
The specific recognition of cognate antigenic peptides pre‑
sented by MHC molecules triggers T cell receptor (TCR) 
signalling, but it is co‑stimulatory and co‑inhibitory 
receptors (here collectively named co‑signalling receptors 
for simplicity) on T cells that direct T cell function and 
determine T cell fate. The discovery of CD28 as a proto‑
type co‑stimulatory TCR (BOX 1) provided evidence for the 
two-signal model of T cell activation, according to which 
both TCR and co‑stimulatory signalling are required for 
full T cell activation1–3. Since then, T cell co‑signalling 
receptors have been broadly defined as cell‑surface mol‑
ecules that can transduce signals into T cells to positively 
(co‑stimulatory receptors) or negatively (co‑inhibitory 
receptors) modulate TCR signalling.

The repertoire of co‑signalling receptors expressed on 
T cells is highly versatile and responsive to changes in the 
tissue environment. Within a specific tissue environment, 
the signals that are received from or, sometimes, trans‑
duced to the surrounding cells by the given repertoire of 
T cell co‑signalling receptors are determined by the type 
of ligands or counter‑receptors that are expressed on the 
surface of the cells that interact with T cells. Co‑signalling 
ligands and counter‑receptors have now been identified 
on nearly all cell types, although their expression has 
been most well characterized on professional antigen‑ 
presenting cells (APCs), as APCs are the primary drivers of 
T cell activation and differentiation in lymphoid organs4.

It is now clear that co‑signalling molecules have a 
crucial role in regulating T cell activation, subset dif‑
ferentiation, effector function and survival. Following 
recognition of cognate peptide–MHC complexes on 

APCs by the TCR, co‑signalling receptors often colo‑
calize with TCR molecules at the immunological synapse  
(BOX 2), where they synergize with TCR signalling to 
promote or inhibit T cell activation and function5. In 
this interactive environment, functionally diverse co‑ 
stimulatory and co‑inhibitory molecules are expressed in 
overlapping spatiotemporal fashion. Whereas relatively 
little is known about how diverse co‑signalling pathways 
truly integrate, a great deal is now known concerning the 
function of individual co‑signalling molecules in specific 
phases of T cell responses.

As our understanding of co‑signalling continues 
to progress, the classical two‑signal model, originally 
represented by the B7–CD28 paradigm (BOX 1), needs 
to be revisited to encompass the complex mechanisms 
involved in T cell co‑signalling. In this Review we 
focus on how the concept of co‑signalling in T cells has 
evolved. In this context, recent work describing new 
molecular interactions, biochemical signalling pathways 
and the diverse roles of co‑signalling in T cell activa‑
tion, differentiation, effector function and survival are 
highlighted.

T cell co‑signalling receptor superfamilies
Most co‑signalling molecules are members of the immu‑
noglobulin superfamily (IgSF) and tumour necrosis 
factor receptor superfamily (TNFRSF). Co‑signalling 
molecules can be further subdivided into specific fami‑
lies on the basis of primary amino acid sequence, pro‑
tein structure and function (Supplementary information 
S1,S2 (tables)).
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Two-signal model

Activation of naive T cells 

requires two signals: T cell 

receptor (TCR) signalling and 

co-stimulatory signalling. TCR 

signalling following interaction 

with peptide–MHC complexes 

confers specificity to T cell 

activation but results in T cell 

unresponsiveness in the 

absence of co-stimulatory 

signalling, which synergizes 

with TCR signalling.

Molecular mechanisms of T cell 
co-stimulation and co-inhibition
Lieping Chen1 and Dallas B. Flies1,2

Abstract | Co‑stimulatory and co‑inhibitory receptors have a pivotal role in T cell biology,  
as they determine the functional outcome of T cell receptor (TCR) signalling. The classic 
definition of T cell co‑stimulation continues to evolve through the identification of new 
co‑stimulatory and co‑inhibitory receptors, the biochemical characterization of their 
downstream signalling events and the delineation of their immunological functions. 
Notably, it has been recently appreciated that co‑stimulatory and co‑inhibitory receptors 
display great diversity in expression, structure and function, and that their functions are 
largely context dependent. Here, we focus on some of these emerging concepts and review 
the mechanisms through which T cell activation, differentiation and function is controlled  
by co‑stimulatory and co‑inhibitory receptors.
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Immunological synapse

A large junctional structure 

that is formed following the 

initial T cell receptor 

recognition of cognate 

peptide–MHC complexes on 

antigen-presenting cells. This 

structure, which is composed 

of central and peripheral 

supra-molecular activation 

clusters (SMACs), is crucial  

for the spatial organization  

of surface interactions, 

cytoplasmic signalling 

components and scaffolds. 

Co‑signalling receptors of the immunoglobulin super‑

family. The IgSF includes several co‑signalling families 
(Supplementary information S1 (table)). The CD28 
and B7 families are perhaps the most well‑described 
families of IgSF receptors. The members of the CD28 
family interact primarily with members of the B7 fam‑
ily6 with two exceptions: the co‑inhibitory receptor 
B and T lympho cyte attenuator (BTLA) binds to the 
TNFRSF member herpes virus entry mediator (HVEM; 
also known as TNFRSF14)7,8, and B7‑H6 (also known 
as NCR3LG1) binds to natural killer cell p30‑related  
protein (NKp30; also known as NCR3) of the natural 
cytotoxicity receptor family in humans9. 

The type I transmembrane (or T cell) immunoglobu‑
lin and mucin (TIM) domain‑containing molecules are 
a family of IgSF co‑signalling receptors that are uniquely 
composed of both an IgV‑like domain and a mucin‑like 
domain10. TIM family members have been shown to 
have both co‑stimulatory and co‑inhibitory functions11.  
CD2/signalling lymphocytic activation molecule (SLAM) 
family members are IgSF molecules with an IgV and an 
IgC domain that engage primarily in homophilic or 
heterophilic interactions10. On T cells, CD2 and SLAM 
function as co‑stimulatory receptors12,13, whereas 2B4 and 
LY108 have recently been shown to function primarily 
as co‑inhibitory receptors14–16; the CD2/SLAM family is 
reviewed in detail elsewhere13,17. Butyrophilin (BTN) and 
BTN‑like (BTNL) family molecules have extra cellular 
structures similar to those of B7 family molecules; 

however, their cytoplasmic tails contain a canonical 
b30.2–RING (really interesting new gene) domain with 
unknown function18. Therefore, the co‑signalling function 
of BTN and BTNL molecules remains to be determined.

In addition, several other IgSF molecules have 
been identified that function as co‑signalling mol‑
ecules. Lymphocyte activation gene 3 protein (LAG3; 
also known as CD223) is a molecule with homology to 
CD4 that functions as a co‑inhibitory molecule. LAG3 
interacts with MHC class II molecules, and probably 
also with other unidentified molecules19. The receptors 
CD226 (also known as DNAM1), T cell immunoreceptor 
with immunoglobulin and ITIM domains (TIGIT; also 
known as VSIG9), cytotoxic and regulatory T cell mol‑
ecule (CRTAM) and CD96 (also known as TACTILE) all 
interact with nectin and nectin‑like ligands20. CD226 and 
CRTAM are co‑stimulatory, TIGIT is co‑inhibitory and 
the role of CD96 remains unclear. Leukocyte‑associated 
immunoglobulin‑like receptor 1 (LAIR1; also known as 
CD305) is a member of the LAIR family containing a sin‑
gle C2‑type immunoglobulin‑like domain that binds col‑
lagens and has a co‑inhibitory function21. Finally, CD160 
is a glycosylphosphatidylinositol‑anchored molecule 
containing a single IgV‑like domain that binds to HVEM  
and functions as a co‑inhibitory receptor on T cells22.

The identification of co‑stimulatory and co‑inhibitory 
receptors from diverse IgSF families attests to the het‑
erogeneity of both the structural interactions among 
co‑signalling molecules and their functional outcomes.

Box 1 | The B7−CD28 co‑signalling paradigm

The classical two-signal hypothesis posited that both 

antigen and secondary stimuli are required for T cell 
activation115. The identification of the co-stimulatory 

receptor CD28 and a ligand, B7-1, illustrated the 

proposed model1,116 (see the figure). With the subsequent 

identification of a co-inhibitory receptor (cytotoxic  

T lymphocyte antigen 4 (CTLA4), which also binds to 

B7-1) and a second ligand (B7-2, which binds to both 

CD28 and CTLA4), the two-signal model had already 

begun to evolve into a more complex regulatory 

system117–119. CD28 is constitutively expressed on the  

cell surface of naive CD4+ and CD8+ T cells, and provides 
an essential co‑stimulatory signal for T cell growth  
and survival upon ligation by B7-1 and B7-2 on antigen- 

presenting cells (APCs)48. CTLA4 is induced following 

T cell activation and suppresses T cell responses48. When 

CTLA4 is upregulated, CD28 expression is subsequently 

downregulated by endocytosis48. Expression of B7-1  

and B7-2 is modulated by the activation state of the APC. 

B7-2 is constitutively expressed on APCs at low levels, 

and infection, stress and cellular damage recognition  

by innate receptors activate APCs and induce 

transcription, translation and transportation of both  

B7-1 and B7-2 to the cell surface120,121. Therefore, the 

modulation of both receptors and ligands on T cells and 
APCs, respectively, provides multiple levels of regulation 

for T cell activation to promote T cell responses against 
non-self antigens while preventing or limiting aberrant 

and autoreactive T cell responses. IDO, indoleamine 
2,3-dioxygenase.
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Co‑signalling receptors of the TNF receptor superfamily.  
TNFRSF receptors contain one or more extra cellular 
cysteine‑rich domains (CRDs), whereas their ligands 
contain a conserved extracellular TNF homology 
domain (THD)10,23 (Supplementary information S2 
(table)). Although co‑signalling receptors of the TNFRSF 
were historically divided into subfamilies based on the 
sequence and structure of the THDs of their inter acting 
ligands, a recently described classification system takes 
into consideration both receptor CRDs and ligand 
THDs10,23. Family classification remains similar in both 
systems, but the new classification system uses a structure‑
based sequence clustering method to offer insight into 
structure‑dependent interactions and the co‑evolution of 
TNF receptors and ligands23.

The classification of TNFRSF co‑signalling receptors on 
the basis of their structure seems to have little correlation 
with their co‑signalling function. For example, although all 
members of the type‑L, or conventional, family share simi‑
lar CRD architecture, only some of them, including HVEM, 
death receptor 3 (DR3; also known as TNFRSF25), CD40 
(also known as TNFRSF5) and lymphotoxin‑β receptor 
(LTBR; also known as TNFRSF3), have a co‑stimulatory 
function, whereas other type L‑family receptors have 
functions in diverse processes other than co‑signalling24. 
Similarly, the type‑S (also known as EF‑disulphide) family 
receptors transmembrane activator and CAML interactor 
(TACI; also known as TNFRSF13B), B cell‑activating fac‑
tor receptor (BAFFR; also known as TNFRSF13C) and  
B cell maturation protein (BCMA; also known as 

Box 2 | T cell receptor signalling and the immune synapse

The spatial organization of co‑signalling receptors on naive T cells is thought to be somewhat random; therefore specific events 
involving the reorganization of T cell surface molecules are required for optimal functional interactions to occur. The formation 
of the immune synapse is the primary reorganizing event that enables productive T cell receptor (TCR) signalling and 

co-signalling5. The immune synapse is composed of the central, peripheral and distal supra-molecular activation complexes 

(cSMAC, pSMAC and dSMAC, respectively), which contain specific molecules that are crucial for immune synapse formation 

and function5 (see the figure, part a). Imaging studies have shown that in the cSMAC, CD28 forms microclusters with the TCR, 
and these microclusters initiate the recruitment of signalling molecules and T cell activation5. Two cytoplasmic motifs of  

the CD28, namely YMNM and PYAP, are essential for lipid raft formation and localization of CD28 at the immunological 

synapse, as well as for recruitment and activation of protein kinase Cθ (PKCθ) and RAS guanyl nucleotide-releasing 

protein (RASGRP)42,43. Following activation, additional co-stimulatory molecules as well as co-inhibitory receptors are 

recruited to the immune synapse5,42,122,123. Cytotoxic T lymphocyte antigen 4 (CTLA4) accumulates in the same region of  

the cSMAC as CD28 to physically exclude CD28 from the cSMAC52 (see the figure, part b). CTLA4 also disrupts positive 

signalling through recruitment of phosphatases to the immunological synapse and subsequent dephosphorylation of key 

signalling molecules122. Similarly, it was recently shown that localization of programmed cell death 1 (PD1) to the immune 

synapse may result in dephosphorylation of TCR signalling components51. GRB2, growth factor receptor‑bound protein 2; 
LAT, linker for activation of T cells; LCK, lymphocyte cell‑specific protein‑tyrosine kinase; LFA1, lymphocyte function‑
associated antigen 1 (also known as αLβ2 integrin); PI3K, phosphatidylinositol 3‑kinase; PLCγ, phospholipase Cγ; SLP76, 
SH2 domain‑containing leukocyte protein of 76 kDa (also known as LCP2); ZAP70, 70 kDa zeta‑chain associated protein.
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Table 1 | Co‑stimulatory and co‑inhibitory receptor function in stages of T cell differentiation

Receptor T cell type Priming Cell growth T
H
 cell 

differentiation
Effector 
function

Survival Memory Refs

CD28 CD4+ (+) (+) ND ND (+) (+) 48

CD8+ (+) (+) ND ND (+) (+)

ICOS CD4+ ND (+) (+) (+) (+) (+) 44

CD8+ ND ND ND ND (+) (+)

CTLA4 CD4+ ND (–) ND (–) (–) (–) 48,84

CD8+ ND (–) ND (–) (–) (–)

PD1 CD4+ ND (–) ND (–) (–) 38

CD8+ ND (–) ND (–) (–) (–)

BTLA CD4+ ND ND ND (–) (–) (+/–) 22,94

CD8+ (–) (–) ND (–) (–) (+/–)

HVEM CD4+ (+) (+) ND (+) (+) (+) 22,62

CD8+ (+) (+) ND (+) ND (+)

CD27 CD4+ (+) (+) (+) (+) (+) (+) 71,96

CD8+ (+) (+) ND ND (+) (+)

4‑1BB CD4+ ND (+) ND (+) (+) (+) 63,96

CD8+ ND (+) ND (+) (+) (+)

OX40 CD4+ ND (+) (+) (+) (+) (+) 65,96,99

CD8+ ND (+) ND (+) (+) (+)

DR3 CD4+ ND (+) (+) (+) ND (+) 80

CD8+ ND (+) ND ND ND ND

GITR CD4+ ND (+) ND ND ND ND 64

CD8+ ND (+) ND (+) ND ND

CD30 CD4+ ND (+) (+) ND ND ND 61,62,83

CD8+ ND (+) ND ND (+) (+)

SLAM CD4+ ND ND (+) (+) ND ND 13

CD8+ ND ND ND (+) ND ND

CD2 CD4+ (+) (+) ND (+) ND (+) 73,74

CD8+ (+) (+) ND (+) ND (+)

2B4 CD4+ ND ND ND ND ND ND 94,101

CD8+ ND (+) ND (+/–) ND ND

TIM1 CD4+ ND (+/–) (+/–) (+) ND ND 11

CD8+ ND ND ND ND ND ND

TIM2 CD4+ ND ND (+) (+) ND ND 11

CD8+ ND ND ND ND ND ND

TIM3 CD4+ ND (–) (–) (–) ND (–) 11

CD8+ ND (–) ND (–) ND (–)

TIGIT CD4+ ND (–) ND (–) ND ND 20

CD8+ ND ND ND ND ND ND

CD226 CD4+ ND ND ND ND ND ND 20

CD8+ ND (+) (+) (+) ND ND

CD160 CD4+ ND (–) ND (–) (–) (–) 22,94,101

CD8+ ND (–) ND (–) ND (–)

LAG3 CD4+ ND (–) ND (–) ND ND 94,101

CD8+ ND (–) ND (–) ND ND
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Trans-endocytosis

A process whereby material 

from one cell, such as cell 

surface molecules and portions 

of the cell membrane, enters or 

is endocytosed by another cell. 

This process is often referred 

to as trogocytosis when cell 

surface components are 

physically trans-endocytosed 

following cellular interactions.

TNFRSF17) interact with the ligands a proliferation‑
inducing ligand (APRIL; also known as TNFSF13) and  
B cell‑activating factor (BAFF; also known as TNFSF13B) 
to co‑stimulate B  cells, whereas the type‑S family 
members TWEAK receptor (TWEAKR; also known 
as TNFRSF12A), ectodysplasin‑A receptor (EDAR) 
and X‑linked ectodysplasin‑A receptor (XEDAR; also 
known as TNFRSF27) do not function primarily as co‑ 
stimulatory or co‑inhibitory receptors24. By contrast, all 
receptors of the type‑V, or divergent, family — including 
4‑1BB (also known as CD137 or TNFRSF9), OX40 (also 
known as TNFSF4), CD27 (also known as TNFRSF7), 
gluco corticoid‑induced TNFR‑related protein (GITR; 
also known as TNFRSF18) and CD30 (also known as 
TNFRSF8) — function primarily as co‑stimulatory 
molecules24. Finally, the co‑signalling function of the 
orphan TNF receptors nerve growth factor receptor 
(NGFR; also known as TNFRSF16), TROY (also known 
as TNFRSF19), receptor expressed in lymphoid tissues 
(RELT; also known as TNFRSF19L) and DR6 (also known 
as TNFRSF21) remains elusive, although some evidence 
exists that RELT can co‑stimulate T cells25.

Thus, similarly to the IgSF co‑stimulatory and 
co‑inhibitory receptors, TNFRSF co‑signalling molecules 
are structurally diverse. It is noteworthy that the classifica‑
tion of TNFRSF co‑signalling receptors and ligands, based 
on structure alone, may provide a guide for identifying new 
potential co‑stimulatory and co‑inhibitory molecules but 
is insufficient to characterize their co‑signalling function.

Re‑examining the co‑signalling paradigm
Spatiotemporal regulation of co‑signalling. There are sev‑
eral levels of regulation in T cell co‑signalling. Modulation 
of cell surface expression is a primary mode of co‑signal‑
ling control, whereas the differential expression patterns 
of receptor–ligand pairs function is a secondary level of 
co‑signalling regulation. For example, the co‑stimulatory 
molecule HVEM is broadly expressed on haematopoietic 
and non‑haematopoietic cells, but expression of its coun‑
ter‑receptor LIGHT (also known as TNFSF14) is highly 
restricted to APCs and T cells22. In addition, expression of 
both HVEM and LIGHT on the same T cell has not been 
observed. HVEM is constitutively expressed on naive 
T cells and downregulated following T cell activation, only 

to be re‑expressed later on effector and memory T cells22. 
By contrast, LIGHT is upregulated following T cell prim‑
ing and is expressed on activated T cells, but is later down‑
regulated22. It has been suggested that these two molecules 
are reciprocally regulated to avoid cis interactions on the 
T cell surface, although precisely how this regulation is 
achieved remains unclear22.

Clearly, the dynamics of co‑stimulatory and co‑ 
inhibitory molecule expression on the cell surface are 
primarily regulated transcriptionally and post‑transcrip‑
tionally in most cases, but other mechanisms of regula‑
tion may also exist. For instance, cell surface expression 
of B7‑1 (also known as CD80) and B7‑2 (also known as 
CD86) is downregulated through trans-endocytosis by 
cytotoxic T lymphocyte antigen 4 (CTLA4). During this 
process CTLA4 rips B7 molecules from the surface of 
APCs, thereby preventing interactions of B7 molecules 
with the co‑stimulatory molecule CD28 (REF. 26).

Notably, it is now evident that the expression of many 
co‑stimulatory and co‑inhibitory molecules on the sur‑
face of T cells is induced following activation and that 
changes in the cell surface expression of many molecules 
occur in overlapping fashion as T cells proliferate and 
differentiate (TABLE 1). This observation has given rise to 
the concept of the tidal model of co‑signalling, which we 
have proposed and described in detail previously27. In 
the tidal model of co‑signalling, cell‑surface interactions 
and subsequent intracellular signalling are continuously 
varied in response to dynamic environmental conditions. 
Indeed, T cell activation may be compared to the incom‑
ing tide, with an abundance of co‑stimulatory receptors 
on naive and activated T cells pulling the T cell into func‑
tional responsiveness. At peak tide, both co‑stimulatory 
and co‑inhibitory molecules are expressed, and it is at 
this stage that functional T cell outcomes arise in the 
face of what often seem to be opposing molecular forces. 
As the tide recedes during the peak of T cell activation, 
the expression of co‑stimulatory receptors is replaced  
by the expression of co‑inhibitory receptors that function 
to suppress T cell activities. So, in contrast to the more 
concrete ‘on/off ’ models of co‑signalling often envisioned 
in the past, the tide model may better describe the fluid 
changes that are occurring in the transcriptional regulation,  
cell‑surface profile and function of T cells over time.

Receptor T cell type Priming Cell growth T
H
 cell 

differentiation
Effector 
function

Survival Memory Refs

LAIR1 CD4+ ND (–) ND (–) ND ND 21

CD8+ ND (–) ND (–) ND ND

B7‑1 CD4+ ND (–) ND (–) ND ND 34,35,88,89

CD8+ ND (–) ND (–) ND ND

B7‑H1 CD4+ ND (–) ND (–) ND ND 34,35,89

CD8+ ND (–) ND (–) ND ND

‘(+)’ indicates positive function, ‘(–)’ indicates negative function, and ‘ND’ indicates that either no function has been observed or the function has not been determined. 
BTLA, B and T lymphocyte attenuator; CTLA4, cytotoxic T lymphocyte antigen 4; DR3, death receptor 3; GITR, glucocorticoid‑induced TNFR‑related protein; HVEM, 
herpes virus entry mediator; ICOS, inducible T cell co‑stimulator; LAG3, lymphocyte activation gene 3 protein; LAIR1, leukocyte‑associated immunoglobulin‑like 
receptor 1; PD1, programmed cell death 1; SLAM, signalling lymphocytic activation molecule; T

H
, T helper; TIGIT, T cell immunoreceptor with immunoglobulin and ITIM 

domains; TIM, type I transmembrane (or T cell) immunoglobulin and mucin.

Table 1 (cont.) | Co‑stimulatory and co‑inhibitory receptor function in stages of T cell differentiation
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Affinity

The strength of binding of one 

molecule to another molecule. 

It is represented by the 

dissociation constant (K
d
), 

which is the concentration  

of one molecule required to 

occupy half of the binding  

sites of a second molecule.

Bi-directional co-signalling

When two interacting 

molecules on two different cells 

both function as receptors and 

transduce a signal into their 

respective cell.

Differential interactions through multiple interfaces. In 
addition to the spatiotemporal control of their expres‑
sion patterns, the inherent structures of co‑signalling 
receptors provide another level of regulation in T cell 
co‑signalling10. Several co‑signalling receptors interact 
with more than one ligand or counter‑receptor, poten‑
tially through more than one binding site, and this 
results in multiple functions for a single co‑signalling 
molecule (FIG. 1). The paradigm of the HVEM net‑
work illustrates how differential interactions occurring 
through multiple interfaces may determine the outcome 
of HVEM co‑signalling. HVEM is composed of four 
CRDs: CRD2 and CRD3 are required for HVEM trim‑
erization with the TNFRSF ligand LIGHT, which deliv‑
ers a co‑stimulatory signal to T cells through HVEM, 
whereas CRD1 and CRD2 bind BTLA and CD160 in 
a monomeric form and deliver an inhibitory signal  
to T cells22. In total, the HVEM network involves up to  
14 different known molecular interactions, making 
this pathway highly complex (reviewed in detail in 
REFS 22,28).

Similarly, TIM family receptors, which are com‑
posed of an IgV domain and a mucin domain, may 
use these domains variably to interact with different 
ligands, resulting in distinct functional outcomes10. For 
example, it has been suggested that monoclonal anti‑
bodies binding to the IgV domain of TIM1 co‑stimulate 
T cells, whereas monoclonal antibodies binding the 
mucin‑like domain inhibit T cell responses. It remains 
to be determined whether differential interactions with 

endogenous ligands or counter‑receptors through the 
IgV or the mucin domain determines the stimula‑
tory or inhibitory potential of TIM family members 
in vivo11.

As another example of competing interactions 
through multiple interfaces, it was recently discovered 
that CD28 and CTLA4 bind a third ligand in humans, 
B7‑H2, in addition to the classical CD28 and CTLA4 
ligands B7‑1 and B7‑2 (REF. 29). B7‑H2 is broadly induc‑
ible in peripheral tissues and is the only known bind‑
ing partner for the co‑stimulatory receptor inducible 
T cell co‑stimulator (ICOS)30,31. The highly conserved 
MYPPPY motif of the proline‑rich FG loop of CD28 
and CTLA4 is crucial for binding the FG loop of B7‑1 
and B7‑2, and an analogous FDPPPF motif on ICOS 
is essential for binding to B7‑H2 (REF. 10) (FIG. 1d). 
However, CD28 and CTLA4 do not use the MYPPPY 
motif to bind B7‑H2, although both CD28 and CTLA4 
seem to bind an overlapping site on B7‑H2 (REF. 29). 
These findings indicate that the CD28 and CTLA4 
MYPPPY motif could interact with B7‑1 or B7‑2 
while simultaneously interacting with B7‑H2 through 
a unique binding site. Conversely, ICOS, CD28 and 
CTLA4 may engage in competition for a similar bind‑
ing site on B7‑H2 (REF. 29). Finally, B7‑H2 has been 
shown to co‑stimulate T cells through both CD28 and 
ICOS, but ICOS binds to B7‑H2 with significantly 
higher affinity than does CD28 or CTLA4 (REF. 29). 
Therefore the effects of these novel interactions in vivo 
in humans remain to be dissected.

In contrast to CD28 and CTLA4 interactions with 
B7‑1 and B7‑2 that occur primarily through the FG 
loops, analyses show that programmed cell death 1 
(PD1) lacks both a well‑organized FG loop and the  
proline‑rich XXPPPX motif present in CD28, CTLA4 
and ICOS32,33. Therefore, PD1 interacts with the FG 
loops of B7‑H1 (also known as PD1 ligand 1) and B7‑DC 
(also known as PD1 ligand 2) through residues that 
are dispersed on the front sheet of the IgV domain32,33. 
Interestingly, interactions between B7‑H1 and B7‑1 have 
also been described34,35. These studies have indicated that 
the B7‑H1−B7‑1 interaction site and the B7‑H1−PD1 
interaction site are distinct but with some overlapping 
residues (FIG. 1d). Meanwhile, it seems that B7‑H1, CD28 
and CTLA4 may all interact with an overlapping site on 
B7‑1 (REFS 32–35). Together these analyses suggest that 
competitive binding and exclusion mechanisms may 
operate among these molecules. The identification of 
novel interactions between co‑signalling molecules and 
their structural determinants may reveal in the future 
that multiple interactions through multiple interfaces are 
common in co‑signalling.

Bi‑directional co‑signalling. When two co‑signalling  
molecules interact, intracellular signals may be 
transduced through both molecules; this is termed 
bi-directional co-signalling. Bi‑directional co‑signalling 
interactions have been well documented for TNFSF 
receptor−ligand interactions, as well as for homotypic 
interactions of SLAM family members (reviewed in 
REFS 13,36). Bi‑directional interactions have also 

Figure 1 | Co-signalling interactions in T cells. a | Co‑stimulatory molecules deliver 

positive signals to T cells following their engagement by ligands and counter‑receptors 
on antigen‑presenting cells (APCs). Several co‑stimulatory molecule interactions are 

bidirectional. b | Co‑inhibitory molecules deliver negative signals into T cells. Cytotoxic  
T lymphocyte antigen 4 (CTLA4) is involved in bi‑directional interactions: it inhibits T cell 
function after binding B7‑1 and B7‑2, and CTLA4‑bound B7‑1 and B7‑2 may induce the 
expression of indoleamine 2,3‑dioxygenase (IDO), which acts in trans to suppress 

activation of conventional T (T
Con

) cells and promote the function of regulatory T (T
Reg

) 
cells. c | In T

Con
–T

Reg
 cell interactions, unidirectional co‑signalling primarily inhibits T

Con
 

cell reactivity, whereas bi‑directional co‑signalling may simultaneously deliver inhibitory 
signals to T

Con
 cells and positive signals to T

Reg
 cells. Herpes virus entry mediator (HVEM) 

functions as a co‑stimulatory receptor on T
Con

 cells, but on T
Reg

 cells it can interact with  
B and T lymphocyte attenuator (BTLA) or CD160 to deliver inhibitory signals. Lymphocyte 
activation gene 3 protein (LAG3) and CTLA4 expressed on T

Reg
 cells inhibit T

Con
 cells, 

while also enhancing the suppressive function of T
Reg

 cells. Programmed cell death 1 
(PD1) on T

Con
 cells is inhibitory, whereas PD1 on T

Reg
 cells provides signals that may 

enhance T
Reg

 cell proliferation, survival and maintenance. The role of B7‑1 and B7‑H1 on 
T

Reg
 cells and their role in T

Con
–T

Reg
 interactions is unclear. d | Co‑signalling interactions 

through multiple interfaces. B7‑H1, CD28 and CTLA4 all interact with B7‑1. Similarly, 
CD28, CTLA4 and inducible T cell co‑stimulator (ICOS) seem to compete for interactions 
with B7‑2. B7‑1 and B7‑2 both bind the proline‑rich motif MYPPPY on CD28 and CTLA4. 
In humans, B7‑H2 can also interact with CD28 and CTLA4 through a second unique site, 
allowing both CD28 and CTLA4 to potentially interact with B7‑1 or B7‑2 and B7‑H2 
simultaneously. CD28, CTLA4 and ICOS all bind a similar site on B7‑H2. B7‑H1 and 
B7‑DC both interact with a similar binding site on PD1. In addition, B7‑H1 can also 
interact with B7‑1. The site of B7‑H1 that interacts with B7‑1 (site A) is distinct from  
that interacting with PD1 (site B), although overlapping residues may be used for  
both interactions. 4‑1BBL, 4‑1BB ligand; CD40L, CD40 ligand; DR3, death receptor 3;  
GITR, glucocorticoid‑induced TNFR‑related protein; GITRL, GITR ligand; LAIR1,  
leukocyte‑associated immunoglobulin‑like receptor 1; OX40L, OX40 ligand; PD1H,  
PD1 homologue; SLAM, signalling lymphocytic activation molecule; TCR, T cell receptor; 
TIGIT, T cell immunoreceptor with immunoglobulin and ITIM domains; TIM, type I 
transmembrane (or T cell) immunoglobulin and mucin; TL1A, TNF‑like ligand A.
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Indoleamine 

2,3-dioxygenase

(IDO). An intracellular 

haem-containing enzyme  

that catalyses the oxidative 

catabolism of tryptophan. 

Insufficient availability of 

tryptophan can lead to T cell 

apoptosis and anergy.

T follicular helper cells

(T
FH

 cells). Antigen-experienced 

CD4+ T cells expressing 

CXC-chemokine receptor 5 

(CXCR5)+ and B cell 

lymphoma 6 (BCL6)+. T
FH

 cells 

are found in the B cell follicles 

of secondary lymphoid organs, 

and they induce germinal 

centre formation and  

regulate germinal centre  

B cell activation and function. 

been described for members of the CD28–B7 family 
(FIG. 1). For example, engagement of B7‑1 and B7‑2 
on dendritic cells by CTLA4 induces expression of 
indoleamine 2,3-dioxygenase (IDO), which then acts in  
trans to inhibit T cell function through tryptophan dep‑
rivation37. In addition, B7‑1 expressed on T cells can 
transduce an inhibitory signal into T cells following 
its ligation by B7‑H1 (REFS 34,35). Conversely, B7‑H1 
expressed on T cells can transduce an inhibitory sig‑
nal into T cells after interaction with B7‑1 (REF. 34). 
It remains to be clarified whether B7‑1−B7‑H1 inter‑
actions occur in vivo during T cell−T cell interactions 
or T cell interactions with other cells such as APCs. 
Bi‑directional co‑signalling can also occur through 
B7‑H1−PD1 interactions. PD1 typically transduces 
inhibitory signals into T cells following interaction with 
B7‑H1, but B7‑H1 expressed on cancer cells can also 
receive an anti‑apoptotic signal from PD1 expressed on 
T cells38,39. However, whether PD1 can deliver signals 
through B7‑H1 expressed on T cells remains unknown.

We recently identified PD1 homologue (PD1H;  
also known as VISTA), which potentially acts as a 
co‑inhibitory receptor when expressed on T cells (REFS 40,41 
and unpublished observations by D.B.F and L.C.). 
Moreover, it was shown that when expressed on APCs, 
PD1H functions as an inhibitory ligand that suppresses 
T cells through an unidentified T cell counter‑receptor41. 
Therefore, although the PD1H counter‑receptor has yet 
to be identified, current data suggest that this molecu‑
lar interaction is also bi‑directional. As additional 
bi‑directional co‑signalling pairs may be identified in 
the future, traditional nomenclature defining the mol‑
ecules that are engaged in co‑signalling interactions as 
‘receptors’ or ‘ligands’ may be misleading. Therefore, 
we suggest the use of the term ‘counter‑receptor’.

Molecular pathway of T cell co‑signalling
The signalling pathways activated downstream of the 
TCR and co‑signalling receptors often overlap signifi‑
cantly. Therefore, although much has been discovered 
regarding pathways downstream of T cell co‑stimulation 
and co‑inhibition, it remains challenging to characterize 
the signalling events that underlie the unique functions 
of each co‑stimulatory and co‑inhibitory receptor.

CD28 and ICOS co‑stimulatory signalling. The intracel‑
lular domain structure of co‑stimulatory receptors deter‑
mines, at least in part, their functional outcomes. As a 
classic example, CD28 mediates a myriad of functions 
through two motifs in its cytoplasmic tail: YMNM and 
PYAP42. The proximal YMNM motif associates with the 
p85 subunit of phosphatidylinositol 3‑kinase (PI3K), a 
common signalling intermediate, to initiate targeting of 
AKT (also known as protein kinase B (PKB)) that subse‑
quently results in activation of several distal molecules42 
(FIG. 2). The CD28–PI3K–AKT pathway promotes T cell 
proliferation and survival through the activation of the 
downstream targets nuclear factor‑κΒ (NF‑κB), nuclear 
factor of activated T cells (NFAT), BCL‑XL, mammalian 
target of rapamycin (mTOR), glucose transporter type 1 
(GLUT1) and others (reviewed in REF. 42). In addition, 

both the YMNM and PYAP motifs are critically involved 
in the recruitment of protein kinase Cθ (PKCθ) to the 
immunological synapse and its subsequent activa‑
tion (BOX 2). Interestingly, it has recently been shown 
that CD28 also recruits the RAS guanine nucleotide 
exchange factor (GEF) RAS guanyl nucleotide‑releasing 
protein (RASGRP) to the T cell−APC interface to induce 
activation of RAS and the downstream phosphorylation 
of AKT, c‑Jun N‑terminal kinases (JNKs) and extra‑
cellular signal‑regulated kinases (ERKs)43. The recruit‑
ment and activation of RASGRP seems to depend on the 
binding of the adaptor protein growth factor receptor‑
bound protein 2 (GRB2) to both the YMNM and PYAP 
motifs of CD28, and the recruitment of GRB2 may be 
the predominant signalling mechanism for interleukin‑2 
(IL‑2) production in CD28 co‑stimulated T cells43. In 
addition, the distal proline motif PYAP associates with 
lymphocyte cell‑specific protein‑tyrosine kinase (LCK) 
and GRB2 to enhance IL‑2 induction by promoting the 
nuclear translocation of NFAT42. GRB2 is also crucial 
for phosphorylation of PKCθ and activation of JNKs, 
ERK1 and ERK2, whereas LCK promotes PKCθ activa‑
tion through 3‑phosphoinositide‑dependent kinase 1 
(PDK1)42.

ICOS contains a unique YMFM SH2 binding motif 
that recruits both p85 and p50α subunits of PI3K44. 
p50α is more active than p85, so its recruitment by 
ICOS results in enhanced AKT signalling compared 
with CD28 (REF. 44) (FIG. 2). ICOS signalling through 
PI3K and the resulting induction of IL‑4, IL‑10 and 
IL‑21 expression are thought to be crucial for ICOS‑
mediated development of CD4+ T helper 2 cells (T

H
2 

cells) and T follicular helper cells (T
FH

 cells)44. However, 
ICOS fails to bind GRB2 and LCK owing to the absence 
of a PYAP motif and thus cannot induce IL‑2 production 
to the same extent as CD28 (REF. 45) . Moreover, unlike 
the YMNM motif of CD28, the YMFM motif of ICOS is 
unable to bind GRB2, suggesting that IL‑2 production 
by T cells in response to co‑stimulation largely depends 
on the recruitment of GRB2, as shown in the case of  
CD28 (REFS 43,45).

ICOS engages the C‑MAF pathway to induce secre‑
tion of IL‑4 and IL‑21 (REFS 44–46). Moreover, it was 
recently shown that ICOS signalling is crucial for the 
induction of the transcriptional repressor BCL‑6, which 
subsequently induced expression of CXC‑chemokine 
receptor 5 (CXCR5), a defining molecule of T

FH
 cells47. 

Most interestingly, a recent study indicated that C‑MAF 
and BCL‑6 cooperate to promote the T

FH
 phenotype46. 

However, the exact role of ICOS signalling in the C‑MAF 
and BCL‑6 pathways requires further study. Comparison 
of the signalling events downstream of CD28 and ICOS 
has shown that co‑stimulatory receptors recruit mul‑
tiple proximal signalling molecules to activate several 
distal pathways, often through multiple routes. In turn, 
some distal signalling molecules, such as AKT, can acti‑
vate more transcription factors than other distal mol‑
ecules. This suggests a quantifiable level of influence for 
a specific signalling molecule based on potential nodes 
of interaction or, in other words, based on the versatil‑
ity of the signalling molecule. Therefore, the function 
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of co‑stimulatory receptors seems to depend not only 
on the spectrum of the recruited proximal signalling 
molecules but also on the versatility of activated distal 
signalling pathways.

IgSF co‑inhibitory signalling: shared and unique 

mechanisms. IgSF co‑inhibitory receptors use several 
mechanisms to inhibit T cell function. Studies in mice 
expressing a CTLA4 mutant lacking the cytoplasmic 
region, and in particular the YVKM motif, demonstrate 
that this motif is important for CTLA4‑mediated mod‑
ulation of T cell function48. The YVKM motif associates 
with SH2 domain‑containing tyrosine phosphatase 2 
(SHP2; also known as PTPN11) and serine/threonine  

protein phosphatase 2A (PP2A), which reduce proxi‑
mal TCR signalling through dephosphorylation  
of the TCR–CD3ζ complex, of linker for activation of  
T cells (LAT) and of 70 kDa zeta‑chain associated 
protein (ZAP70), thereby inhibiting cell cycle progres‑
sion and cytokine production48 (FIG. 2). Additionally, 
CTLA4 ligation was found to regulate distal signalling 
events by inhibiting ERK and JNK phosphorylation48. 
Interestingly, the YVKM motif also binds PI3K, and 
it has recently been demonstrated that CTLA4 pro‑
motes CD4+ T cell migration through PI3K‑dependent 
AKT activation49. Meanwhile, it remains unclear 
whether  the CTLA4−PI3K−AKT pathway also has a  
co‑stimulatory function.

Figure 2 | Co‑stimulatory and co‑inhibitory signalling pathways downstream of CD28 family receptors.  
Primary nodes of signalling activity downstream of T cell receptor (TCR)–CD3 and CD28 and inducible T cell 
co‑stimulator (ICOS) co‑stimulatory receptors overlap significantly. CD28 associates with proximal signalling 
molecules through the YMNM and PYAP motifs to co‑stimulate several major signalling nodes, leading to activation  
of distal pathways involved in cell growth, activation of effector function and survival. ICOS lacks a PYAP motif but 
contains a YMFM motif that recruits the more active phosphatidylinositol 3‑kinase (PI3K) subunit p50α (indicated by a 
thick arrow), thus leading to enhanced AKT signalling. ICOS also induces interleukin‑4 (IL‑4) through a C‑MAF pathway. 
Co‑inhibitory signalling downstream of B and T lymphocyte attenuator (BTLA), programmed cell death 1 (PD1) and 
cytotoxic T lymphocyte antigen 4 (CTLA4) suppresses T cell activation and function through the recruitment of  
the phosphatases SH2 domain‑containing tyrosine phosphatase 1 (SHP1), SHP2 and serine/threonine protein 

phosphatase 2A (PP2A). These phosphatases dephosphorylate several of the major signalling nodes that are essential 
for co‑stimulation of T cells. PD1 has also been shown to inhibit the RAS–extracellular signal‑regulated kinase (ERK) 
pathway. Additional co‑inhibitory pathways have been posited for CTLA4, PD1 and BTLA. BTLA and CTLA4 may also 
transduce positive signals in some contexts. BTLA may associate with growth factor receptor‑bound protein 2 (GRB2) 
to activate PI3K and promote T cell survival, whereas CTLA4 may also activate PI3K through a YVKM motif. AP, activator 
protein; mTOR, mammalian target of rapamycin; NF‑κB, nuclear factor‑κB; NFAT, nuclear factor of activated T cells; 
PKCθ, protein kinase Cθ; PLCγ, phospholipase Cγ.
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TNF receptor-associated 

factor

(TRAF). A family of conserved 

adaptor proteins containing  

a C-terminal domain that 

interacts with tumour necrosis 

factor receptor superfamily 

and other cell surface 

receptors and an N-terminal 

domain that links receptors 

with downstream signalling 

events.

Non-canonical NF-κB 

signalling

A pathway that requires the 

activation of the nuclear 

factor-κB (NF-κB)-inducing 

kinase (NIK) to process the 

NF-κB2 precursor protein 

p100 into a mature p52 

subunit, which then dimerizes 

with RelB (RelB–p52) to 

regulate a distinct pattern of 

gene expression compared to 

the canonical pathway, which 

relies on RelA–p50 dimers. 

Unlike CTLA4, which shares the SH2‑binding motif 
(YXXM) with CD28 and ICOS, the cytoplasmic tail of 
PD1 contains an immunoreceptor tyrosine‑based inhi‑
bition motif (ITIM) and an immunoreceptor tyrosine‑
based switch motif (ITSM)50. Although both motifs 
appear to be phosphorylated following interaction 
with B7‑H1 or B7‑DC, recent evidence indicates that 
the ITSM motif recruits SHP2, and possibly SHP1 (also 
known as PTPN6), whereas the role of the ITIM motif 
remains unclear50,51. Similarly to CTLA4, studies show 
that translocation of PD1 to the central supra‑molecular 
activation complex (cSMAC) of the immunological syn‑
apse (BOX 2) and its colocalization with TCR microclus‑
ters is required to induce dephosphorylation of CD3ζ, 
ZAP70 and PKCθ and the subsequent blockade of TCR‑
induced stop signals, which reduce T cell motility fol‑
lowing encounter of a cognate antigen on an APC51–53 

(FIG. 2). Recently it was found that PD1 may also inhibit 
RAS and, subsequently, its downstream targets ERK1 
and ERK2 through an SHP1‑ and SHP2‑independent 
mechanism to inhibit cell cycling54.

The BTLA cytoplasmic tail resembles that of PD1 
rather than that of CTLA4, given the arrangement of 
two tyrosine‑containing immunoreceptor motifs capa‑
ble of recruiting SHP1 and SHP2 (REF. 55). However, 
BTLA also resembles CD28 in that it contains a third 
tyrosine motif that can interact directly with GRB2 
and indirectly  — following the recruitment of GRB2 — 
with PI3K56. Mechanisms of inhibition, and potentially  
activation, by BTLA remain to be clarified.

Interestingly, recent studies have shown that the 
SLAM family receptors LY108 and 2B4 can induce both 
stimulatory and inhibitory signalling pathways in T cells 
(and natural killer (NK) cells) through the recruitment 
of the shared adaptor protein signalling lymphocytic 
activation molecule‑associated protein (SAP)15,16,57. 
LY108, 2B4 and other SLAM receptors contain an ITSM 
motif in their cytoplasmic tail that binds to SAP family 
members after ITSM phosphorylation13. SAP contains 
an SH2 domain that was previously shown to indirectly 
promote T cell activation by blocking the phosphatases 
SHP1, SHP2 and SH2 domain‑containing inositol phos‑
phatase 1 (SHIP1; also known as phosphatidylinositol 
3,4,5‑trisphosphate 5‑phosphatase 1)13. However, SAP  
can also directly induce positive signalling by bind‑
ing to PKCθ and FYN58,59. Recent studies have indi‑
cated that in the absence of SAP, LY108 recruits 
SHP1, whereas 2B4 recruits both SHP1 and SHIP1 to 
the immunological synapse to inhibit T cell (and NK 
cell) function15,16,57. Therefore, these studies provide 
evidence that an individual receptor can function as 
either a co‑stimulatory or a co‑inhibitory receptor 
depending on the induction of specific intracellular 
signalling mechanisms.

Finally, a recent study uncovered a novel mechanism 
of signalling regulation for the co‑inhibitory receptor 
TIM3 (REF. 60). In this study it was shown that human 
leukocyte antigen B‑associated transcript 3 (BAT3; also 
known as BAG6) binds to the cytoplasmic tail of TIM3 in 
the absence of the TIM3 ligand galectin 9 to repress the 
inhibitory function of TIM3 in T cells. Although ligand 

binding is still required to inhibit T cell activity, repres‑
sion of co‑inhibitory signalling through cytoplasmic 
interactions provides an additional mechanism through 
which co‑inhibitory molecules may be regulated.

Together, these studies indicate that co‑inhibitory 
receptors use related yet distinct signalling pathways 
to regulate T cells. As novel mechanisms of regulation 
continue to be identified, it seems that co‑inhibitory 
receptors have no single unifying feature. Therefore, we 
speculate that co‑inhibitory receptors may have evolved 
independently to regulate distinct T cell functions.

Co‑stimulatory signalling downstream of TNFRSF 

receptors. Receptors of the TNFRSF, including 4‑1BB, 
OX40, CD27, CD30, DR3, GITR and HVEM, synergize 
with TCR−CD3 signalling to promote cell cycle progres‑
sion, cytokine production and T cell survival61. Following 
upregulation on activated T cells, three TNF receptor 
monomers interact with trimerized ligands on APCs to 
form trimeric ligand−receptor complexes that configure 
and cluster receptor cytoplasmic tails to facilitate recruit‑
ment of TNF receptor-associated factor (TRAF) adaptor 
proteins10. TRAFs activate several distal signalling mol‑
ecules, including canonical and non‑canonical NF‑κB, 
JNK, p38 mitogen‑activated protein kinase (MAPK), 
activator protein 1 (AP1), ERK and NFAT, but how each 
specific TRAF adaptor links TNFRSF receptor functions 
with downstream pathways remains unclear61 (FIG. 3).

4‑1BB can bind TRAF1, TRAF2 and TRAF3 (the lat‑
ter only in humans), OX40 and CD27 can bind TRAF2, 
TRAF3 and TRAF5, and HVEM and CD30 can bind 
TRAF1, TRAF2, TRAF3 and TRAF5, whereas GITR 
recruits only TRAF2 (REFS 62–64) (FIG. 3). Co‑stimulation 
through 4‑1BB, OX40 and CD27 promotes T cell sur‑
vival by upregulating anti‑apoptotic factors, including 
BCL‑2, BCL‑XL and BFL1 (also known as BCL2A1)61. 
In addition, co‑stimulation through 4‑1BB and OX40 
activates AKT to promote cell cycling through regula‑
tion of cyclins and cyclin‑dependent kinases61. OX40 
was also recently shown to upregulate expression of 
TRAF6, leading to activation of non-canonical NF-κB 

signalling and induction of IL‑9 production in CD4+ 
T cells, although the capacity of OX40 to bind TRAF6 
is unclear65. Meanwhile, CD30 has been shown to have 
pleiotropic effects on T cell activation, apoptosis and 
effector function, although the signalling mechanisms 
mediating these effects remain unclear66. Interestingly, 
although HVEM binds the same set of TRAFs as CD30, 
HVEM signalling in T cells predominantly induces T

H
1 

cell‑associated cytokines67. Additionally, HVEM has 
also recently been shown to induce additional signal‑
ling pathways including the NF‑κB‑dependent activa‑
tion of signal transducer and activator of transcription 3 
(STAT3) activation in T cells, as well as nitric oxide and 
hypoxia inducible factor 1α (HIF1α) in cell types other 
than T cells68,69.

Some TNFRSF co‑signalling molecules recruit other 
adaptor molecules in addition to TRAFs. For exam‑
ple, DR3 uses an N‑terminal TNFR‑associated death 
domain (TRADD) adaptor protein to recruit a complex 
of TRAF2 with receptor‑interacting protein 1 (RIP1; also 
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known as RIPK1) that subsequently activates NF‑κB and 
MAPK signalling pathways70 (FIG. 3). Moreover, GITR 
and CD27 bind the apoptosis‑inducing factor SIVA1, 
a molecule with a death domain homology region that 
modulates BCL‑2 family molecules and caspase activa‑
tion64,71 (FIG. 3). As GITR and CD27 function predomi‑
nantly as co‑stimulatory receptors and actually promote 
T cell survival, the outcome of SIVA1 binding remains 
to be clarified64,71.

Notably, although each of the TNFRSF co‑signalling 
receptors utilizes TRAF adaptors, the variability of 
known functions cannot be fully explained solely in 
association with these diverse TRAF adaptors, suggest‑
ing that distinct signalling mechanisms downstream of 
TNFRSF co‑stimulatory molecules may be elucidated in 

the future. Moreover, although the proximal signalling 
molecules used by TNFRSF receptors are distinct from 
those recruited by TCR−CD3, CD28 and ICOS, the dis‑
tal pathways are partially overlapping. This highlights 
the importance of these pathways for T cell function but 
also poses the question of how individual co‑signalling 
receptors induce unique function in T cells despite the 
fact that many of the signalling pathways downstream of 
these receptors are shared.

Co‑signalling in T cell subsets
The integration of signals downstream of the TCR and 
co‑signalling receptors directs function in all phases of 
T cell responses, but we still understand little about how 
the repertoire of co‑signalling receptors expressed on 

Figure 3 | Co‑signalling pathways downstream of tumour necrosis factor receptor superfamily receptors. Tumour 

necrosis factor (TNF) receptor superfamily (TNFRSF) receptors associate with proximal TNF receptor‑associated factor (TRAF) 
adaptor molecules to activate primary signalling nodes that in turn activate the distal pathways that synergize with T cell 
receptor (TCR)–CD3 signalling pathways, resulting in enhanced cell growth, effector function and survival. Unique 
functions associated with TNFRSF receptors have yet to be clearly correlated with specific TRAFs in many cases. However, 
TRAF2 is the prototypical TRAF and is involved in c‑Jun N‑terminal kinase (JNK) activation, nuclear factor‑κB (NF‑κB) 
activation and anti‑apoptotic signalling. TRAF5 also mediates NF‑κB activation, and TRAF1 and TRAF3 also function in T cell 
co‑stimulation and anti‑apoptotic signalling. Death receptor 3 (DR3) associates with the adaptor molecule TNFR‑associated 
death domain (TRADD), which recruits a TRAF2–receptor‑interacting protein (RIP) complex that activates both NF‑κB and 

mitogen‑activated protein kinase (MAPK) signalling pathways. CD27 and glucocorticoid‑induced TNFR‑related protein 
(GITR) share the ability to associate with SIVA1, a molecule involved in apoptotic pathways, although the functional role of 
SIVA1 association is unclear, as CD27 and GITR function primarily as co‑stimulatory molecules. The TNF receptors 4‑1BB 
and OX40 have been shown to promote memory T cell function in the absence of TCR signalling, although the requirement 
of specific TRAFs and signalling pathways remains unclear. As such, it is possible that unknown adaptor molecules and/or 
signalling pathways remain to be identified. AP1, activator protein 1; ERK, extracellular signal‑regulated kinase; HVEM, 
herpes virus entry mediator; IKK, inhibitor of NF‑κB kinase; MEK, MAPK/ERK kinase; mTOR, mammalian target of 
rapamycin; NFAT, nuclear factor of activated T cells; NIK, NF‑κB‑inducing kinase; PI3K, phosphatidylinositol 3‑kinase; 
PKCθ, protein kinase Cθ; PLCγ, phospholipase Cγ; TAB, TAK1‑binding protein; TAK, TGFβ‑activated kinase.
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Sanroque mice

A mouse strain that carries a 

loss-of-function mutation in 

the gene roquin, a zinc finger 

transcription factor that 

represses inducible T cell 

co-stimulator (ICOS) mRNA. 

These mice therefore 

overexpress ICOS and have  

a T cell-mediated systemic-

lupus-erythematosus-like 

syndrome and severe 

autoimmune diabetes when  

on a susceptible genetic 

background.

the T cell truly integrate into fate decision. TABLE 1 lists 
co‑signalling receptors that induce positive and negative 
effects in T cells at specific phases of the T cell response, 
either through guiding activation and differentiation or 
through regulating effector function and survival. Here 
we describe the functions of co‑signalling receptors  
during specific phases of T cell responses.

Priming of naive T cells. The events initiating the transi‑
tion of conventional naive T cells from a quiescent to an 
activated state are referred to as T cell priming. A lim‑
ited number of co‑stimulatory receptors are expressed on 
naive T cells and can synergize with TCR−CD3 signal‑
ling to initiate priming, suggesting that this early phase 
is tightly regulated. CD28 seems to be the primary co‑ 
stimulatory molecule required for naive T cell priming, 
but other receptors may compensate to some extent in the 
absence of CD28 (REF. 72). CD2 can prime naive T cells in 
a ZAP70‑dependent manner, thus resembling TCR−CD3 
signalling, and has been found to induce signalling in the 
absence of both TCR and CD28 signalling73,74.

HVEM can also promote T cell priming following 
engagement of LIGHT22. However, as mentioned previ‑
ously the window of opportunity for HVEM mediated 
co‑stimulation in vivo is narrow; LIGHT is often cleaved 
or downregulated on activated APCs, whereas HVEM is 
downregulated following T cell activation22. LIGHT also 
functions as a co‑stimulatory receptor when expressed on 
T cells22. Whether HVEM−LIGHT can substitute for the 
co‑stimulatory function of CD28 has yet to be addressed.

In addition, CD27 is constitutively expressed on naive 
T cells and can promote T cell proliferation, although 
CD27 seems unable to initiate cell cycling in the absence 
of CD28 co‑stimulation75. Forced expression of ICOS in 
sanroque mice on a CD28‑deficient background dem‑
onstrates that ICOS can also compensate for some 
functions of CD28 when expressed on naive T cells76. 
However, ICOS is not expressed on naive T cells in physio‑
logical settings, and this indicates the importance of the 
tightly regulated expression patterns in T cell function.

CD4+ T helper cell differentiation and function. 
Although many co‑stimulatory and co‑inhibitory recep‑
tors are upregulated following T cell priming, relatively 
few have defined functions in CD4+ T cell differentiation 
or CD4+ T

H
 cell subset function (TABLE 1).

In activated CD4+ T cells, SLAM family molecules 
largely promote polarization towards IL‑4 produc‑
tion and inhibition of interferon‑γ (IFNγ)13. Moreover, 
TIM1 and TIM4 promote T

H
2 responses: TIM1 expres‑

sion on T
H
2 cells enhances T

H
2 proliferation and IL‑4 

production11, and TIM4 expressed on APCs has been 
shown to bind TIM1 on T cells. However, TIM4 has 
also been shown to selectively inhibit T

H
1 and T

H
17 

responses through an unidentified receptor other than 
TIM1 (REFS 77,78). Interestingly, TIM1, which can also 
be expressed on APCs, may interact with an unknown 
counter‑receptor on CD4+ T cells to inhibit T

H
1 cell pro‑

liferation and function79. Further studies and counter‑
receptor identification will hopefully clarify and verify 
the role of TIM1 and TIM4 on CD4+ T cells.

ICOS was originally thought to preferentially promote 
T

H
2 proliferation and function (see also previous sec‑

tion). However, it now appears that ICOS also promotes 
the expansion and function of other T helper subsets 
(T

H
1, T

H
2, T

H
17 and T

FH 
cell subsets) and regulatory T 

(TReg) cells in a context‑dependent fashion44,46,47.
Finally, TNFRSF receptors can promote differentia‑

tion of activated CD4+ T cells into diverse T
H
 subsets. 

CD27 and HVEM promote T
H

1 cell differentiation, 
whereas CD30 and DR3 preferentially promote the 
secretion of T

H
2 cell‑associated cytokines22,24,62,71,80. 

Moreover, OX40 has now been shown to promote IL‑9 
secretion in CD4+ T cells65 (see also previous section).

As CD4+ T helper subset differentiation is a crucial 
phase for shaping the immune responses, it is likely 
that there are additional, as‑yet‑unidentified functions 
of co‑signalling molecules in this process.

T
Reg

 cells. It is now clear that both co‑stimulatory and 
co‑inhibitory molecules are essential for the develop‑
ment and function of CD4+CD25+FOXP3+ T

Reg
 cells81. 

Co‑stimulation through CD28 is required for both the 
generation of CD4+CD25+FOXP3+ T

Reg
 cells in the thy‑

mus (natural T
Reg

 cells) and their maintenance in the 
periphery81. Although ICOS has not been found to be 
involved in the generation of natural T

Reg
 cells, it promotes 

their proliferation, survival and maintenance44. TNFRSF 
co‑stimulatory signals through HVEM, GITR and CD30 
promote the suppressive capacity of T

Reg
 cells, whereas 

4‑1BB, OX40 and DR3 reduce T
Reg 

cell suppressive capac‑
ity but promote T

Reg
 cell expansion22,63,71,80,82,83. The co‑ 

signalling receptors CTLA4, HVEM, LAG3 and PD1 
are all expressed on T

Reg
 cells and may function in a cell‑

extrinsic manner to regulate conventional T cells through 
T

Reg 
cell−conventional T cell interactions19,22,81,84 (FIG. 1c). 

For example, HVEM expressed on T
Reg

 cells functions as 
a ligand of BTLA on conventional T cells, and HVEM−
BTLA interactions between T

Reg
 cells and conventional 

T cells inhibit the latter85. Moreover, CTLA4 expressed on 
T

Reg
 cells interacts with B7‑1 and B7‑2 expressed on APCs 

to deliver reverse signals into APCs, which induce the 
expression of IDO37. IDO can subsequently activate T

Reg 

cells in the local microenvironment86 (FIG. 1b). In addition, 
CTLA4 on T

Reg
 cells may inhibit conventional T cells by 

delivering a suppressive signal through B7‑1 expressed on 
target T cells87,88 (FIG. 1c). The finding that B7‑H1 can bind 
to B7‑1 suggests that the B7‑H1−B7‑1 interactions may 
also be involved in T

Reg
 cell function34,35,89. Interestingly, 

B7‑H1 binding to PD1 on natural T
Reg

 cells has been 
shown to inhibit T

Reg
 cell suppressive function, whereas 

PD1 ligation on conventional T cells has been shown to 
promote their differentiation into induced T

Reg
 cells90–93. 

Conversely, the ability of PD1 to deliver signals through 
B7‑H1 on T

Reg
 cells remains unclear. In many cases, the 

exact function of co‑stimulatory and co‑inhibitory mol‑
ecules on both thymus‑derived natural T

Reg
 cells and 

peripherally induced T
Reg

 cells awaits further clarification.

Effector T cells. Co‑signalling receptors, and particu‑
larly TNFRSF co‑stimulatory receptors, have a substan‑
tial role in regulating effector T cell responses (TABLE 1). 
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CD27‑, OX40‑ and DR3‑mediated co‑stimulation pro‑
motes proliferation and survival of both CD4+ and CD8+ 
effector T cells, whereas 4‑1BB‑ and GITR‑mediated  
co‑stimulation preferentially enhances the expansion and 
survival of CD8+ effector T cells61,63,64. HVEM is down‑
regulated following T cell activation but is later upregu‑
lated on CD4+ and CD8+ effector T cells and promotes 
effector T cell function22. HVEM expressed on APCs 
can also promote effector T cell function through liga‑
tion of LIGHT on T cells22. Interestingly, whereas HVEM 
expression and signalling has a co‑stimulatory function 
in effector T cells, HVEM expressed on APCs, effector 
T cells and T

Reg
 cells interacts with the co‑inhibitory 

receptors BTLA and CD160, which are both upregulated 
on activated and effector T cells, thereby inhibiting target 
T cell function22. In fact, this inhibitory activity of HVEM 
through BTLA and CD160 signalling seems to be domi‑
nant in effector T cells, as expression of LIGHT, the only 
ligand capable of activating HVEM, is decreased in effec‑
tor T cells and activated APCs, thus limiting potential 
positive signalling through HVEM on effector T cells28.

In addition to BTLA and CD160, many co‑inhibitory 
receptors, including CTLA4, PD1, LAG3 and TIM3, are 
expressed during the effector T cell phase and limit both 
CD4+ and CD8+ effector T cell responses11,38,84,94 (TABLE 1; 
FIG. 1b). Although it is likely that the overall balance of 
co‑stimulatory and co‑inhibitory signalling in effector 
T cells qualitatively and quantitatively determines the 
effector T cell response, and subsequently the size and 
quality of the memory T cell pool, further studies are 
required to determine how concordant and conflicting 
signalling pathways integrate to achieve this regulation. 
Interestingly, the same co‑inhibitory molecules that 
regulate effector T cell responses are also associated with 
induction of anergic and exhausted T cells, as discussed 
below, so it has yet to be clarified how co‑inhibitory recep‑
tors regulate effector T cell inhibition versus the progres‑
sion to T cell exhaustion. It is tempting to speculate that 
the functional outcome of co‑inhibition may depend  
on the level (high versus low) and duration (acute versus 
chronic) of antigen exposure.

Memory T cells. Despite early studies suggesting that 
CD28 is not important for memory T cell responses, it was 
later confirmed that CD28 does have a role in memory 
T cell survival, as well as in secondary responses of CD4+ 
and CD8+ memory T cells to viral infections (reviewed in 
REF. 95). Similarly, ICOS deficiency results in a reduced 
memory T cell compartment and in defective memory 
T cell reactivation44. TNFRSF receptors are also crucial for 
memory T cell responses. For example, 4‑1BB, OX40 and 
CD27 have all been shown individually to promote mem‑
ory T cell responses, and can also act synergistically to 
determine the size and quality of the memory CD8+ T cell 
pool as well as to initiate memory CD8+ T cell expansion 
in response to secondary challenge96.

Uniquely, engagement of co‑stimulatory recep‑
tors on memory T cells has been shown in some cases 
to stimulate memory T cells in the absence of TCR 
stimulation. For example, co‑stimulation of CD8+ 
memory T cells with a 4‑1BB agonist antibody induces 

proliferation and cytokine production in the absence of 
TCR stimulation97. Similar effects have been observed 
in CD4+ T cells following co‑stimulation with OX40‑ 
or CD30‑specific agonist monoclonal antibodies98,99. 
Notably, whereas superagonist monoclonal antibod‑
ies against CD28 have been shown to activate naive 
T  cells independently of TCR signalling, agonist 
monoclonal antibodies targeting 4‑1BB, OX40 and 
CD30 have little or no effect on naive T cell activation, 
suggesting that these monoclonal antibodies are not 
superagonists but induce TCR independent signalling 
pathways only in previously activated T cells100. The 
study of TCR‑independent co‑signalling in memory 
T cells may provide a unique opportunity for delineat‑
ing signalling pathways that are specifically activated  
downstream of either TCR or co‑stimulatory receptors.

T cell exhaustion and T cell tolerance. T cells chroni‑
cally exposed to antigen, particularly during chronic 
viral infections or within tumour microenvironments, 
may develop an altered phenotype marked by a greatly 
reduced proliferative capacity and effector function, 
and by the upregulation of multiple co‑inhibitory mol‑
ecules101. These T cells have been termed ‘exhausted’ 
T cells owing to their reduced response to ongoing 
stimuli. T cell exhaustion was first described for CD8+ 
T cells, and most studies to date have focused specifically 
on CD8+ T cells, but it is now apparent that CD4+ T cells 
can also develop an exhausted phenotype60,101,102.

The most well‑defined characteristic of exhausted 
T cells is their expression of multiple co‑inhibitory 
receptors, which in turn highly correlates with their 
degree of unresponsiveness101. Co‑inhibitory mol‑
ecules associated with exhausted T  cells include 
PD1, TIM3, CTLA4, BTLA, CD160, LAG3 and 2B4 
(REFS 101,103). Initial studies indicated that B7‑H1−
PD1 was a crucial pathway in the regulation of CD8+ 
T cell exhaustion, as blockade of B7‑H1−PD1 inter‑
actions following chronic infection or in the tumour 
microenvironment restored CD8+ effector function, 
whereas blockade of other individual co‑inhibitory 
pathways alone in these models of exhaustion showed 
less effect in rescuing T cells101,103. However, combined 
blockade of PD1−B7‑H1 with other co‑inhibitors, most 
notably TIM3, CTLA4 and LAG3, has a synergistic 
effect in reversing exhaustion101,104,105. Interestingly, 
T cell exhaustion can be rescued through co‑stimulatory 
signals. It was recently shown that an agonist mono‑
clonal antibody specific for 4‑1BB in combination with 
IL‑7 can restore the activity of dysfunctional CD8+ 
T cells in a TRAF1‑dependent manner in a model of 
chronic infection with lymphocytic choriomeningitis 
virus (LCMV)106.

In contrast to exhausted T cells, which may retain 
some functionality in vivo, tolerant or anergic T cells are 
thought to develop in the presence of sub‑optimal TCR 
stimulation or TCR stimulation in conditions of sub‑
threshold co‑stimulation or high levels of co‑inhibition 
and show complete unresponsiveness following anti‑
genic stimulation107,108. Additionally, as opposed to 
anergic T cells, which are thought to develop during 
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initial antigen exposure, exhausted T cells are thought 
to develop progressively from continued antigen 
exposure101. In reality, it seems that a fine line exists 
between T cell anergy (or peripheral tolerance) and 
T cell exhaustion, and T cell exhaustion may actually 
be a uniquely programmed state of T cell anergy that 
develops to limit extensive pathology in the presence 
of chronic antigen exposure, as occurs in viral infec‑
tions and cancer109. For example, CTLA4 and PD1 are 
crucial for the maintenance of central and peripheral 
tolerance, respectively, and both molecules are also 
involved in the development and maintenance of 
exhausted T cells101,110. Indeed, although gene‑expression 
profiling comparisons of exhausted and tolerant or 
anergic T cells has shown some distinctions, similari‑
ties also exist101. Moreover, most T cell exhaustion stud‑
ies to date have focused on CD8+ T cells while classical 
T cell anergy studies have focused on CD4+ T cells, so it 
remains unclear how T cell anergy and T cell exhaustion 
compare in vivo.

Finally, exhausted T cells are thought to develop 
during the progression from effector T cells to mem‑
ory T cells, so it has been proposed that exhaustion of 
T cells may prevent the terminal differentiation of effec‑
tor T cells to memory cells111–113. This may explain why 
long‑term immunity could not be generated or main‑
tained in chronic LCMV‑infected mice112. Recently, 
transcriptional network analyses have compared the 
differences between exhausted and memory T cells and 
have found significant aberrations in many pathways 
in exhausted T cells114. Therefore, the better charac‑
terization of peripheral T cell tolerance, memory and 
exhaustion and the specific conditions and mechanisms 
involved will be of importance.

Although peripheral T cell tolerance and T cell 
exhaustion are not yet fully understood, the appar‑
ent synergy of multiple co‑inhibitory molecules and 
the competing forces of co‑stimulatory signalling on 
exhausted T cells provides insight into the integration of 
co‑stimulatory and co‑inhibitory pathways. Therefore, 
the study of co‑stimulatory and co‑inhibitory signalling 
in exhausted T cells and comparisons of co‑signalling 
networks in tolerant or anergic, effector, memory and 
exhausted T cells may be a means to elucidate integrative 
co‑signalling pathways.

Perspectives
Co‑signalling molecules imbue in T cells a mechanism 
to sense external environmental conditions and respond 
accordingly. The designation of co‑signalling molecules 
as simply co‑stimulatory or co‑inhibitory has evolved 
into something significantly more complex as new 
interactions and multi‑level functionality continue to be 
discovered. As previously unappreciated co‑signalling 
interactions continue to be identified and character‑
ized, we now envision the simplicity of the classic two‑
signal model of co‑stimulation being replaced by a more  
complex tidal model of co‑signalling.

Although much has been discovered since the early 
1990s, the field of co‑signalling research remains in 
relative mechanistic infancy. Key issues remaining to 
be resolved include the regulation and control of co‑ 
stimulatory and co‑inhibitory molecule expression, the 
elucidation of both known and novel co‑stimulatory  
and co‑inhibitory pathways, and how downstream co‑ 
signalling patterns integrate to direct specific processes 
of T cell growth, differentiation and survival. Enthusiasm 
in the field of co‑signalling research has been fuelled by 
the success of co‑stimulatory and co‑inhibitory immuno‑
therapy for the treatment of human diseases (BOX 3), but 
continued success depends upon progress in understand‑
ing the underlying mechanisms of co‑signalling function 
in both health and disease.

Box 3 | Immunotherapy targeting T cell co‑signalling

Immunotherapy that targets T cell co‑signalling is now a major sub‑field of 
immunotherapy124,125. The successful use of cytotoxic T lymphocyte antigen 4 (CTLA4) 

fusion proteins (CTLA4Ig, clinically known as abatacept (Orencia; Bristol‑Myers Squibb)
and belatacept (Nulojix; Bristol‑Myers Squibb)) for the treatment of rheumatoid arthritis 
represents an important milestone in this field126,127. The recent promising results of clinical 

trials implementing programmed cell death 1 (PD1)- and B7-H1-specific monoclonal 

antibodies in cancer therapy and the recent approval of CTLA4-specific monoclonal 

antibodies (ipilimumab (Yervoy; Bristol‑Myers Squibb)) for the treatment of patients with 
cancer by the US Food and Drug Administration provided clear evidence for the efficacy 

of co-signalling immunotherapy128,129. These recent successes have provided impetus for 

therapeutically targeting many co-stimulatory and co-inhibitory molecules, including 

4‑1BB, OX40, glucocorticoid‑induced TNFR‑related protein (GITR), lymphocyte 
activation gene 3 protein (LAG3), type I transmembrane (or T cell) immunoglobulin and 
mucin 3 (TIM3), B7‑H4 and B7‑H3 (REFS 128,130,131).

Understanding the fundamental mechanism of T cell co‑signalling is essential for  
the design of co-signalling immunotherapy. Manipulation of a co-signalling molecule 

has differential effects in specific T cell subsets. For example, CTLA4 blockade  
enhances CD4+ effector T cell activity while inhibiting regulatory T cell‑dependent 
immunosuppression128. Moreover, targeting of co-signalling molecules that are involved 

in bi‑directional signalling or that are expressed on other cell types in addition to T cells 
(such as herpes virus entry mediator (HVEM), PD1, B7-H1, B7-1 (FIG. 1) and TIM 
molecules that are also expressed on antigen-presenting cells) may have unexpected 

outcomes. Importantly, new strategies are being devised to target one or more 
co-signalling molecules in combination therapies. These combination strategies 

include but are not limited to: targeting additional surface molecules (such as 

endothelial growth factor receptor and vascular endothelial growth factor), targeting 

specific signalling molecules (such as signal transducer and activator of transcription 3 

(STAT3), BRAF and phosphatidylinositol 3‑kinase (PI3K)), cell‑based vaccination 
strategies (for example, based on dendritic cells and chimeric antigen receptor T cells) 
or more traditional therapies (such as radiotherapy or chemotherapy)125,131–134. 

Understanding basic molecular mechanisms of co-stimulation and co-inhibition is 

crucial to the success of complex new combination therapies.
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