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Ligation of the CD28 receptor on T cells provides a critical second signal alongside T cell receptor (TCR) liga-
tion for naive T cell activation. Here, we discuss the expression, structure, and biochemistry of CD28 and its
ligands. CD28 signals play a key role in many T cell processes, including cytoskeletal remodeling, production
of cytokines, survival, and differentiation. CD28 ligation leads to unique epigenetic, transcriptional, and post-
translational changes in T cells that cannot be recapitulated by TCR ligation alone. We discuss the function of
CD28 and its ligands in both effector and regulatory T cells. CD28 is critical for regulatory T cell survival and
the maintenance of immune homeostasis. We outline the roles that CD28 and its family members play in hu-
man disease and we review the clinical efficacy of drugs that block CD28 ligands. Despite the centrality of
CD28 and its family members and ligands to immune function, many aspects of CD28 biology remain unclear.
Translation of a basic understanding of CD28 function into immunomodulatory therapeutics has been un-
even, with both successes and failures. Such real-world results might stem from multiple factors, including
complex receptor-ligand interactions among CD28 family members, differences between the mouse and hu-
man CD28 families, and cell-type specific roles of CD28 family members.
The CD28 Family of Receptors and Ligands
The discovery of the T cell receptor (TCR) in the early 1980s

prompted efforts to dissect how antigen recognition results in

T cell activation. It was soon discovered that TCR engagement

was not sufficient for the complete activation of T cells, but there

was a requirement for a second signal. In fact, early work by Jen-

kins, Schwartz, and others showed that TCR ligation alone in-

duces T cell anergy or unresponsiveness and that the necessary

costimulatory signal that prevents T cell unresponsiveness after

TCR ligation was present on B cells and monocytes (Jenkins

et al., 1988; Mueller et al., 1989).

These efforts led to the discovery in 1986 that a monoclonal

antibody (mAb) against CD28, then called Tp44, could substitute

for non-T cells in providing a second signal, when combined with

immobilized TCR stimuli, to induce primary human T cell and Ju-

rkat cell activation (Jenkins et al., 1991; Martin et al., 1986; Weiss

et al., 1986). CD28 drives critical intracellular biochemical events

including unique phosphorylation and transcriptional signaling,

metabolism, and the production of key cytokines, chemokines,

and survival signals that are essential for long-term expansion

and differentiation of T cells (Bluestone et al., 2006; Bour-Jordan

et al., 2011; Martin et al., 1986; Weiss et al., 1986). Most impor-

tantly, treatment of mice with a soluble CD28 antagonist induced

antigen-specific tolerance that prevented the progression of

autoimmune diseases and organ graft rejection (Lenschow

et al., 1992). This insight led to the development of abatacept

and belatacept, which are used clinically to treat rheumatoid

arthritis and organ transplant rejection, respectively (Zhang

and Vignali, 2016 in this issue of Immunity; Ford, 2016 in this

issue) (Abrams et al., 1999; Bluestone et al., 2006). Conversely,

the advent of CD28 agonists, which can rescue T cells from
the tolerant state, could pave the way for a new class of immune

activators for the treatment of infectious diseases (Attanasio and

Wherry, 2016 in this issue) and cancer (Callahan et al., 2016 in

this issue).

It has become increasingly clear that CD28 functions not sim-

ply as an amplifier of TCR signals but delivers unique signals

that control intracellular biochemical events, from post-transla-

tional protein modification (e.g., phosphorylation) to epigenetic

changes that alter the gene expression program of T cells. More-

over, over the past two decades, there has been an increasing

number of cell surface molecules identified that share significant

homology with CD28 and its ligands. Thus, there is an increas-

ingly complex set of interactions wherein the single receptor,

CD28, binds to multiple ligands. The primary ligands, B7-1

(CD80) and B7-2 (CD86), in turn can bind multiple receptors

(including CTLA4) (Schildberg et al., 2016 in this issue). In this re-

view, we summarize the current understanding of these complex

costimulatory pathways, including that of the individual roles of

CD28, B7-1 (CD80), and B7-2 (CD86). We summarize biochem-

ical and functional pathways controlled by CD28 costimulation,

and we also discuss CD28 family members ICOS and CTLA-4

where appropriate. We review evidence that suggests that mul-

tiple mechanisms contribute to the biochemical and functional

effects of CD28-mediated T cell costimulation. The implications

of these complexities and the use of therapies that modulate

these signals in patients are discussed.

Expression of CD28 Family Members
CD28 is the founding member of a subfamily of costimulatory

molecules characterized by an extracellular variable immuno-

globulin-like domain. Other members of the subfamily include
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ICOS, CTLA4, PD1, PD1H, TIGIT, and BTLA (Chen and Flies,

2013; Anderson et al., 2016 in this issue). CD28 is expressed

constitutively on mouse T cells, whereas the expression of other

family members ICOS and CTLA4 is induced by T cell receptor

stimulation and in response to cytokines such as interleukin 2

(IL-2). CD28 is expressed on roughly 80% of human CD4+

T cells and 50%of CD8+ T cells. The proportion of CD28-positive

T cells in humans declines with age. Although CD28 expression

has been identified on other cell lineages, including bonemarrow

stromal cells, plasma cells, neutrophils, and eosinophils, the

functional importance of CD28 on these cells is not completely

understood (Gray Parkin et al., 2002; Rozanski et al., 2011; Ven-

uprasad et al., 2001; Woerly et al., 2004).

The CD28 ligands CD80 and CD86 diverge in their expression

patterns, multimeric states, and functionality, adding another

layer of complexity to the regulation of CD28 signaling. CD80

is present in predominantly dimeric form on the cell surface

whereas CD86 is monomeric (Bhatia et al., 2005). CD86 is ex-

pressed constitutively on antigen-presenting cells (APCs) and

is rapidly upregulated by innate stimuli of APCs (Lenschow

et al., 1994) whereas the other CD28 ligand, CD80, is upregu-

lated at later time points (Sharpe and Freeman, 2002). CD86

might therefore be more important in the initiation of immune re-

sponses. CD80 and CD86 are induced by different stimuli in

different cell types, and they are not interchangeable in function.

For example, CD86-deficient mice cannot undergo antibody

class switching and germinal-center formation in response to

immunization without an adjuvant. By contrast, CD80-deficient

mice do not show this defect (Borriello et al., 1997).

CD28 and CTLA4 are highly homologous and compete for the

same ligands (B7-1 [CD80] and B7-2 [CD86]) (Linsley et al.,

1990). CTLA4 binds these ligands with a higher affinity than

CD28 does, which allows CTLA4 to compete with CD28 for li-

gands and suppress effector T cells responses (Engelhardt

et al., 2006). Although CTLA4 binding to CD80 or CD86 is always

stronger than CD28 binding, when in competition, CD86 has a

relative preference for CD28 over CD80, which binds very

strongly to CTLA4. Thus, the sequential expression of CD86 fol-

lowed by CD80 on APCs might function to increase the suppres-

sive function of CTLA4 once an immune response has started

given that the CTLA4-CD80 interaction later in an immune

response is particularly strong (van der Merwe and Davis, 2003)

Now-classic experiments showed that CD28 and CTLA4 have

opposing effects on T cell stimulation. CD28 provides an acti-

vating signal and CTLA4 provides an inhibitory signal, which is

now considered a prototypical immune checkpoint (Krummel

and Allison, 1995; Walunas et al., 1994). ICOS, which also con-

tributes to activation, binds to its ligand B7H2 (ICOSL), which

also serves as a ligand for human CD28 and CTLA4 (Chen and

Flies, 2013; Yao et al., 2011) Thus, this family of receptors and

ligands has considerable complexity in both binding pattern

and biological effect. Overall, the opposing roles of CD28 and

ICOS (activating) and CTLA4 (inhibitory) allow this family of re-

ceptors and ligands to serve as a rheostat for the immune

response through competing pro- and anti-inflammatory effects.

Complex biological effectsmirror the complex binding charac-

teristics of this family. ICOS and CD28 are closely related genes

that arose from a duplication event. Nevertheless, these recep-

tors cannot substitute for one another in function. This functional
974 Immunity 44, May 17, 2016
compartmentalization is enforced in part by the E3 ubiquitin

ligase Roquin. This functional difference is critical given that

the ICOS ligand is widely and constitutively expressed whereas

the principle ligands for CD28 are induced by exposure to inflam-

matory environments or microbial patterns (Linterman et al.,

2009). Interestingly, basal CD80 and CD86 expression is neces-

sary to prevent autoimmunity by sustaining regulatory T (Treg)

cell populations (Lohr et al., 2003). Activated human T cells

can express CD80, and mouse T cells have been shown to ac-

quire CD80 from APCs (Sabzevari et al., 2001). Thus, T cells

themselves might be able to serve as ligand-expressing cells

for CD28 and CTLA4 (Azuma et al., 1993; Sabzevari et al.,

2001; Wyss-Coray et al., 1993). Antibody-mediated crosslinking

of CD80 on the surface of T cells augments Ca2+ flux and pro-

duction of interferon gamma (Podojil and Miller, 2009).

CD80 and CD86 might also act as signal transducing recep-

tors themselves, given that ligation with CTLA4Ig has been

shown to regulate tryptophan metabolism in APCs (Grohmann

et al., 2002). In addition to T cells, plasma cells also express

CD28. CD28 signals might regulate antibody production by

plasma cells or plasma cell survival, although the precise role

that CD28 plays in plasma cell biology is still unclear (Njau and

Jacob, 2013).

CD28 Structure and Ligand Binding
Human CD28 is composed of four exons encoding a protein of

220 amino acids that is expressed on the cell surface as a glyco-

sylated, disulfide-linked homodimer of 44 kDa. Members of the

CD28 family share a number of common features. These recep-

tors consist of paired V-set immunoglobulin superfamily (IgSF)

domains attached to single transmembrane domains and cyto-

plasmic domains that contain critical signaling motifs (Carreno

and Collins, 2002). The CD28 and CTLA4 ligands, CD80 and

CD86, consist of single V-set and C1-set IgSF domains. The

interaction of these costimulatory receptors with ligands is medi-

ated through the MYPPPY motif within the receptor V-set do-

mains (Evans et al., 2005; Metzler et al., 1997).

Earlier work on the crystal structure of CTLA4 itself and in

complex with ligands provided initial clues on the structure and

binding orientation of CD28, given that both CTLA4 and CD28

share highly similar CDR3-analogous loops, as well as interface

residues in the C and F strands (Schwartz et al., 2002; Zhang

et al., 2003). Important insights into the distinct binding specific-

ities and stoichiometric properties of CD28 resulted from ana-

lyses of the crystal structure of the monomeric form of the extra-

cellular region of CD28 complexed with the Fab fragment of an

anti-CD28 antibody (Evans et al., 2005). Docking of CD80 onto

the putative CD28 homodimer revealed important differences

in the relative orientations of CD28-CD80 versus the known

CTLA4-CD80 complex. Within the CD28-CD80 complex, the

two CD80 molecules converge so that their membrane proximal

domains sterically clash, despite the accessibility of both ligand-

binding sites on CD28. Conversely, in the CTLA4 dimer interface,

a larger angle between the ligand binding sites eliminates steric

interference and allows for bivalent binding (Evans et al., 2005;

Stamper et al., 2001). These observations suggest that a

higher-order multimeric interaction is more likely feasible be-

tween CTLA4 and CD80 than between CD28 and CD80. Indeed,

the crystal structure of CTLA4 bound to CD80 shows that CTLA4



Figure 1. CD28 Cytoplasmic Motifs and
Corresponding Interacting Molecules
Engagement of CD28 initiates signal transduction
cascades mediated by specific association of
proteins with motifs of the CD28 cytoplasmic tail.
Proteins that bind specifically to phosphotyrosine
motifs or to unphosphorylatedmotifs are indicated
according the legend. Data are adapted from Tian
et al., 2015.
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homodimers bind to CD80 homodimers in a ‘‘zipper’’-like

arrangement (Ostrov et al., 2000; Stamper et al., 2001).

Protein multimerization has been implicated as a critical regu-

latory feature in the counter-receptor interactions on T cells, as

well as in T cell activation (Bhatia et al., 2005). CD80 primarily ex-

ists as a dimer in a mixed dimer and monomer population at the

cell surface, whereas CD86 exists solely as a monomer (Bhatia

et al., 2005; Girard et al., 2014). Recent characterization of the

quaternary structures of CD80 and CD86 has revealed a critical

function for the IgC domains of these molecules in preventing

higher-ordermultimer formation andmaintaining optimal binding

to CD28 and IL-2 production in T cells (Girard et al., 2014). Given

that CD28 favors the binding of monomeric ligands whereas

CTLA4 favors that of dimeric ligands, the ratio of CD80 and

CD86 in monomeric versus multimeric forms might play a critical

role in modulating T cell signaling by influencing the avidity of re-

ceptor-ligand interactions.

Interestingly, themodel suggesting that CD28 binds its ligands

monovalently has been challenged due to the observation that

TCR signaling induces a rapid reorientation of the cytosolic tail

domains within the CD28 homodimer as detected by FRET (San-

chez-Lockhart et al., 2011). Follow-up studies suggested that

TCR signaling increased the avidity of CD28-CD80 interactions

(Sanchez-Lockhart et al., 2014). Specifically, molecular dynamic

simulations and site-directed mutagenesis experiments sup-

ported a model whereby the TCR signaling induced an increase

in CD28 avidity as a consequence of reorientation of the CD28

dimer to engage in bivalent interactions with its ligand (San-

chez-Lockhart et al., 2014). Given that most studies to date

lack insight into the ligand-binding affinity of CD28 within the

plasma membrane, the valency of CD28 binding warrants

more investigation.
CD28 Signaling Motifs
CD28 engagement by ligands initiates

signal transduction events that are depen-

dent on specific associations of proteins

with the cytoplasmic tail of CD28. Despite

having no intrinsic enzymatic activity, the

41 amino acid cytoplasmic tail of human

CD28 contains highly conserved tyro-

sine-based signalingmotifs that are phos-

phorylated in response to TCR or CD28

stimulation and bind targets with SH2 do-

mains in a phosphotyrosine-dependent

manner (Figure 1). Proline-rich sequences

within the cytoplasmic tail also bind SH3-

domain-containing proteins. In particular,

the membrane proximal YMNM motif

and the distal PYAP motif have been
shown to complex with several kinases and adaptor proteins,

and some proteins are able to bind to either or both motifs via

SH2 and/or SH3 domain interactions (Boomer and Green,

2010). These motifs are important for IL2 transcription, which is

mediated by the CD28-dependent activation of NFAT, AP-1,

and NF-kB family transcription factors (Fraser et al., 1991; June

et al., 1987; Thompson et al., 1989) (Figure 2). Additional sites

for phosphorylation and ubiquitination are found within the cyto-

plasmicdomain, but the functional output of thepost-translational

modification of these sites is unclear.

The membrane-proximal YXXM motif is shared between

CD28, CTLA4, and ICOS and is a consensus site for the p85

subunit of the lipid kinase phosphatidylinositol 3-kinase (PI3K)

(August and Dupont, 1994; Pagès et al., 1994; Prasad et al.,

1994; Rudd and Schneider, 2003). In addition to the +3 methio-

nine of the CD28 sequence, YMNM, which confers PI3K speci-

ficity, the +2 asparagine confers specificity for the adaptor pro-

teins GRB2 and GADS on CD28 (Cai et al., 1995; Kim et al.,

1998; Okkenhaug and Rottapel, 1998; Okkenhaug et al., 2001;

Raab et al., 1995; Stein et al., 1994). Both ICOS and CTLA4

can bind to PI3K but lack the ability to bind GRB2, which might

account for some of the functional and signaling differences

between these costimulatory receptors (Rudd and Schneider,

2003).

The importance of the YMNM motif in mediating proliferation

and IL-2 secretion has been controversial given that some

groups have reported no effect or a partial defect associated

with mutation of the YMNMmotif on proliferation and IL-2 secre-

tion despite abrogation of PI3K binding and Akt phosphorylation

(Andres et al., 2004; Burr et al., 2001; Dodson et al., 2009; Ok-

kenhaug et al., 2001) whereas others have demonstrated inhibi-

tion of proliferation and IL-2 secretion (Harada et al., 2001). In
Immunity 44, May 17, 2016 975



Figure 2. Signaling Pathways Downstream
of CD28
Lck phosphorylates PDK1, which in turn phos-
phorylates and activates PKCq. PKCq inactivates
GSK3b, ultimately leading to enhanced transcrip-
tion of NFAT-dependent genes. PKCq also medi-
ates signaling events leading to the activation of
the NF-kB and AP-1 transcription factors. The
adaptor proteins GRB2 and GADS bind CD28.
GRB2 binds Sos and Vav1 via its SH3 domain. In
turn, Sos and Vav1 activate Ras, Rac1, and
CDC42, resulting in signaling cascades culmi-
nating in JNK activation and formation of the AP-1
transcriptional complex. GRB2 and GADS also
mediate the formation of CARMA1-Bcl-10-Malt1
complexes, which contribute to the activation of
IKKs that regulate NF-kB activation.
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contrast, studies in which the distal proline motif (PYAP) was

mutated to AYAA resulted in marked impairment of function,

including decreasedCD28-dependent proliferation and IL-2 pro-

duction in vivo, as well as attenuated phosphorylation of GSK3b

and PKCq (Dodson et al., 2009; Friend et al., 2006). A study in

which both the YMNM and PYAP motifs were mutated un-

masked the contribution of the YMNMmotif in CD28-dependent

proliferation, IL-2 secretion, and adaptive immune system de-

fects, highlighting the potential for at least partial compensatory

effects of the YMNM motif (Boomer et al., 2014). Importantly,

despite mutation of both these signaling motifs, residual CD28-

dependent responses were observed in double mutant cells,

suggesting that additional motifs can contribute to CD28

signaling (Boomer et al., 2014; Pagán et al., 2012). A limitation

of these mutational studies is that GRB2 is capable of binding

to both of these motifs, and GRB2 binding to the YMNM motif

is preserved even when the tyrosine is mutated (Cai et al.,

1995; Cefai et al., 1996; Kim et al., 1998). As such, doublemutant

cells most likely retain ability to bind to GRB2, which might ac-

count for some of the observed CD28-mediated signals in dou-

ble mutant cells.

Signaling events downstream of the C-terminal PYAP motif

are thought to include the phosphorylation and activation of

the kinases PDK1 and PKCq and the subsequent inactivation

of GSK3b, ultimately leading to enhanced transcription of

NFAT-dependent genes, including IL2. SH3-mediated binding
976 Immunity 44, May 17, 2016
and activation of the Src kinase Lck (Hol-

dorf et al., 1999; King et al., 1997) is pro-

posed as a potential regulator of this

pathway. Whether Lck binds to this motif

via its SH2 or SH3 domain is still unclear,

given that Tyr209, the tyrosine residue

within thismotif, is phosphorylated during

CD28 stimulation and might alternatively

promote the binding of Lck via its SH2

domain (King et al., 1997; Sadra et al.,

1999). Although the tyrosine kinase Itk

has also been reported to phosphorylate

Tyr209 in T cells, subsequent studies

in Itk-deficient mice demonstrated no

defect in the phosphorylation of this site

(King et al., 1997; Li and Berg, 2005).
Therefore, it is now more generally accepted that Lck mediates

the phosphorylation of the tyrosine residues on CD28 (Holdorf

et al., 1999; Raab et al., 1995; Sadra et al., 1999) and also binds

to the PYAP motif. Consequently, CD28-bound Lck is thought to

phosphorylate PDK1 on Tyr9, given that the phosphorylation of

this site is dependent on the PYAP motif and is augmented in

response to CD28 signaling (Dodson et al., 2009; Park et al.,

2001). PDK1 in turn phosphorylates and activates PKCq, a crit-

ical downstream effector of CD28, which mediates signaling

events leading to the activation of the NF-kB, AP-1, and NF-AT

transcription factors (Coudronniere et al., 2000; Dodson et al.,

2009; Lin et al., 2000). An additional potentially important interac-

tion that is likely to play a role in PKCq localization and activation

is the CD28-induced interaction of the V3 domain of PKCq with

the SH3 of CD28-bound Lck (Kong et al., 2011). This interaction

could also serve to colocalize PDK and PKCq at CD28.

The adaptor proteins GRB2 andGADS can bind toCD28 either

through their SH3 domains at the distal PYAP motif or via their

SH2 domains to the membrane proximal YMNMmotif (Figure 2).

GRB2 contains an SH2 domain flanked by two SH3 domains and

binds the guanine nucleotide exchange factors (GEFs) Sos and

Vav1 via its SH3 domains (Okkenhaug and Rottapel, 1998). In

turn, Sos and Vav1 activate Ras, Rac1, and CDC42, resulting

in signaling cascades culminating in JNK and Erk activation

and formation of the AP-1 transcriptional complex (Kim et al.,

1998). GRB2 association with CD28 has also been reported to
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activate NFAT (Schneider and Rudd, 2008). GADS shares similar

domain features to GRB2 and is predominately expressed in

lymphoid tissue and hematopoietic cells (Asada et al., 1999;

Law et al., 1999; Liu and McGlade, 1998). GADS appears to

play a more dominant role than GRB2 in CD28-mediated IL-2

promoter activation through the formation of CARMA1-Bcl-10-

Malt1 complexes, which contribute to the activation of IKKs

that regulate NF-kB activation (Takeda et al., 2008; Watanabe

et al., 2006). Furthermore, GADS binds SLP-76 in T cells and

thus might recruit this critical scaffolding protein, along with

additional interacting molecules such as Vav1, to CD28 (Wata-

nabe et al., 2006). The stoichiometry and motif specificity of

GRB2, GADS, and PI3K binding to CD28 is still unclear and

most likely is dependent on many factors. However, evidence

suggests that the YMNM motif is sufficient for GRB2 binding

whereas additional interactions between an N-terminal PRRP

motif and a GADS SH3 domain are required for optimal GADS

binding (Watanabe et al., 2006). However, it is the C-terminal

PYAP motif that is thought to play the greater role in NF-kB acti-

vation, suggesting that other signaling molecules important for

NF-kB activation bind to the C-terminal PYAP motif, such as

Lck, as discussed above (Holdorf et al., 1999; Watanabe et al.,

2006).

Treg Cells and the CD28 Family
Although CD28 ligation is critical in promoting proliferation and

effector function of conventional T cells, it also promotes the

anti-inflammatory function of Treg cells. Thus, CD28 serves

both pro- and anti-inflammatory roles depending on the cell

type and context in which it is expressed. CD28 signals are crit-

ical for allowing effector T cells to overcome Treg-cell-mediated

suppression to immunization (Lyddane et al., 2006), but CD28 in

another context prevents spontaneous autoimmunity by pro-

moting Treg function (Salomon et al., 2000). This latter role of

CD28 and family members in supporting Treg function is an

area of very active investigation.

Treg cells are a subset of CD4+ T cells with anti-inflammatory

function. Treg cells provide dominant suppression of autoreac-

tive T cells and are necessary to prevent autoimmune disease

in mice and humans (Ohkura et al., 2013). Most of the data on

the role of CD28 in Treg cell function comes from work in mouse

models. In mice, CD28 ligation is required for both thymic devel-

opment and peripheral homeostasis of Treg cells. Mice lacking

CD28 or the ligands CD80 and CD86 have decreased numbers

of Treg cells in the thymus and periphery, which predisposes

them to autoimmune disease, such as diabetes on the non-

obese diabetic strain background (Salomon et al., 2000).

CD28 supports T cell homeostasis and function in a variety of

ways. CD28 signals support the expression of miR17-92 family

members, which are critical for maximal IL-10 production by

Treg cells (de Kouchkovsky et al., 2013). Overexpression of

Bcl-xL, which is induced by CD28 ligation, does not rescue the

numbers of Treg cells in CD28-deficient animals, indicating

that CD28 provides additional survival signals (Tang et al.,

2003). Mutational analysis of the CD28 cytoplasmic tail showed

that the Lck-binding motif but not the Itk-kinase-binding motif or

the PI3K-binding motif were necessary for efficient CD28-medi-

ated generation of thymic Treg (Tai et al., 2005). Thymocytes

require simultaneous TCR and CD28 signals to upregulate
Foxp3 and differentiate into Treg cells. Increasing TCR stimula-

tion of thymocytes does not overcome this dependence on

CD28 signals. (Tai et al., 2005) Thus, CD28 ligation directly sup-

ports Treg cell fate in the thymus and supports Treg survival and

proliferation in the periphery.

CD28 is also necessary for the production of induced Treg

(iTreg) cells. CD4+CD25� T cells required CD28 ligation to differ-

entiate into functional Foxp3+ Treg cells when activated with

TGF-b. Mutational analysis revealed that iTreg cell generation

also requires the Lck-bindingmotif but not the PI3K or Itk binding

motifs of the CD28 intracellular domain (Guo et al., 2008). Impor-

tantly, very strong Lck signaling via the CD28 cytoplasmic

domain prevents iTreg cell generation, in contrast to the role of

Lck in promoting thymic-derived Treg cells (Semple et al.,

2011). Carefully titrated CD28 signals via the anti-human CD28

superagonist TGN1412 (also known as TAB08) support the se-

lective outgrowth of Treg cells in the absence of effector T cell

activation, a result that was replicated in a small clinical trial

(Tabares et al., 2014). Nevertheless, the balance between pro-

moting Treg cell expansion and effector T cell activation is deli-

cate. Non-specific CD28 agonism caused a cytokine storm

and severe morbidity in an initial clinical trial (Suntharalingam

et al., 2006).

Much of the early data on the role of CD28 in Treg cell biology

used systems in which genetic ablation or biologic treatments

(such as CTLA4Ig) affected both thymic production and the pe-

ripheral homeostasis of Treg cells. More recent data show that

the importance of CD28 for the homeostasis and function of pe-

ripheral Treg cells was highlighted in mice in which CD28 was

ablated in an inducible systemwith a tamoxifen-induced CRE re-

combinase. Adult mice showed decreased numbers of periph-

eral Treg cells after tamoxifen-induced deletion of CD28 in

bone-marrow-derived cells. This result reinforces a cell-intrinsic

role for CD28 in Treg cell homeostasis: bone marrow chimeras

containing both inducible CD28-deficient cells and CD28-suffi-

cient cells did not prevent a decrease in the CD28-deleted pop-

ulation. Interestingly, CD28 deletion did not decrease CD25

expression on the remaining Treg cells, indicating that other fac-

tors, such as IL-2 acting in trans, support CD25 expression in

Treg cells. The decreased number of Treg cells in the inducible

CD28-null model was not due to differences in thymic export

of Treg cells. By contrast, the decreases in Treg cell numbers

were due to decreased proliferation of Treg cells that lacked

CD28. (Gogishvili et al., 2013) Another approach to defining the

cell-intrinsic role of CD28 in Treg cells employed Foxp3-CRE-

driven deletion of CD28. (Zhang et al., 2013) These mice showed

a 25%–30% decrease in the percentage of Treg cells among the

CD4+ single positive T cells in the thymus. However by contrast

to other reports, Treg percentages in the lymph nodes and

spleens of these mice were preserved. Nevertheless, these

mice developed systemic autoimmunity with lymphocytic infil-

trates in multiple tissues. The CD28-null Treg cells in these

mice were found to be hypoproliferative to TCR stimulation

in the presence of splenocytes expressing CD80 and CD86.

The CD28-null Treg cells failed to suppress colitis in the

CD4+CD25�CD45RBhi transfer model. CD28-null Treg cells

also failed to effectively suppress experimental autoimmune en-

cephalitis in mice, indicating a defect in the function of CD28-null

Treg cells. This defect might be due to decreased expansion of
Immunity 44, May 17, 2016 977
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CD28-null Treg cells in these systems after adoptive transfer.

These CD28-null Treg cells also have decreased expression of

CTLA4, PD-1, and CCR6 (Zhang et al., 2013).

Treg cells might function in part by blocking costimulation of

effector T cells. CTLA4 contributes to Treg cell function by

decreasing CD80 and CD86 expression on dendritic cells (Qure-

shi et al., 2011; Wing et al., 2008). Treg cells can acquire CD80

and CD86 from APCs as well in a CTLA4-independent manner

(Gu et al., 2012). Thus, Treg cells might reduce the available li-

gands for CD28 from effector T cells. Nevertheless, an important

study showed that ablation of CTLA4 in adult mice leads to

expansion of functional Treg cells, which increases resistance

to the development of autoimmunity in mice. This result is espe-

cially striking given that congenital deletion of CTLA4 in mice

leads to lethal lymphoproliferation and autoimmunity. Therefore,

under homeostatic conditions in adult animals, CTLA4 is critical

in limiting Treg proliferation, possibly through blocking CD28 sig-

nals to Treg cells (Paterson et al., 2015).

The functions of CD28 and IL-2 are not identical in promoting

Treg cell proliferation and survival. IL-2 is required to maintain

peripheral Treg cell homeostasis, but it is not required for the

production of thymic Treg cell (Fontenot et al., 2005). Exogenous

IL-2 cannot rescue the proliferation defects of CD28-null Treg

cells. This finding might be due to the low expression of CD25

(a component of the IL-2 receptor) on Treg cells deficient for

CD28 (Tang et al., 2003). In human Treg cells, IL-2 prevents

apoptosis, but strong CD28 costimulation is required for Treg

cell proliferation. (Hombach et al., 2007)

Treg cell defects in human autoimmune disease, such as type

1 diabetes mellitus and multiple sclerosis, have been linked to

decreased IL-2 production, altered responsiveness to IL-2, and

decreased Treg cell proliferation (Carbone et al., 2014; Long

et al., 2010; McClymont et al., 2011). These functions are all

directly linked to CD28 costimulation, implying that defects in

the provision of or response to CD28 signals contributes to the

altered Treg cell phenotypes. Treatment with CTLA4Ig in clinical

trials has variable effects on Treg cell numbers and function, as

discussed below (Costimulatory Therapeutics: Manipulation of

Costimulatory Pathways in Disease). Due to the varied drugs,

doses, and diseases in human trials with CTLA4Ig, it is difficult

to draw firm conclusions about the effects of CTLA4Ig on Treg

cells in patients.

A systematic investigation of the roles of CD28, CTLA4, and

PD-L1 in human Treg and T effector cell interactions with

APCs showed that blockade of CD28 increases Treg cell dwell

time on APCs but had no effect on Treg cell motility (Dilek

et al., 2013). However, other groups working with a mouse

T cell system showed that CD28 blockade increased Treg cell

motility (Thauland et al., 2014) or that CD28 deficiency had no ef-

fect on Treg cell motility (Lu et al., 2012). Thus, the effects of

CD28 on Treg cell behavior with APCs are likely to be both

model- and species-dependent.

In primary human cells, increased dwell times with CD28

blockade were dependent on CTLA4 on the Treg cell, which en-

hances the interaction between Treg cells and APCs. Interest-

ingly, blocking of CD80 and CD86 on APCs did not significantly

change Treg cell dwell times in comparison to dwell times

in controls. Thus, CD28 ligation most likely enhances effector

T function and blocks Treg cell suppressive function (Dilek
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et al., 2013), although the mechanisms by which this happens

have yet to be fully elucidated.

The CD28 Costimulatory Pathway Regulates T Cell
Activation by Multiple Processes
CD28 has been reported to augment TCR signaling, as well as

mediate unique signaling events (Acuto and Michel, 2003;

Boomer and Green, 2010; June et al., 1987; Shapiro et al.,

1997). The unique contribution of CD28 signals to T cell activa-

tion has been challenging to dissect due to the complexity of

numerous protein interactions with CD28 (see above), as well

as the unclear stoichiometry and significance of these interac-

tions. Genetic studies have revealed the unique functions of

CD28 for which there is no compensation (Dodson et al.,

2009). However, a clear picture of the mechanism by which

CD28 plays a role in optimizing T cell responses during antigen

recognition, either by augmenting TCR signaling or through

unique signals, has been difficult to discern by simply studying

CD28-interacting proteins or by mutating its cytoplasmic

domain.

CD28 costimulation has diverse effects on T cell function,

including biochemical events at the immunological synapse,

downstream phosphorylation and other post-translational mod-

ifications, transcriptional changes, and cytoskeletal remodeling.

At the most basic level, CD28 signals increase a cell’s glycolytic

rate, allowing cells to generate the energy necessary for growth

and proliferation (Frauwirth et al., 2002). Below, we discuss the

unique mechanisms by which CD28 signals control these as-

pects of T cell function.

CD28 and the Immunologic Synapse

Productive TCR signaling and cosignaling is dependent on the

organization and coordination of specific proteins at the contact

site of the APC and T cell. Over time, a highly organized and

spatially distinct structure is formed, which is referred to as the

immunological synapse (IS). The IS is composed of central,

peripheral, and distal supramolecular activation complexes

(SMACs). CD28 clearly participates in these early interactions

and is enriched adjacent to the central supramolecular activation

cluster (cSMAC), along with the TCR, CD4, PKCq, Rltpr, and Lck

(Liang et al., 2013; Saito et al., 2010; Sanchez-Lockhart et al.,

2008). Many more proteins have been found to localize in the

plane of the membrane and below it, presumably under the di-

rection of the TCR, CD28, and other membrane receptors that

contribute to IS formation. The potential function of CD28 at

the interface of the cSMAC has been reviewed elsewhere

(Fooksman et al., 2010; Yokosuka and Saito, 2010), and most

of our current knowledge is primarily limited to CD28’s role in

regulating the spatial localization PKCq (Huang et al., 2002;

Yokosuka et al., 2008).

The Phosphoproteome

Because tyrosine phosphorylation of CD28 plays a critical role in

the early signaling events that characterize CD28 costimulation,

many investigations have focused on understanding the role of

this post-translational modification. These investigations have

primarily relied on mutagenesis of immortalized cell lines and

used non-physiologic stimuli (such as anti-CD3 and anti-

CD28 mAbs) followed by analysis of physiologic events

such as IL-2 production. These studies have not clearly delin-

eated the relevant proximal pathways downstream of CD28
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engagement. The application of unbiased, wide-scale, and

quantitative approaches is a powerful approach to identify and

quantify thousands of signaling events and has the potential to

yield a more thorough and unbiased analysis of the contribution

of CD28 costimulation in T cells. For example, mass-spectrom-

etry-based phosphoproteomics has been used as a quantitative

investigation of tyrosine signaling events, which revealed both

quantitative and qualitative contributions of CD28 costimulation

in TCR signaling networks (Kim andWhite, 2006). A study used a

combinatorial proteomic analysis to delineate the pathways

mediated by endogenously expressed CD28 receptors during

a physiologically relevant intercellular interaction between Jurkat

T cells and Raji B cells stimulated with staphylococcal entero-

toxin E. The resultant IL-2 response generated during this cell-

cell interaction depended upon signaling by the TCR and, impor-

tantly, upon CD28 costimulation (Tian et al., 2015). CTLA4Ig was

used to specifically block CD28 receptor activation, leaving

signaling by the TCR and other receptors intact, which preserved

the complexity of the cell-cell communication. Global phosphor-

ylation analysis (serine and threonine, as well as tyrosine) re-

vealed extensive changes (approximately 4% of the detectable

T cell phosphopeptides) that were affected by blocking CD28

across a broad spectrum of different downstream signaling

pathways, including those of TCR signaling, as well as other im-

mune signaling pathways. Importantly, the events associated

with TCR signaling did not dominate CD28-dependent downre-

gulated signaling events, suggesting that CD28 influences

signaling networks independent of those regulated by the TCR.

Moreover, the vast majority of CD28-regulated phosphosites

were not easily linked to known CD28-regulated signaling path-

ways (Tian et al., 2015). Further unbiased, wide-scale analyses

of CD28 signaling coupled with targeted hypothesis-driven

approaches will be critical to revealing mechanistic insights

into the role of CD28 in T cell activation.

Mass spectrometry was also used to determine CD28-inter-

acting proteins; long synthesized CD28 cytoplasmic phosphory-

lated and non-phosphorylated peptides were used to affinity pu-

rify CD28-binding proteins from Jurkat lysates (Tian et al., 2015).

From this unbiased screen, 28 CD28-binding proteins were iden-

tified, and three families of proteins that bound selectively to

either the pYMNM site, the PXXPP motif, or the PpYAPP motif

of CD28 were identified. Of the associated signaling proteins

identified in this screen, a large subset were involved in regula-

tion of the actin cytoskeleton and the PI3K pathway. Interest-

ingly, a number of interactors were not clearly dependent on

one single phosphorylation site or proline interaction, suggesting

potential redundancy between these motifs or, alternatively, the

presence of other important binding motifs within CD28. Linking

the interactome analysis with the unbiased analysis yielded po-

tential signaling hubs and pathways involved in multiple cellular

processes, including a prominent role for the actin cytoskeleton.

This analysis has stimulated new hypotheses and directions for

studies of CD28 signaling.

CD28 and Actin Remodeling

CD28 plays a critical role in the remodeling of the actin cytoskel-

eton independently of the TCR, initiating unique signaling cas-

cades that contribute to the initiation of TCR signaling and to

CD28-autonomous signaling functions (Salazar-Fontana et al.,

2003). One important function of CD28 has recently been high-
lighted in thymocytes, in which CD28-mediated actin cytoskel-

etal changes were required for full downstream TCR signaling

(Tan et al., 2014). CD28-mediated signaling events were impli-

cated in remodeling the actin cytoskeleton, which, in turn, was

shown to be necessary for phosphorylated phospholipase Cg1

(PLCg1) to hydrolyze its substrate PIP2 (Tan et al., 2014). The

role of CD28 in modulating actin cytoskeletal dynamics required

for regulating PLCg1 hydrolysis of PIP2 is not clear but could

involve PLCg1 activation, access to PIP2, or PIP2 generation.

A likely candidate linking CD28 to the actin cytoskeleton is

Vav1, which can be recruited to stimulate CD28 via GRB2 bind-

ing (Kim et al., 1998; Ramos-Morales et al., 1995). The Vav1 GEF

activates various Rho GTPases, well-known regulators of the

actin cytoskeleton in T cells (Fischer et al., 1998a; Fischer

et al., 1998b). A GEF-independent mechanism for Vav1-medi-

ated regulation of the actin cytoskeleton has also been reported

through its constitutive binding to talin and vinculin, two proteins

that anchor the actin cytoskeleton to the cell membrane (Fischer

et al., 1998b). Other recent work has shown that PIP5 kinase

a (PIP5Ka) associates with Vav1 and both are recruited to the

C-terminal proline-rich motif of CD28 to regulate pathways that

promote actin polymerization (Muscolini et al., 2015). PIP5Ka is

a lipid kinase that contributes to the generation PIP2, a second

messenger that activates several actin-regulating proteins and

is a substrate for PLCg1 (Saarikangas et al., 2010). PIP5Ka activ-

ity has been shown to be essential for CD28-mediated actin

polymerization (Muscolini et al., 2015). The PYAP motif of

CD28 has also been shown to bind with filamin-A, which tethers

CD28 to lipid rafts and recruits Rac and Rho GTPases to the vi-

cinity of Vav1 in T cells (Tavano et al., 2006). Recently, the actin-

uncapping proteins Rltpr (Liang et al., 2013) and CapZIP (Tian

et al., 2015) have been shown to be essential for costimulation

via CD28, further highlighting the important role of dynamic regu-

lation of actin in CD28-mediated costimulation.

The Transcriptome—IL-2, Bcl-xL, and Beyond

CD28 ligation in concert with TCR signaling drives a complex

transcriptional program in T cells. CD28 signals are critical for

IL-2 production and Bcl-xL upregulation. Both of these proteins

serve as survival factors for T cells (Boise et al., 2010; Watts,

2010). CD28 ligation also stabilizes mRNA of several cytokines

(Lindstein et al., 1989). Recent data have shown that CD28

costimulation leads to broad transcriptional changes (Figure 3).

Human T cells activated with and without CD28 costimula-

tion showed that CD28 signals generally amplified the gene

expression patterns initiated by T cell receptor ligation (Diehn

et al., 2002; Riley et al., 2002). However, these studies were

confounded by the use of bulk populations of T cells rather

than the most costimulation-dependent naive subsets. CD28

ligation alone had little effect on T cell transcription, although

CD28 ligation alone in the absence of TCR signalsmight increase

the transcription of a small set of genes including IL-8 and Bcl-xL,

which is mediated by NF-kB family members RelA and p52 (Mar-

inari et al., 2004). Subsequent studies on CD28-dependent naive

CD4+ T cell subsets showed that CD28 costimulation has a qual-

itative effect on hundreds of genes after TCR ligation (Butte et al.,

2012) and that this effect is amplified over the first 24 hr following

T cell stimulation (Martı́nez-Llordella et al., 2013). Principle

component analysis showed that T cells that receive TCR liga-

tion alone, without CD28 signals, are more similar to cells that
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Figure 3. Major CD28 Pathways in Human T
Cells
CD4+CD45RA+ human T cells were stimulated
with anti-CD3 antibodies or anti-CD3 and anti-
CD28 antibodies for 24 hr before harvest and
transcriptome analysis. Differentially regulated
genes were mapped to specific pathways (nodes),
which are connected to each other based on
common function (edges) according to the Re-
actome pathway database (Croft et al., 2014; Mi-
lacic et al., 2012). Top-level nodes are categorized
by a collection of pathways specific to its category
(e.g., ‘‘Immune system’’ includes CD28 and TCR
stimulation and cytokine signaling pathways,
among others). The major pathway categories are
indicated by pop-out text boxes in the network
above. The density of connected nodes indicates
the relative enrichment of a given class of path-
ways in T cells after CD28 stimulation. This figure
was created from a re-analysis of data originally
published in Martı́nez-Llordella et al., 2013.

Immunity

Review
have never been activated by the 24 hr time point than they are to

cells that received both signal 1 and signal 2. IL-2 signals cannot

substitute for CD28 costimulation and rescue the transcriptional

phenotype of cells stimulated via TCR signals alone (Martı́nez-

Llordella et al., 2013). CD28 signals lead to widespread alterna-

tive splicing in T cells, an effect that depends in part on the func-

tion of splicing factor hnRNPLL. The hnRNPLL transcript itself is

upregulated by CD28 ligation, in comparison to TCR stimulation

alone (Butte et al., 2012). CD28 also controls gene expression by

inducing epigenetic changes. The H3K27 methyltransferase

Ezh2 is induced by CD28 signals and is necessary for the

maintenance of Treg cell fate after activation. Ezh2 contributes

to Foxp3-induced transcriptional repression (DuPage et al.,

2015). CD28 signals lead to histone acetylation and loss of cyto-

sine methylation at the IL-2 promoter, allowing for nucleosome

repositioning and transcription factor binding to the IL-2 locus

(Attema et al., 2002; Thomas et al., 2005). One caveat is that

many of the studies referenced above were performed with hu-

man cells in vitro and used antibodies to deliver the CD28 signal.

There are limited examples of in vivo confirmation of CD28-

dependent transcription, although Ezh2 expression in mouse

T cells was confirmed to be B7- and CD28-dependent in vitro

and in vivo (DuPage et al., 2015).

Several other mechanisms have been described by which

CD28 might make a unique contribution to T cell activation

signals and further-downstream functional consequences. Pro-

tein arginine methylation increases within minutes after primary

T cell activation. In Jurkat T cells, CD28 ligation alone induces

protein argininemethylation on a rapid timescale for a large num-

ber of proteins. This process requires the presence of the CD28

cytoplasmic tail. One of the targets of R-methylation in Jurkat

T cells was found to be the guanine nucleotide exchange factor

Vav1, which was methylated within minutes and increased for

more than 30 min after CD28 ligation of Jurkat cells in the

absence of TCR stimulation. The methylation of Vav-1 might

serve as a kind of ‘‘signal memory’’ that indicates that a T cell

has receivedCD28 costimulation (Blanchet et al., 2005; Blanchet

et al., 2006).
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The NF-kB family member c-Rel is known to be necessary for

maximal expression of IL-2, a classical CD28-dependent gene.

The mechanism of c-Rel activation of CD28-dependent genes

has been attributed to a CD28-responsive binding site CD28

REAP, a c-Rel/AP-1 composite binding site, in the IL-2 promoter

(Köntgen et al., 1995; Shapiro et al., 1996; Shapiro et al., 1997). A

crystal structure of this interaction has been reported that

reveals unique features of c-Rel binding to this site over other ca-

nonical NF-kB sites (Huang et al., 2001). An alternative explana-

tion for a role for c-Rel has suggested c-Rel is involved in chro-

matin remodeling of the IL-2 promoter (Rao et al., 2003). c-Rel

does appear to contribute to the expression of Foxp3 and the

development of Treg cells in the thymus (Isomura et al., 2009;

Long et al., 2009; Ruan et al., 2009), but another NF-kB family

member, RelA, might be more important for induced Treg cell

production in the periphery (Soligo et al., 2011). A further post-

translational protein modification that might contribute to

CD28-mediated T cell activation is O-GlcNAc glycosylation.

The c-Rel subunit of the NF-kB transcription factor is activated

by O-GlcNAcylation on serine 350. A mutation of this residue in

c-Rel to alanine (S350A) showed greatly reduced transcription

from a CD28-dependent promoter in Jurkat T cells. The S350A

mutation was found to impair the binding of c-Rel to a CD28

response element (Ramakrishnan et al., 2013). These findings

show that the gene expression program induced by CD28 liga-

tion might depend in part upon glycosylation of c-Rel.

In summary, the CD28 pathway has both quantitative effects

at amplifying signals initiated by the T cell receptor and qualita-

tive effects on a variety of processes, including signaling, meta-

bolism, transcription, epigenetic modifications, post-transla-

tional modifications, and RNA splicing.

CD28 Family Members in Human Disease
There is extensive literature suggesting that, in mouse models,

CD28 and CTLA4 are critical regulators of autoimmune disease

(Salomon et al., 2000; Tivol et al., 1995) and tolerance to solid or-

gan transplants (Lenschow et al., 1992). However, there is less

direct data from patients on the role of CD28, CTLA4, ICOS,



Table 1. Selected Clinical Trials of CD28 Agonist and Antagonists

Drug Disease Result References

abatacept rheumatoid arthritis efficacious Genovese et al., 2005

abatacept juvenile idiopathic arthritis efficacious Ruperto et al., 2008, 2010

belatacept renal allograft rejection efficacious Vincenti et al., 2005, 2012

abatacept type 1 diabetes mellitus efficacious Orban et al., 2011, 2014

abatacept spondyloarthropathies mixed results Lekpa et al., 2012; Mease et al., 2011

abatacept lupus nephritis mixed results Furie et al., 2014; ACCESS Trial Group, 2014; Merrill et al., 2010;

Wofsy et al., 2013

belatacept liver transplant rejection deleterious Klintmalm et al., 2014

abatacept asthma not efficacious Parulekar et al., 2013

abatacept Crohn disease not efficacious Sandborn et al., 2012

abatacept ulcerative colitis not efficacious Sandborn et al., 2012

TGN1412 (TAB08) healthy volunteers mixed results Suntharalingam et al., 2006; Tabares et al., 2014
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and their ligands in human disease. Genome-wide association

studies have identified single nucleotide polymorphisms (SNPs)

in CD28 and CTLA4 that increase risk for autoimmune disease;

however, there is limited data correlating specific SNPs with

functional differences in T cell function (Chu et al., 2011; Maier

et al., 2007; Qu et al., 2009; Raychaudhuri et al., 2009).

CD28 expression decreases on human T cells as part of

normal agingwith CD8+ T cellsmore prominently affected. These

cells represent a population of antigen-experienced cells that

might have either pro- or anti-inflammatory characteristics

(Boucher et al., 1998; Strioga et al., 2011). In solid organ trans-

plant recipients, CD8+CD28� cells have been found to undergo

oligoclonal expansion andmight play a suppressive role and pro-

mote allograft tolerance (Manavalan et al., 2004; Mou et al.,

2014). Indeed, in kidney transplant recipients, CD8+CD28�

T cells might be protective against organ rejection (Trzonkowski

et al., 2008), implying a possible immunosuppressive role for this

subset. CD8+CD28� T cells are selectively expanded during viral

infections, which might be due in part to the generation of this

subset by exposure of T cells to type 1 interferon. These cells

are also more susceptible to activation-induced cell death than

CD28+ cells (Borthwick et al., 2000).

Increased numbers of circulating oligoclonal CD4+CD28�

T cells have been reported in autoinflammatory and autoimmune

conditions such as multiple sclerosis and rheumatoid arthritis.

These cells can also be found infiltrating into tissue affected by

autoimmune processes (Broux et al., 2012). CD4+CD28� cells

are also elevated in diverse conditions including acute coronary

syndrome, chronic kidney graft rejection, and cytomegalovirus

infection. The cells produce interferon gamma and cytotoxic pro-

teins perforin and granzyme B (Maly and Schirmer, 2015).

Chronic antigenic stimulation might be associated with the loss

of CD28 on CD4+ T cells given that cytomegalovirus responsive-

ness is 30-fold more common among CD4+CD28� cells than

among CD4+CD28+ cells (van Bergen et al., 2009).

It is unclear whether changes in the numbers of CD28 negative

cells are a cause or a consequence of these infectious and in-

flammatory conditions. Indeed, CD28 negative cells are hetero-

geneous and many have pro- or anti-inflammatory effects in

different contexts (Mou et al., 2014), making simple quantitation

from peripheral blood samples difficult to interpret. Restoring
CD28 expression in human T cells slows replicative senescence

through increased telomerase activity, increased proliferative

potential, and decreased secretion of inflammatory cytokines

(Parish et al., 2010). Therefore, CD28 loss is a marker of T cell

maturation, but the causes and consequences of its loss have

not been fully elucidated.

CTLA4 and ICOS mutations have been linked to human dis-

ease. Two notable recent reports of patients with mutations in

CTLA4 show its importance for immune homeostasis in humans.

Patients with mutations presented with immunodeficiency and

autoimmunity, with defects in both effector T cells and Treg

cell function (Kuehn et al., 2014; Schubert et al., 2014). ICOS var-

iants leading to loss of expression have been described in mul-

tiple families affected by common variable immunodeficiency,

a heterogeneous disease characterized by decreased immuno-

globulin titers. Patients with ICOS deficiency were found to have

increased susceptibility to infections, especially respiratory in-

fections, and might also be predisposed to autoimmunity (Grim-

bacher et al., 2003; Yong et al., 2009).

Costimulatory Therapeutics: Manipulation of
Costimulatory Pathways in Disease
The centrality of CD28 costimulatory signals in T cell function

makes it a tempting target for drugs to modulate the function

of both effector T cells and Treg cells. Early attempts to make

a soluble CD28 protein to block costimulatory signals were inef-

fective due to a low affinity of CD28 for its ligands (Bluestone

et al., 2006). By contrast, a soluble CTLA4-binding domain linked

to an Ig constant region was very effective at binding CD80 and

CD86 and blocking access to these ligands. In animal models,

CTLA4Ig has proven efficacious at inducing tolerance to allo-

grafts (Ford, 2016 in this issue) and reversing autoimmune dis-

ease (Zhang and Vignali, 2016 in this issue) (Finck et al., 1994;

Lenschow et al., 1992; Lin et al., 1993). This early success with

animal models has translated unevenly into human clinical trials

(Ford et al., 2014; Vincenti et al., 2010). Currently, two CTLA4Ig

drugs approved by the US Food and Drug Administration are

abatacept and its higher affinity version, belatacept (Table 1).

The CTLA4Ig drugs have proven efficacy in ameliorating

symptoms in rheumatoid arthritis (Genovese et al., 2005) and ju-

venile idiopathic arthritis (Ruperto et al., 2008, 2010), as well as in
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prevention of acute rejection of renal transplants (Vincenti et al.,

2005, 2012). Compared to immunosuppressive regimens with

calcineurin inhibitors, belatacept is associated with more epi-

sodes of acute rejection and potentially a higher risk of post-

transplant lymphoproliferative disorder in renal transplant pa-

tients. However, compared to calcineurin inhibitors, belatacept

treatment is associated with better long-term renal function.

Therefore, the long term benefits of belatacept in renal transplant

might outweight the drawbacks (Ford et al., 2014; Vincenti et al.,

2010). Abatacept therapy slows c-peptide decline and lowers

HgbA1C1 percentage in patients with recent-inset type 1 dia-

betes (Lekpa et al., 2012; Orban et al., 2014; Orban et al.,

2011). CTLA4Ig also showed clinical efficacy in a phase I trial

in patients with psoriasis vulgaris (Abrams et al., 1999). Never-

theless, there have also been clinical trial failures and potential

drawbacks of CTLA4Ig use: abatacept does not have proven ef-

ficacy in the treatment of lupus nephritis, despite positive results

in animal studies referenced above and evidence of efficacy in

post hoc analyses of existing clinical trials (Furie et al., 2014;

ACCESS Trial Group, 2014; Merrill et al., 2010; Wofsy et al.,

2013). A clinical trial to further investigate abatacept efficacy in

lupus nephritis is ongoing. Belatacept treatment was associated

with increased graft loss and death in liver transplant patients

(Klintmalm et al., 2014). Abatacept does not improve respiratory

function in patients with mild asthma (Parulekar et al., 2013).

Abatacept is likewise not efficacious in the treatment of Crohn

disease or ulcerative colitis (Sandborn et al., 2012). There are

mixed results in the use of abatacept to treat spondyloarthropa-

thies (Lekpa et al., 2012;Mease et al., 2011). There aremore than

50 uncompleted clinical trials currently listed (as of September,

2015) at https://clinicaltrials.gov/ for abatacept or belatacept,

most of which are currently recruiting. The diseases being

treated in these trials include granulomatosis with polyangiitis,

chronic graft versus host disease, Sjögren syndrome, primary

biliary cirrhosis, uveitis, systemic sclerosis, Beçhet syndrome,

polymyositis, dermatomyositis, and simultaneous kidney and

pancreas transplant.

Despite many clinical successes for CTLA4Ig, the precise

mechanism of action of CTLA4Ig is unclear. In vitro assays using

naive human CD4+ T cells show that CTLA4Ig blocks activation

of transcription factors known to be preferentially activated by

CD28 signals, including cJUN and NF-kB. CD28 blockade by

CTLA4Ig induces hyporesponsiveness but did not induce a

Treg cell phenotype (Rochman et al., 2015). However, artificial

in vitro systems are unlikely to reflect the complex mechanism

of action that CTLA4Ig uses to have effects on both effector

and Treg cells. For example, abatacept therapy in rheumatoid

arthritis patients decreases the numbers of peripheral Treg, but

it increases their suppressive capacity (Álvarez-Quiroga et al.,

2011). This result is consistent with in vitro data showing that be-

latacept decreases Treg generation in mixed lymphocyte reac-

tions with T cells from healthy volunteers (Levitsky et al., 2013).

Belatacept might work in part by increasing Treg numbers in

target tissues. Compared to patients treated with a calcineurin

inhibitor, patients with acute rejection of renal transplants had

a greater number of graft-infiltrating Treg cells when treated

with abatacept (Bluestone et al., 2008). This result is unexpected

given that CTLA4Ig treatment of animals leads to decreased Treg

cell numbers as a result of a blockade of CD28 signals required
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for homeostasis. This difference might be due to the sub-satu-

rating dosing of belatacept in the renal transplant patients so

that sufficient B7 ligand is available to maintain Treg cell

numbers (Vincenti et al., 2010). Belatacept appears to have

less suppressive effect against more mature T cells, especially

CD28 negative cells that might have alternative costimulatory

pathways (Leitner et al., 2015; Xu et al., 2014). Recent work

has shown that CTLA4Ig might be more effective when TCR

signals are attenuated in T cells by cyclosporine or vitamin D

(Bolling et al., 1994; Gardner et al., 2015).

Overall, CTLA4Ig has shown a very good safety profile. How-

ever, another approach to promoting tolerance with an anti-

CD28 superagonist antibody has been plagued by serious toxic-

ities. The experimental drug TGN1412, which had been shown in

pre-clinical animal studies to induce Treg cells, caused systemic

release of pro-inflammatory cytokines in six volunteers (Hünig,

2012; Suntharalingam et al., 2006). However, this drug is nowbe-

ing tested clinically at much lower doses (Tabares et al., 2014).

The precise cause of the severe toxicity of TGN1412 in humans

could have multiple factors, including the larger population of

CD28+ effector memory T cells in humans than in laboratory an-

imals (Hünig, 2012) and the decreased expression of PD-1 on the

T cell surface after CD28 superagonist binding (Thaventhiran

et al., 2014), the ability of CD28 superagonist to stimulate

TCR pathways dependent on activation of ZAP-70 (Levin

et al., 2008), and the ability of this antibody to cause sustained

calcium flux (Waibler et al., 2008), among many other hypothe-

ses (Schraven and Kalinke, 2008).

Another approach to block CD28 signals is the octapeptide

AB103 (p2TA), which prevents CD28 homodimerization. This

drug has shown efficacy in animal models in reducing radiation-

induced inflammation and reducing mortality in endotoxin- and

superantigen-mediated models of shock (Mirzoeva et al., 2014;

Ramachandran et al., 2015; Ramachandran et al., 2013). Other

drugs in pre-clinical development include FR104, a monoclonal

anti-CD28 Fab0 antibody that is efficacious in a humanizedmouse

model of graft versus host disease inmice (Poirier et al., 2012) and

agonist CD28 aptamers that have shown immunostimulatory

properties in a mouse tumor vaccine model (Pastor et al., 2013).
Conclusion
In the last 30 years, basic insights into the roles of CD28 and

its family members in T cell function have led to a variety of

breakthroughs in the understanding of human disease and the

development of immunomodulatory therapeutics. However, the

relatively simplemodels constructed to understand the functions

of CD28 family members have failed to adequately predict

the effects of drugs used in clinical trials. There is enormous

complexity in the interactions between multiple receptors and li-

gands, and the cell-type and context-specific functions of recep-

tor ligation. Therefore, a more complete understanding of the

biology of the CD28 family will most likely require systems

biology approaches and large datasets that can adequately cap-

ture these complexities.
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year safety and efficacy of belatacept in renal transplantation. J. Am. Soc.
Nephrol. 21, 1587–1596.

Vincenti, F., Larsen, C.P., Alberu, J., Bresnahan, B., Garcia, V.D., Kothari, J.,
Lang, P., Urrea, E.M., Massari, P., Mondragon-Ramirez, G., et al. (2012).
Three-year outcomes from BENEFIT, a randomized, active-controlled, paral-
lel-group study in adult kidney transplant recipients. Am. J. Transplant. 12,
210–217.

Waibler, Z., Sender, L.Y., Merten, C., Hartig, R., Kliche, S., Gunzer, M., Reich-
ardt, P., Kalinke, U., and Schraven, B. (2008). Signaling signatures and func-
tional properties of anti-human CD28 superagonistic antibodies. PLoS One
3, e1708.

Walunas, T.L., Lenschow, D.J., Bakker, C.Y., Linsley, P.S., Freeman, G.J.,
Green, J.M., Thompson, C.B., and Bluestone, J.A. (1994). CTLA-4 can function
as a negative regulator of T cell activation. Immunity 1, 405–413.

Watanabe, R., Harada, Y., Takeda, K., Takahashi, J., Ohnuki, K., Ogawa, S.,
Ohgai, D., Kaibara, N., Koiwai, O., Tanabe, K., et al. (2006). Grb2 and Gads
exhibit different interactions with CD28 and play distinct roles in CD28-medi-
ated costimulation. J. Immunol. 177, 1085–1091.

Watts, T.H. (2010). Staying alive: T cell costimulation, CD28, and Bcl-xL.
J. Immunol. 185, 3785–3787.
988 Immunity 44, May 17, 2016
Weiss, A., Manger, B., and Imboden, J. (1986). Synergy between the T3/anti-
gen receptor complex and Tp44 in the activation of human T cells. J. Immunol.
137, 819–825.

Wing, K., Onishi, Y., Prieto-Martin, P., Yamaguchi, T., Miyara, M., Fehervari, Z.,
Nomura, T., and Sakaguchi, S. (2008). CTLA-4 control over Foxp3+ regulatory
T cell function. Science 322, 271–275.

Woerly, G., Decot, V., Loiseau, S., Loyens, M., Chihara, J., Ono, N., and Cap-
ron, M. (2004). CD28 and secretory immunoglobulin A-dependent activation of
eosinophils: inhibition of mediator release by the anti-allergic drug, suplatast
tosilate. Clin. Exp. Allergy 34, 1379–1387.

Wofsy, D., Hillson, J.L., and Diamond, B. (2013). Comparison of alternative pri-
mary outcome measures for use in lupus nephritis clinical trials. Arthritis
Rheum. 65, 1586–1591.

Wyss-Coray, T., Mauri-Hellweg, D., Baumann, K., Bettens, F., Grunow, R., and
Pichler, W.J. (1993). The B7 adhesion molecule is expressed on activated hu-
man T cells: functional involvement in T-T cell interactions. Eur. J. Immunol. 23,
2175–2180.

Xu, H., Perez, S.D., Cheeseman, J., Mehta, A.K., and Kirk, A.D. (2014). The
allo- and viral-specific immunosuppressive effect of belatacept, but not tacro-
limus, attenuates with progressive T cell maturation. Am. J. Transplant. 14,
319–332.

Yao, S., Zhu, Y., Zhu, G., Augustine, M., Zheng, L., Goode, D.J., Broadwater,
M., Ruff, W., Flies, S., Xu, H., et al. (2011). B7-h2 is a costimulatory ligand for
CD28 in human. Immunity 34, 729–740.

Yokosuka, T., and Saito, T. (2010). The immunological synapse, TCR micro-
clusters, and T cell activation. Curr. Top. Microbiol. Immunol. 340, 81–107.

Yokosuka, T., Kobayashi, W., Sakata-Sogawa, K., Takamatsu, M., Hashi-
moto-Tane, A., Dustin, M.L., Tokunaga, M., and Saito, T. (2008). Spatiotem-
poral regulation of T cell costimulation by TCR-CD28microclusters and protein
kinase C theta translocation. Immunity 29, 589–601.

Yong, P.F., Salzer, U., and Grimbacher, B. (2009). The role of costimulation in
antibody deficiencies: ICOS and common variable immunodeficiency. Immu-
nol. Rev. 229, 101–113.

Zhang, X., Schwartz, J.C., Almo, S.C., and Nathenson, S.G. (2003). Crystal
structure of the receptor-binding domain of human B7-2: insights into organi-
zation and signaling. Proc. Natl. Acad. Sci. USA 100, 2586–2591.

Zhang, R., Huynh, A., Whitcher, G., Chang, J., Maltzman, J.S., and Turka, L.A.
(2013). An obligate cell-intrinsic function for CD28 in Tregs. J. Clin. Invest. 123,
580–593.

Zhang, Q., and Vignali, D.A.A. (2016). Co-stimulatory and co-inhibitory path-
ways in autoimmunity. Immunity 44, this issue, 1034–1051.

http://refhub.elsevier.com/S1074-7613(16)30149-2/sref185
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref185
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref186
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref186
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref186
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref186
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref187
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref187
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref187
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref187
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref188
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref188
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref189
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref189
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref189
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref189
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref189
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref190
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref190
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref190
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref190
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref191
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref191
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref191
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref191
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref192
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref192
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref192
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref192
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref192
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref193
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref193
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref193
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref193
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref194
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref194
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref194
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref196
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref196
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref196
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref196
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref197
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref197
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref198
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref198
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref198
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref199
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref199
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref199
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref200
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref200
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref200
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref200
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref201
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref201
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref201
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref202
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref202
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref202
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref202
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref203
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref203
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref203
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref203
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref204
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref204
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref204
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref205
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref205
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref206
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref206
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref206
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref206
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref207
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref207
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref207
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref208
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref208
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref208
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref209
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref209
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref209
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref210
http://refhub.elsevier.com/S1074-7613(16)30149-2/sref210

	CD28 Costimulation: From Mechanism to Therapy
	The CD28 Family of Receptors and Ligands
	Expression of CD28 Family Members
	CD28 Structure and Ligand Binding
	CD28 Signaling Motifs
	Treg Cells and the CD28 Family
	The CD28 Costimulatory Pathway Regulates T Cell Activation by Multiple Processes
	CD28 and the Immunologic Synapse
	The Phosphoproteome
	CD28 and Actin Remodeling
	The Transcriptome—IL-2, Bcl-xL, and Beyond

	CD28 Family Members in Human Disease
	Costimulatory Therapeutics: Manipulation of Costimulatory Pathways in Disease
	Conclusion
	Acknowledgments
	References


