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Summary

Ligation of the CD28 receptor on T cells provides a critical second signal alongside T cell receptor 

(TCR) ligation 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 human 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 uneven with both successes and failures. Such real-

world results may stem from multiple factors including complex receptor-ligand interactions 

among CD28 family members, differences between the mouse and human 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 
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requirement for a second signal. In fact, early work by Jenkins, Schwartz, and others showed 

that TCR ligation alone induces 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 Jurkat 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 importantly, 

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 (Vignali, 

2016, this issue; Ford, 2016, 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, 

may pave the way for a new class of immune activators for the treatment of infectious 

diseases (Wherry, 2016, this issue) and cancer (Wolcholk, 2016, this issue).

It has become increasing clear that CD28 functions not simply as an amplifier of TCR 

signals but delivers unique signals that control intracellular biochemical events from post-

translational protein modification (e.g. phosphorylation) to epigenetic changes that alter the 

gene expression program of T cells. Moreover, 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 increasingly complex set of interactions wherein the 

single receptor, CD28, binds to multiple ligands and the ligands, B7-1 (CD80), and B7-2 

(CD86), which in turn can bind multiple receptors (including CTLA4) (Sharpe, 2016, this 

issue). In this review, we summarize the current understanding of these complex 

costimulatory pathways including the individual roles of the CD28, B7-1 (CD80), and B7-2 

(CD86) molecules. Here we summarize current biochemical and functional pathways 

controlled by CD28 co-stimulation, and we also discuss CD28 family members ICOS and 

CTLA-4 where appropriate. We review evidence that suggests that multiple 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 immunoglobulin-like domain. Other members of the subfamily 

include ICOS, CTLA4, PD1, PD1H, and BTLA (Chen and Flies, 2013). 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 
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interleukin 2 (IL-2). CD28 is expressed on roughly 80% of human CD4+ T cells and 50% 

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 bone 

marrow 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; Venuprasad 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 expressed 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 upregulated at later time points (Sharpe and 

Freeman, 2002). CD86 may therefore be more important in the initiation of immune 

responses. 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 

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, which allows CTLA4 to compete with CD28 for ligand 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 compared to CD80, which binds very strongly to CTLA4. Thus, the sequential 

expression CD86 followed by CD80 on APCs may function to increase the suppressive 

function of CTLA4 once an immune response has started, since 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 activating 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 contributes 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 

compared with CTLA4 allow this family of receptors and ligands to serve as a rheostat for 

the immune response through competing pro- and anti-inflammatory effects.

Complex biological effects mirror the complex binding characteristics of this family. ICOS 

and CD28 are closely related genes that arose from a duplication event. Nevertheless, these 

receptors cannot substitute from one another in function. This functional 

compartmentalization is enforced in part by the E3 ubiquitin ligase Roquin. This functional 

difference is critical since the ICOS ligand is widely and constitutively expressed whereas 

the principle ligands for CD28 are induced by exposure to inflammatory environments or 
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microbial patterns (Linterman et al., 2009). Interestingly, basal CD80 and CD86 expression 

is necessary to prevent autoimmunity by sustaining regulatory T cell populations (Lohr et 

al., 2003). Activated human T cells can express CD80 and mouse T cells have been shown to 

acquire CD80 from APCs (Sabzevari et al., 2001). Thus, T cells themselves may 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 production of interferon gamma (Podojil and Miller, 2009).

CD80 and CD86 may also act as signal transducing receptors themselves, since 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 may 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

The CD28 gene is composed of four exons encoding a protein of 220 amino acids that is 

expressed on the cell surface as a glycosylated, disulfide-linked homodimer of 44 kDa. 

Members of the CD28 family share a number of common features. These receptors consist 

of paired V-set immunoglobulin superfamily (IgSF) domains attached to single 

transmembrane domains and cytoplasmic 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 

ligand is mediated through the MYPPPY motif within the receptor V-set domains (Evans et 

al., 2005; Metzler et al., 1997).

Earlier work on the crystal structure of CTLA4 itself and in complex with ligand provided 

initial clues on the structure and binding orientation of CD28, as 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 specificities and stoichiometric properties of CD28 resulted from analyses of the 

crystal structure of the monomeric form of the extracellular 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 a higher order multimeric interaction is more likely feasible between CTLA4 and 

CD80 than CD28. Indeed, the crystal structure of CTLA4 bound to CD80 shows that 

CTLA4 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 regulatory feature in the counter-

receptor interactions on T cells as well as in T cell activation (Bhatia et al., 2005). CD80 
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primarily exists 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 order multimer 

formation and maintaining optimal binding to CD28 and IL-2 production in T cells (Girard 

et al., 2014). As 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 may 

play a critical role in modulating T cell signaling by influencing the avidity of receptor-

ligand interactions.

Interestingly, the model that CD28 binds its ligands monovalently has been challenged with 

the observation that TCR signaling induces a rapid reorientation of the cytosolic tail 

domains within the CD28 homodimer as detected by FRET (Sanchez-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 supported 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 (Sanchez-Lockhart et al., 2014). As 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 ligand initiates signal transduction events that are dependent 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 tyrosine-based signaling motifs that are phosphorylated in response to 

TCR or CD28 stimulation, and bind targets with SH2 domains 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, with some proteins being able to bind to either or both motifs via SH2 and/or SH3 

domain interactions (Boomer and Green, 2010). These motifs are important for IL-2 gene 

expression, which is mediated by the CD28-dependent activation of NFAT, AP-1, and NF-

κB 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 

cytoplasmic domain, but the functional output of the posttranslational 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; Pages et al., 1994; Prasad et al., 1994; Rudd and Schneider, 

2003). In addition to the +3 methionine of the CD28 sequence, YMNM, which confers PI3K 

specificity, the +2 asparagine confers specificity for the adaptor proteins 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 

Esensten et al. Page 5

Immunity. Author manuscript; available in PMC 2017 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lack the ability to bind GRB2, which may 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, since some groups have reported no effect or a partial defect associated with 

mutation of the YMNM motif on proliferation and IL-2 secretion despite abrogation of PI3K 

binding and Akt phosphorylation (Andres et al., 2004; Burr et al., 2001; Dodson et al., 2009; 

Okkenhaug et al., 2001), whereas others have demonstrated inhibition of proliferation and 

IL-2 secretion (Harada et al., 2001). In contrast, studies in which the distal proline motif 

(PYAP) was mutated to AYAA resulted in marked impairment of function, including 

decreased CD28-dependent proliferation and IL-2 production in vivo, as well as attenuated 

phosphorylation of GSK3β, and PKCθ (Dodson et al., 2009; Friend et al., 2006). A study in 

which both the YMNM and PYAP motifs were mutated unmasked the contribution of the 

YMNM motif in CD28-dependent proliferation, IL-2 secretion, and adaptive immune 

system defects, 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; 

Pagan 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, 

double mutant cells most likely retain ability to GRB2, which may account for some of the 

observed CD28-mediated signals in double-mutant cells.

Signaling events downstream of the C-terminal PYAP motif are thought to include the 

phosphorylation and activation of the kinases PDK1 and PKCθ, and the subsequent 

inactivation of GSK3β, ultimately leading to enhanced transcription of NFAT-dependent 

genes, including IL-2. SH3-mediated binding and activation of the Src kinase Lck (Holdorf 

et al., 1999; King et al., 1997) is proposed as a potential regulator of this pathway. Whether 

Lck binds to this motif via its SH2 or SH3 domain is still unclear, since Tyr209, the tyrosine 

residue within this motif, is phosphorylated during CD28 stimulation, and may 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, since 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 PKCθ, a 

critical downstream effector of CD28, which mediates signaling events leading to the 

activation of the NF-κB, AP-1, and NF-AT transcription factors (Coudronniere et al., 2000; 

Dodson et al., 2009; Lin et al., 2000). An additional potentially important interaction that is 

likely to play a role in PKCθ localization and activation is the CD28-induced interaction of 

the V3 domain of PKCθ with the SH3 of CD28-bound Lck (Kong et al., 2011). This 

interaction could also serve to co-localize PDK and PKCθ.
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The adaptor proteins, GRB2 and GADS can bind to CD28 either through their SH3 domains 

at the distal PYAP motif or via their SH2 domains to the membrane proximal YMNM motif 

(Figure 2). GRB2 contains an SH2 domain flanked by two SH3 domains and binds the 

guanine nucleotide exchange factors (GEF) 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 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 relative to 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-κB activation (Takeda et al., 2008; Watanabe et al., 2006). 

Furthermore, GADS binds SLP-76 in T cells and thus, may recruit this critical scaffolding 

protein, along with additional interacting molecules such as Vav1, to CD28 (Watanabe et al., 

2006). The stoichiometry and motif specificity of GRB2, GADS, and PI3K binding to CD28 

is still unclear and 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-κB activation, suggesting that other signaling molecules important for 

NF-κB activation bind to the C-terminal PYAP motif, such as Lck, as discussed above 

(Holdorf et al., 1999; Watanabe et al., 2006).

 Regulatory T 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 regulatory T (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 critical 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 promoting 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 autoreactive 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 development 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 
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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-

mediated 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 stimulation of thymocytes does not overcome this dependence on CD28 signals. (Tai et 

al., 2005) Thus, CD28 ligation directly supports Treg cell fate in the thymus and supports 

Treg survival and proliferation in the periphery.

CD28 is also necessary for the production of peripheral induced Treg cells. CD4+CD25− T 

cells required CD28 ligation to differentiate into functional Foxp3+ Treg cells when 

activated with TGF-β. Mutational analysis revealed that iTreg cell generation also requires 

the Lck-binding motif but not the PI3K or Itk binding motifs of the CD28 intracellular 

domain (Guo et al., 2008). Importantly, very strong Lck signaling via the CD28 cytoplasmic 

domain prevents iTreg cell generation, in contrast its role with thymic-derived Treg cell 

(Semple et al., 2011). Carefully titrated CD28 signals via the anti-human CD28 superagonist 

TGN1412 (also known as TAB08) support the selective 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 promoting Treg cell expansion and 

effector T cell activation is delicate. 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 peripheral homeostasis of Treg cell. More recent data shows the importance of CD28 for 

the homeostasis and function of peripheral Treg cells was highlighted in mice in which 

CD28 was ablated in an inducible system using a tamoxifen-induced CRE recombinase. 

Adult mice showed decreased levels of peripheral 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-sufficient cells did not prevent a decrease in the CD28-deleted 

population. Interestingly, CD28 deletion did not decrease CD25 levels on the remaining Treg 

cells, indicating that other factors such as IL-2 acting in trans support CD25 expression in 

Treg cell. The decreased number of Treg cells in the inducible CD28 null cells was not due 

to differences in thymic export of Treg cell. 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 infiltrates 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 
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in the CD4+CD25−CD45RBhi transfer model. CD28-null Treg cells also failed to effectively 

suppress experimental autoimmune encephalitis in mice, indicating a defect in function of 

CD28-null Treg cell. This defect may be due to decreased expansion of 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 cell may 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 (Qureshi 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 may 

reduce available ligand 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 

especially striking since 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 

signals 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 in 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 may 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 cell, 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 CTLA4-Ig in clinical trials has variable effects on Treg cell 

numbers and function, as discussed below (“Costimulatory therapeutics). Due to the varied 

drugs, doses, and diseases in human trials with CTLA4-Ig, it is difficult to draw firm 

conclusions about the effects of CTLA4-Ig 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 effect 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, which enhances the interaction between Tregs and APCs. Interestingly, 
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blocking of CD80 and CD86 on APCs did not significantly change Treg cell dwell times 

compared to control, but it did increase Treg cell motility. Thus, CD28 ligation likely 

enhances effector T function and blocks Treg cell suppressive function (Dilek 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 activation 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 interactions. 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 co-stimulation has diverse effects on T cell function, including biochemical events at 

the immunological synapse, downstream phosphorylation and other post-translational 

modifications, 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 aspects of T cell function.

 CD28 and the immunologic synapse

Productive TCR signaling and co-signaling 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 SMAC, along with the TCR, CD4, PKCθ, 

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 direction 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 its role in regulating the spatial localization 

PKCθ (Huang et al., 2002; Yokosuka et al., 2008).

 The phosphoproteome

Since 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 posttranslational modification. These investigations have primarily relied on 
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mutagenesis of immortalized cell lines and often 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 delineated the relevant proximal pathways 

downstream of CD28 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 spectrometry-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 and White, 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 enterotoxin E. The resultant IL-2 response generated during 

this cell-cell interaction depended upon signaling by the TCR and, importantly, 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 phosphorylation analysis (serine and 

threonine, as well as tyrosine) revealed 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 immune signaling pathways. Importantly, the events associated with TCR 

signaling did not dominate CD28-dependent downregulated 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 pathways (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-interacting proteins using long 

synthesized CD28 cytoplasmic phosphorylated and non-phosphorylated peptides to affinity 

purify CD28-binding proteins from Jurkat lysates (Tian et al., 2015). From this unbiased 

screen, 28 CD28-binding proteins were identified, 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 regulation of the actin cytoskeleton and the PI3K pathway. Interestingly, a 

number of interactors were not clearly dependent on one single phosphorylation sites 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 potential 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 cytoskeleton independent of the 

TCR, initiating unique signaling cascades that contribute to the initiation of TCR signaling 
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and to CD28-autonomous signaling functions (Salazar-Fontana et al., 2003). One important 

function of CD28 has recently been highlighted in thymocytes, in which CD28-mediated 

actin cytoskeletal changes were required for full downstream TCR signaling (Tan et al., 

2014). CD28-mediated signaling events were implicated in remodeling the actin 

cytoskeleton, which, in turn, was shown to be necessary for phosphorylated phospholipase 

Cγ1 (PLCγ1) to hydrolyze its substrate PIP2 (Tan et al., 2014). The role of CD28 in 

modulating actin cytoskeletal dynamics required for regulating PLCγ1 hydrolysis of PIP2 is 

not clear but could involve PLCγ1 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 binding (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-mediated 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 α 

(PIP5Kα) 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). 

PIP5Kα is a lipid kinase that contributes to the generation PIP2, a second messenger that 

activates several actin-regulating proteins and is a substrate for PLCγ1 (Saarikangas et al., 

2010). PIP5Kα activity 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 vicinity 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 regulation of 

actin in CD28-mediated costimulation.

 The transcriptome – IL-2, BclxL 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 has shown 

that CD28 costimulation leads to broad transcriptional changes (Figure 3). Human T cells 

activated with and without CD28 costimulation 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 signals may increase the transcription of a small set of genes including IL-8 

ad Bcl-xL, which is mediated by NF-κB family members, RelA and p52 (Marinari et al., 

2004). Subsequent studies on CD28-dependent naive CD4+ T cell subsets showed that CD28 

costimulation has a qualitative effect on hundreds of genes after TCR ligation (Butte et al., 

2012), and that this effect is amplified over of the first 24 hours after T cell stimulation 

(Martinez-Llordella et al., 2013). Principle component analysis showed that T cells that 
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receive TCR ligation alone without CD28 signals were more similar to cells that have never 

been activated by the 24 hour 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 (Martinez-Llordella et al., 2013). CD28 

signals lead to widespread alternative splicing in T cells, an effect which depends in part on 

the function of splicing factor hnRNPLL. The hnRNPLL transcript itself is up-regulated by 

CD28 ligation compared 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 cytosine 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 human 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 may make a unique 

contribution to T cell activation signals and further downstream functional consequences. 

Protein arginine methylation increases within minutes after primary T cell activation. In 

Jurkat T cells, CD28 ligation alone induces protein arginine-methylation on a rapid time 

scale for a large number 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 minutes after CD28 ligation of Jurkat cells, in the absence of 

TCR stimulation. The methylation of Vav-1 may serve a kind of “signal memory” that 

indicates that a T cell has received CD28 costimulation (Blanchet et al., 2005; Blanchet et 

al., 2006).

The NF-κB 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 (Kontgen et al., 1995; Shapiro et al., 1996; 

Shapiro et al., 1997). A crystal structure of this interaction has been reported that reveal 

unique features of c-Rel binding to this site over other canonical NF-κB sites (Huang et al., 

2001). An alternative explanation for a role for c-Rel has suggested c-Rel is involved in 

chromatin 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-κB family 

member RelA may be more important for induced Treg cell production in the periphery 

(Soligo et al., 2011). A further post-translational protein modification that may contribute to 

CD28-mediated T cell activation is O-GlcNAc glycosylation. The c-Rel subunit of the NF-

κB 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 
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of c-Rel to a CD28 response element (Ramakrishnan et al., 2013). These findings show that 

the gene expression program induced by CD28 ligation may 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 qualitative effects on a variety of processes, including signaling, 

metabolism, transcription, epigenetic modifications, post-translational modifications, and 

RNA splicing.

 CD28 family members in human disease

There is extensive literature in mouse models that CD28 and CTLA4 are critical regulators 

autoimmune disease (Salomon et al., 2000; Tivol et al., 1995) and tolerance to solid organ 

transplants (Lenschow et al., 1992). However, there is less direct data from patients on the 

role of CD28, CTLA4, ICOS, 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 levels decrease on human T cells as part of normal aging with CD8+ T cells more 

prominently affected. These cells represent a population of antigen-experienced cells that 

may have either pro- or anti-inflammatory characteristics (Boucher et al., 1998; Strioga et 

al., 2011). In solid organ transplant recipients, CD8+CD28− cells have been found to 

undergo oligoclonal expansion and may play a suppressive role and promote allograft 

tolerance (Manavalan et al., 2004; Mou et al., 2014). Indeed, in kidney transplant recipients 

CD8+CD28− T cells may 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 may 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 proteins perforin and granzyme 

B (Maly and Schirmer, 2015). Chronic antigenic stimulation may be associated with the loss 

of CD28 on CD4+ T cells since CMV responsiveness is 30-fold more common among 

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

It is unclear if changes in the numbers of CD28 negative cells are a cause or a consequence 

of these infectious and inflammatory conditions. Indeed, CD28 negative cells are 

heterogeneous 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. 
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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 disease. Two notable recent reports 

of patients with mutations in CTLA4 show its importance for immune homeostasis in 

humans. Patient 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 mutations leading to loss of protein expression have been described in multiple 

families with common variable immunodeficiency (CVID), a heterogeneous disease 

characterized by decreased immunoglobulin titers. Patients with ICOS deficiency were 

found to have increased susceptibility to infections, especially respiratory infections, and 

may also be predisposed to autoimmunity (Grimbacher 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 ineffective 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 allografts (Ford, 2016, this issue) and reversing 

autoimmune disease (Vignali, 2016, 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 juvenile idiopathic arthritis (Ruperto et al., 2010; Ruperto et al., 

2008) as well as in prevention of acute rejection of renal transplants (Vincenti et al., 2005; 

Vincenti et al., 2012). Compared to immunosuppressive regimens with calcineurin 

inhibitors, belatacept is associated with more episodes of acute rejection and potentially a 

higher risk of post-transplant lymphoproliferative disorder in renal transplant patients. 

However, belatacept treatment is associated with better long term renal function compared to 

calcineurin inhibitors. Therefore, the long term benefits of belatacept in renal transplant may 

outweight the drawbacks (Ford et al., 2014; Vincenti et al., 2010). Abatacept therapy slows 

c-peptide decline and lowers HgbA1C1 levels in patients with recent-inset type 1 diabetes 

(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). 

Nevertheless, there have also been clinical trial failures and potential drawbacks of 

CTLA4Ig use: abatacept does not have proven efficacy in the treatment of lupus nephritis, 
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despite positive results in animal studies referenced above and evidence of efficacy in post-

hoc analyses of existing clinical trials (Furie et al., 2014; 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’s disease or ulcerative colitis (Sandborn et al., 2012). There are 

mixed results in the use of abatacept to treat spondyloarthropathies (Lekpa et al., 2012; 

Mease et al., 2011). There are more than 50 uncompleted clinical trials currently listed 

(September 2015) at 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’s syndrome, primary biliary 

cirrhosis, uveitis, systemic sclerosis, Beçhet’s 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-κB. CD28 blockade by CTLA4Ig induces hyporesponsiveness but 

did not induce a regulatory T 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 regulatory T cells. For example, abatacept therapy in 

rheumatoid arthritis patients decreases the numbers of peripheral Treg but it increases their 

suppressive capacity (Alvarez-Quiroga et al., 2011). This result is consistent with in vitro 

data showing that belatacept decreases Treg generation in mixed lymphocyte reactions with 

T cells from healthy volunteers (Levitsky et al., 2013). Belatacept may work in part by 

increasing Treg numbers in target tissues. Patients with acute rejection of renal transplants 

had greater number of graft-infiltrating Treg cells when treated with abatacept compared 

with control (Bluestone et al., 2008). This result is unexpected given that CTLA4-Ig 

treatment of animals leads to decreased Treg cell numbers due to blockade of CD28 signals 

required for homeostasis. This difference may be due to the sub-saturating 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 may have alternative 

costimulatory pathways (Leitner et al., 2015; Xu et al., 2014). Recent work has shown that 

CTLA4Ig may 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. However, another approach to 

promoting tolerance with an anti-CD28 superagonist antibody has been plagued by serious 

toxicities. 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 (Hunig, 2012; Suntharalingam et al., 2006). However, this drug is now being 

tested clinically at much lower doses (Tabares et al., 2014). The precise cause of the severe 

toxicity of TGN1412 in humans may be multifactorial, including the larger population of 

CD28+ effector memory T cells in humans compared to laboratory animals (Hunig, 2012) 
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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 hypotheses (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 Fab′ antibody that is efficacious in a humanized mouse model of 

graft versus host disease in mice (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 has led to a variety of breakthroughs in the understanding of human disease and the 

development of immunomodulatory therapeutics. However, the relatively simple models 

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 ligands, and the cell-type and context-specific 

functions of receptor ligation. Therefore, a more complete understanding of the biology of 

the CD28 family will likely require systems biology approaches and large data sets that can 

adequately capture these complexities.
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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 unphosphorylated motifs are indicated according the legend. 

Data are adapted from (Tian et al., 2015).
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Figure 2. Signaling pathways downstream of CD28
Lck phosphorylates PDK1, which in turn phosphorylates and activates PKCθ. PKCθ 

inactivates GSK3β, ultimately leading to enhanced transcription of NFAT-dependent genes. 

PKCθ also mediates signaling events leading to the activation of the NF-κB, 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 culminating 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-κB activation.

Esensten et al. Page 30

Immunity. Author manuscript; available in PMC 2017 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 hours 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) using the Reactome pathway database (Croft et al., 

2014; Milacic 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 pathways in T cells after CD28 stimulation. This 

figure was created from a re-analysis of data originally published in (Martinez-Llordella et 

al., 2013).
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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., 2010; Ruperto et al., 2008)

Belatacept Renal allograft rejection efficacious (Vincenti et al., 2005; Vincenti et al., 2012)

Abatacept Type 1 diabetes mellitus efficacious (Orban et al., 2014; Orban et al., 2011)

Abatacept spondyloarthropathies mixed results (Lekpa et al., 2012; Mease et al., 2011)

Abatacept Lupus nephritis mixed results (Furie et al., 2014; 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’s 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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