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The importance of co-stimulation in the orchestration
of T helper cell differentiation
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Upon their activation, CD4 T cells can differentiate into distinct T helper cell subsets with specialised functions. Different

T helper cell subsets produce specific cytokines that mediate beneficial and sometimes detrimental effects, depending on the

infection or disease setting. CD4 T-cell priming relies on signals delivered by the T-cell antigen receptor, co-stimulatory receptors

and cytokine receptors on the CD4 T-cell surface. Cytokine receptors are well known to deliver instructive signals that direct

T helper cell differentiation. However, it is less appreciated that co-stimulatory receptors also exert potent modulatory effects on

this process. In this review, we outline the contribution of co-stimulatory and co-inhibitory receptors to the process of T helper

cell differentiation, focusing on those pathways for which the underlying mechanisms are best known. Herein, we depict the

physiological context of T-cell priming and emphasise the impact of cell–cell communication on directing T helper cell

differentiation.
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T HELPER CELLS—REGULATORS OF IMMUNITY

Mature CD4 and CD8 T cells express T-cell antigen receptors (TCR)
that bind to peptides presented in the context of MHC class II or class
I molecules. While activated CD8 T cells differentiate into cytotoxic
T cells (CTL) that kill infected cells, CD4 T cells differentiate into
diverse types of helper cells that regulate the function of T cells, B cells,
natural killer cells, antigen presenting cells (APC), phagocytes and
non-immune cells. During T-cell development in the thymus, the
CD4 T-cell lineage separates from the CD8 T-cell lineage when CD4+

CD8+ thymocytes contact cortical thymic epithelial cells expressing
MHC class II.1 Signals through the TCR then induce the expression of
the transcriptional regulators GATA3 and ThPOK, which together
solidify the CD4 T-cell lineage.2 In the thymic medulla, CD4+

thymocytes with an autoreactive TCR are either instructed to die by
apoptosis, or acquire Foxp3 expression and develop into natural
regulatory T cells.3 CD4+ thymocytes that have a TCR specific for
non-self-antigens become naive conventional CD4 T cells. Both
natural regulatory T cells and naive conventional CD4 T cells emigrate
from the thymus to peripheral lymphoid organs where natural
regulatory T cells maintain tolerance to self-antigens, whereas con-
ventional CD4 T cells respond to invading pathogens.
Naive CD4 T cells that are activated in secondary lymphoid organs

differentiate into different T helper cell subsets with specialised
functions. Classically, T helper cell subsets are discerned based on
their ability to secrete distinct cytokines.4 Th1 cells produce interferon-
γ (IFN-γ) and are important in immunity to viruses and cancer, Th2
cells secrete interleukin- (IL-) 4, IL-5 and IL-13 and promote
immunity to large extracellular pathogens, Th17 cells produce IL-17,

which induces the release of antimicrobial peptides at mucosal surfaces
and has a prominent role in antifungal immunity,5 and Tfh cells
produce IL-4 and IL-21 that regulate B-cell responses.6 In addition,
IL-9-producing Th9 cells and IL-22-producing Th22 cells have
recently been described and are implicated in worm expulsion and
wound healing respectively.7 Upon their activation, naive CD4 T cells
can also gain Foxp3 expression and differentiate into inducible Treg
(iTreg) that suppress overactive immune responses.8

T helper cell subsets also differentially express certain chemokine
receptors, allowing them to localise to specific niches to exert their
function.9 Chemotactic signals may also help to bring specific cell
types together in specialised priming niches.10,11 Although differential
expression is not exclusive, Th1 cells typically express CCR5 and
CXCR3, Th2 cells CCR3 and CCR4,12 Th17 cells CCR613 and Tfh cells
CXCR5.14,15

The differentiation of naive CD4 T cells into specialised T helper
cell subsets is a complex process requiring cell proliferation, structural
and epigenetic alterations in the genome and gene transcription
mediated by sets of core- and inducible transcription factors.4,16

Certain nuclear proteins called ‘master regulators’ coordinate the
transcriptional programs that are pivotal for T helper cell subset
differentiation. Among them, T-bet,17 GATA3,18 RORγt,19 Bcl-620 and
Foxp321 are critical for Th1, Th2, Th17, Tfh and iTreg-cell differ-
entiation, respectively.
In this review, we discuss the contribution of co-stimulatory

receptors to T helper cell differentiation, paying particular attention
to the physiological context in which T helper cell differentiation takes
place. We highlight the expression of co-stimulatory receptors and
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ligands in specific cellular niches and focus on co-stimulatory
receptor/ligand systems for which the contribution to T helper
differentiation has been substantiated by insight into the underlying
molecular mechanism.

CD4 T-CELL PRIMING AND MASTER REGULATORS OF

T HELPER CELL DIFFERENTIATION

CD4 T-cell priming and associated effector differentiation is dictated
by contact with specialised APC, in particular dendritic cells (DC).
Migratory DC that come from the site of infection may initiate naive
CD4 T-cell priming. However, it generally takes 12–24 h before tissue-
resident DC infiltrate tissue-draining lymph nodes and prior to that,22

soluble antigens may already be delivered to lymph node-resident DC
or B cells through the conduit system.23 Antigen may also be
transferred to lymph node-resident APC from migratory DC.24 Hence,
multiple types of APC can be involved in T-cell priming, and these
may act in consecutive fashion.
Studies using two-photon laser scanning microscopy have helped to

discern T-cell priming into three phases; an initial phase wherein
T cells make transient, yet meaningful contacts with many DC, a
second more prolonged phase wherein stable contacts between DC
and T cells facilitate T-cell division, and a third phase in which T cells
regain motility and may cluster with DC/APC to receive further signals
or exit the node.25,26 The timing and duration of these phases are not
set in stone and depend on the quality and quantity of antigen.
The expression pattern of ‘master regulators’ gives an insight into

the complex process of CD4 T-cell priming. For instance, T-bet is
expressed at least initially at a similar level in both Th1 and Th2 cells
but is subsequently lost from Th2 cells.27,28 RORγt and Foxp3 can be
co-expressed initially upon T-cell activation and act antagonistically.29

In general, the expression of one of these factors must be silenced for
iTreg or Th17 cell differentiation to occur. Likewise the BCL-6 protein
that is critical for Tfh-cell differentiation, can also be upregulated early
in Tfh or Th1 cells.30,31 Thus, the initial priming event is generally not
deterministic and appears to make many cell fates possible. Specific T
helper cell functions must thus be consolidated in subsequent steps of
T-cell priming, potentially during contact with other APC types.

T HELPER CELL DIFFERENTIATION RELIES ON INSTRUCTIVE

SIGNALS FROM CYTOKINES

If the initial activation of naive CD4 T cells makes many cell fates
possible, then more precise instructive signals must be required to
focus and consolidate certain fates over others. Interleukins such as
IL-1β, IL-4, IL-6 and IL-12, and other cytokines including IFN-γ and
TGF-β provide such instructive signals. These cytokines stimulate their
receptors on the CD4 T-cell surface and activate downstream Janus
kinases and Signal transducer and activator of transcription (STAT)
molecules. There are six different STAT molecules that upon
phosphorylation by Janus kinases dimerise and translocate to the
nucleus. There, the specific cytokine receptors and STATs involved
provide unique signals that activate specific T helper cell differentia-
tion pathways.32 They do this by inducing or enhancing the expression
of the aforementioned master regulators of transcription. Subse-
quently, STATs consolidate T helper cell differentiation by regulating
the transcription of other genes and directing epigenetic
modifications.33 In this way, IL-12 and IFN-γ direct Th1 differentia-
tion, IL-4 directs Th2-cell differentiation and IL-1 and IL-6 direct
Th17-cell differentiation.4 TGF-β does not activate STAT molecules
but rather directs iTreg-cell differentiation via the Smad transcription
factor pathway.32,34

T HELPER CELL DIFFERENTIATION RELIES ON INSTRUCTIVE

SIGNALS FROM DC AND OTHER APC

DC and other professional APC typically produce the cytokines that
instruct T helper cell differentiation and activated CD4 T cells can
make contacts with many such APC during priming. A number of
factors influence the ability of DC to make distinct T helper cell-
skewing cytokines. The first factor is the nature of the pathogen. DC
activation by different stimuli results in the induction of distinct
cytokines. For instance, stimulation of the pattern recognition receptor
(PRR) Toll-like receptor (TLR)-4 by lipopolysaccharide stimulates DC
to produce IL-12, giving rise to Th1-cell responses,35 whereas the
activation of the C-type lectin receptor Dectin-1 by fungal carbohy-
drates induces the production of IL-23, IL-1β and IL-6, thereby
promoting Th17-cell responses.36,37 The Th2-cell differentiation
process is initiated differently, as the recently primed CD4 T cell
rather than the APC produces the IL-4 that is required for this process.
It has been proposed that pathogens such as house dust mite favour
Th2-priming via IL-10 and IL-33 production by DC,38 although it is
not definitively proven that these cytokines provide instructive signals
for Th2-cell commitment.
The second factor that influences the direction of T helper cell

differentiation is the nature of the DC (or other APC) that mediates
CD4 T-cell priming. DC are derived from a common dendritic cell
precursor and can be divided into classical type I DCs (cDC1), cDC2
and plasmacytoid DC.39 Batf3-dependent cDC1 induce Th1-cell
differentiation, whereas IRF-4-dependent cDC2 can prime Th2-cell
differentiation38,40 and mucosal Th17-cell differentiation.41 CD103+

CD11c+ DC in the mesenteric lymph nodes are also known to
promote the conversion of naive T cells into Foxp3+ iTreg via TGF-β
and retinoic acid,42,43 although whether these are cDC1 or cDC2 is not
yet clear.
It is noteworthy that in certain anatomical locations, non-classical

APC may also prime T helper cell responses in a specific manner. For
example, both epidermal Langerhans cells and a subset of intestinal
lamina propria cells resembling macrophages/monocytes can induce
Th17-cell differentiation.44,45 Furthermore, monocyte-derived cells
can promote T helper cell differentiation under highly inflammatory
conditions.46 Hence, CD4 T-cell priming can occur in the context of
different APC subsets that may direct the effector differentiation of
CD4 T cells via the secretion of specific cytokines.

T HELPER CELL DIFFERENTIATION – WHERE

CO-STIMULATION FITS IN

In vitro assays that make use of agonistic anti-CD3 and anti-CD28
antibodies together with ‘instructive’ cytokines facilitate T helper cell
differentiation effectively, but it is important to realise that they do so
in the absence of many pathways typically active in vivo. In the classical
view, cytokines direct T helper differentiation, while co-stimulatory
signals support TCR-induced CD4 T-cell activation, division and
expansion. However, the exact nature of the interaction between TCR
and MHC class II/peptide complexes can reportedly impact on T
helper cell differentiation11,47 and co-stimulatory receptors have been
found to have prominent and specific roles in T helper cell
differentiation in physiological settings.
Co-stimulatory and co-inhibitory receptors not only regulate the

magnitude of the T-cell response,48 but also its quality, as we will
highlight here. These receptors fall into two families; the Immunoglo-
bulin (Ig) superfamily including CD28, inducible T-cell costimulator
(ICOS), programmed cell death protein 1 (PD-1), and signalling
lymphocytic activation molecule (SLAM) family members, and the
tumour necrosis factor (TNF) receptor superfamily that contains 420
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receptors with membrane-bound homotrimeric TNF-like ligands.48

We here describe the signalling mechanisms of key co-stimulatory
receptors, to set the stage for outlining their contribution to T helper
differentiation in the following sections.
CD28 is the prototypical co-stimulatory receptor, which upon

binding to its ligands CD80 or CD86, signals in concert with the
TCR/CD3 complex to allow naive T cells to pass the threshold for
activation.48,49 CD28 signalling amplifies the tyrosine kinase cascade
downstream of the TCR/CD3 complex. This leads to the activation of
several classical signal transduction pathways, including MAP kinases
and c-Jun N-terminal kinases that activate activator protein 1 (AP-1)
transcription factor complexes, protein kinase C that activates nuclear
factor kappa B (NF-κB), Phospholipase C gamma that activates
nuclear factor of activated T cells (NFAT), and the phosphatidylino-
sitol 3-kinase pathway that activates Protein kinase B/Akt. Other
members of the Ig-like superfamily also regulate tyrosine kinase
activation downstream of the TCR, either in a positive way via
tyrosine kinases, or in a negative way via tyrosine phosphatases
(CTLA-4, PD-1).48 TNF receptor superfamily members do not activate
tyrosine kinase signalling. They associate with TNF receptor-associated
factor (TRAF) signalling adaptors that via ubiquitin signalling activate
NF-κB and also link to c-Jun N-terminal kinase and MAP kinase
pathways.48 Thus, signals through co-stimulatory and co-inhibitory
receptors help to amplify or dampen responses to pathogens.
Naive CD4 T cells receive co-stimulatory inputs in various ways.

PRR signalling initiates the synthesis of co-stimulatory TNF ligands like
CD70 by DC and upregulates expression of CD80 and CD86.
However, cognate interactions between naive CD4 T cells and DC in
the first priming phase can also facilitate expression of co-stimulatory
molecules by DC. This is particularly important for lymph node-
resident DC that have received antigenic peptides, but were not directly
exposed to the pathogen and hence received limited stimulation
through PRRs.26 When CD4 T cells recognise peptide/MHC class II
complexes on otherwise resting DC, CD40 ligand is upregulated on the
T cell and interacts with CD40 on the DC. This in turn upregulates
CD80 and CD86 expression50 and induces CD70 expression on the
DC.51,52 The communication of CD4 T cells with DC through CD40:
CD40 ligand interactions, alone or in conjunction with signals from
PRRs are said to ‘license’ the DC for T-cell priming. The initial PRR-
mediated activation and/or CD4-mediated licensing of DC allows the
co-stimulatory receptors CD28 and CD27 to promote CD4 T-cell
responses in the context of TCR signals.52,53 Subsequently, CD8 T cells
profit from the same co-stimulatory ligands on the DC and from CD4
T-cell help.54 Notably, signalling through co-stimulatory TNF receptors
can also tune the T-cell response subsequent to initial T-cell activation.

CO-STIMULATION AND iTREG-CELL DIFFERENTIATION

At steady state, DC inhibit responses to autoantigens by promoting the
activity of thymus-derived natural regulatory T cells. During an
immune response to a pathogen, conventional CD4 T cells may
differentiate into Foxp3-expressing iTreg, which restrain immune
responses to avoid pathological side-effects. Co-stimulation via
CD28 and CD27, which are already expressed on naive T cells,
counteract iTreg-cell induction and function.55,56 While fully licensed
DC are capable of inducing all T helper cell populations, DC that lack
CD40 or CD80 most potently induce iTreg55 and poorly direct
differentiation of other T helper cell populations.
There is evidence that iTreg-cell formation is favoured under these

circumstances because DC lacking CD40 or CD80/CD86 fail to induce
certain metabolic changes in the cognate T cell.55,57 Naive CD4 T cells
acquire energy from oxidative phosphorylation, but upon optimal

activation the cell prepares for rapid clonal expansion by switching to
aerobic glycolysis.57 The ligation of CD28 by CD80 or CD86 on
licensed DC strongly promotes activation of Akt and the downstream
mammalian target of rapamycin (mTOR) that acts as a metabolic
sensor and governs aerobic glycolysis. The activation of mTOR
strongly promotes Th1-, Th2- and Th17-cell differentiation. However,
in the absence of mTOR activation, iTreg-cell formation is
favoured.58,59 Hence, iTreg have a different type of metabolism as
compared with other T helper cell subsets.
In agreement with the described function of CD28, the co-

inhibitory receptor PD-1 that can displace CD28 from the immuno-
logical synapse and directly impairs TCR- and CD28-driven signals48

enhances iTreg-cell development.60 Thus, cognate interaction of naive
CD4 T cells with sub-optimally activated DC can convert naïve CD4
T cells into iTreg due to a lack of CD40 signalling into APC and lack
of CD28 and CD27 signalling into T cells. Induced Treg, like other T
helper cell subsets likely receive co-stimulatory signals although it
remains unclear to which extent these contribute directly to iTreg
expansion and survival. Paracrine IL-2 is known to be critical for
iTreg-cell expansion and survival, and this may in part negate the
requirement for co-stimulatory inputs.61

Although licensed DC most strongly oppose the development of
iTreg, evidence also indicates that the level of DC activation
differentially affects the induction of Th1 and Th2 cells. One facet
of DC licensing through CD40 is the upregulation of ICAM,50,62

which facilitates prolonged interactions between DC and CD4 T cells
that may favour Th1-cell differentiation.63 This is in agreement with
an early study suggesting that CD40 signals do not favour Th2-cell
differentiation.62 However, it is important to note that in the complete
absence of CD40, Th2-cell responses are impaired.64 Intriguingly, the
PD-1 ligand PDL2 is expressed by Th2-inducing IRF-4-dependent DC
and may promote IL-5 and IL-4 production from already differen-
tiated Th2 cells.40

Taken together, current data argue that DC licensing steers T helper
cell differentiation away from the iTreg-cell fate by effects on cell
metabolism and disfavours Th2-cell differentiation.

CO-STIMULATION AND T HELPER CELL DIFFERENTIATION

Two major consequences of the initial priming event in T cells are: (1)
the de novo expression or upregulation of co-stimulatory and co-
inhibitory receptors and ligands, and (2) the altered expression of
chemokines and chemokine receptors. Co-stimulatory receptors may
directly affect transcription at certain cytokine gene loci or may
orchestrate contact of CD4 T cells with specialised APC. The
documented impact of various Ig-like and TNF receptor superfamily
members on T helper cell differentiation and function is summarised
in Supplementary Table 1. We discuss here the most salient examples.

Direct effects of co-stimulation on cytokine gene transcription
T helper cell differentiation and function are co-ordinated by specific
transcription factors that recognise elements in gene promoters and
enhancers and thereby regulate gene expression. Many co-stimulatory
receptors overlap in their ability to activate transcription factors such
as AP-1, NFAT and NF-κB,48 which makes their contribution to T
helper cell differentiation difficult to predict. However, some of these
receptors have been shown to precisely regulate the expression of
critical genes that influence T helper cell fate decisions. These are
summarised in Figure 1.
The CD27:CD70 pathway directly affects T helper cell differentia-

tion by regulating gene transcription in activated CD4 T cells. CD27 is
already expressed on naive CD4 T cells and is further upregulated after
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T-cell activation.65 Its ligand CD70 is expressed on DC that are
activated by PRR, licensed by CD4 T cells or both.51 In human CD4
T cells, CD27 signalling was shown to promote Th1-cell
differentiation,56,66 possibly by the induction of IL-12 Rβ2 expression.
In mouse CD4 T cells, CD27 also drives Th1-cell differentiation, by a
pathway that was proven to be IL-12 independent,53,67 but is
furthermore uncharacterised. The Th1-cell bias installed by CD27
signalling is highlighted by the phenotype of CD70 transgenic mice
that have increased numbers of IFN-γ producing CD4 (and CD8
T cells) and a higher expression of IFN-γ on a per cell basis.68,69

Strikingly, in mouse CD4 T cells, CD27 signalling was found to
counteract Th17-cell differentiation. It impeded the transcription of
the Il17a and Ccr6 genes in differentiated Th17 cells in vitro and
in vivo, despite normal induction of RORγt and other molecular
hallmarks of the Th17-cell subset.68 In CD27-stimulated Th17 cells,
c-Jun N-terminal kinase activity and expression of AP-1 binding
partners Crem, Atf3 and Batf3 was increased, suggesting that CD27
signalling influenced AP-1 activity, which in turn influenced gene
transcription in Th17 cells. Importantly, AP-1 is a critical regulator of
Th17-cell differentiation70 and inhibitors of AP-1 have since been
proposed to regulate gene transcription in Th17 cells.16 CD27
signalling furthermore impeded IL-17 expression by epigenetic effects
on the Il17a gene,68 highlighting the specific effects that CD27 can
have on T helper cell differentiation.
Co-stimulation through CD28 supports the new synthesis of TNF

receptor family member OX40 by activated T cells.71,72 OX40 has been
the focus of Th2 immunity for some time, as it potently induces Il4
gene transcription, even in the presence of IL-1273,74 and since OX40L
transgenic mice are strongly biased to developing Th2 responses.75 In
the absence of an obvious DC-derived cytokine that polarises CD4
T cells towards the Th2-cell fate, it has been tempting to hypothesise
that signalling through OX40 can have an instructive role in Th2-cell
differentiation. OX40 is thought to induce NFATc1 translocation to

the nucleus where it induces Il4 gene transcription.76 However, it is
unknown whether OX40 collaborates with other receptors and
whether it activates other genes besides the Il4 gene.
Recently, OX40 was also shown to induce expression of the Th9-

associated cytokine IL-9 by rapidly inducing translocation of Rel-b to
the Il9 promoter.77 This proceeded via the activation of TRAF6 and
the non-canonical NF-κB pathway. OX40 signals alone could not
induce IL-9 production, but in combination with TGF-β and IL-4,
OX40 signalling induced IL-9 expression within the first 24 h of
activation.77 This finding showcases that co-stimulatory receptors can
affect T helper cell differentiation by rapidly and specifically altering
gene transcription in co-operation with instructive signals provided by
cytokines.
Another receptor that has been directly implicated in T helper cell

differentiation is ICOS. ICOS signalling into CD4 T cells upregulates
the transcription factor c-Maf, which regulates T helper cell
differentiation.78 Early evidence implicated ICOS in Th2-cell
differentiation.78–80 However, Tfh cells also highly express ICOS and
are known to benefit from c-Maf activity,81 suggesting a role for ICOS
signalling in Tfh-cell differentiation as well. Accordingly, mice
deficient in ICOS or c-Maf have poor Th2- and Tfh-cell responses,
whereas mice overexpressing c-Maf are severely impaired in Th1-cell
differentiation.82 The role of c-Maf in Th17-cell differentiation is more
complicated. Early after CD4 T-cell activation, c-Maf can repress the
expression of Th17 cell-associated cytokines/chemokines and enhance
the expression of the suppressive molecules CTLA-4 and IL-10.16,83

However, later in the Th17-cell response, ICOS and c-Maf promote
Th17-cell maintenance.84 The impact of the ICOS/c-Maf pathway on
Th2-, Tfh- and Th17-cell differentiation is attributed to promotion of
IL-4 and IL-21 transcription79,84 and the subsequent induction of
STAT3 and STAT6.85,86 However, c-Maf likely also has a broader role
in gene regulation by binding to and regulating DNA modifiers such
as CREB-binding protein and p300.87 This interaction presumably

Figure 1 The direct effects of co-stimulatory receptors on gene expression. The figure depicts direct mechanisms by which co-stimulatory receptors can
regulate gene transcription and thereby influence T helper cell differentiation and function.
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allows c-Maf to control transcription at many genetic loci in
differentiating T helper cells.
Hence, co-stimulatory receptors activate broad transcriptional

regulators such as NF-κB, AP-1, NFAT and c-Maf, which can
have critical modulatory effects on instructive signals received
through cytokine receptors and severely bias T helper cell subset
differentiation.

Co-stimulation consolidates T helper cell programs by
orchestrating cell contacts
Seminal studies from Sallusto et al.12 identified distinct chemokine
receptor expression patterns among distinct T helper cell
subsets. Although these have been proposed to allow T helper cells
to gain access to sites they would otherwise not enter,9 there is
evidence that they also help to consolidate T helper cell differentiation.
Chemokine gradients present on the fibroblastic reticular network of
the lymph nodes88,89 allow activated T cells expressing various co-

stimulatory receptors to relocate from the T-cell zone to other niches
in the node. In these new niches, antigen presentation and the
cytokine milieu may favour a certain T helper cell fate over another. In
support of this, dermal- as opposed to epidermal-derived DC, which
can differentially direct T helper cell subset specification44 have been
shown to form distinct clusters in skin-draining lymph nodes90 and
T cells in the third stage of priming are known to form tight clusters
around DC.26 Figure 2 summarises the crosstalk between co-
stimulatory and chemotactic signals in the process of T helper cell
differentiation.
The CXCR3:CXCL9/CXCL10 and CXCR5:CXCL13 chemokine

axes, in particular, are closely linked with co-stimulatory pathways
and have an important role in T helper cell differentiation. Chemo-
tactic signals mediated by CXCR3 and its ligands CXCL9/CXCL10 are
important for Th1-cell differentiation. It was observed that primed
CD4 T cells that had gained CXCR3 expression relocated from the
T-cell zone to subcapsular CXCL9-rich areas in the lymph node where

Figure 2 Co-stimulatory receptors and chemotactic signals orchestrate T helper cell differentiation. The figure depicts that co-stimulation induces the
expression of chemotactic signals by activated CD4 T cells and thereby coordinates cell contacts with specialised APC. The initial priming of naive T cells by
licensed DC leads to the upregulation of other co-stimulatory receptors/ligands, which in turn induces the expression of chemokines and chemokine
receptors. Following the initial priming, activated CD4 T cells migrate on the fibroblastic reticular network of lymphoid organs in response to chemotactic
signals left there by migrating T cells and DC. Chemokine gradients present in the lymphoid organ attract activated CD4 T cells to niches where the cytokine
milieu and APC bias T helper cell differentiation further. CXCR3-expressing CD4 T cells may relocate from the T-cell zone to subcapsular CXCL9-rich areas in
the lymph node and contact CXCL10+ CD70-expressing DC, resulting in Th1-cell differentiation. CXCR5 expression allows activated T cells to migrate to the
CXCL13-rich area of the B-cell follicle where they may encounter Th2-promoting DC, or enter the follicle and differentiate into Tfh cells. Inputs through the
TCR, co-stimulatory and cytokine receptors help to further bias T helper cell differentiation in each of these lymph node niches.
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they encountered CXCL10+ DC, that promoted Th1-cell
priming.10 In the genetic absence of CXCR3, Th1-cell
priming was impaired.10

Activity in the CXCR3:CXCL9/CXCL10 axis is closely linked to
co-stimulation through CD27 on T cells. First, CD27 and CXCR3 are
co-ordinately expressed on activated CD4 T-cell populations.91

Intriguingly, CD27 co-stimulation can rapidly induce CXCL10 pro-
duction in CD8 T cells92 and this is also possibly the case in CD4
T cells. Upregulation of CXCL10 by T cells may attract CXCR3-
expressing DC, which correspond to Th1-priming CD8+ DC in
secondary lymphoid organs and to migratory CD103+ DC from the
lung (www.immgen.org). Thus the CD27/CD70 pathway and the
CXCR3/CXCL10 axis may collaborate to potentiate Th1-cell
differentiation.
The differentiation of Tfh and Th2 cells also involves multiple

priming steps and relocation of primed CD4 T cells in the lymph node
under the guidance of the CXCR5:CXCL13 axis.6,74,93 CD28, ICOS,
CD40 and OX40 are all important for CXCR5 expression on activated
CD4 T cells,72,94–96 allowing the T cells to migrate towards the
CXCL13-rich area of the B-cell follicle. At the border between the
T- and B-cell zone, activated CD4 T cells are likely not yet committed.
Depending on the signals they receive and the APC they contact,
they may differentiate into either Th2 or Tfh cells. Their final fate may
depend on cross talk with lymph node-infiltrating DC and B cells at
this site. DC can be attracted to the T–B cell border by lymphotoxin-
expressing B cells and can facilitate further Th2-cell priming.93

These DC may potentiate full effector Th2-cell differentiation by
expressing IL-3338 or OX40L.74,97 Subsequent to priming at the T–B
cell border, CD4 T cells may exit the node to act as Th2 effector cells
in distant tissues such as the lungs or the gut.
Alternatively, CXCR5+ CD4 T cells at the T–B cell border may

contact ICOSL-expressing B cells, which facilitates their movement
into the follicle. ICOS signalling into the CD4 T cell further
increases CXCR5 expression95 and promotes cell motility through
the phosphatidylinositol 3-kinase pathway. This step is independent of
cognate interactions with follicular B cells98 and demonstrates
that in activated T cells, co-stimulatory receptors may promote
effects independently of TCR triggering. Once these CD4 T cells enter
the follicle, differentiation to the Tfh-cell fate is consolidated by
cognate interactions with antigen-specific B cells that express
receptors of the SLAM family.99 SLAM receptors typically undergo
homotypic interactions (that is SLAM on T cells binds to SLAM
on B cells) in the germinal centre and allow for optimal Tfh-cell
differentiation, B-cell survival and antibody class switching. The
adaptor molecule SAP, which is activated downstream of many
SLAM family members is important for IL-4 and IL-21 production
by Tfh cells,100 whereas other SLAM family members such as CD84
facilitate stable cell–cell contact.101 Hence, in the germinal centre,
SLAM family members provide critical inputs for cytokine production
by Tfh cells.
A recent study has hypothesised that Th17-cell differentiation can

also proceed in dedicated gut niches.11 Whether this is reliant on
CCR6 expression on Th17 cells and what co-stimulatory receptors
may trigger CCR6 expression is worth exploration. Thus, co-
stimulation induces the expression of chemotactic molecules that
promote contacts with other cells, migration within the lymph node
and the eventual consolidation of functionally distinct T helper cell
subsets.

COMING TO A CONSENSUS ON THE ROLE OF

CO-STIMULATORY AND CO-INHIBITORY RECEPTORS IN

T HELPER CELL DIFFERENTIATION

Co-stimulatory and co-inhibitory receptors are not typically appreciated
to regulate T helper cell differentiation. These cell surface receptor/
ligand interactions do not instruct the development of T helper cell
subsets in the same way that cytokine receptors, STATs and their
downstream master regulators of transcription do. However, two points
are important when considering their role in effector T-cell differentia-
tion. The first is that seemingly ‘instructive’ signals that dictate the
function of the master regulator cannot produce an effect without the
co-operation of other regulators of gene function. The direct impact of
one master regulator RORγt on gene transcription, for example, is in
fact quite small when compared to the gene-amplifying or suppressing
function of other transcriptional regulators such as NFAT, AP-1, c-Maf,
BATF and IRF4.16 These factors co-operate with one another in
complex modules rather than in isolation and many are targets of
co-stimulatory receptor activation. Second, the guidance cues that co-
stimulatory receptors provide ensure that activated CD4 T cells
continue their differentiation in niches where their fate becomes more
probabilistic and less stochastic. Hence, although signals through co-
stimulatory receptors are not always easy to connect to specific
cellular fates, they have crucial regulatory roles in physiological
conditions and are potential therapeutic targets.

TARGETING CO-STIMULATORY AND CO-INHIBITORY

RECEPTOR FUNCTION IN THE CLINIC

Recently, antibodies that block the co-inhibitory function of PD-1 and
CTLA-4 have provided a breakthrough in cancer immunotherapy,102

as they can markedly promote CD8 T-cell responses to late stage,
metastatic cancers. Conversely, agonist antibodies that target co-
stimulatory receptors may also boost CD8 T-cell responses to
tumours. Based on the experience with TGN1412, an antibody
targeting CD28,103 which induced a cytokine storm and multi-organ
failure in six patients, there is a fear that deliberate activation of co-
stimulatory receptors is dangerous. However, this case has little
predictive value, as TGN1412 was a superagonist antibody, enabling
T-cell activation independently of the TCR. A therapeutic agonist
antibody to a co-stimulatory receptor should support a TCR-initiated
response and not initiate a T-cell response on its own. Such antibodies
are currently very actively pursued for cancer immunotherapy and
agonist antibodies to CD27, 4-1BB and OX40 are currently in clinical
trials.
It is appealing to consider the reverse approach: namely, the

agonism of co-inhibitory receptors and blocking of co-stimulatory
receptors in autoimmunity and chronic inflammatory diseases, where
CD4 T cells have a major role. Steering T helper cell responses in the
desired direction (that is, towards iTreg cells and away from
pathogenic T helper cell populations in autoimmune patients) by
targeting the activity of these molecules is plausible. One recent trial in
which OX40L was blocked in patients with mild allergic asthma
reported considerable reductions in total IgE and sputum eosinophilia
despite little improvement in airway resistance.104 Soluble CTLA-4 Ig
administration also considerably enhanced quality of life in patients
with rheumatoid arthritis.105 These examples encourage the manip-
ulation of co-stimulatory and co-inhibitory pathways in the treatment
of inflammatory diseases. The main issues are that many cell types
may express these receptors and there is the possibility of unacceptable
side-effects.
In humans, rare genetic deficiencies have been reported that

indicate the importance of co-stimulatory and co-inhibitory receptors
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for normal T- and B-cell function. Patients with genetic loss of CD27,
OX40, CD40/CD40 ligand or ICOS suffer from persistent infections
and/or virus-induced malignancies, which can have lethal
consequences.106–110 It is important to note that therapeutic interven-
tion with a receptor-targeting antibody is transient, in contrast to the
permanent genetic loss of receptor function. Indeed, loss of tolerance
to ‘self’ antigens and autoimmune side-effects do occur in cancer
patients as a result of CTLA-4 and/or PD-1 inhibition, but these for
the most part have been transient, while tumour regression can be
permanent.111

OUTLOOK

Discoveries in animal models and in vitro work on human cells have
led to the successful use of antibodies targeting co-stimulatory and co-
inhibitory molecules in patients with cancer. In particular, recombi-
nant mice have provided fundamental insights into the function of co-
stimulatory receptors and, in general, have accurately reflected the role
of these molecules in humans. We must now endeavour to more
vigorously test and translate our preclinical findings to benefit patients
with other disorders. Human in vitro T helper cell differentiation
assays need to be better defined and standardised across the world,
especially for Th2 and iTreg cells. The effects of agonist/blocking
antibodies and recombinant molecules targeting co-stimulatory and
co-inhibitory molecules must be tested in in vitro assays and in early
phase clinical trials. More thorough diagnostic analysis of T helper
cells in human inflammatory diseases, not just from patient blood but
also from tissues and lymph nodes must also be conducted.
There is also room to improve on current preclinical models. For

instance, humanised mouse models may help to uncover toxicities
associated with some therapies before they are tested in humans.112

Conditional and inducible deletion of co-stimulatory receptors can
more precisely define the function of co-stimulatory molecules in
specific cell populations. Furthermore, improved models of complex
inflammatory and autoimmune diseases such as asthma, arthritis and
inflammatory bowel disease are required to uncover the underlying
aetiology of these disorders. These models will need to better replicate
the genetic and environmental diversity that influences inflammation
and autoimmunity in humans.
Finally, a greater understanding of the pathways activated and the

outcomes of co-stimulatory and co-inhibitory receptor ligation in T
helper cells is required. This involves clearly defining the intracellular
cascades and effects on gene transcription triggered by these mole-
cules. Such analyses should be undertaken in human cells whenever
possible and we should work towards being able to predict the
outcome of co-stimulatory and co-inhibitory signalling events. A
clearer understanding of the molecular events will ultimately enhance
the efficacy and safety of therapies that target these molecules.
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