
Abstract
The complex cellular interactions that govern the mammalian
immune response are now known to include specific receptor/ligand
interactions, recruitment of intracellular signaling molecules, acti-
vation of both kinases and phosphatases, and redistribution of macro-
molecular complexes into specific subcellular membrane locations
that, in aggregate, result in transcriptional activation. While the
TCR–CD3 signal is critical for activation of the resting T cell, it
alone is not sufficient to initiate transcriptional activation or gener-
ate an effective immune response. A number of other coreceptor
molecules, including CD4, CD8, and CD28, have now been char-
acterized that also play important roles in initiating or amplifying
the activation of the T cell. A 40 kDa member of the immunoglob-
ulin superfamily, the CD7 molecule, has also been shown to have
costimulatory activity and to induce tyrosine and lipid kinase activ-
ities. Here we will review the signaling pathways initiated by TCR,
CD28, and CD7, as well as the functional consequences of signal
transduction through these receptors.
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Introduction

The mammalian immune response is gov-
erned by a number of complex cellular inter-
actions. Central to the initiation of an immune
response is the recognition of a foreign pep-
tide antigen by the T cell receptor (TCR). Anti-
gen presenting cells (APC) proteolyze the
proteins of invading pathogens to smaller pep-

tide fragments that are then bound in the pocket
of the major histocompatibility (MHC) pro-
teins in intracellular compartments before
being transported to the cell surface. There,
the MHC/antigen complex on the APC may
be bound by a specific TCR on the respond-
ing T cell. The binding of the MHC antigen
complex transmits signals into the responding
cell through a cluster of TCR-associated trans-



membrane proteins termed the CD3 complex.
This event elicits the activation of protein
tyrosine kinases (PTKs) and calcium release
that in turn initiate a cascade of signals, even-
tually resulting in the expression of new genes
necessary for responding to the foreign anti-
gen, including interleukin 2 (IL-2) and its
receptor (1,2).

Although the TCR-CD3 signal is critical
for activation of the resting T cell, it alone is
not sufficient to initiate transcriptional acti-
vation or generate an effective immune
response. In recent years, a number of other
surface molecules have been identified that
also play important roles in initiating or ampli-
fying the activation of the T cell. These mol-
ecules, termed coreceptors, include CD4, CD8,
and CD28, which each bind to ligands on the
APC. The apparent need for ligation of addi-
tional coreceptors led to a “two-signal” model
of T cell activation. In this model, the first
signal is generated through engagement of the
TCR–CD3 complex by the specific antigen-
bearing MHC on the APC, and the second
signal may be provided either through a non-
specific T cell surface coreceptor contacting
its ligand on the APC (3) or through cytokines
in the extracellular milieu. Among the lym-
phocyte surface coreceptors, CD4 and CD8
are accessory molecules that are activated by
binding the MHC class II and class I proteins
directly (4,5). CD28 is a surface receptor that
is activated by binding to one of its natural
ligands on the APC, CD80 (B7.1) or CD86
(B7.2). Coengagement of the TCR together
with a costimulatory molecule activates
transcription and, concurrently, prevents the
induction of T cell nonresponsiveness, a con-
sequence of TCR–CD3 engagement (“signal
one”) in the absence of other signals (6,7).
Because productive activation of the T cell
requires signals in addition to that through the
TCR–CD3 complex, the search for and char-
acterization of new candidate costimulatory

molecules has become important. The CD7
molecule, a member of the immunoglobulin
(Ig) superfamily, is expressed early in lym-
phocyte and myeloid development and on
mature human T and natural killer (NK) cells.
The CD7 polypeptide is a 40 kDa molecule,
and a number of monoclonal antibodies
(mAbs) directed against the molecule have
been generated. Using these anti-CD7 specific
mAbs, both costimulatory activity and the
induction of tyrosine and lipid kinase activity
have been demonstrated. CD7, like CD28, con-
tains a motif within its cytoplasmic domain
capable of binding, when phosphorylated, the
p85 subunit of phosphoinositide 3 kinase
(PI3K). This review will examine the signal-
ing pathways initiated by TCR, CD28, and
CD7, as well as the functional consequences
of signal transduction through these receptors.
Recent studies detailing the consequences of
genetic deletion of the CD7 molecule in mice
as well as the identification of a putative cog-
nate ligand for CD7 will be considered.

T Cell Antigen Receptor Signaling

The T cell receptor is a member of the
immunoglobulin supergene family that exists
as a heterodimer of α and β or γ and δ subunits,
with each subunit possessing a unique amino
acid sequence for antigen recognition (8). T cell
receptor subunits have short cytoplasmic
domains and require the associated CD3 com-
plex of transmembrane molecules to initiate
signal transduction following contact of the TCR
by the appropriate peptide/MHC complex (9).
Whereas the CD3 proteins do not themselves
possess intrinsic kinase activity, the chains of
the CD3 complex, γ, δ, ε, and ζ–ζ dimers, con-
tain multiple tyrosine-based domains, termed
immunoreceptor tyrosine-based activation
motifs (ITAMs) that mediate the binding of sig-
naling proteins (10,11). Upon TCR stimula-
tion, PTKs phosphorylate the tyrosines within
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these motifs facilitating the binding of adapter
and signaling proteins that contain Src homol-
ogy 2 (SH2) and PTB domains (12). Thus, the
cascade of signals from the stimulated TCR is
initiated. Critical components of this cascade
are summarized below (Fig. 1).

Protein Tyrosine Kinases

One of the earliest events in the cascade of
signals triggered by TCR engagement is the
activation of PTKs. Several distinct families
of tyrosine kinases are important in transduc-
ing signals from the TCR–CD3 complex. Upon
TCR engagement, the Src family members Lck
and Fyn are activated and phosphorylate the
tyrosines within the ITAM motifs of the CD3
chains (13,14). Lck and Fyn may be constitu-
tively localized to the plasma membrane by
their aminoterminal myristoylation modifica-
tions; Lck can also bind to the CD4 and CD8
accessory molecules by a cysteine-based motif

in its unique aminoterminal region (15–17).
CD4 or CD8 contact the MHC molecule essen-
tially concurrently with the TCR and activate
Lck (11). Following phosphorylation of the
ITAMs, other signaling molecules can then
bind to the phosphotyrosine motifs on the CD3
chains utilizing their own SH2 domains (2).
Among these ITAM binding proteins are phos-
phoinositide 3 kinase (PI3K), the adapter pro-
tein Shc, and the Syk family tyrosine kinase,
ZAP-70 (18–20). Once recruited to the ITAMs,
Syk family kinases still require tyrosine phos-
phorylation by another kinase, possibly Lck,
in order to become activated (21). There are
at least two other types of PTKs involved in
T cell signaling, the TEC family kinases, Itk
and Tec (22,23), and the negative regulatory
kinase Csk. Csk phosphorylates a negative reg-
ulatory tyrosine in the carboxyterminal region
of Src family kinases (discussed below) (1,24).
The absence of Itk in mature T cells leads to
a defect in calcium channel function at
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Fig. 1. Events in T cell signal transduction. A general schematic of many of the signaling pathways ini-
tiated by the TCR as well as the contribution of CD7 generated signals.



the plasma membrane, correlating with defec-
tive phosphorylation of phospholipase C-γ1
(PLC-γ1) following TcR binding (25).

Adapter Molecules

Once the PTKs associated with the TCR
become activated, a number of substrates are
phosphorylated, initiating SH2 mediated inter-
actions that bring various components of the
signaling machinery into juxtaposition. Many
of these interactions are facilitated by adapter
molecules that serve as scaffolding for the
binding of other molecules, thereby assem-
bling and propagating a signaling cascade
without contributing any catalytic activity (11).
One critical ZAP-70 substrate is the linker for
activated T cells (LAT) molecule, a 36 kDa
transmembrane adapter protein with a small
extracellular portion (26). The cytoplasmic
domain of LAT has multiple tyrosines that
become phosphorylated and mediate the bind-
ing of phospholipase C-γ1 (PLC-γ1), the p85
subunit of PI3K, the cytoplasmic adapter mole-
cules Grb2, Cbl, SLP-76, and Vav, a protein
with guanine nucleotide exchange factor
activity (26). Grb2 itself serves as a docking
site for Sos, a guanine nucleotide exchange
factor for Ras. This LAT–Grb2 association
may thus serve to link the T cell receptor to
Ras activation (26,27). The LAT association
with PLC-γ1 may also be a mechanism that
initiates the PLC-γ1 hydrolysis of PIP2 (phos-
phatidylinositol bis-phosphate) to IP3 (inosi-
tol tris-phosphate) and DAG (diacylglycerol),
intracellular mediators that facilitate calcium
release and PKC activation, respectively
(26,27). Experiments with a LAT-deficient cell
line demonstrate that the absence of LAT
results in the loss of TCR stimulated PLC-γ1,
Vav, and SLP-76 phosphorylation (28–30) sup-
porting many of the assertions above.

There are a number of other adapter mole-
cules involved in TCR signal transduction,

whose individual and cooperative contribu-
tions to T cell activation are still unclear. Shc,
an adapter protein composed of an aminoter-
minal phosphotyrosine binding (PTB) domain,
a collagen homology domain (CH), and a car-
boxyterminal SH2 domain, can bind to the
ζ chain of the CD3 complex as well as Grb2
and SHIP, a phosphatidylinositol phosphatase
(31,32). Shc is rapidly phosphorylated in
response to TCR crosslinking, facilitating its
subsequent association with Grb2 and Sos, an
exchange factor for the GTPase Ras, leading
to its activation (33). Cbl, a large adapter mol-
ecule with SH3 and SH2 binding sites as well
as its own PTB domain can bind ZAP-70, Lck
and Fyn, PI3K, Grb2, and the GTPase acti-
vating protein Gap, among others (11,27,33).
Cbl appears to serve a negative regulatory role
as Cbl deficient mice have increased numbers
of lymphocytes in which ZAP-70, SLP-76,
and LAT are all hyperphosphorylated (11).
SLP-76, a cytosolic adapter that is a substrate
for ZAP-70 (34), can interact with FYB/SLAP-
130, a Fyn binding protein (35) as well as two
additional adapters, Nck and Gads (36).

Tyrosine Phosphatases

Analysis of the role of phosphatases in TCR
signaling suggests that early T cell signaling
involves a dynamic regulation of tyrosine phos-
phorylation mediated by the opposing tyro-
sine kinases and phosphatases (for review, see
24). The transmembrane tyrosine phosphatase
CD45 is an important positive regulator of the
TCR signaling cascade. CD45 has been shown
to dephosphorylate the negative regulatory
tyrosine in Src family kinases (phosphorylated
by Csk) following TcR stimulation (24).
T cells lacking CD45 display an inability
to activate Src family kinases through the
TCR (37).

Activation of tyrosine phosphatases
(PTPases) may also negatively regulate the
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activation of T cells. SHP-1, a cytoplasmic
PTPase, has been shown to bind to and dephos-
phorylate ZAP-70, thereby downregulating the
kinase activity of ZAP-70 (38). SHP-1 is absent
in motheaten mice that exhibit immune defi-
ciency, autoimmune disease, and a progres-
sive inflammatory disease (24,39). The
coreceptor CTLA-4 (discussed further below)
is associated with SHP-2, another cytoplas-
mic tyrosine PTPase related to SHP-1 (40). It
is postulated that binding CTLA-4 by its lig-
ands, CD80 (B7.1) and CD86 (B7.2) activates
SHP-2 causing tyrosine dephosphorylation of
a number of important signaling molecules
(41). This suggestion is supported by the obser-
vation of hyperactivated PTKs in CTLA-
4-deficient mice (40).

MAP Kinases

The activation of the PTKs at the TCR–CD3
complex initiate, at least in part, the activation
of the MAP kinase pathway. MAP kinases are
serine/threonine kinases that phosphorylate
various substrates, including a number of tran-
scription factors. There are three distinct fam-
ilies of MAP kinases: the extracellular
signal-regulated kinases (ERKs), the Jun
amino-terminal kinases (JNKs), and the p38
MAP kinases. Each MAP kinase family has
several members, some with multiple isoforms
created by alternative splicing (42,43). Each
of these MAP kinases is activated by phos-
phorylation on both serine (S) or threonine (T)
and tyrosine (Y). The dual (S/T and Y) phos-
phorylation is mediated by a MAP kinase
kinase (MKK), an enzyme that in turn requires
phosphorylation on serine/threonine for activ-
ity. The activation of the MKKs is carried out
by upstream MAP kinase kinase kinase
(MKKKs) (44). Like the MAP kinases, there
are multiple MKKs and MKKKs, each with
specificity for a particular downstream sub-
strate. MAP kinase activation by TCR stimu-

lation may occur through multiple pathways.
As discussed above, phosphorylated adapter
molecules may bring the SOS guanine
nucleotide exchange factor (GEF) into prox-
imity with Ras, converting the inactive GDP-
bound Ras into the active GTP-bound form.
Active Ras is then able to target Raf, an
MKKK, to the membrane where Raf is acti-
vated (45) by mechanisms that remain unclear
at present. In addition, protein kinase C (PKC),
activated upon TCR stimulation, is able to acti-
vate Raf-1 (46). Activated Raf is able to phos-
phorylate MEK, an MKK that in turn
phosphorylates ERK; phosphorylated ERK
may translocate to the nucleus (43) where it
encounters a number of known substrates, pre-
dominantly transcription factors (42). Studies
using MEK1 interfering mutants or expres-
sion of the ERK-specific MAP kinase phos-
phatase MKP-1 to inhibit ERK activity
demonstrated that ERK kinase activity is nec-
essary for the induction of IL-2 in T lympho-
cytes (47). IL-2 transcription is regulated by
the composite interaction of a number of tran-
scription factors including, NF-κB, AP-1,
NFAT, and Oct-1 (48,49). ERK has been shown
to regulate the expression of c-fos, a compo-
nent of the AP-1 transcription factor, by phos-
phorylating Elk-1 and/or Sap-1a, both of which
may be involved in driving the expression of
c-fos (50). Taken together, these experiments
have implicated ERK as a regulator of tran-
scription factors vital to IL-2 production.

In addition to the ERK kinase pathway, the
TCR has been shown to activate the JNK and
p38 MAP kinase pathways (44,51,52). All
three MAP kinase families can be stimulated
by the TCR alone or in conjunction with cos-
timulation by CD28 (43). Activated JNK can
phosphorylate the transcription factor com-
ponents,ATF-2, c-Jun, and Elk-1, driving tran-
scriptional activity (53); by affecting AP-1
transcriptional activation, JNK and ERK
kinases may coordinate to regulate IL-2. Fur-
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thermore, JNK activation by CD28 costimu-
lation is abolished by treatment with
cyclosporin A (CsA), a drug that inhibits activ-
ity of the serine–threonine phosphatase cal-
cineurin (54). Activated by calcium influx,
calcineurin is critical for the dephosphoryla-
tion of the transcription factor NFAT, allow-
ing the translocation of NFAT to the nucleus
(55,56). Interestingly, JNK activation by
TCR–CD3 stimulation is enhanced signifi-
cantly by CD28 signaling via the coreceptor
while ERK activity is not enhanced by CD28
costimulation (54). The requirement for cos-
timulation appears to vary depending upon the
cell line and the state of activation and matu-
ration of the cells (52).

Like JNK activity, CD28 costimulation may
strengthen the ability of TCR signaling to acti-
vate p38 MAP kinase activity (52). Specific
p38 inhibitors and a transgenic mouse express-
ing a dominant negative p38 mutant have been
used to demonstrate preferential regulation of
Th1 cytokines by p38 MAP kinase (57).

Phosphoinositide 3-Kinase

Phosphoinositide 3-kinase (PI3K) refers to
a family of lipid kinases capable of phospho-
rylating lipids at the 3 position of the inositol
ring, generating phosphatidylinositol (PI)
3-phosphate [PI(3)P], PI 3,4-bisphosphate
(PIP2), or PI 3,4,5-trisphophate (PIP3) (58,59).
The best characterized member of the family,
class I PI3K, is a heterodimer consisting of a
p85 targeting subunit containing two SH2
domains and a 110 kDa catalytic subunit (60).
Although the actual mechanism of activation
for PI3K is unclear, it is likely that the dock-
ing of the enzyme onto phosphorylated targets
by its SH2 domains at the plasma membrane
allow it to interact with its lipid substrates (61).
In T lymphocytes, the phosphorylation of LAT
by ZAP-70 may permit the subsequent dock-
ing of PI3K to membrane-bound LAT (26).

PI3K has also been shown to interact with
GTP-bound Ras, and it is suggested that Ras
is downstream of PI3K (62). The significance
of this interaction is also not clear, but stud-
ies with Ras mutants indicate that Ras activ-
ity can apparently reciprocally regulate PI3K
activity in vivo (63,64).

How PI3K affects downstream events is an
area of intense study. Most forms of PI3K pos-
sess intrinsic protein kinase activity for which
one target is a serine residue within PI3K itself,
the specific phosphorylation of which may
serve to downregulate its own lipid kinase
activity (60). Other substrates, such as the
phospholipid products generated by an active
PI3K [PI(3)P, PIP2, PIP3] are involved in the
regulation of a number of signaling pathways.
Several distinct types of domains within sig-
naling proteins have been shown to bind phos-
pholipids. Pleckstrin homology (PH) domains
bind both PIP2 and PIP3 phospholipids (65),
SH2 domains bind PIP3 (66), and a motif
defined by FYVE binds PI(3)P (67,68). A
number of signaling proteins such as Vav, Itk,
and Akt, involved in T cell activation, contain
PH domains and bind both PIP2 and PIP3

(1,59). Phosphoinositide binding to PH
domains targets the protein to the plasma
membrane, bringing it into contact with sub-
strates (69).

Akt, a serine/threonine kinase, is an impor-
tant effector of PI3K activity. Phospholipid
binding to the PH domain of Akt translocates
it to the membrane, bringing it into proximity
with PDK1 and PDK2, two kinases necessary
for phosphorylating and activating Akt. A cen-
tral identified target for Akt is glycogen syn-
thase kinase-3β (GSK3-β) involved in the
regulation of glycogen synthesis, AP-1 and
CREB expression, and function of the APC
tumor suppressor (70,71). Akt has also been
shown to phosphorylate BAD, a Bcl family
member implicated in apoptotic regulation
(72,73) and to promote the cell cycle pro-
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gression through regulation of the E2F family
of transcription factors (74,75).

The TEC family member Itk and PLCγ also
possess PH domains that target the enzyme
plasma membrane by binding PIP3. The
translocation permits the Itk-like kinase to
phosphorylate membrane bound PLCγ,
enhancing its activation. Additionally, both Itk
and PLCγ are able to be activated directly by
the binding of phospholipid, independent of
targeting to the membrane (59). Similarly,
PI3K-generated phospholipids may regulate
the activity of PH-domain containing GEFs
such as Vav, the activity of which regulates the
function of Rho family GTPases, thereby
affects cytoskeletal changes and vesicular
trafficking (76).

The Role of Costimulation
in T Cell Activation

Appropriate T cell activation and differen-
tiation are not achieved simply by MHC–
antigen engagement of the TCR alone. There
must also be an additional signal provided by
a second, nonpolymorphic receptor on the sur-
face of the T cell, referred to as a costimula-
tory molecule (6,77). A number of molecules
have been reported to exhibit some costimu-
latory behavior, CD28 being the most potent
and well studied of these. Coengagement of
CD28 with the TCR can prevent the induction
of T cell anergy or unresponsiveness, which
has become one defining criteria for costim-
ulation. It has become clear that the engage-
ment of many different surface receptors, while
not preventing anergy in the manner of CD28,
may have qualitative effects on the response
of a T cell. Therefore, a brief examination of
the role of some of these receptors will serve
to allow comparison to the effects of CD7, dis-
cussed below.

CD28 is a homodimeric glycoprotein found
on most CD4+ T cells and about 50% of CD8+

T cells in the human (78), and its expression
may be increased upon activation of the T cell.
A member of the immunoglobulin gene super-
family, CD28 has a cytoplasmic tail of
41 amino acids that has been shown to bind to
PI3K through a phospho-YMNM motif
(79,80). CD28 is also able to bind the Lck and
Fyn tyrosine kinases (81,82) as well as the
TEC family kinase Itk (82,83). Ligation of
CD28 leads to activation of a number of sig-
naling molecules including PI3K and the gen-
eration of phospholipids (84,85), activation
of PLC-γ (7), and activation of Akt, the
PIP3-dependent serine–threonine kinase
described above (86).

CD28 costimulation is critically involved
in the induction of IL-2 transcription and
translation (87,88). This IL-2 production leads
to a robust proliferative response by the T cell.
The failure to produce IL-2 is a major defect
in anergic cells, and exogenous IL-2 admin-
istration, like CD28 engagement, can block
the induction of anergy (89,90). However,
CD28 costimulation is also involved in upreg-
ulating a number of other cytokines that are
important in enhancing not only proliferation
but also differentiation and the expression of
surface receptors (91). The production of
IL-4, IL-5, IL-13, IFN-γ, TNF-α, IL-8, and
GM-CSF are enhanced by CD28 costimula-
tion (92–96). The particular cytokines pro-
duced will vary depending upon the
experimental system being studied (97) and
the nature of the stimulating ligand (e.g.,
CD80 or CD86) (98,99).

CD28 has a homolog, cytotoxic T lympho-
cyte-associated antigen 4 (CTLA-4/CD154),
that is not expressed (or only very minimally
expressed) on resting T cells. CTLA-4 func-
tions generally as an inhibitor of T cell acti-
vation (6,100). CTLA-4 is detectable 24 h after
T cell activation, with slightly higher expres-
sion on CD8+ T cells than CD4+ T cells and
greater expression on CD4+ Th2 cells than on
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CD4+ Th1 cells (6). The Th1 subset of T cells
is characterized by the production of IL-2,
IFN-γ, and TNF-β, cytokines important in cell-
mediated immunity, whereas Th2 T cells pro-
duce IL-4, IL-5, and IL-10, cytokines more
critical for a humoral immune response (101).
Like CD28, CTLA-4 also binds Src-family
tyrosine kinases (102) and contains a phos-
photyrosine motif that mediates PI3K binding
(103). However, CTLA-4 is able to bind
the protein tyrosine phosphatases SHP-1 and
SHP-2 (104,105), phosphatases that are the
likely effectors of CTLA-4 mediated inhibitory
action.

CD28 and CTLA-4 both engage the same
pair of ligands, CD80 (B7.1) and CD86 (B7.2)
(78). The two B7 family members are expressed
on professional APCs macrophages, mono-
cytes, dendritic cells, and B cells as well as
some T lymphocytes. CD86 is expressed con-
stitutively and is increased upon activation of
the APC, whereas CD80 is expressed on the
cell surface basally at low levels and is
increased slowly upon activation (77,97). There
is evidence to suggest that CD80 and CD86
elicit distinct cellular responses through CD28
engagement and that the phosphorylation state
of certain signaling molecules differ after CD80
costimulation compared to that from CD86
(106). Differences in cytokine profiles pro-
duced by CD4+ T cells after costimulation by
CD80 vs CD86 have been observed, although
these differences appear to vary with the exper-
imental systems (97,99,107). The mechanism
by which these differing cytokine profiles may
be generated is currently under examination.

In addition to preventing anergy, costimu-
lation through CD28 may also regulate apop-
totic death initiated by various stimuli
(108–112). Stimulation through TCR–CD3,
in cell lines and in recently activated periph-
eral T cells, can result in activation-induced
cell death (AICD), mediated by Fas receptor
binding by Fas ligand, itself induced upon

TCR–CD3 stimulation (113). However, there
are conflicting reports regarding the ability of
costimulation to prevent AICD. CD28
costimulation had no protective effect upon
TCR-CD3 induced AICD in murine Th1 cells
(111); experiments performed with a murine
T cell hybridoma showed that CD28 costim-
ulation was protective against AICD, appar-
ently by preventing the TCR–CD3 induced
upregulation of Fas ligand (109). Human
T lymphocytes have also been demonstrated
to resist Fas-induced death when costimulated
with CD28 (108). IL-2 has been shown to
potentiate AICD by upregulating the expres-
sion of the Fas ligand (112). AICD, and its
potentiation by IL-2, is thought to maintain
homeostasis during an immune response and
thus prevent overwhelming lymphoprolifera-
tion (113).

CD28 engagement may also protect T cells
from death induced via pathways other than
AICD. T cell death due to the lack of or with-
drawal from required growth factors, often
referred to as programmed cell death (PCD),
is delayed by CD28 engagement (111,113).
Pretreatment of T cells with CD3 and CD28
mAbs prolongs the survival of T cells that have
been subjected to γ-irradiation compared to
CD3 mAb alone (108). The protective effect
of CD28 upon PCD appears to be due, at least
in part, to the upregulation of Bcl-xL (108,110);
a member of the Bcl family of proteins involved
in the regulation of apoptosis (114).

In addition to enhancing cytokine produc-
tion and inhibiting cell death, engagement of
CD28 appears to lower the threshold of
engaged TCRs required for activating a T cell
from 8000 to 1000 (115). The engagement of
many costimulatory molecules, including
CD28, activates the same signaling pathways
activated by TCR engagement, suggesting that
a principal function of costimulation is quan-
titative, not qualitative (116). Several signal-
ing molecules, such as JNK, specifically
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require CD28 in order to be activated (54).
These examples underscore qualitative dif-
ferences following delivery of a costimulatory
signal (116). In addition, a number of recent
studies have revealed that costimulation may
regulate subcellular localization and plasma
membrane microdomains essential for the ini-
tiation of T cell signaling. A structure has been
defined at the plasma membrane that is rich
in lipids and cholesterol, termed lipid rafts
(117), detergent-insoluble glycolipid-enriched
membrane microdomains (DIGs), detergent
resistant membranes (DRMs), or glycosphin-
golipid-enriched membrane microdomains
(GEMs). In addition to the specialized lipid
components, these rafts contain a high con-
centration of adapter molecules and kinases
(118). The ligation of CD28 in conjunction
with the TCR induces the raft migration to the
area of the engaged TCR (119–121). This
aggregation of the signaling molecules in prox-
imity to the TCR in the rafts changes the kinet-
ics of signaling and concentration of relevant
molecules at the interface of the T cell and
APC and may, additionally, promote steric
changes in the T cell allowing the interaction
with the APC to occur more efficiently for a
greater duration (119).

Other Costimulatory Molecules

Other molecules in addition to CD28 can
markedly affect the nature of a T cell response
to antigen. These coreceptors serve to aug-
ment or qualitatively modify the response of
the T cell. The number of molecules display-
ing some degree of costimulatory activity is
rapidly growing.

The CD4 and CD8 coreceptor molecules
interact with nonpolymorphic regions of MHC
class II and class I molecules, respectively,
and have been shown to augment signals from
the TCR (122–124). Coligation of either CD4
or CD8 in conjunction with the TCR increases

tyrosine phosphorylation induced by TCR
engagement alone, in part by activating the
associated Lck Src-related kinase (125), result-
ing in an increased production of IL-2 by the
T cell (125,126). Treatment of activated CD4+

T cells with anti-CD4 mAb prior to CD3 stim-
ulation can prevent CD3-induced AICD of the
T cell (127). The CD4-mediated protection
correlated with the inhibition of Fas ligand
upregulation, as had been observed for CD28
costimulation (109). CD2, interacting with its
ligands CD58, CD48, and CD59, is another
cell surface molecule possessing costimula-
tory characteristics (128,129). Coligation of
CD2 with CD3 has been shown to augment
the production of IL-2 in T cells (130) and to
enhance responsiveness to IL-12 (1). More-
over, CD2 engagement, in conjunction with
the addition of exogenous IL-2, appears able
to reverse anergy in T cells (131). Similar to
CD28, CD4, and CD8 ligation, CD2 ligation
induces an increase in tyrosyl phosphoryla-
tion in T cells (129,132). This increase in tyro-
syl phosphorylation is effected, at least in part,
through the associated Fyn tyrosine kinase
(132). Recently, another member of the CD28
family, termed inducible costimulatory mol-
ecule (ICOS), has been cloned (133). ICOS
does not upregulate IL-2 production but it is
a potent, CD28-independent, costimulator of
proliferation and increases Th2-type lym-
phokines including IL-10. Like CTLA-4,
ICOS is not constitutively expressed on the
cell surface but must be induced by TCR-CD3
stimulation (133). ICOS costimulation regu-
lates both Th1 and Th2 CD4+ responses, but
not CD8+ CTL responses in vivo (134) by inter-
acting with its ligand B7-H (B7-RP1, LICOS)
(135,136). Stimulation of the OX40 molecule
on T cells by its physiological ligand on B cells
can enhance proliferation and IL-2 production
in T cells. OX40 is a member of the TNF recep-
tor superfamily of genes and, like CTLA-4 and
ICOS, is induced upon TCR triggering (137).
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The CD9 surface molecule has the ability to
induce proliferation of T cells in conjunction
with TCR–CD3 signals, but, unlike the effect
of CD28, rapidly results in apoptosis of the
T cells (138). Costimulation of T cells with an
anti-CD5 mAb can increase IL-2 secretion,
activate the PI3 kinase pathway, and induce
the phosphorylation of Vav. A dominant neg-
ative Rac1 mutant was shown to ablate the
CD5-dependent activation of an IL-2 reporter
construct, identifying one downstream effec-
tor of CD5 signaling (139). Also, CD5 coli-
gation with CD3 can increase the association
of TCR/CD3 with lipid rafts (2). Finally, as
discussed below, there are a number of reports
describing the costimulatory characteristics of
CD7 signaling including effects on IL-2 secre-
tion, proliferation, and the regulation of adhe-
sion (140–142).

Structure and Molecular Associations
of CD7

Biochemical analysis of CD7 employing
neuraminidase, endo-H, or endo-F digestion
demonstrated that the mature, expressed pro-
tein contained sites of N-linked glycosylation.
Endo-F treatment reduced the glycoprotein
from 40 to 33 kDa. Pulse-chase experiments in
the presence of tunicamycin revealed a 29 kDa
precursor that was processed to a 33 kDa form,
strongly suggesting the presence of O-linked
glycosylation (143). Western blotting experi-
ments of reduced and nonreduced CD7
immunoprecipitations have demonstrated that
CD7 from T cells exists as a homodimer (144).

The cDNA expressing CD7 was cloned
from a COS cell expression system by Aruffo
and Seed in 1987 (145) using anti-CD7 mAb
reactivity to isolate positive clones. The
nucleotide sequence of the clone revealed that
CD7 was a member of the immunoglobulin

superfamily encoding a protein of 240 amino
acids with the characteristics of an integral
membrane protein (Fig. 2). The first 25 amino
acids appeared to encode a signal sequence
yielding a final predicted molecular weight of
23 kDa in the absence of posttranslational mod-
ification. The extracellular domain was pre-
dicted to contain two N-linked glycosylation
sites, agreeing with the earlier biochemical
characterization of Sutherland et al. (145).
Homology of the extracellular domain of CD7
to immunoglobulin family members, includ-
ing rat CD8 and the murine IgG κ chain, pre-
dicted one immunoglobulin superfamily fold,
whereas a 27 amino acid hydrophobic domain
was predicted to be the transmembrane region
suggesting the final 39 amino acids comprised
the cytoplasmic domain. There are two tyro-
sine residues, two threonine residues, and six
serine residues within the cytoplasmic domain
of CD7. Orthophosphate-labeled immuno-
precipitates of CD7 from HSB-2 cells sub-
jected to phosphoamino acid analysis revealed
serine, threonine, and tyrosine phosphoryla-
tion. Serine was the predominantly labeled
phosphoamino acid and tyrosine the least
strongly labeled residue (143).

Like CD28, the cytoplasmic domain of CD7
contains a YXXM sequence that is predicted
to be a binding site for the SH2 domains of
the p85 subunit of PI3K (146). The physical
association of PI3K with CD7 and the forma-
tion of phosphatidylinositol 3,4,5-trisphos-
phate subsequent to CD7 ligation with
antibody has been demonstrated (147–149).
Phosphopeptide competition experiments have
confirmed that the association of PI3K with
CD7 is mediated by the binding of the SH2
domains in the p85 subunit of PI3K to the phos-
phorylated tyrosine of the YEDM motif in the
cytoplasmic domain of CD7 (147,148). The
stimulation of PI3K activity appears essential
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for inducing CD7-dependent integrin binding
as a dominant negative form of the p85 PI3K
subunit abolished the ability of CD7 stimula-
tion to enhance cellular adhesion (147).

Crosslinking of CD7 with mAbs on the
surface of Jurkat T cells induces the coim-
munoprecipitation of the CD3 complex as well
as the transmembrane tyrosine phosphatase
CD45 suggesting that CD7 forms a multimeric
complex with CD3 following appropriate
T cell stimulation (144). This multimeric com-
plex was shown to contain tyrosine kinase
activity (144). Independently, CD7 immuno-
precipitated from purified CD4+ human T cells
was shown to associate with a tyrosine kinase
activity (150); the tyrosine phosphorylated
band in these immunoprecipitates had a rela-
tive molecular weight of 80 kDa, but remains
unidentified (150).

Distribution and Functions of CD7

CD7 is a 40 kDa glycoprotein found on the
surface of T cells and NK cells. CD7 was first

identified by mAbs raised against normal
human thymocytes (143,151) and T lympho-
cytes (152,153). CD7 is expressed early on
the cell surface during ontogeny of the T cell
and expression on many subsets of T cells is
retained throughout maturation (154). CD7 is
also expressed on hematopoietic precursor
cells capable of differentiating into the B or
myeloid lineage. However, both B cells and
myeloid cells normally lose CD7 expression
during maturation (155,156).

The majority of mature CD4+ and CD8+

peripheral T cells express CD7. There are,
however, small subsets of T cells that lack CD7
on the cell surface. A small population of
CD4+CD45RA–CD45RO+ memory T cells that
lose CD7 expression has been defined in
normal human blood (157). Repeated stimu-
lation of CD4+CD45RA+CD45RO– cells can
induce a switch to CD45RO+ and cause the
loss of CD7 in about 3% of the total CD4+ cells
examined (158,159). Shimizu et al. found that
naive CD4+ T cells have about twofold higher
expression of CD7 than do memory cells (142).
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Fig. 2. Predicted sequence of CD7 molecule, a predicted Type 1 membrane protein. Shown is the signal
sequence (amino acids 1–25), the mature CD7 protein (amino acids 26–240) containing two potential sites
of N-linked glycosylation (amino acids 45 and 96, italics), two putative disulfide bonds (amino acids 35 and
142, 48 and 114, shown in bold). The probable transmembrane (amino acids 181–201) and cytoplasmic
(amino acids 202–240) domains are shown. Note four repetitive regions (boxed) (X-P-P-X-A-S-A-L-P) and
the –Y222EDM– site that, when phosphorylated, is the site of binding of the p85 subunit of PI-3 kinase.



In addition, a small population of CD7+CD3–

cells was identified in the periphery of normal
adult donors (160). These cells were appar-
ently distinct from NK cells because they were
able to differentiate into CD3+ T cells upon
stimulation with IL-2, phytohemagglutinin
(PHA), and irradiated feeder cells (160). Mito-
genic stimulation of T cells appears to increase
CD7 surface expression (153,161). Experi-
ments with ionophores and dibutyryl cAMP
demonstrated that both calcium flux and an
increase in cAMP induce the transcription of
CD7, whereas anti-CD3 mAb stimulation
increases the level of mRNA stability
(161,162).

CD7 is absent on the surface of Sezary cells,
a form of CD4+ cutaneous T cell lymphoma.
Moreover, the cutaneous lymphocyte antigen
(CLA), which is often found on T cells in
inflammatory skin lesions, is present on a
majority of the CD7– subset of CD4+ cells
expanded after repeated stimulations. This has
led to a proposal that the naturally occurring
CD7– T cell population may be precursors of
Sezary cells (157). Moreover, the majority of
epidermal and dermal T cells in normal skin
lack CD7 expression (163) lending credibil-
ity to the hypothesis that CD7– T cell subsets
are precursors of Sezary cells. Recently, how-
ever, T cell clones from Sezary patients were
sorted into CD7+ and CD7– groups and exam-
ined for TCR Vβ clonality. The dominant Vβ
clones were present in both CD7+ and CD7–

populations and both CD7 populations
expressed identical cytokine profiles (164),
challenging the theory that CD7– T cells com-
prise the malignant Sezary cell population.

There are some isolated observations that
suggest CD7 expression has a role in diseases
other than malignancies. A study of lympho-
cyte populations in HIV-infected individuals
revealed an increase of CD4+CD7– T cells from
approx 10% in normal individuals to about
33% in HIV seropositive patients (165). Oddly,

despite the reduction of CD7 levels in HIV
infected individuals, anti-CD7 mAbs were
shown to prevent the formation of syncytium,
necessary for cell free infection and a cyto-
pathic component of in vitro infection, in HIV-
infected T cell lines. These data suggest that
expression of CD7 may be an important reg-
ulator of HIV infection (166). A single report
of a patient with SCID has been described
whose only identified phenotypic defect was
a lack of CD7 on the SCID T cells (167). No
functional connection was made between the
lack of CD7 and the immunodeficiency (167).

Engagement of CD7 by anti-CD7 mAb has
both stimulatory and inhibitory effects depen-
dent in part on experimental conditions. Stud-
ies using anti-CD7 mAbs in conjunction with
anti-CD3 mAb or PMA have shown CD7 to
be comitogenic for purified human T cells
(140). Anti-CD7 mAb ligation has also been
shown to augment the production of IL-2 when
used in conjunction with stimulation through
the CD3 complex or lectins (141). Conversely,
pretreatment with a specific anti-CD7 mAb,
RFT2, prevented anti-CD3 antibody-induced
proliferation, but not proliferation induced by
PHA, ConA, or phorbol esters (168). Addi-
tional support for a negative role for CD7 came
from the observation that pretreatment of
human T cells with anti-CD7 mAbs in the pres-
ence of a crosslinking secondary antibody
inhibited proliferation induced by PHA treat-
ment or by an allogeneic mixed lymphocyte
reaction (MLR) (169). The effect of CD7 mAbs
on the inhibition of alloantigen-induced pro-
liferation may be specific to certain subsets of
T cells in that naive T cells, defined by
CD45RA staining, were susceptible to inhi-
bition by anti-CD7 mAbs of alloantigen-
induced proliferation whereas CD45RO
positive memory cells were not (170).

CD7 has been shown to have a role in reg-
ulating integrin-mediated adhesion. Ligation
of CD7 on CD4+ human T cells with mAbs
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increased binding to fibronectin, ICAM-1, and
VCAM-1 (142). The effect of CD7 ligation on
T cell adhesion to ICAM-1 was approximately
twofold greater in naive T cells than in memory
cells, correlating with the greater expression
of CD7 on naive than memory cells, as previ-
ously discussed. This effect on adhesion was
reduced by treatment with either staurosporine
or dibutyryl cAMP, suggesting a role for PKC
and cAMP, respectively, in CD7-induced adhe-
sion (142). Further studies have shown that
the induction of increased integrin adhesion
by CD7 ligation is abolished by pretreatment
of the cells with herbimycin A, a tyrosine
kinase inhibitor (150). A role for the lipid
kinase PI3K in CD7 signaling has been sug-
gested by the observation that the PI3K
inhibitors Wortmannin and LY294002 or a
dominant negative form of PI3K inhibited
CD7-induced integrin adhesion (147).

CD7 has been shown to stimulate TCR γ/δ
T cells preferentially in one experimental
system. CD7 ligation by a particular anti-CD7
mAb (LAU-A1) induced a calcium flux in three
TCR γ/δ T cell lines, but failed to have any
effect upon the TCR α/β+ T cell line Jurkat or
on freshly isolated peripheral blood T cells,
which were predominantly α/β+ (171). How-
ever, this observed discrepancy between TCR
α/β and TCR γ/δ T cells could have been the
result of a specific epitope of CD7 expressed
on TCR γ/δ cells and not preferential respon-
siveness of TCR γ/δ cells to CD7 ligation. This
hypothesis is supported by the isolation of an
anti-CD7 mAb that recognizes an epitope on
human intraepithelial lymphocytes but not on
CD7+ thymocytes (172), demonstrating that
there are structurally distinct forms of CD7.

T cells are not the only hematopoetic cells
that are responsive to CD7 signals. Two
myeloid progenitor cell lines were found to
produce GM-CSF in response to CD7 ligation
(173). In addition, CD7 is expressed on vir-
tually all NK cells and has been found to elicit

a number of important responses in NK cell
activation. Using NK cells purified from
human donors, CD7 ligation was seen to stim-
ulate the secretion of IFN-γ, induce prolifer-
ation, enhance cytotoxicity against target cells,
generate a calcium flux, and induce the upreg-
ulation of a number of cell surface activation
markers including CD69 and CD25 (174,175).

A common approach to dissecting the role
of a specific gene is to create a transgenic
mouse overexpressing the gene of interest or
a “knockout” mouse lacking the gene of inter-
est. Mice expressing transgenic human CD7
have yielded little insight into the function of
CD7 (176). The human CD7 transgene was
expressed at significant levels on B cells and
macrophages, expression that differs from its
normal expression pattern in humans. The
overexpressed human CD7 transgene, how-
ever, did not affect hematopoetic development
in mice (176). Whether this relates to species-
specific differences is not clear. The murine
CD7 gene predicts a protein product with 45%
homology to the human protein, with one par-
ticularly striking divergence from the human
CD7 structure. Murine CD7 lacks four pro-
line-rich repeats present in the membrane prox-
imal region of the extracellular domain of
human CD7. Although no function has been
ascribed to these repeats (177), the structural
difference between the human and murine CD7
extracellular domain may provide a possible
explanation for the failure of the overexpressed
human CD7 to have any significant effect in
mice. The murine ligand for CD7 may not be
able to recognize and bind the structurally dis-
tinct human receptor.

Two different groups have generated mice
genetically deficient in murine CD7 (178,179).
Bonilla et al. (178) observed essentially no
defects in their CD7-deficient mice. Lee et al.
(179), however, have found several intriguing
changes in mice lacking CD7. The CD7-
deficient mice of Lee et al. (179) were gener-
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ally in good health but exhibited an increase
in thymocyte numbers at 3 months of age.
However, thymocyte numbers in these mice
appeared normal at all other time points stud-
ied, calling into question whether this was an
effect attributable to the lack of CD7 or due to
some other unknown factor. The mice had
normal NK cell numbers and NK cytolytic
capacity as measured by chromium release from
YAC-1 lymphoma target cells. However, MHC
class I-restricted CTL killing, as determined
by lysis of OVA-expressing target cells by OVA-
primed splenocytes from CD7 deficient mice,
was reduced by approx 50% in the CD7 mutant
mice as compared to normal controls (179).
The CD7 deficient mice also produced signif-
icantly less IFN-γ in response to tetanus toxoid
administration than did normal controls.

The CD7–/– mice were found to be consid-
erably more resistant to death in both low and
high dose LPS-induced toxic-shock-syndrome
models. Further analysis of these mice revealed
that they were also deficient in production of
TNF-α, IL-6, and IFN-γ in response to LPS-
induced shock (180). The defect in production
of these cytokines appeared to be specific to
liver tissue as mRNA levels for TNF-α, IL-6,
and IFN-γ in splenocytes from the same mice
did not vary significantly. Furthermore, mRNA
levels of IL-18, IL-12, and ICE, all potential
inducers of IFN-γ production, were not
reduced in liver tissue from the CD7–/– mice
when compared to normal controls. Spleno-
cytes from the CD7–/– mice treated with
IL-12 and IL-18 were capable of producing
normal levels of IFN-γ.

Further mechanistic studies revealed that
the NK1.1+/CD3+ T cells from the CD7 defi-
cient mice, known to be involved in the toxic
shock response (3), were less than half of the
numbers found in the livers of control mice
(180). Thus, the absence of CD7 appears to
diminish the degree of response to LPS, pos-

sibly by preventing the development of a
unique subset of T cells.

CD7 Ligand(s)

The physiological role of CD7 has remained
elusive, a problem compounded by the absence
of an identified cognate ligand (Fig. 3). It was
once suggested that CD7 was the T cell IgM
receptor, but this hypothesis was discredited
with the cloning of CD7. Transfection exper-
iments demonstrated that COS cells express-
ing CD7 remained unable to bind soluble IgM
(145). Some investigators have proposed that
human CD7 may be a functional homolog of
the murine Thy-1 gene, a GPI-linked surface
molecule with no transmembrane region, a
proposal based on similarity between the
genomic organization of introns and exons in
the human CD7 and murine Thy-1 genes as
well as two small areas of sequence homol-
ogy within the promoters of each. However,
no evidence has suggested similar regulation
or function of Thy-1 and CD7, and the cloning
of a murine homolog of CD7 further weakens
the hypothesis that Thy-1 may be a functional
homologue of human CD7.

It has been demonstrated that CD7 is able
to bind the plant lectin Concanavalin A (181)
as well as the endogenous human lectin,
galectin-1 (182). Galectin-1, expressed in a
large number of tissues including the thymus,
can induce the apoptosis of thymocytes as well
as of mature T cells. Thus, galectin-1 may be
an important mediator of immune regulation
by serving to delete certain cells from the pop-
ulation. A recent study has shown that a cell
line lacking CD7 was not susceptible to
galectin-mediated death but could be rendered
responsive to galectin-induced apoptosis upon
transfection of the CD7 receptor (183). There-
fore, CD7, present early in lymphocyte
ontogeny, may serve as a component in cell
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selection mediated by galectin-1. However,
since CD7-deficient mice do not have a
significant defect in lymphocyte development,
CD7 has either a redundant or minor role in
directing the development of the T cell
repertoire.

A polypeptide ligand for CD7 has recently
been determined to be the K12 (SECTM1)
gene product (184). Investigators used a fusion
construct of the K12 extracellular domain
linked to the Fc portion of immunoglobulin to
probe cells for a ligand; the CD7 protein was
precipitated. K12 exists as both a transmem-
brane protein as well as a soluble molecule of
approx 20 kD. Whether K12 is expressed on
the cell surface or retained intracellularly
remains unclear (185). K12 is distantly related
to the immunoglobulin family and is expressed
in nonlymphoid tissues as well as in granulo-
cytes. To date, no lymphoid cell lines have
been identified that express K12 mRNA. Inter-
estingly, the gene for K12 is directly upstream
of the gene for CD7 on chromosome 17q25,

possibly permitting the coordinate regulation
of their expression (185).

The secretion of a soluble form of K12 sug-
gests a mechanism for the apparent CD7-
dependent regulation of the LPS response:
LPS-stimulated macrophages may release
increased amounts of soluble K12 that bind to
and stimulate CD7 signaling, resulting in
increased IFN-γ production by T cells. This
IFN-γ production could then further stimulate
macrophages, creating an escalating cycle of
cellular activation in the presence of persis-
tence LPS. To date, however, no functional
effects of the CD7-K12 interaction have been
observed on the murine LPS response. Fur-
ther exploration of the effects of this natural
ligand binding to CD7 are warranted.

Conclusion

The activation of the T cell is a complex
event, requiring the coordination of a number
of external stimuli derived from receptor–
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Fig. 3. Functional outcomes of CD7 engagement. Shown are 3 sources of stimulation for CD7, mAbs,
the Fc fusion protein of the cognate ligand K12, and the endogenous human lectin, galectin-1. The experi-
mental results from each method of CD7 stimulation are listed below.
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