4 signaling is not dependent on SAP
using SAP deficient miceJzar et al., 200)L(Mooney et al.,
3. 2B4 inhibition of murine NK cells in pres$. Both immature and mature NK cells express EAT-
2 transcripts, and EAT-2 protein has been found in NK cells
Analysis of newly generated 2B4-deficient mice has pro- and shown to bind 2B4Bouchon et al., 2001; Lee et al.,
vided the opportunity to study 2B4 physiology without rely- 2004; Morra et al., 20011t is still undetermined if different
ing on anti-2B4 antibodies that may be acting either as ag- expression patterns of EAT-2, or other SAP-like molecules,
onists or antagonists. 2B4-deficient mice are phenotypically influence 2B4 signaling.
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4. 2B4 homotypic stimulation of lymphocytes phocytes may be a mechanism to maintain innate lympho-
cytes or long-lived memory T cells. It may also provide a
As many of the CD150 family members engage in ho- mechanism for amplifying an early immune response. Ac-
mophilic interaction, there is the opportunity for cells ex- cordingly, it is known that immune cells, although dispersed
pressing one of these receptors to engage the same receptotaroughout the body, can expand and contract as necessary to
on neighboring lymphocytes in the absence of APC or target escalate or terminate an immune response. While the role for
cells. Despite this possibility, there is little or no precedent factors expressed by stroma or APCs is well known in home-
for such homotypic modulation of lymphocytes occurring, or ostasis, it can be envisaged that lymphocytes accumulating
having functional consequences. It was therefore of interestin an immune organ or site of inflammation can also regu-
tofind that 2B4 and CD48, which can both be expressed in thelate each other via 2B4/CD48. This type of quorum sensing
same NK cell or memory-phenotype T cell population, en- would be useful in rapidly activating immune cells at the time
gage in such homotypic interactions, thereby providing max- of, or prior to, antigen exposure; likewise, it may be that this
imal effector function. interaction can be pathological in an immune disorder.
Initial experiments demonstrating this requirement were
performed with purified T cells expressing the 2C transgenic
TCR (Lee etal., 2008 These cells were primed invitro and 5. 2B4 signaling
transduced with the 2B4 short or long isoforms. It was found
that T cells expressing 2B4 had greater killing of P815 tumor  an important question regarding 2B4, and other CD150
cells, which express H'thhe |Igand for the 2C TCR. This fam||y members, is the mechanism by which ITSM-
enhancement of Iytic activity occurred regardless of whether containing receptors signal. Upon ligation, the ITSM motifs
the target cells expressed CDA48, indicating that 2B4-CD48 f 2B4 are phosphorylated by the Src family kinases Fyn
engagement was occurring between T cells. This hypothesisgnd Lck (Nakajima et al., 2000; Sayos et al., 2008ubse-
was confirmed by blocking with anti-2B4 or -CD48 during quently, 2B4 has been shown to interact with several SH2
the experiment — the consequences of 2B4/CD48 interactiongomain containing proteins, SHP-1, -2, SAP, and EAT-2, and
were evident mainly during T cell priming and less so dur- thjs is the point at which the activating and inhibitory path-
ing the killing assay. 2B4-expressing T cells did not have \ays divergeNiorra et al., 2001; Parolini et al., 2000; Sayos
enhanced lysis of targets that lacked the TCR ligand, indi- et al., 2000; Schatzle et al., 1999; Tangye et al., J99%he

cating that costimulation resulting from 2B4 signaling was activating pathwayHig. 1A), SAP appears to function by re-
ultimately TCR restricted. Stimulation occurred with either

the short or long 2B4 isoform.

This finding was complimented by another study that
demonstrated the role of homotypic 2B4/CD48 interaction [(A)
in the proliferation of T cellsKambayashi et al., 2001In
this report, blocking 2B4/CD48 interaction impaired C348
2B4*+ T cell proliferation in response to activation. Intrigu-
ingly, the authors demonstrate that 2B4 was acting as a ligang
for CD48 on neighboring T cells.

As discussed above, when CDA48 is present on a potentia /E
target, the engagement of 2B4 inhibits murine NK cell re-
sponses. However, when the target is CD4&ostimulatory
function for 2B4 is unveiled. 2B4- or CD48-deficient murine
NK cells, or NK cells cultured in the presence of anti-2B4

or -CD48, are compromised in their capacity for mounting o o o )
Fig. 1. Models of 2B4 activating and inhibitory signaling. (A) 2B4-mediated

inflammatory responses (K. Lee, J. Forman, M. McNemey, . 5 iiated by binding CD48 on a target and phosphorylation of
A. Sharpe and V. Kumar, unpublished data). In the absenceITSM sequences by Src family kinases. 2B4 associates with both LAT and
of 2B4, NK cells activated in vitro or in vivo exhibit im-  saAP directly. LAT activates PLG-and Grb2, while SAP binds to the SH3
paired lytic activity and resist elaborating IFNh response  domain of Fyn, all of which promotes activation of downstream effector
to CD48 tumor cells. Like T cells, NK cells demonstrate a molecules Bottino et al., 2000; Latour et al., 2003B) In mice, or human
dependence on 2B4 for optimal proliferation Hence 2B4 in immature or XLP NK cells, ligation of an ITAM-containing receptor on an

. . .. L L NK cell by the cognate ligand on a potential target cell leads to activation of
murine NK cells, like human 2B4, is involved in activating Src family kinases, Lck and Fyn. Recruitment of Syk family kinases such
interactions. In mice, however, the activating function of 2B4 as syk and zap-70 follows, leading to downstream signaling events that
seems restricted to homotypic interactions between lympho- provoke degranulation and cytokine production. When 2B4 is co-ligated
cytes. by CD48 expressed on the target, 2B4 is phosphorylated by a Src family

In summary, these studies demonstrate a novel role for KiNase: Tis phosphorylation event may notbe regulated by SAP in mice. An
inhibitory SH2-domain containing protein is recruited to the ITSM sequence

2B4/CD48 rec_eptors n frat‘_emal S“mUIat'On of T F:e”S and of ihe 284 long isoform. The phosphatase then acts on proximal kinases or
NK cells. In vivo costimulation between neighboring lym-  adaptor molecules to inhibit NK cell inflammatory functions.

Inhibition

NK Cell NK Cell
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cruiting other signaling molecules, specifically Fyratour it binds both Lck, Fyn, and heterotrimeric G proteins subunits
et al.,, 200). Fyn may amplify the activating signal in part (Garnettetal., 1993; Solomon etal., 199%econdly, data on
by further phosphorylating 2B4. 2B4 also activates linker for T-T homotypic costimulation indicate that the requirement
activation of T cells (LAT) and Vav-1, leading to PI3K ac- for 2B4 is not on the proliferating cell, but on the neighbor-
tivation, map kinase activation, and calcium flBoftino et ing, or by-stander celKambayashi et al., 2001This model
al., 2000; Klem et al., 2002; Watzl et al., 2Q0Bulminating could also explain the finding that both 2B4 long and short are
in activation of lysis and cytokine production. This pathway activating on T cells, which is consistent with the paradigm
best fits with the data for activating signals from human 2B4 wherein 2B4 is acting as a ligantde et al., 2008 Conse-
upon interaction with a target cell. Although murine NK cells quently, this model would predict that 2B4 could stimulate
express the 2B4 long isoform found in humans, these forms T cells or NK cells in the absence of a cytoplasmic tail. One
are only 70% identical in sequence, and the murine form hasmight speculate that if CD48 was signaling throwgG pro-
an additional 33 amino acids in the cytoplasmic t8ibles tein, then 2B4 co-engaged on that same cell would not inhibit
et al., 1999. These dissimilarities may account for differen- it, as the inhibitory pathway downstream of 2B4 is specific
tial influences of SAP and subsequent signaling in human for phosphotyrosine-containing molecules.
and mouse. The homotypic costimulatory pathway may have Itis also likely that 2B4 signals are dependent on the con-
commonalities with human 2B4 activation in response to a text in which they occur. 2B4 is known to be a modulator of
target, but there is little data at this point to support this. NK cells — in human NK cells only those clones that were
2B4 has also been reported to bind inhibitory SH2 domain co-engaged by an activating receptor were activated by anti-
containing proteins SHP-1 and -2. In the inhibitory pathway, 2B4 in a redirected lysis assagigori et al., 200). Like-
these phosphatases presumably inhibit other signaling pathwise in the presence of particular adhesion molecules at an
ways in a manner similar to that of inhibitory Ly49 receptors NK-NK or T-T interface, 2B4 may preferentially recruit ac-
(Anderson et al., 2001We propose the following inhibitory tivating signaling molecules. In murine NK cells, 2B4 at an
model for murine 2B4Kig. 1B). When an NK cellrecognizes  NK-target interface may preferentially recruit inhibitory sig-
a potential target, ligation of an ITAM-containing activating naling molecules in a fashion that is influenced by the content
receptor, e.g. Ly49D,leads to activation and recruitment of of lipid rafts or the presence of other NK receptors. Thus in
the Src family kinases Lck and/or Fyn. If 2B4 is co-engaged this scenario, even murine 2B4 may be activating depending
by CD48 on the target, the ITSM sequences of 2B4 becomeon the target and other receptors that are co-engaged. This
phosphorylated by the locally activated Src family kinases. versatility is likely afforded by the unique switching ability
Lck can directly bind and phosphorylate 2B4, thus this mech- of ITSMs.
anism can accountfor the potential for 2B4 to be inhibitory in-
dependently of the presence or absence of S¥dkéjima et
al., 2000. Upon phosphorylation, a phosphatase is recruited 7. The evolution of non-MHC binding inhibitory
to the cytoplasmic domain of 2B4 long. The phosphatase thenreceptors
inactivates proximal kinases or adaptor molecules of the ac-
tivating receptor to terminate the signaling cascade prior to  The definition of self and non-self for NK cells is contin-
NK activation of killing machinery or cytokine production. uing to become more sophisticated. Initially, NK cells were
Which protein tyrosine phosphatase is necessary in the in-characterized by their vigilance for missing- or non-self MHC
hibitory pathway is an unanswered question. Alternatively, class | ligandsKarre, 2002. Work on NKG2D has placed
the lipid phosphatase SHIP may associate with 2B4, de- “altered- or stressed-self” within NK cell surveillance. Fi-
phosphorylate PI(3,4,5)P3, canceling the recruitment of PH- nally, the finding that 2B4 acts as an inhibitory receptor in-
domain containing proteins and thereby decreasingy?LC dicates that there is another tier of regulation. This regula-
activity. In either the activating or inhibitory pathways, XLP tion is non-MHC dependent and portrayed by other newly
patients have defective ITSM signaling that results in either characterized NKR-P1 family members as wélhk(lyle et
lack of signaling, or more likely, alternate signaling routes. al., 2004; lizuka et al., 20Q3This type of regulation may be
more primitive than the others. CD2 family members are con-
served evolutionarily — mouse and human CD2 have struc-
6. Models for 2B4 signaling differences tural homology to genes encoded in chickens, yeast, and bar-
ley (Astwood and Hill, 1996; Grigorescu et al., 2000; Vainio
It is perplexing to learn that murine 2B4 can participate et al., 199). Conceivably, CD2 family members may have
in both costimulatory and inhibitory signaling pathways and evolved from homophilic Ig-superfamily adhesion molecules
begs the question asto how, or under what circumstances, 2B4egulating cell growth in invertebratéd/{lliams and Barclay,
switches from one to another function. There are a few likely 1988. MHC molecules, on the other hand, are not found in
explanations. The first is that in the case of T-T, or NK-NK invertebratesumanovics et al., 2003NK cells may have
homotypic signaling, 2B4 is not actually signaling but is act- co-opted the invertebrate system prior to, or in conjunction
ing as a ligand for CD48. Several pieces of evidence supportwith the evolution of MHC class | and adaptive immunity.
this, including the finding that CD48 can potentially signal as For instance, in the absence of MHC class I, self-recognition
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may have relied on a non-MHC binding inhibitory recep-
tor such as 2B4. CD150 family members are postulated to
have ancestral inhibitory relatives, as supported by the find-
ing of novel immune-type receptors in puffer fish that con-
tain inhibitory cytoplasmic motifs and the same V domain,
C2 domain and transmembrane organization as CD2 family
members, including 2B&Barclay, 1999; Strong et al., 1999

As pathogens are known to manipulate immune re-
sponses, the upregulation of CD48 in response to EBV in-
fection may have been an early mechanism of immune eva-
sion. NK cell receptors appear to co-evolve with pathogens
(Carayannopoulos and Yokoyama, 2pahd in the case of

Herpes viruses, there may have been selective pressure to

lose CD48-mediated inhibition. This may have occurred by
altering the cytoplasmic domain of 2B4, or via the evolution

of SH2 domain containing proteins, such as SAP. In this sce-
nario, it would not be surprising that 2B4 may have retained
both inhibitory and stimulatory capacities in the mouse, as

both may have been necessary at one point. Clearly, to un-

derstand the functional role of 2B4 on NK cells, it will be
important to better delineate the circumstances under which
2B4 has positive or negative effects on NK cells.

Acknowledgements

This work was supported by the NIH grant Al020451
(to V. Kumar) and the Medical Scientist Training Program
GMOQ7281 (to M.E. McNerney).

References

Anderson, S.K., Ortaldo, J.R., McVicar, D.W., 2001. The ever-expanding
Ly49 gene family: repertoire and signaling. Immunol. Rev. 181,
79-89.

Astwood, J.D., Hill, R.D., 1996. Molecular characterization of Hor v 9.
Conservation of a T-cell epitope among group IX pollen allergens and
human VCAM and CD2. Adv. Exp. Med. Biol. 409, 269-277.

Barclay, A.N., 1999. Ig-like domains: evolution from simple interaction
molecules to sophisticated antigen recognition. Proc. Natl. Acad. Sci.
U.S.A. 96, 14672-14674.

Benoit, L., Wang, X., Pabst, H.F., Dutz, J., Tan, R., 2000. Defective NK
cell activation in X-linked lymphoproliferative disease. J. Immunol.
165, 3549-3553.

Boles, K.S., Nakajima, H., Colonna, M., Chuang, S.S., Stepp, S.E., Ben-
nett, M., Kumar, V., Mathew, P.A., 1999. Molecular characterization
of a novel human natural killer cell receptor homologous to mouse
2B4. Tissue Antigens 54, 27-34.

Bottino, C., Augugliaro, R., Castriconi, R., Nanni, M., Biassoni, R.,
Moretta, L., Moretta, A., 2000. Analysis of the molecular mecha-
nism involved in 2B4-mediated NK cell activation: evidence that hu-
man 2B4 is physically and functionally associated with the linker for
activation of T cells. Eur. J. Immunol. 30, 3718-3722.

Bouchon, A., Cella, M., Grierson, H.L., Cohen, J.I., Colonna, M., 2001.
Activation of NK cell-mediated cytotoxicity by a SAP-independent
receptor of the CD2 family. J. Immunol. 167, 5517-5521.

Brown, M.H., Boles, K., van der Merwe, P.A., Kumar, V., Mathew, P.A,,
Barclay, A.N., 1998. 2B4, the natural killer and T cell immunoglobulin
superfamily surface protein, is a ligand for CD48. J. Exp. Med. 188,
2083-2090.

Immunology 42 (2005) 489-494 493

Carayannopoulos, L.N., Yokoyama, W.M., 2004. Recognition of infected
cells by natural killer cells. Curr. Opin. Immunol. 16, 26-33.

Carlyle, J.R., Jamieson, A.M., Gasser, S., Clingan, C.S., Arase, H., Raulet,
D.H., 2004. Missing self-recognition of Ocil/Clr-b by inhibitory NKR-
P1 natural killer cell receptors. Proc. Natl. Acad. Sci. U.S.A. 101,
3527-3532.

Coffey, A.J., Brooksbank, R.A., Brandau, O., Oohashi, T., Howell, G.R.,
Bye, J.M., Cahn, A.P., Durham, J., Heath, P., Wray, P., Pavitt, R.,
Wilkinson, J., Leversha, M., Huckle, E., Shaw-Smith, C.J., Dunham,
A., Rhodes, S., Schuster, V., Porta, G., Yin, L., Serafini, P., Sylla, B.,
Zollo, M., Franco, B., Bentley, D.R., et al., 1998. Host response to
EBV infection in X-linked lymphoproliferative disease results from
mutations in an SH2-domain encoding gene. Nat. Genet. 20, 129-135.

Czar, M.J., Kersh, E.N., Mijares, L.A., Lanier, G., Lewis, J., Yap,

G., Chen, A., Sher, A., Duckett, C.S., Ahmed, R., Schwartzberg,

P.L., 2001. Altered lymphocyte responses and cytokine production

in mice deficient in the X-linked lymphoproliferative disease gene

SH2D1A/DSHP/SAP. Proc. Natl. Acad. Sci. U.S.A. 98, 7449-7454.

Engel, P., Eck, M.J., Terhorst, C., 2003. The SAP and SLAM families
in immune responses and X-linked lymphoproliferative disease. Nat.
Rev. Immunol. 3, 813-821.

Garnett, D., Barclay, A.N., Carmo, A.M., Beyers, A.D., 1993. The as-
sociation of the protein tyrosine kinases p56lick and p60fyn with the
glycosyl phosphatidylinositol-anchored proteins Thy-1 and CD48 in
rat thymocytes is dependent on the state of cellular activation. Eur. J.
Immunol. 23, 2540-2544.

Garni-Wagner, B.A., Purohit, A., Mathew, P.A., Bennett, M., Kumar,
V., 1993. A novel function-associated molecule related to non-MHC-
restricted cytotoxicity mediated by activated natural killer cells and T
cells. J. Immunol. 151, 60-70.

Grigorescu, A., Chen, M.H., Zhao, H., Kahn, P.C., Lipke, P.N., 2000. A
CD2-based model of yeast alpha-agglutinin elucidates solution prop-
erties and binding characteristics. IUBMB Life 50, 105-113.

lizuka, K., Naidenko, O.V., Plougastel, B.F., Fremont, D.H., Yokoyama,
W.M., 2003. Genetically linked C-type lectin-related ligands for the
NKRP1 family of natural killer cell receptors. Nat. Immunol. 4,
801-807.

Kambayashi, T., Assarsson, E., Chambers, B.J., Ljunggren, H.G., 2001.
Cutting edge: Regulation of CD8(+) T cell proliferation by 2B4/CD48
interactions. J. Immunol. 167, 6706-6710.

Karre, K., 2002. NK Cells, MHC class | molecules and the missing self.
Scand. J. Immunol. 55, 221-228.

Klem, J., Verrett, P.C., Kumar, V., Schatzle, J.D., 2002. 2B4 is constitu-
tively associated with linker for the activation of T cells in glycolipid-
enriched microdomains: properties required for 2B4 lytic function. J.
Immunol. 169, 55-62.

Kumanovics, A., Takada, T., Lindahl, K.F., 2003. Genomic organization
of the mammalian MHC. Annu. Rev. Immunol. 21, 629-657.

Latchman, Y., McKay, P.F., Reiser, H., 1998. Identification of the
2B4 molecule as a counter-receptor for CD48. J. Immunol. 161,
5809-5812.

Latour, S., Gish, G., Helgason, C.D., Humphries, R.K., Pawson, T., Veil-
lette, A., 2001. Regulation of SLAM-mediated signal transduction by
SAP, the X-linked lymphoproliferative gene product. Nat. Immunol.
2, 681-690.

Latour, S., Roncagalli, R., Chen, R., Bakinowski, M., Shi, X.,
Schwartzberg, P.L., Davidson, D., Veillette, A., 2003. Binding of SAP
SH2 domain to FynT SH3 domain reveals a novel mechanism of re-
ceptor signalling in immune regulation. Nat. Cell Biol. 5, 149-154.

Lee, K.M., Bhawan, S., Majima, T., Wei, H., Nishimura, M.l., Yagita,
H., Kumar, V., 2003. Cutting edge: the NK cell receptor 2B4 aug-
ments antigen-specific T cell cytotoxicity through CD48 ligation on
neighboring T cells. J. Immunol. 170, 4881-4885.

Lee, K.M., McNerney, M.E., Stepp, S.E., Mathew, P.A., Schatzle, J.D.,
Bennett, M., Kumar, V., 2004. 2B4 acts as a non-major histocom-
patibility complex binding inhibitory receptor on mouse natural killer
cells. J. Exp. Med. 199, 1245-1254.



494 M.E. McNerney et al. / Molecular

Mooney, J.M., Klem, J., Wulfing, C., Mijares, L.A., Schwartzberg, P.L.,
Bennett, M., Schatzle, J., 2004. The murine NK receptor 2B4 (CD244)
exhibits inhibitory function independent of SAP expression. J. Im-
munol., (in press).

Nakajima, H., Cella, M., Bouchon, A., Grierson, H.L., Lewis, J., Duckett,
C.S., Cohen, J.1., Colonna, M., 2000. Patients with X-linked lympho-
proliferative disease have a defect in 2B4 receptor-mediated NK cell
cytotoxicity. Eur. J. Immunol. 30, 3309-3318.

Nakajima, H., Cella, M., Langen, H., Friedlein, A., Colonna, M., 1999.
Activating interactions in human NK cell recognition: the role of
2B4-CD48. Eur. J. Immunol. 29, 1676-1683.

Nichols, K.E., Harkin, D.P., Levitz, S., Krainer, M., Kolquist, K.A., Gen-
ovese, C., Bernard, A., Ferguson, M., Zuo, L., Snyder, E., Buckler,
AJ., Wise, C., Ashley, J., Lovett, M., Valentine, M.B., Look, A.T.,
Gerald, W., Housman, D.E., Haber, D.A., 1998. Inactivating mutations
in an SH2 domain-encoding gene in X-linked lymphoproliferative syn-
drome. Proc. Natl. Acad. Sci. U.S.A. 95, 13765-13770.

Parolini, S., Bottino, C., Falco, M., Augugliaro, R., Giliani, S., Frances-
chini, R., Ochs, H.D., Wolf, H., Bonnefoy, J.Y., Biassoni, R., Moretta,
L., Notarangelo, L.D., Moretta, A., 2000. X-linked lymphoprolifer-
ative disease, 2B4 molecules displaying inhibitory rather than ac-
tivating function are responsible for the inability of natural killer
cells to kill Epstein-Barr virus-infected cells. J. Exp. Med. 192, 337—
346.

Purtilo, D.T., Cassel, C.K., Yang, J.P., Harper, R., 1975. X-linked re-
cessive progressive combined variable immunodeficiency (Duncan’s
disease). Lancet 1, 935-940.

Purtilo, D.T., Yang, J.P., Allegra, S., DeFlorio, D., Hutt, L.M., Soltani, M.,
Vawter, G., 1977. Hematopathology and pathogenesis of the X-linked
recessive lymphoproliferative syndrome. Am. J. Med. 62, 225-233.

Rosmaraki, E.E., Douagi, I., Roth, C., Colucci, F., Cumano, A., Di Santo,
J.P., 2001. Identification of committed NK cell progenitors in adult
murine bone marrow. Eur. J. Immunol. 31, 1900-1909.

Sayos, J., Nguyen, K.B., Wu, C., Stepp, S.E., Howie, D., Schatzle, J.D.,
Kumar, V., Biron, C.A., Terhorst, C., 2000. Potential pathways for
regulation of NK and T cell responses: differential X-linked lympho-
proliferative syndrome gene product SAP interactions with SLAM and
2B4. Int. Immunol. 12, 1749-1757.

Sayos, J., Wu, C., Morra, M., Wang, N., Zhang, X., Allen, D., van Schaik,
S., Notarangelo, L., Geha, R., Roncarolo, M.G., Oettgen, H., De Vries,
J.E., Aversa, G., Terhorst, C., 1998. The X-linked lymphoproliferative-

Immunology 42 (2005) 489-494

Sidorenko, S.P., Clark, E.A., 2003. The dual-function CD150 receptor
subfamily: the viral attraction. Nat. Immunol. 4, 19-24.

Sivori, S., Falco, M., Marcenaro, E., Parolini, S., Biassoni, R., Bottino,
C., Moretta, L., Moretta, A., 2002. Early expression of triggering
receptors and regulatory role of 2B4 in human natural killer cell
precursors undergoing in vitro differentiation. Proc. Natl. Acad. Sci.
U.S.A. 99, 4526-4531.

Sivori, S., Parolini, S., Falco, M., Marcenaro, E., Biassoni, R., Bottino,
C., Moretta, L., Moretta, A., 2000. 2B4 functions as a co-receptor in
human NK cell activation. Eur. J. Immunol. 30, 787-793.

Solomon, K.R., Rudd, C.E., Finberg, R.W., 1996. The association between
glycosylphosphatidylinositol-anchored proteins and heterotrimeric G
protein alpha subunits in lymphocytes. Proc. Natl. Acad. Sci. U.S.A.
93, 6053-6058.

Stepp, S.E., Schatzle, J.D., Bennett, M., Kumar, V., Mathew, P.A., 1999.
Gene structure of the murine NK cell receptor 2B4: presence of two
alternatively spliced isoforms with distinct cytoplasmic domains. Eur.
J. Immunol. 29, 2392-2399.

Strong, S.J., Mueller, M.G., Litman, R.T., Hawke, N.A., Haire, R.N., Mir-
acle, A.L., Rast, J.P., Amemiya, C.T., Litman, G.W., 1999. From the
Cover: a novel multigene family encodes diversified variable regions.
Proc. Natl. Acad. Sci. U.S.A. 96, 15080-15085.

Tangye, S.G., Cherwinski, H., Lanier, L.L., Phillips, J.H., 2000a. 2B4-
mediated activation of human natural killer cells. Mol. Immunol. 37,
493-501.

Tangye, S.G., Lazetic, S., Woollatt, E., Sutherland, G.R., Lanier, L.L.,
Phillips, J.H., 1999. Cutting edge: human 2B4, an activating NK cell
receptor, recruits the protein tyrosine phosphatase SHP-2 and the adap-
tor signaling protein SAP. J. Immunol. 162, 6981-6985.

Tangye, S.G., Phillips, J.H., Lanier, L.L., Nichols, K.E., 2000b. Functional
requirement for SAP in 2B4-mediated activation of human natural
killer cells as revealed by the X-linked lymphoproliferative syndrome.
J. Immunol. 165, 2932—-2936.

Tissot, C., Rebouissou, C., Klein, B., Mechti, N., 1997. Both human
alpha/beta and gamma interferons upregulate the expression of CD48
cell surface molecules. J. Interferon Cytokine Res. 17, 17-26.

Vainio, O., Riwar, B., Brown, M.H., Lassila, O., 1991. Characterization
of the putative avian CD2 homologue. J. Immunol. 147, 1593-1599.

Valiante, N.M., Trinchieri, G., 1993. Identification of a novel signal trans-
duction surface molecule on human cytotoxic lymphocytes. J. Exp.
Med. 178, 1397-1406.

disease gene product SAP regulates signals induced through the co-Veillette, A., Latour, S., 2003. The SLAM family of immune-cell recep-

receptor SLAM. Nature 395, 462—-469.

Schatzle, J.D., Sheu, S., Stepp, S.E., Mathew, P.A., Bennett, M., Kumar,

V., 1999. Characterization of inhibitory and stimulatory forms of the
murine natural killer cell receptor 2B4. Proc. Natl. Acad. Sci. U.S.A.
96, 3870-3875.

Schuhmachers, G., Ariizumi, K., Mathew, P.A., Bennett, M., Kumar, V.,
Takashima, A., 1995. 2B4, a new member of the immunoglobulin
gene superfamily, is expressed on murine dendritic epidermal T cells
and plays a functional role in their killing of skin tumors. J. Invest.
Dermatol. 105, 592-596.

tors. Curr. Opin. Immunol. 15, 277-285.

Watzl, C., Stebbins, C.C., Long, E.O., 2000. NK cell inhibitory recep-
tors prevent tyrosine phosphorylation of the activation receptor 2B4
(CD244). J. Immunol. 165, 3545-3548.

Williams, A.F., Barclay, A.N., 1988. The immunoglobulin superfamily
— domains for cell surface recognition. Annu. Rev. Immunol. 6,
381-405.

Yokoyama, S., Staunton, D., Fisher, R., Amiot, M., Fortin, J., Thorley-
Lawson, D., 1991. Expression of the Blast-1 activation/adhesion
molecule and its identification as CD48. J. Immunol. 146, 2192-2200.



	2B4 (CD244) is a non-MHC binding receptor with multiple functions on natural killer cells and CD8+ T cells
	CD150 subfamily
	2B4 (CD244)
	2B4 inhibition of murine NK cells
	2B4 homotypic stimulation of lymphocytes
	2B4 signaling
	Models for 2B4 signaling differences
	The evolution of non-MHC binding inhibitory receptors
	Acknowledgements
	References


