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Chapter 1
Co-signal Molecules in T-Cell Activation

Historical Overview and Perspective

Miyuki Azuma

Abstract The two-signal model of T-cell activation, proposed approximately four 
decades ago, has undergone various refinements while maintaining its principal 
doctrine. Since the discovery of CD28, a variety of co-signal molecules, including 
co-stimulatory and co-inhibitory receptors and ligands, have been identified. These 
molecules fine-tune various immune responses both in the primary or secondary 
lymphoid tissues and in the peripheral tissues. Most co-signal receptors are 
expressed and induced on T cells during distinct stages (naïve/resting, activating, 
memory, and exhausting). These co-signaling pathways play critical and diverse 
roles in maintaining T-cell tolerance and eliciting T-cell immune responses in health 
and disease. This introductory chapter provides a historical overview of the key 
findings that have led to our current view of T-cell co-stimulation.

Keywords Co-signals · Co-stimulation · Co-inhibition · T-cell activation · 
Two-signal model · Tolerance

1.1  Historical Overview

1.1.1  Classical Two-Signal Model of Lymphocyte Activation

Our immune system needs to eliminate harmful microbes and substances, but at the 
same time must also tolerate beneficial microbes and harmless substances. Since 
the1960s, immunologists have tried to understand how the immune system controls 
the magnitude and type of immune response on encountering antigens. T and B 
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lymphocytes, which possess diverse antigen-specific receptors, have two possible 
outcomes: induction (activation) or tolerance (paralysis or inactivation).

The “two-signal” model of lymphocyte activation tries to answer the question of 
why lymphocytes become unresponsive, or only partially activated, after exposure 
to an antigen, and it has evolved considerably over the past 50 years (Baxter and 
Hodgkin 2002). In 1970, Bretscher and Cohn revised their old model of B-cell anti-
body responses and proposed a two-signal model for B-cell stimulation (Bretscher 
and Cohn 1970) (Fig. 1.1a). Antigen recognition by B lymphocytes provides signal 

Fig. 1.1 Historical changes of two-signal model of T-cell activation. (a) Microbial antigen recog-
nition by B lymphocytes provides signal 1, and molecules produced by microbes provide “signal 
2.” Both signals are required for B-cell activation (antibody response), and signal 1 alone induces 
unresponsiveness. (b) Chemically fixed antigen-presenting cells (APCs) induce an unresponsive 
state in T cells. The live cell–cell interaction between an APC and a T cell provides additional 
signals (signal 2) required for optimal T-cell activation. (c) Optimal T-cell activation requires both 
signal 1 and signal 2. Signal 1 is provided by the binding of MHC–peptide to the CD3–TCR com-
plex, and signal 2 is provided by the CD28–CD80-mediated co-stimulation. Signal 1 without co- 
stimulation induces antigen-specific unresponsiveness (anergy) in T cells. (d) Signal 2 is not only 
co-stimulatory. Co-stimulatory (signal 2) and co-inhibitory (signal 2′) signals are provided by the 
cognate interaction with an APC and a T cell. When a T cell encounters antigens under the lack of 
CD28 co-stimulation or the presence of CTLA-4 co-inhibition, T cell will become anergy

M. Azuma
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1 for the activation of the lymphocytes, and components of microbes or substances 
produced during innate immune responses to microbes provide signal 2. Later, 
Lafferty and Cunningham modified Bretscher and Cohn’s model to include T-cell 
responses (Cunningham and Lafferty 1977; Lafferty and Cunningham 1975).The 
updated two-signal model explains why lymphocytes may only be partially acti-
vated, or even unresponsive, after exposure to signal 1 alone. Signal 2 is provided 
by stimulator cells, and this was later termed co-stimulation. The discovery of inter-
leukin (IL)-2 as a critical T-cell growth factor permitted the prolonged culture of T 
lymphocytes and the establishment of T-cell clones. In 1987, Jenkins and Schwartz 
found that chemically fixed antigen-presenting cells (APCs) induced an unrespon-
sive state in T cells even when they received signal 1 via the major histocompatibil-
ity complex (MHC)/antigen (Jenkins et  al. 1987; Jenkins and Schwartz 1987; 
Schwartz 1990). Thus, they speculated that signal 2 might be provided by the live 
cell–cell interaction between an APC and a T cell (Fig. 1.1b). Identification of signal 
2 on the molecular level was not accomplished until the discovery of the interaction 
between CD28 on T cells and CD80 (B7) on activated B cells (Linsley et al. 1991a).

1.1.2  Two-Signal Model of T-Cell Activation

1.1.2.1  Homologous CD28 and CTLA-4 Receptors

Before identification of the binding of CD80 to CD28, most studies of T-cell activa-
tion were performed using monoclonal antibodies (mAbs). CD28 was first discov-
ered as a 44 kDa homodimeric glycoprotein expressed on roughly 80% of human 
peripheral blood T cells utilizing mAb 9.3 (Damle et al. 1981; Lesslauer et al. 1986). 
Cross-linking CD28 with anti-CD28 mAb stimulated with alloantigen, mitogen 
(PHA), phorbol myristate acetate (PMA), or anti-CD3 mAb greatly enhanced the 
IL-2 production, proliferative responses, and cytotoxicity of resting T cells (June 
et al. 1990; Jung et al. 1987; Lesslauer et al. 1986). The CD28 mAb-mediated sig-
nal, in cooperation with PMA, induced the activation of protein kinase C, in turn 
resulting in increased T-cell activation; however, the CD28 signal alone did not 
induce T-cell proliferation or IL-2 production (Hara et al. 1985). Unlike anti-CD3 
stimulation, enhancement of IL-2 transcripts by CD28-mediated signaling was par-
tially resistant to the addition of cyclosporin, which is a calcineurin phosphatase 
pathway inhibitor (June et  al. 1987), suggesting differential activation signaling 
between CD3 and CD28. CD28-mediated stimulation increased the expression of 
CD25 (IL-2R-α) and multiple cytokines, including IL-2, interferon (IFN)-γ, tumor 
necrosis factor (TNF)-α, and granulocyte-macrophage colony-stimulating factor 
(GM-CSF), through stabilization of mRNA (Lindstein et al. 1989). Molecular clon-
ing revealed that CD28 is a type I transmembrane receptor of the immunoglobulin 
(Ig) superfamily containing an extracellular region with a V-like domain, a trans-
membrane region, and an intracellular region (Aruffo and Seed 1987). CD28 exists 
in both monomeric and homodimeric forms on the surface of T cells.

1 Co-signal Molecules in T-Cell Activation
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Unlike CD28, cytotoxic T lymphocyte antigen 4 (CTLA-4, CD152) was initially 
identified by screening mouse cytotoxic T lymphocyte-derived cDNA libraries 
(Brunet et  al. 1987), followed by identifying and cloning a human homolog 
(Dariavach et al. 1988). Similar to CD28, CTLA-4 is a member of the Ig superfam-
ily with a single V domain in the extracellular region. The molecular function of 
CTLA-4 took some time to identify. Based on the close structural relationship, chro-
mosomal location, and mRNA expression levels between CD28 and CTLA-4, it was 
speculated that these two genes share an evolutionary precursor and possess similar 
functional properties (Harper et al. 1991; Lafage-Pochitaloff et al. 1990).

1.1.2.2  Two-Signal Model of T-Cell Activation

In 1991, Linsley and Ledbetter found that CD28 was the primary counter receptor 
for a B-cell activation antigen, CD80 (B7, BB1, B7-1) (Linsley et  al. 1991a). 
Subsequently, they found that CTLA-4 also binds to CD80 and that the CTLA-4Ig 
fusion protein, comprising the extracellular domain of CTLA-4 and the Fc domain 
of IgG1, was a potent inhibitor of the cellular responses of T and B cells (Linsley 
et al. 1991b). Their study was the first to identify co-stimulatory molecules on the 
cell surface. Subsequently, additional chimeric Ig fusion proteins were generated to 
characterize their binding properties and functional interactions. Since then, the use 
of Ig fusion proteins has become a convenient tool for analyzing functional interac-
tions between cell surface receptors and their ligands. Similar to anti-CD28 mAb, 
CD80-tranfected cells augmented T-cell proliferation and IL-2 production in 
response to anti-CD3 mAb, PMA, or peptide stimulation, and the enhanced activa-
tion was inhibited by the addition of anti-CD80 mAb (Gimmi et al. 1993; Gimmi 
et al. 1991). Interestingly, the CD28–CD80-mediated signaling prevented the induc-
tion of an unresponsive state in T cells (clonal anergy), by receiving signal 1 via the 
binding of MHC–antigen to the CD3–TCR complex (Gimmi et al. 1993; Harding 
et al. 1992; Schwartz 1992). In the context of anergy blockade and amplification of 
signal 1, the CD28–CD80 pathway was distinguishable from adhesion molecules, 
such as LFA-1 (CD11a/CD18)-ICAMs (CD54, CD102, CD50) and VLA-4- 
VCAM-1, and represented as a crucial co-stimulatory pathway that provides signal 
2 for amplifying T-cell responses. Thus, the molecular basis of the two-signal model 
of T-cell activation was established (Fig. 1.1c).

1.1.2.3  The CD28–CD86 Co-stimulatory Pathway

The inhibitory effects of CTLA-4Ig and anti-CD28 mAb in T-cell-dependent anti-
body responses and CD28-dependent natural killer (NK)-like cell-mediated cyto-
toxicity against B-cell lines clearly differed from the effects of anti-CD80 mAb and 
the action of CD80-deficient B cells (Azuma et al. 1992b; Freeman et al. 1993b; 
Linsley et al. 1992b). Eventually, a second ligand for CD28 and CTLA-4, CD86 
(B7-2, B70), was identified in humans and mice (Azuma et al. 1993; Freeman et al. 
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1993c). Both CD86 and CD80 are members of the Ig superfamily with a single V 
and C-like domain in the extracellular region, but their amino acid sequences, cyto-
plasmic regions, and expression kinetics are quite different. CD86 is constitutively 
expressed or upregulated quickly after activation of B cells, dendritic cells (DCs), 
and macrophages (Lenschow et al. 1993). Both CD80 and CD86 induce T-cell acti-
vation (Freeman et al. 1993a; Lanier et al. 1995; Nakajima et al. 1995); however, 
studies on APCs and T-cell-mediated immune responses in vitro and in vivo indicate 
that CD86 is the dominant ligand in CD28-costimulated T-cell responses (Azuma 
et al. 1993; Caux et al. 1994; Inaba et al. 1994; Lenschow et al. 1993; Nakajima 
et al. 1995; Nuriya et al. 1996).

1.1.2.4  CTLA-4 as a Co-inhibitory Receptor

The biological function of CTLA-4 was not elucidated for another half decade 
because it was difficult to determine whether the use of mAbs had an effect on the 
experimental results, even when Fab fragments, which do not induce signaling, and 
cross-linked forms of mAb, which induce agonistic signaling, were used (Kearney 
et  al. 1995; Krummel et  al. 1996; Linsley et  al. 1992a). The inhibitory role of 
CTLA-4 was confirmed by the generation of CTLA-4-deficient mice. CTLA-4- 
deficient mice develop a fatal lymphoproliferative disorder characterized by mas-
sive polyclonal T-cell infiltration and tissue destruction in multiple organs (Tivol 
et al. 1995; Waterhouse et al. 1995). CTLA-4 in the extracellular regions shares an 
MYPPPY-binding motif with CD28 that targets CD80 and CD86 (Harper et  al. 
1991), but CTLA-4 binds CD80 and CD86 with much higher affinity than CD28 
(Linsley et  al. 1991b). Unlike CD28, CTLA-4 is not detected on naïve T cells; 
instead it is transiently induced on the T-cell surface following TCR stimulation 
(Linsley et al. 1996; Linsley et al. 1992a). The cytoplasmic tail of CTLA-4 interacts 
with a clathrin-associated adaptor protein (AP-2) that also regulates tyrosine phos-
phorylation and trafficking of CTLA-4 (Bradshaw et al. 1997; Shiratori et al. 1997).

Based on the complexed CD28–CTLA-4-CD80–CD86 axis, the detrimental 
phenotype observed in CTLA-4-deficient mice mostly results from the competitive 
co-stimulatory action of CD28 (Chambers et  al. 1997).The co-inhibitory role of 
CTLA-4 was confirmed by generating peptide-specific CD4+ and CD8+ T cells with 
MHC class I- or class II-restricted TCRs in the CTLA-4-deficient mice (Chambers 
et  al. 1999; Chambers et  al. 1998). The cytoplasmic domain of CTLA-4 lacks 
immunoreceptor tyrosine-based inhibitory motif (ITIM), which most inhibitory 
receptors possess, but instead has a YVKM motif. It was speculated that tyrosine 
phosphorylation of the YVKM motif recruits the Src homology protein 2 (SH2) 
domain-containing phosphatase-2 (SHP-2) to downregulate early TCR-mediated 
downstream signaling (Lee et al. 1998; Marengere et al. 1996). The inhibitory func-
tion of CTLA-4 involved both cell-intrinsic and cell-extrinsic mechanisms. Extrinsic 
co-inhibition is the result of ligand-binding competition with an activating receptor 
CD28 and of reverse signaling via CD80–CD86 in APCs (Grohmann et al. 2002).

1 Co-signal Molecules in T-Cell Activation
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1.1.2.5  Revised Two-Signal Model of T-Cell Activation

Verification of CTLA-4-mediated co-inhibitory function and the realization that 
signal 2 can not only be co-stimulatory but also co-inhibitory led to further modifi-
cation of the two-signal model (Fig. 1.1d) (Chambers and Allison 1999; Thompson 
and Allison 1997). When a T cell encounters antigens with high TCR binding affin-
ity and APC expressing CD80–CD86 at high levels, the T cell will be activated by 
CD28-mediated co-stimulation (signal 2). However, if the T cell encounters anti-
gens with low affinity for the TCR, or is presented with antigens by APCs express-
ing little or no CD80–CD86, the T cell will become anergy due to the lack of CD28 
co-stimulation (signal 2) or the presence of the CTLA-4 co-inhibition (signal 2′).

CTLA-4 is preferentially involved in maintaining peripheral tolerance by naïve 
CD4+ T cells. Ligand binding is critical for the localization of CTLA-4, but not 
CD28, at the immunological synapse following TCR engagement (Pentcheva- 
Hoang et  al. 2004). For CTLA-4 localization at the synapse, CD80 is the main 
ligand, while, for CD28 localization, CD86 is the main ligand. Subsequent studies 
have revealed that CTLA-4 reverses stop signals that are required for stable conju-
gate formation between the T cell and the APC, resulting in a heightened signal 
threshold for T-cell activation (Rudd 2008; Schneider et al. 2006).

1.1.3  Modified Two-Signal Model of T-Cell Activation

1.1.3.1  PD-1-Mediated Peripheral T-Cell Tolerance

Programmed cell death-1 (PD-1, CD279) was identified as a member of the Ig 
superfamily, which is involved in programed cell death (Ishida et al. 1992) and was 
eventually recognized as a member of the CD28 and B7 family. Direct involvement 
of PD-1 in programmed cell death was not confirmed in the subsequent experiments 
(Agata et al. 1996). PD-1 deficiency demonstrated the role of PD-1 in autoimmunity 
by resulting in moderate splenomegaly and hyper B-cell activation stimulated with 
IgM (Nishimura et  al. 1998). It also resulted in the development of a variety of 
strain- and organ-specific autoimmune diseases, such as lupus-like arthritis and glo-
merulonephritis, in the C57BL/6 background, as well as in dilated cardiomyopathy 
in BALB/c mice (Nishimura et al. 1999; Nishimura et al. 2001). Although regula-
tory roles of PD-1 in T- and B-cell-mediated immune responses have been reported, 
the addition of PD-1 to the CD28–B7 family did not occur until the identification of 
the PD-1 ligands, PD-L1 (B7-H1, CD174) (Dong et al. 1999; Freeman et al. 2000) 
and PD-L2 (B7-DC, CD173) (Latchman et al. 2001; Tseng et al. 2001).

Unlike T-cell-restricted expression of CD28 and CTLA-4, PD-1 expression can 
be induced by stimulation of various immune cells, including CD4+ and CD8+T 
cells; NK, NKT, and B cells; macrophages; and several subsets of DCs (Agata et al. 
1996; Yamazaki et al. 2002). Despite such broad expression, the functional contri-
bution of PD-1-mediated regulation is mostly dominant in CD8+ T-cell responses 
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and the effector phase of T-cell responses in peripheral tissues (Dong et al. 2004; 
Goldberg et  al. 2007; Iwai et  al. 2003; Keir et  al. 2006). This is because PD-1- 
mediated inhibition is often overcome by high IL-2 and CD28 co-stimulation in the 
presence of APCs (Carter et al. 2002; Kuipers et al. 2006). PD-L1 expression on 
parenchymal tissue cells, rather than on hematopoietic immune cells, is heavily 
involved in the PD-1-mediated peripheral T-cell tolerance (Dong et al. 2004; Keir 
et  al. 2006; Ritprajak et  al. 2010). Studies using neutralizing antibodies against 
PD-1, PD-L1, and/or PD-L2 demonstrate the involvement of PD-1–PD-L1-mediated 
regulation in murine models of chronic diseases and peripheral tolerance (Ansari 
et al. 2003; Fife et al. 2006; Habicht et al. 2007; Salama et al. 2003; Tanaka et al. 
2007). PD-L1-expressing peripheral tissue cells lacking class II MHC and high 
CD80–CD86 expression levels are the most likely cell interacting with PD-1- 
expressing CD8+T cells to effect immune regulation.

The cytoplasmic domain of PD-1 contains two tyrosine residues, one each in the 
N-terminal ITIM and the C-terminal immunoreceptor tyrosine-based switch motif 
(ITSM). While mutation of the ITIM tyrosine had little effect, mutation of the ITSM 
tyrosine abolished PD-1-mediated signaling in B and T cells (Chemnitz et al. 2004; 
Okazaki et al. 2001). PD-L1 binding to PD-1 recruits the phosphatase SHP-2, which 
induces the dephosphorylation of the proximal TCR signaling, thereby resulting in 
the PD-1-mediated immune regulation (Chemnitz et al. 2004; Sheppard et al. 2004; 
Yokosuka et al. 2012). Unlike CTLA-4, interactions between PD-1 and PD-L1 pro-
mote T-cell tolerance by blocking the TCR-induced stop signal required for close T 
and APC interaction (Fife et al. 2009).

1.1.3.2  The Extended CD28–B7 Family

During the late1990s to early 2000s, the CD28–B7 family was expanded, and addi-
tional co-stimulatory or co-inhibitory receptor–ligand pairs were identified (Fig. 1.2) 
(Carreno and Collins 2002; Chen 2004; Greenwald et  al. 2005). These included 
inducible co-stimulator (ICOS; AILIM, H4, CD278) (Hutloff et al. 1999) and its 
ligands (ICOSL, B7-H2, B7h, B7RP-1, CD275) (Mak et al. 2003; Smith et al. 2003; 
Wang et al. 2000), B7-H3 (B7-RP2, CD276) (Chapoval et al. 2001; Suh et al. 2003; 
Sun et al. 2002), B7-H4 (B7S1, B7x, Vtcn1) (Choi et al. 2003; Prasad et al. 2003; 
Sica et  al. 2003; Zang et  al. 2003), and B and T lymphocyte attenuator (BTLA, 
CD272) (Watanabe et al. 2003).

The ICOS–ICOSL pathway is critical for T-cell-dependent B-cell responses, 
such as isotype class switching, germinal center formation, and the development 
of memory B cells (Mak et  al. 2003; Smith et  al. 2003; Wang et  al. 2000). 
Homozygous mutation of ICOS in human is associated with common variable 
immunodeficiency (CVID) and adult-onset of hypogammaglobulinemia 
(Grimbacher et al. 2003). Both B7-H3 and B7-H4 are detectable in various normal 
tissues at the mRNA level (Chapoval et al. 2001; Sica et al. 2003); however, the 
functional contribution of cell surface B7-H3 and B7-H4 to T-cell co-stimulation 
and co-inhibition is still obscure (Schildberg et  al. 2016; Yi and Chen 2009). 
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B7-H3 and B7-H4 are generally  understood to be co-inhibitory B7 ligands, but 
their respective inhibitory counter- receptors on T cells have not yet been identi-
fied. Triggering receptor expressed on myeloid cell-like transcript 2 (TLT-2), 
which co-stimulates CD8+ T-cell responses, has been reported as a counterpart for 
B7-H3 (Hashiguchi et al. 2008; Kobori et al. 2010).

BTLA was shown to be the third T-cell co-inhibitory receptor with an ITIM 
motif in its cytoplasmic region, following CTLA-4 and PD-1. Although B7x had 

Fig. 1.2 Representative T-cell co-signal molecules at early 2000s. The CD28–B7 family and the 
tumor necrosis factor superfamily (TNFSF) and TNF receptor superfamily (TNFRSF) are two 
major co-signal receptors and their ligands in T-cell activation. CD28, ICOS, GITR, 4-1BB, and 
OX40 pathways co-stimulate T-cell activation. CTLA-4, PD-1, BTLA, and CD160 pathway co- 
inhibit T-cell activation. Most co-signal ligands are expressed or induced on antigen-presenting 
cells (APCs), such as dendritic cells (DCs), B cells, and macrophages, while most co-signal recep-
tors on T cells are constitutively expressed or induced after TCR activation
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been proposed as a ligand for BTLA based on Ig fusion protein binding (Carreno 
and Collins 2003), this was later refuted. BTLA actually binds to the herpesvirus 
entry mediator (HVEM; TNFRSF14), which in turn binds to the B7 family in cis 
and trans situations (Gonzalez et  al. 2005; Sedy et  al. 2005). HVEM also binds 
three other distinct ligands, including lymphotoxin-like, inducible expression, 
which competes with herpes simplex virus glycoprotein D for HVEM; a receptor 
expressed by T lymphocytes (LIGHT), CD160; and lymphotoxin-alpha (LTα). The 
binding of LIGHT or LTα to HVEM delivers a co-stimulatory signal and counter- 
regulates the HVEM–BTLA-mediated inhibitory pathway (Cai and Freeman 2009; 
del Rio et al. 2010). CD160, which is a member of the Ig superfamily with one IgV- 
like domain in the extracellular region, competes with BTLA for binding to HVEM 
(Kojima et al. 2011). Details of the CD28 and B7 family molecules are provided in 
Chap. 2.

A considerable number of the tumor necrosis factor superfamily (TNFSF) and 
TNF receptor superfamily (TNFRSF) molecules also possess co-stimulatory activ-
ity in T cells and cooperate with the CD28-B7 family molecules (Ward-Kavanagh 
et al. 2016; Watts 2005). Most well-analyzed co-stimulatory pathways utilize the 
following three TNFSF–TNFRSF pathways, 4-1BB (TNFRSF9, CD137, ILA) and 
its ligand (4-1BBL, TNFSF9) (DeBenedette et  al. 1995; Goodwin et  al. 1993; 
Hurtado et al. 1995; Pollok et al. 1993), glucocorticoid-induced tumor necrosis fac-
tor (GITR, TNFRSF18, AITR, CD357) and its ligand (GITRL, TNFSF18) (Igarashi 
et al. 2008; Kanamaru et al. 2004; Tone et al. 2003), and OX40 (TNFRSF4, CD134) 
(Mallett et al. 1990) and its ligand (OX40L, TNFSF4) (Akiba et al. 1999; Ohshima 
et al. 1998). Although all three ligands are inducible on DCs, it seems that their 
major contribution lies in their interactions with naïve T cells. The receptors induced 
after TCR activation contribute to distinct phases and types of T-cell responses, by 
modulating T-cell proliferation, survival, and/or cytokine production (Ward- 
Kavanagh et al. 2016). Details of the TNFSF–TNFRSF family molecules are pro-
vided in Chap. 3.

The discovery of these co-stimulatory and co-inhibitory receptors and ligands 
necessitated further modification of the two-signal model of T-cell activation 
(Fig. 1.3). Signal 1 is delivered from the binding of an APC’s MHC/antigen to the 
TCR. Multiple second signals (signal 2 + 2′) are delivered after the cell–cell interac-
tion between a T cell and an APC. When co-inhibitory signals (signal 2′) outweigh 
the co-stimulatory signals (signal 2), a T cell does not induce a response and instead 
enters an antigen-specific unresponsive state known as anergy, or tolerance. When 
the co-stimulatory signals (signal 2) outweigh the co-inhibitory signals (signal 2′), 
a T cell proliferates and differentiates into an effector cell. Although the TCR signal 
(signal 1) is essential for a T-cell response, the co-stimulatory and co-inhibitory 
signals (signal 2 + 2′) determine the fate of the T-cell response. Details regarding 
signal transduction and molecular dynamics are provided in Chaps. 4 and 5.
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1.2  Perspective

1.2.1  Co-signals Required for CD8+ T-Cell Activation

Most early T-cell co-stimulation studies focused to CD4+ T-helper (Th) cells. Unlike 
CD4+ T cells, differentiation of naïve CD8+ T cells for full expansion and effector 
function requires additional inflammatory cytokine-mediated signals (signal 3) 
(Mescher et al. 2006) (Fig. 1.4). Because CD8+ T cells are initially unable to pro-
duce IL-2 by themselves, IL-12 and type I IFN (IFN-α and IFN-β) provided by the 
antigen-presenting DCs initiate CD8+ T-cell activation (Mescher et al. 2006; Valbon 
et al. 2016). During the priming and expansion phases in the lymphoid organs, the 
integration of signals 2 and 3 greatly influences the outcomes of CD8+ T-cell 
responses, which include full clonal expansion and acquisition of effector function 
(state 1), limited clonal expansion without effector function (state 2), or antigen- 
specific unresponsiveness/anergy (state 3). CD28 is also a critical co-stimulatory 
receptor during the priming and expansion phases of CD8+ T cells (Azuma et al. 
1992a; Azuma and Lanier 1995; Harding and Allison 1993). In cooperation with 
CD28, the induction of 4-1BB after activation also contributes to the expansion 
phase of CD8+ T cells (Shuford et al. 1997; Tan et al. 1999). IL-2 secreted from 
CD4+ T cells and CD4+ T-cell-mediated DC activation through CD40 signals enables 
Ag-primed CD8+ T cells to achieve full clonal expansion and effector function 
(Bedoui et al. 2016). Clonally expanded CD8+ T cells with full effector function 
subsequently migrate to peripheral organs and then exert effector function.

Fig. 1.3 Modified two-signal models of T-cell activation. Signal 1 is delivered from the binding of 
MHC/antigen on antigen-presenting cells (APCs) to the TCR.  Multiple second signals (signal 
2 + 2′) are delivered after the cell–cell interaction between a T cell and an APC. When co- inhibitory 
signals (signal 2′) outweigh the co-stimulatory signals (signal 2), a T cell does not induce a 
response and instead enters an antigen-specific unresponsive state. When the co-stimulatory sig-
nals (signal 2) outweigh the co-inhibitory signals (signal 2′), a T cell proliferates and differentiates 
into an effector cell. Although signal 1 is essential for a T-cell response, the co-stimulatory and 
co-inhibitory signals (signal 2 + 2′) determine the fate of the T-cell response
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Fully differentiated CD8+ T cells are able to directly interact with infected or 
noninfected inflammatory tissues cells, as well as tumor cells that express co-signal 
ligands and peptide-presenting class I MHC. It appears that the requirements for 
co-stimulation during the effector phase of cytolysis are much lower than during the 
expansion phase of CD8+ T-cell activation. Rather, recent reports indicate greater 
contributions of co-inhibitory signals, such as PD-1, which convert functional effec-
tor CD8+ T cells into exhausted CD8+ T cells (Okoye et  al. 2017) and of co- 
stimulatory signals, such as CD28, 4-1BB, CD27, and OX40, to the survival and 
maintenance of memory CD8+ T cells (Duttagupta et al. 2009) (Fig. 1.4).

1.2.2  Co-inhibitory Receptors and CD8+ T-Cell Exhaustion

Exhausted CD8+ T cells arise at peripheral tissue sites during chronic infection and 
cancers. Exhausted T cells are a distinct cell lineage and are characterized by pro-
gressive loss of effector functions (e.g., production of cytokines, such as TNF-α 
and IFN-γ, and cytolytic function) and by sustained expression of multiple co-
inhibitory receptors, such as PD-1(Okoye et al. 2017). These, co-inhibitory mole-
cules were dubbed “immune checkpoints” by Allison, in reference to anti-CTLA-4 
blockade in cancer immunotherapy (Korman et al. 2006). Ligands of co-inhibitory 
receptors, such as PD-L1, are abundantly induced on non-hematopoietic tissue 

Fig. 1.4 Requirements of co-signals in CD8+ T cells at different phases. In addition to signals 1 
and 2, full activation of naïve CD8+ T cells requires signal 3 during the priming and expansion 
phases. Signal 3 is provided by cytokines, such as IL-12 and type I IFNs. Lack of signal 3 induces 
limited clonal expansion without effector function. Fully differentiated CD8+ T cells recruit to the 
peripheral tissue sites to elicit effector function against infected tissue cells and tumor cells. 
Differential sets of co-stimulatory and co-inhibitory receptor–ligand interactions control the con-
version of effector cytotoxic T lymphocytes (CTLs) into the exhausted or memory CD8+ T cells at 
peripheral tissue sites
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cells, as well as on immune cells under chronic inflammatory conditions, where 
they bind to co- inhibitory receptors on tissue-infiltrating CD8+ T cells (Ritprajak 
and Azuma 2015). Blockade of these pathways (immune checkpoint blockade) 
enables the conversion of exhausted CD8+ T cells back into functional effector 
cells, to eliminate viral infected cells and tumor cells. CTLA-4 and/or PD-1 block-
ade in cancer immunotherapy demonstrates promise for tumor regression and 
improved patient survival (Pardoll 2012; Topalian et al. 2015). During chronic viral 
infections, such as human immunodeficiency virus (HIV), hepatitis C virus (HCV), 
cytomegalovirus (CMV), lymphocytic choriomeningitis virus (LCMV), and 
Epstein–Barr virus (EBV), PD-1 is also upregulated and contributes to T-cell 
exhaustion (Okoye et al. 2017; Rao et al. 2017).

Following CTLA-4 and PD-1, T-cell Ig and mucin-domain 3 (TIM 3) (Jones 
et al. 2008; Oikawa et al. 2006), lymphocyte activation gene-3 (LAG-3, CD223) 
(Nguyen and Ohashi 2015; Okazaki et al. 2011), V-domain Ig-containing suppres-
sor of T-cell activation (VISTA) (Kondo et al. 2016; Wang et al. 2011), and T-cell 
immunoreceptor with Ig and ITIM domains (TIGIT) (Johnston et al. 2014; Yu et al. 
2009) constitute the third generation of co-inhibitory receptors on exhausted CD8+ 
T cells (Morris et al. 2018). These co-inhibitory pathways have also been targeted 
to restore the function of CD8+ T cells in combination with PD-1 or CTLA-4 check-
point blockade in cancer and viral infections. The mechanisms underlying sustained 
induction of these inhibitory receptors and how to control their expression and func-
tion will be discussed later.

1.2.3  Co-signals Required for Distinct Subsets of Helper 
and Regulatory T Cells

Distinct subsets of CD4+ Th cells (Th1, Th2, Th17, and follicular helper T (TFH)) 
and regulatory T cells (Tregs) require both co-stimulatory and co-inhibitory signals 
for their differentiation, activation, and functional control (Gratz et al. 2013; Sun 
and Zhang 2014). Differential expression patterns of co-stimulatory ligands on 
antigen- presenting DCs, in cooperation with cytokines, polarizes Th subsets by 
affecting their differentiation and function. T-cell activation status via co- stimulatory 
signals, such as CD28, further induces additional co-signal receptors on T cells; 
furthermore, their activation status is fine-tuned during the differentiation process. 
Cytokines secreted by the polarized Th cell subsets induce various types of immune 
responses. Details of Th cells and their co-signal molecules are provided in Chap. 6.

Foxp3+ Tregs are essential for maintaining self-tolerance and preventing autoim-
munity. The two major types of Tregs are thymically derived Tregs and peripherally 
derived Tregs (Gratz et al. 2013). IL-2 is essential for their survival and function. 
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Despite the higher requirement for IL-2, Tregs themselves cannot produce IL-2 and 
instead deprive it from bystander conventional effector T cells. Otherwise, they 
need to receive activation signals via co-signal molecules (Zhang et  al. 2015). 
Similar to conventional T cells, Tregs also differentiate from the resting stage to the 
activated functional and memory stages. Activated functional Tregs express high 
levels of Foxp3 and CTLA-4, which supports their suppressive function. Each stage 
of Tregs requires positive or negative co-signals for proliferation and functionality. 
The final outcomes in Tregs after receiving co-signals are very complicated and 
diverse (Bour-Jordan et al. 2011). For example, both GITR and OX40 are highly 
expressed on Tregs. GITR-mediated co-stimulation augments the suppressive activ-
ity of Tregs, whereas OX40-mediated co-stimulation inhibits the suppressive func-
tion of Tregs by downregulating Foxp3 expression (Igarashi et al. 2008; Kinnear 
et al. 2013; Valzasina et al. 2005; Vu et al. 2007). Details of Tregs and co-signal 
molecules are provided in Chap. 7.

1.2.4  Co-signals Beyond T Cells

T and B cells are not the only immune cells that require co-signals. Immune cells 
including NK, NKT cells, γδ T cells, monocytes, macrophages, DCs, and mast cells 
also require additional modification signals beyond primary triggering. For exam-
ple, pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), trig-
ger primary signals in macrophages and DCs, while activating NK receptors, such 
as NKG2D and NKp30/NKp44/NKp46, trigger primary signals in NK cells. Chen 
proposed the tide model of the control of immune responses (Zhu et al. 2011), in 
which co-signals, either co-stimulatory and co-inhibitory, are modulators that 
decide the direction and magnitude of the immune response. The primary signal is 
the initiator, but it is not sufficient to induce a biologically significant response. The 
balance between co-stimulatory and co-inhibitory molecules at each stage decides 
the cell’s response. The ratio of primary triggering signals to co-signals for a given 
response is dependent on the state of the immune cell, which is tightly controlled by 
the different set of co-stimulatory and co-inhibitory molecules on the cell surface. 
Reverse or bidirectional signals have been demonstrated in many co-signal path-
ways. In addition to trans cell-cell interactions between a T cell and an APC, cis- 
interactions on a T cell or an APC further fine-tune the immune response. The 
interactions of co-signal molecules in immune responses are considerably more 
complicated than initially thought and help finely control immune responses across 
time and place.
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Chapter 2
The CD28–B7 Family of Co-signaling 
Molecules

Shigenori Nagai and Miyuki Azuma

Abstract Immune responses are controlled by the optimal balance between protec-
tive immunity and immune tolerance. T-cell receptor (TCR) signals are modulated 
by co-signaling molecules, which are divided into co-stimulatory and co-inhibitory 
molecules. By expression at the appropriate time and location, co-signaling mole-
cules positively and negatively control T-cell differentiation and function. For 
example, ligation of the CD28 on T cells provides a critical secondary signal along 
with TCR ligation for naive T-cell activation. In contrast, co-inhibitory signaling by 
the CD28–B7 family is important to regulate immune homeostasis and host defense, 
as these signals limit the strength and duration of immune responses to prevent 
autoimmunity. At the same time, microorganisms or tumor cells can use these path-
ways to establish an immunosuppressive environment to inhibit the immune 
responses against themselves. Understanding these co-inhibitory pathways will 
support the development of new immunotherapy for the treatment of tumors and 
autoimmune and infectious diseases. Here, we introduce diverse molecules belong-
ing to the members of the CD28–B7 family.

Keywords Co-stimulation · Co-inhibition · TCR signaling · Immunoglobulin 
superfamily · IgV · IgC

2.1  Introduction of B7/CD28 Members

Although T-cell receptors (TCRs) were initially discovered through their role in T 
cells’ recognition of antigens, it soon became clear that TCRs alone do not com-
pletely control the activation of T cells because ligation of TCRs results in T-cell 
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unresponsiveness (anergy). This finding drove researchers to discover the secondary 
signals called “co-stimulatory signals” in the 1980s. It was revealed that a monoclo-
nal antibody against CD28 could provide a secondary signal which, in combination 
with the immobilization of TCR, induced T-cell activation (Weiss et al. 1986). CD28 
itself induces several intracellular events, such as the production of cytokines and the 
transduction of signals triggering T cells to survive or to differentiate. Of note, treat-
ment with a soluble antagonist of CD28 affected immune tolerance by preventing the 
development of autoimmune diseases as well as graft-versus-host reaction. In con-
trast, CD28 agonists have emerged as a new type of immunostimulator, especially in 
antitumor treatments. It has become clear that the CD28 molecule not only supports 
TCR signaling but engages in its own signaling to regulate intracellular events, such 
as phosphorylation or epigenetic changes in T cells. Furthermore, several surface 
molecules sharing homology with CD28 and its ligands have been identified, which 
makes the complete picture of the roles of receptor–ligand interaction much more 
complicated. For example, although CD80 (B7-1) and CD86 (B7-2) were initially 
identified as ligands by which CD28 could induce positive, that is, T-cell prolifera-
tive signals, they can also bind with CTLA-4 to suppress excessive T-cell prolifera-
tion. We introduce the function of CD28–B7-related co-signaling in this chapter.

CD28 is an originator of co-stimulatory molecules, each of which has an 
immunoglobulin- like domain in its extracellular region. Other members of this fam-
ily include CTLA-4, ICOS, PD-1, TMIGD2, and VISTA. Although CD28 is consti-
tutively expressed on T cells, ICOS and CTLA-4 are induced after stimulation of T 
cells. The ligands of CD28, CD80 and CD86 give diverse expression patterns, 
which have led to some confusion about the function of CD28 signaling. CD80 
exists as a dimer on the cell surface, whereas CD86 exists as a monomer (Bhatia 
et al. 2005). Compared to CD80, CD86 expression is more rapidly upregulated on 
the surface of antigen-presenting cells (APCs) after stimulation, indicating that 
CD86 plays more important roles in the initial immune responses (Hathcock et al. 
1994). For example, CD86-deficient mice immunized using antigens without adju-
vant could not switch antibody isotypes or form germinal centers, though there were 
no such defects in CD80-deficient mice (Borriello et al. 1997).

CTLA-4 shares homology with CD28, and the two molecules compete with one 
another to bind their ligands, which are CD80 and CD86 (Linsley et al. 1991). The 
binding affinity of CTLA-4 for these ligands is stronger than its affinity for CD28, 
leading to the suppression of effector T-cell responses (Engelhardt et al. 2006). Yet 
although the binding affinity of CTLA-4 to CD80 and CD86 is stronger than that of 
CD28, when CTLA-4 and CD28 are in competition, CD86 prefers to CD28, which 
binds strongly to CTLA-4. In the context, the expression of CD86 followed by that 
of CD80 may act to increase the suppression by CTLA-4 when an immune response 
has initiated, given that the interaction between CTLA-4 and CD80  in the later 
phase is so strong (van der Merwe and Davis 2003).

In T-cell response, CD28 and CTLA-4 serve as activating or an inhibitory sig-
nals, respectively, and are regarded as prototypes for immune checkpoint molecules 
(Krummel and Allison 1995). In addition, ICOS, which is involved in T-cell activa-
tion, binds to ICOSL (B7-H2), which can also bind to human CD28 and CTLA-4 as 
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a ligand (Chen et al. 2013). The existence of many possible combinations of these 
receptors and ligands increases the complexity of the immunological phenotype. 
Altogether, the opposing effects of these molecules regulate the immune responses 
via competition between activating and inhibitory signals. These complexities of 
these binding characteristics yield complex biological effects. However, these 
receptors are not able to substitute for each other in terms of their biological func-
tion. For example, although the ICOS gene emerged through the duplication of 
CD28, which is the adjacent and evolutionarily more ancient gene, the differences 
between these molecules is critical because, whereas ICOSL is ubiquitously and 
constitutively expressed, ligands for CD28 are inducible (Linterman et al. 2009). 
CD80 and CD86 may act as receptors for signal transduction because these mole-
cules regulate tryptophan metabolism in APCs when these molecules are ligated 
with CTLA-4 Ig (Grohmann et al. 2002).

2.2  CD28

2.2.1  Structure and Ligand Binding of CD28

Human CD28 is composed of four exons encoding 220 amino acids. It is expressed on 
the cell surface, glycosylated, and homodimerized by disulfide bonds. Members of the 
CD28 family share a number of common features (Fig. 2.1). This molecule consists of 

Fig. 2.1 Co-inhibitory pathways in the CD28-B7 family. T cells are activated by the recognition 
of antigen peptides presented by APCs. T-cell co-stimulatory signals are provided by CD28 inter-
actions with CD80 and CD86. Upon T-cell activation, the expression levels of many co-inhibitory 
molecules are upregulated; these molecules attenuate TCR and its co-stimulatory signals to control 
T-cell responses in naive, effector, regulatory, memory, and exhausted T cells. These receptors are 
expressed on T cells and some are also expressed on other leukocytes. The ligands can be expressed 
on APCs, nonhematopoietic tissue cells, and tumor cells. In addition, some molecules are expressed 
on both APCs and T cells. The binding partners for some molecules have not yet been identified
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a paired V-set of immunoglobulin (Ig) superfamily domains attached to single-trans-
membrane domains and cytoplasmic domains that contain signaling motifs (Carreno 
and Collins 2002). The ligands of CD28 are CD80 and CD86, each of which consists 
of a single V-set and C1-set Ig superfamily domains. The interaction is mediated 
through the MYPPPY motif of the V-set domains in the receptor (Metzler et al. 1997).

Analyses of the crystal structure have revealed that both CTLA-4 and CD28 
share highly similar CDR3 analogous loops (Schwartz et al. 2002) (Zhang et al. 
2003). Important insights into the different binding specificities and stoichiometric 
properties of CD28 have been gained through analyses of the crystal structure of the 
monomeric form of the ectodomain of CD28 complexed with the Fab of anti-CD28 
antibody (Evans et al. 2005). Binding of CD80 onto the CD28 homodimer showed 
important differences in the orientations of CD28–CD80 versus CTLA-4 com-
plexes. Since the two CD80 molecules come together in the CD28-CD80 complex, 
their membrane proximal domains clash three-dimensionally in spite of the acces-
sibility of ligand-binding sites on CD28. In contrast, in the interface of the CTLA- 
dimer, a greater angle between the ligand-binding sites removes steric interference 
and allows for bivalent binding (Evans et  al. 2005; Stamper et  al. 2001). These 
results indicate that oligomeric interaction is more feasible between CTLA-4 and 
CD80 than between CD28 and CD80.

Oligomerization of protein is involved in a critical regulatory feature in the inter-
action of counter-receptor on T cells (Bhatia et al. 2005). CD86 exists as a monomer 
on the cell surface whereas CD80 predominantly exists as a dimer on the cell sur-
face (Girard et al. 2014). IgC domains of these molecules prevent higher oligomer 
formation to maintain optimal binding to CD28 in T cells. Because CD28 prefers to 
bind with monomeric ligands whereas CTLA-4 prefers to bind with dimeric ligands, 
the ratio of CD80/CD86 in monomeric or oligomeric forms may play an important 
role regulating T-cell signaling by affecting the avidity of these interactions.

2.2.2  Regulation of T-Cell Activation by CD28 Pathway

It has been reported that CD28 augments the TCR signaling pathway as well as 
mediating unique signaling events (Boomer and Green 2010). However, it is diffi-
cult to clarify the mechanisms by which CD28 is involved in optimizing T-cell 
responses unless we study CD28-interacting proteins or mutate its cytoplasmic 
domain. CD28 co-stimulation has several effects on T cells, including biological 
events at the immunological synapse, downstream phosphorylation and post- 
translational modifications, transcriptional changes, and cytoskeletal remodeling. 
Basically, CD28 signals increase the glycolytic rate and thereby generate the energy 
for proliferation (Frauwirth et al. 2002).
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2.2.2.1  CD28 and the Immunological Synapse

At the contact site between the APC and T cell, specific molecules must be orga-
nized and coordinated in a particular way for TCR signaling and co-signaling to 
occur. The immunological synapse (IS), a highly organized and spatially distinct 
structure, is composed of central, peripheral, and distal supramolecular activation 
complexes (SMACs). The CD28 molecule associates with these interactions and is 
enriched adjacent to the central supramolecular activation cluster (cSMAC) with 
TCR, CD4, Lck, and so on (Saito et al. 2010; Sanchez-Lockhart et al. 2008). Many 
molecules are known to localize onto and below the T-cell membrane for IS forma-
tion, including CD28, which regulates the spatial localization of PKCθ (Yokosuka 
et al. 2008).

2.2.2.2  CD28 and Actin Remodeling

The function of CD28 is highlighted in thymocytes, in which CD28-mediated actin 
cytoskeletal changes are required to fully activate TCR signaling (Tan et al. 2014). 
This remodeling of the actin cytoskeleton by CD28 is necessary for phosphorylated 
phospholipase Cγ1 (PLCγ1) to hydrolyze its substrate PIP2. Vav1, which can poten-
tially link with CD28, can be recruited for the stimulation of CD28 via Grb2 binding 
(Ramos-Morales et al. 1995). The Vav1 GEF activates Rho GTPases, which are the 
regulators of the actin cytoskeleton in T cells (Fischer et al. 1998a). Additionally, 
the constitutive binding of Vav1 to talin and vinculin, anchoring the actin cytoskel-
eton to the cell membrane, is regulated in a GEF-independent manner (Fischer et al. 
1998b). PIP5Kα is known to be essential for CD28-mediated actin polymerization 
because Vav1 associated with PIP5 kinase α (PIP5Kα) is recruited to the proline- 
rich motif of CD28, which promotes actin polymerization (Muscolini et al. 2015). 
Filamin-A, which binds to the PYAP motif of CD28, tethers CD28 to lipid rafts and 
recruits Rac and Rho GTPases to the vicinity of Vav1 in T cells (Tavano et al. 2006).

2.2.2.3  Transcriptional and Posttranscriptional Program

CD28 signals are important for IL-2 production and Bcl-xL upregulation, both of 
which serve as survival factors for T cells (Boise et al. 1995; Watts 2010). CD28 
ligation stabilizes the mRNA of several cytokines (Lindstein et al. 1989) and gener-
ally amplifies the gene expression patterns initiated by T-cell receptor ligation 
(Diehn et  al. 2002). CD28 ligation alone has little effect on transcription in the 
absence of TCR signals, but research with CD28-dependent naïve CD4+ T-cell sub-
sets has shown that CD28 co-stimulation has a qualitative effect on a large number 
of genes after TCR stimulation (Butte et al. 2012) and that this effect is amplified 
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over the first 24 hours after stimulation (Martinez-Llordella et al. 2013). T cells that 
receive TCR signaling alone in the absence of CD28 signaling are more similar to 
cells that have never been activated by 24 hours than they are to cells that have 
received both first (TCR) signaling and second (CD28) signaling. IL-2 signals are 
not able to rescue the transcriptional phenotype of cells stimulated with TCR alone. 
CD28 signals affect alternative splicing in T cells dependent on the function of 
hnRNPLL because the hnRNPLL transcript itself is upregulated by CD28 ligation 
rather than by TCR stimulation alone (Butte et al. 2012). CD28 also regulates gene 
expression by epigenetic changes, for example, Ezh2 induced by CD28 signals is 
essential to maintain Treg fate after activation because Ezh2 contributes to Foxp3- 
induced transcriptional repression (DuPage et al. 2015). In addition, CD28 signals 
induce histone acetylation and loss of cytosine methylation at the IL-2 promoter, 
which leads to nucleosome repositioning and binding of transcription factors to the 
Il2 locus (Attema et al. 2002; Thomas et al. 2005). c-Rel is known to be required for 
maximal expression of IL-2, one of the CD28-dependent genes. The mechanism of 
c-Rel activation is due to RE/AP, a c-Rel/AP-1 composite-binding site in the pro-
moter region of Il2 (Kontgen et al. 1995; Shapiro et al. 1997). The role of c-Rel is 
involved in chromatin remodeling of the Il2 promoter (Rao et al. 2003). Furthermore, 
c-Rel appears to induce Foxp3 expression which contributes to the development of 
Tregs in the thymus (Isomura et al. 2009; Long et al. 2009). Interestingly, c-Rel is 
activated by O-glycosylation on Ser350, as evidenced by the finding that mutation 
of this amino acid residue results in loss of binding activity to a CD28 response ele-
ment (Ramakrishnan et al. 2013).

In summary, the CD28 pathway has both quantitative effects, amplifying signals 
initiated by TCR signaling, and qualitative effects on a variety of processes.

2.3  CTLA-4 (Cytotoxic T Lymphocyte-Associated-4)

2.3.1  Structure of CTLA-4

The Ctla4 gene consists of four exons: the signal peptide in exon 1, the IgV-like 
domain composing B7 binding domain in exon 2, the transmembrane domain in 
exon 3, and the cytoplasmic tail in exon 4 (Brunet et al. 1987). The overall homol-
ogy between the human and mouse CTLA-4 homology is 76% (Dariavach et al. 
1988). The CTLA-4 has four splicing variants. Full length of CTLA-4 has four 
exons and possesses an IgV-like domain containing the MYPPPY motif, which is 
involved in binding B7-1 or B7-2 molecules (Vijayakrishnan et al. 2004). Soluble 
CTLA-4 lacks the TM domain which is spliced out of exon 3 (Magistrelli et  al. 
1999) (Oaks et al. 2000) and has a transcript encoding only exons 1 and 4, which 
lacks both ligand binding and TM domains (Ueda et al. 2003). Although full-length 
CTLA-4 is induced immediately after activation of T cells (Perkins et al. 1996), 
soluble CTLA-4 is detected in resting T cells (Magistrelli et al. 1999).
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2.3.2  Expression of CTLA-4

CTLA-4 is induced on Foxp3 conventional T cells after activation (Freeman et al. 
1992; Linsley et al. 1992), but is constitutively expressed on Foxp3+CD4+ Treg cell 
(Takahashi et  al. 2000). Furthermore, CTLA-4 is also expressed on other leuko-
cytes, such as DCs, monocytes, B cells, granulocytes, and CD34+ stem cells (Pistillo 
et al. 2003). CTLA-4 expression is controlled by transcriptional and posttranscrip-
tional regulation in T cells. Two transcription factors Foxp3 and NFAT are able to 
regulate Ctla4 (Gibson et al. 2007; Miller et al. 2002; Wu et al. 2006; Zheng et al. 
2007). The stability of mRNA is regulated by the 3’ UTR, and this affects the trans-
lation efficiency of CTLA-4 (Malquori et al. 2008). In addition, miR145 and miR- 
155 regulates CTLA-4 expression (de Jong et al. 2013; Sonkoly et al. 2010).

A small proportion of CTLA-4 is detected on the cell surface of resting T cells, and 
most of CTLA-4 molecules are localized in Golgi apparatus, endosomes, and lysosomes. 
CTLA-4 circulates to the cell surface, but is then internalized by unphosphorylated cyto-
plasmic domains and either recycled to the plasma membrane or subjected to lysosomal 
degradation (Qureshi et al. 2012). Intracellular trafficking of CTLA-4 is mediated by the 
association of the cytoplasmic domain of CTLA-4 with AP-1 and AP-2, clathrin-associ-
ated adaptor proteins involved in the recognition, and recruitment of proteins into coated 
pits (Schneider et al. 1999). The cytoplasmic region of unphosphorylated CTLA-4 binds 
to AP-2, thereby promoting rapid internalization, while at the same time the phosphory-
lation of the cytoplasmic domain retards internalization of CTLA-4. Association with 
AP-1 blocks access from the trans-Golgi network to lysosomal compartments for degra-
dation of CTLA-4, regulating the amount of CTLA-4  in the trans-Golgi network. 
Endosomes containing CTLA-4 are recruited to the cell surface upon T-cell activation by 
the regulation of lipopolysaccharide-responsive and beige-like anchor protein (LRBA), 
which rescues CTLA-4 from entering the lysosomal pathway (Lo et al. 2015).

Upon TCR stimulation, CTLA-4 is released to the cell surface and localizes to the 
immune synapses in quantities relative to the strength of TCR stimulation (Linsley 
et al. 1996). These mechanisms might give feedback that inhibits T-cell activation. 
T-cell receptor-interacting molecule (TRIM) transports CTLA-4 to the cell surface in 
cooperation with phospholipase D (PLD) and ADP ribosylation factor- 1 (ARF-1) 
(Mead et al. 2005; Valk et al. 2006). These findings demonstrate that CTLA-4 expres-
sion is regulated by both transcriptional and posttranscriptional machinery, such as 
vesicle transport, endocytosis, and recycling, which allow spatiotemporal inhibition 
of T-cell activation by the CTLA-4-mediated signaling pathway.

2.3.3  CTLA-4 Functions

The main function of CTLA-4 is to regulate T-cell activation and T-cell tolerance. 
CTLA-4 negatively regulates IL-2 production, IL-2R expression, and cell cycle pro-
gression of activated T cells (Walunas et  al. 1996). CTLA-4 also affects helper T 
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(Th)-cell differentiation. CTLA-4 deficiency increases Th2 differentiation (Bour- 
Jordan et  al. 2003), while CTLA-4 blockade enhances Th17 differentiation (Ying 
et al. 2010). It is particularly worth noting that Foxp3+ Treg cells constitutively express 
CTLA-4, which is a target of Foxp3 (Wu et  al. 2006; Zheng et  al. 2007). Foxp3-
specific CTLA-4 deletion results in autoimmune diseases due to the lymphoprolifera-
tive effect, since these Tregs in this situation lose their suppressive activity and also 
increase in number (Wing et al. 2008). However, Tregs retain their suppressive activ-
ity when CTLA-4 is deleted by tamoxifen treatment in adult mice (Paterson et al. 
2015), suggesting that CTLA-4 has different roles in neonatal period and adulthood.

CTLA-4 can inhibit T-cell responses by several mechanisms. Intrinsically, CTLA-4 
competes with CD28 for their shared ligands, B7-1 and B7-2 (van der Merwe et al. 
1997); CTLA-4 also delivers inhibitory signals that induce cell cycle arrest and inhibit 
IL-2 production (Krummel and Allison 1996; Walunas et al. 1996) and limits T-cell 
staying time with APCs (Schneider et al. 2006). Within T cells, the phosphorylated 
cytoplasmic domain of CTLA-4 interacts with phosphatases, such as PP2A, inhibiting 
TCR/CD28 activation (Chuang et al. 2000). Especially in Tregs, interaction between 
CTLA-4 and phosphorylated PKC requires contact-dependent suppression of effector 
T-cell function (Kong et al. 2014). The extrinsic effects of CTLA-4 are thought to down-
modulate B7-1 and B7-2 expression on APCs, reducing the availability of B7-CD28 
co-stimulatory signals (Qureshi et al. 2012; Wing et al. 2008). Alternatively, CTLA-4 on 
T cells could occupy B7 molecules on APCs (Linsley et al. 1992). In addition, by the 
binding of CTLA-4 and B7s, DCs produce indoleamine 2,3-dioxygenase (IDO), which 
catalyzes oxidative catabolism of tryptophan, an important amino acid for regulating 
T-cell-mediated immune responses (Fallarino et al. 2003; Grohmann et al. 2002).

CTLA-4 is also expressed on DCs, B cells, and NK cells, but the roles of 
CTLA-4 in these cells are still not clear. CTLA-4+ DCs have suppressive activity 
against T-cell responses through their expression of IL-10 and/or IDO, which define 
a regulatory DC subset (Han et al. 2014; Laurent et al. 2010). Heterozygous muta-
tions of CTLA-4 lead to increased frequencies of autoreactive CD21 (lo) B cells 
(Kuehn et al. 2014). IL-2-activated NK cells express CTLA-4, which inhibits IFNγ 
production in response to B7-1 (Stojanovic et al. 2014).

2.4  PD-1

2.4.1  The Expression of PD-1

In T cells, PD-1 (programed cell death-1) is a 288-amino acid protein type I trans-
membrane protein that consists of an immunoglobulin (Ig) domain, a short amino 
acid stalk, a transmembrane domain, and an intracellular domain including an 
immunoreceptor tyrosine-based inhibitory motif (ITIM) (Keir et al. 2008). PD-1 is 
induced by T-cell receptor (TCR) activation and cytokine signaling via interleukin 
receptors sharing the common gamma chain, such as IL-2, IL-7, IL-15, and IL-21 
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(Okazaki et al. 2013) (Kinter et al. 2008). The PD-1 molecule was originally identi-
fied as a preferential protein expressed in apoptotic cells by the subtractive hybrid-
ization technique (Ishida et al. 1992). Subsequently, however, its physiological role 
was discovered to be unrelated to cell death. Furthermore, PD-1 is also expressed on 
a variety of immune cells, such as B cells, monocytes, activated NK T cells, imma-
ture Langerhans cells, and others (Okazaki and Honjo 2007). NFATc is a critical 
factor in the transcription of PDCD1, enabling it to bind to the promoter region 
(Oestreich et al. 2008). IRF9 activated via IFNα (Terawaki et al. 2011), Notch sig-
naling (Mathieu et al. 2013), and FoxO1 downstream of Akt (Staron et al. 2014) 
also enhance PDCD1 transcription in T cells, while T-bet represses its transcription 
(Kao et al. 2011). The kinetics of PD-1 expression indicates that PD-1 expression is 
upregulated as a natural consequence of activation and is required to terminate the 
immune responses. PD-1 expression is detected on the naïve T cells within 24 hours 
after activation, but its expression declines with clearance of the antigen. If T cells 
are constitutively stimulated with antigens, as in cases of chronic infection or tumor, 
PD-1 expression remains high, and T cells fall into dysfunctional “exhaustion” sta-
tus (Barber et  al. 2006). Posttranscriptional regulation changes PD-1 expression; 
metabolic status in T cells, such as aerobic glycolysis, reduces PD-1 expression on 
activated T cell (Chang et al. 2013). In B cells, BCR stimulation upregulates PD-1 
expression, but this upregulation is suppressed by certain TLR ligands or cytokines, 
such as IFNγ and IL-4 (Zhong et al. 2004). In contrast, TLR ligands or inflamma-
tory cytokines induce the expression of PD-1on macrophages (Cho et al. 2008).

2.4.2  Ligands of PD-1: PD-L1 and PD-L2

Both PD-L1 (B7-H1) and PD-L2 (B7-DC) are the ligands for PD-1, but they have 
different patterns of expression. PD-L1 is constitutively expressed on immune cells, 
such as T cells, B cells, macrophages, and dendritic cells, and is upregulated by any 
inflammatory stimulation (Yamazaki et  al. 2002). In addition, PD-L1 is also 
expressed on a variety of nonhematopoietic cells including vascular endothelium, 
pancreatic islets, and placental syncytiotrophoblasts (Keir et al. 2008). Particularly, 
PD-L1 is physiologically expressed on the dorsal surface of the tongue, gingiva, and 
hard palate but not on other squamous epithelia in the masticatory mucosa in the 
oral cavity (Kang et al. 2017). PD-L1 expression is induced by proinflammatory 
cytokines including interferons (IFNs), tumor necrosis factor alpha (TNFα), and 
vascular endothelial growth factor (VEGF). In contrast, PD-L2 expression is limited 
to dendritic cells, macrophages (MΦs), and 50–70% of resting B1 B cells and is not 
seen on conventional B2 B cells (Zhong et al. 2007). PD-L2 expression on DCs and 
MΦs is also upregulated after activation. The kinetics of PD-1 expression, the 
induction of PD-L1 or PD-L2 by proinflammatory stimuli, and the constitutive 
expression of PD-L1 on nonlymphoid tissues underscore the role of the PD-1 path-
way in the suppression of effector T-cell activity, which preserves self-tolerance and 
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accelerates the resolution of inflammation during immune responses. In addition to 
PD-1, PD-L1 also binds to B7-1 expressed on T cells and transduces inhibitory 
signals (Butte et al. 2007). In contrast, PD-L2 on lung DCs interacts with repulsive 
guidance molecule b (RGMb), a co-receptor for bone morphogenetic proteins 
expressed on resting lung interstitial MΦs and alveolar epithelial cells (Xiao et al. 
2014). This interaction is thought to regulate respiratory tolerance.

2.4.3  Function of PD-1

Although “programed cell death-1” was cloned from T-cell hybridoma undergoing 
cell death, PD-1 is not able to activate caspases or other cell death pathways directly. 
Rather, PD-1 signals regulate the TCR signaling pathway in several ways. Ligation 
of PD-1 suppresses T-cell activation and cytokine production. By binding PD-1 to 
its ligands, tyrosines in the ITIM and ITSM motifs are phosphorylated, and phos-
phatases, such as SHP-1 or SHP-2, are recruited, resulting in the downregulation of 
TCR signaling by the dephosphorylation of CD3ζ, ZAP70, and PKCθ in T cells 
(Chemnitz et al. 2004) (Sheppard et al. 2004). The binding of tyrosine- phosphorylated 
ITSM to SHP-2 is required for the inhibitory effect of PD-1, as evidenced by the 
finding that this effect is lost due to the mutation of ITSM. Furthermore, research 
using live-cell imaging systems has revealed that SHP-2 forms central supramo-
lecular activation clusters (c-SMACs) with ITSM of PD-1 (Yokosuka et al. 2012). 
The recruitment of PD-1 to c-SMACs is correlated with dephosphorylation of com-
ponents of TCR microclusters, resulting in inhibition of T-cell activation.

PD-1 ligation inhibits the PI3K–Akt and MEK–ERK pathways. Although the activ-
ity of PTEN, a counter enzyme of PI3K, is suppressed during TCR/CD28 activation, 
PD-1 increases the phosphatase activity of PTEN, thereby inhibiting the PI3K–Akt 
signaling pathways (Patsoukis et al. 2013). PD-1 ligation also inhibits the MEK–ERK 
pathway via dephosphorylation of PLCγ1 by SHP-2 (Patsoukis et al. 2012). And even-
tually, PD-1 inhibits cell cycle by inhibiting cyclin-dependent kinase 2 (Cdk2). 
Furthermore, PD-1 reduces the cytokine expression and transcription factors in T cells 
in relation to effector function (Nurieva et al. 2006). PD-1 signaling also reduces the 
cytotoxic activity of T cells by inhibiting the production of cytotoxic effector mole-
cules. PD-1 modulates T-cell motility and the length of interaction with DCs and target 
cells (Fife et al. 2009). PD-1/PD-L1 signaling also develops induced Tregs (iTregs) 
and sustains their function through antagonizing the Akt–mTOR pathway (Francisco 
et  al. 2009), which negatively regulates iTreg differentiation (Sauer et  al. 2008). 
Therefore, PD-1 signaling modifies T cells in several ways to inhibit immune responses.

PD-1 signaling is a key pathway involved in determining the threshold for the 
activation of T cells and suppressing T-cell responses. Expression of ligands of 
PD-1 in tissues weakens the local immune responses and maintains immune toler-
ance. PD-1 can bind to CD80, which inhibits T cells (Butte et al. 2007). Since tumors 
exploit the PD-1 pathway to inhibit their exclusion by T cells, antagonists against the 
PD-1 pathway are utilized in clinical therapy to restore effector T-cell function.
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2.5  ICOS

ICOS (inducible co-stimulator) was firstly identified from activated T cells in 
humans (Hutloff et  al. 1999); the mouse homolog was cloned thereafter (Mages 
et al. 2000). ICOS has significant homology with both CD28 and CTLA-4 and is 
composed of a single IgV in the extracellular domain and a YMFM motif for bind-
ing to PI3K in the cytoplasmic tail. The engagement of ICOS has been shown to 
induce PI3K signaling more stronger than CD28 co-stimulation does (Parry et al. 
2003). ICOS expression has been detected in secondary lymphoid organs, such as 
the spleen, lymph nodes, and Peyer’s patches (Mages et al. 2000). In contrast, the 
ligand of ICOS is ICOSL, another member of the B7 family that is expressed in 
APCs, such as B cells (Hu et al. 2011), MΦs, and DCs (Aicher et al. 2000; Yoshinaga 
et al. 2000). ICOSL can be induced by proinflammatory cytokines in nonlymphoid 
cells including endothelial cells (Khayyamian et al. 2002) and lung epithelial cells 
(Qian et  al. 2006). Appropriately termed “inducible,” ICOS is not constitutively 
expressed on resting T cells, but instead rapidly induced after TCR stimulation and/
or CD28 stimulation (Yoshinaga et  al. 1999) (McAdam et  al. 2000). During the 
initial priming of T cells, the contribution of ICOS seems minimum compared to 
that of CD28 because ICOS-deficient T cells proliferate comparably to control T 
cells (Dong et al. 2001a; Tafuri et al. 2001). Furthermore, the lymph nodes of ICOS- 
deficient mice were smaller than those from WT mice, indicating the defect of pro-
liferation in  vivo. Similarly, during parasite infections, CD4+ T cells from 
ICOS-deficient mice exhibited some defects in proliferation and activation but not 
in differentiation (Wilson et al. 2006). In addition, when CD4+ T cells from OVA- 
specific TCR transgenic mice, which were differentiated into Th1 or Th2 cells, were 
transferred into naïve mice, ICOS was found to be required for expansion of these 
subsets (Smith et al. 2003). However, when ICOS-deficient mice were immunized 
with KLH conjugated with complete Freund’s adjuvant, there was no defect in T 
cell activation and proliferation (Dong et al. 2001a). These opposing results may be 
attributed to the fact that IL-2 production promotes T-cell clonal expansion, given 
that, in contrast to CD28 ligation, ICOS cross-linking in  vitro induces not IL-2 
(Arimura et  al. 2002; Coyle et  al. 2000; Dong et  al. 2001a) but rather the anti- 
inflammatory cytokine IL-10 (Hutloff et al. 1999; Witsch et al. 2002). Therefore, the 
role of ICOS in T-cell proliferation seems to be independent of IL-2 signaling, and 
the molecular basis for the role of ICOS in T-cell proliferation remains unclear.

While a number of studies have examined the function of ICOS in T cells, the 
predominant phenotype that has emerged from the characterization of ICOS- and 
ICOSL-deficient mice indicates that ICOS is involved with class-switched antibodies 
against thymus-dependent antigens (Wong et al. 2003), a role that has been identified 
as responsible for the observed reduction in the number and size of germinal centers 
(GCs) in the absence of ICOS signaling (Dong et al. 2001b; McAdam et al. 2001). 
Within the GCs, follicular helper T (Tfh) cells play a critical role in promoting the 
selection and survival of B cells expressing high-affinity B-cell receptors (Victora 
and Nussenzweig 2012). A critical function of the Tfh phenotype is the expression of 
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the chemokine receptor CXCR5, which can bind to CXCL13 produced by follicular 
DCs to enhance the migration of Tfh cells to the B-cell follicle. In addition, Tfh cells 
produce IL-21, a key cytokine in promoting the GC reaction, as well as reinforcing 
the Tfh phenotype itself in an autocrine manner (Crotty 2014). Treatment with anti-
ICOS Abs abrogated expression of CXCR5 on CD4+ T cells, suggesting that ICOS 
supports CXCR5 expression on Tfh cells during GC responses (Akiba et al. 2005).

2.6  B7–H3

B7–H3, also known as CD276, was discovered in the EST data base in 2001 and has 
since been identified as involved in both co-stimulatory and co-inhibitory functions 
in T-cell responses (Chapoval et al. 2001). The extracellular domain of B7–H3 is 
composed of a single pair of IgV and IgC domains of B7-family molecules (two 
IgB7–H3) in humans and mice, though human B7–H3 can also contain two pairs of 
IgV and IgC (four IgB7-H3) in the event of alternative splicing into two proteins 
(Ling et al. 2003). There are no signaling motifs in the cytoplasmic tail of B7–H3. 
The receptor of B7–H3 has not yet been identified (Leitner et al. 2009; Vigdorovich 
et al. 2013). The soluble form of B7–H3 (sB7–H3) is produced only from two IgB7–
H3 shed by MMPs (Ling et al. 2003) (Zhang et al. 2008). B7–H3 mRNA is ubiqui-
tously expressed on various tissues, such as the uterus, testis, thymus, lung, heart, 
and brain (Sun et al. 2002), and is evolutionarily conserved across various species 
(Sun et al. 2011). Although its mRNA expression is broad, its protein expression is 
restricted to low level in steady state, suggesting the presence of a posttranscrip-
tional regulatory mechanism. B7–H3 protein is expressed on nonimmune resting 
cells, such as fibroblasts and epithelial cells (Picarda et al. 2016). Furthermore, its 
expression is induced on T cells, NK cells, and APCs, such as DCs and MΦs 
(Chapoval et al. 2001). In vitro, B7–H3 on bone marrow-derived DCs (BMDCs) is 
induced by IFNγ or LPS plus anti-CD40 Ab stimulation, but the addition of IL-4 
abrogates its expression (Suh et al. 2003). Initially, it was reported that B7–H3 sup-
ports the proliferation of CD4+ and CD8+ T cells by TCR stimulation using immobi-
lized Ig-fusion protein (Chapoval et al. 2001). In addition, it has been shown that 
ectopic expression of B7–H3 leads to activation of tumor-specific CTLs in mouse 
cancer models (Luo et al. 2004). These studies demonstrated that mouse B7–H3 acts 
as a co-stimulatory molecule. However, most data published to date have supported 
the notion that B7-H3 inhibits T-cell activation, that is, it causes T-cell co-inhibition. 
Both human and mouse B7–H3 inhibit CD4+ T-cell activation and production of 
effector cytokines (Prasad et al. 2004; Suh et al. 2003). This inhibition may mediate 
transcription factors NF-AT, NF-κB, and AP-1, which regulate gene transcription 
via T-cell receptor (TCR) signaling. These opposing effects of B7–H3 may be due 
to the existence of multiple receptors, or the presence of other co-stimulatory or co-
inhibitory molecules. B7–H3 also inhibits NK cell activity, such as cell lysis of 
neuroblastoma and glioma cell lines (Castriconi et al. 2004) (Lemke et al. 2012).
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2.7  B7–H4

By searching the human EST data base for sequences containing the IgV and IgC 
domains of B7-family molecules, the B7–H4 nucleotide sequence encoding a puta-
tive protein of 282 amino acids was identified (V-set domain containing T-cell acti-
vation inhibitor 1; Vtcn1) (Sica et  al. 2003). These transcripts are ubiquitously 
expressed, but protein expression is restricted, indicating that translation of B7-H4 
is strictly regulated. In immune cells, B7–H4, also known as B7S1 and B7x, is 
expressed on T cells, B cells, monocytes, and DCs after the stimulation. It is known 
that B7–H4 suppresses cell-cycle progression, cell proliferation, and cytokine secre-
tion from T cells (Zang et al. 2003). In B7–H4-deficient mice, although Th1 response 
was mildly upregulated and parasite burdens upon Leishmania major were slightly 
lower than that in WT mice, there was little effect on hypersensitive immune 
responses or the development of CTL reaction (Suh et al. 2006). These results col-
lectively suggest that B7–H4 acts a fine-tuner for T-cell-mediated immunity. In 
addition, B7–H4 suppresses immune responses mediated by neutrophils in response 
to Listeria infection (Zhu et al. 2009). It is worth noting that, in spite of the restricted 
expression of B7–H4 in normal tissues, aberrant expression of B7–H4 was observed 
in human cancer cells (He et  al. 2011). Because B7–H4-positive cancer has bad 
outcomes, B7–H4 can be a biomarker in cancer prognosis (Bignotti et al. 2006). 
These findings serve as a basis for targeting B7–H4 in cancer therapy. Furthermore, 
B7–H4 molecules elicit a cell-intrinsic effect in tumor cells. For example, overex-
pression of B7–H4 in a tumor avoided cell death and enhanced tumor formation in 
immunodeficient mice, while knockdown of B7–H4 markedly induced apoptosis by 
activating caspases (Qian et al. 2013).

2.8  HHLA2

Examination of the EST database led to the discovery of HHLA2 (human endoge-
nous retrovirus (HERV)-H long terminal repeat-associating 2), which is polyadenyl-
ated within a long-term repeat (LTR) of the HERV-H endogenous retrovirus family 
(Mager et al. 1999). HHLA-2 is a type I transmembrane molecule with three extra-
cellular Ig domains. It shares 10–18% amino acid identity and 23–33% similarity to 
other human B7 proteins (Table 2.1) and phylogenetically forms a subfamily with 
B7x and B7–H3 within the family (Zhao et al. 2013). Evolutionarily, the LTR of the 
HHLA2 locus has been integrated into the primate genome because it has been 
detected only in gorillas, chimpanzees, and humans, but not in mice. Protein expres-
sion in normal tissues is limited to epithelial cells in the intestine, kidney, gallblad-
der, and breast (Janakiram et al. 2015). HHLA is constitutively expressed on human 
monocytes and induced on B cells by stimulation with LPS and IFNγ (Zhao et al. 
2013). HHLA2 Ig fusion protein binds to both resting and activated T cells and other 
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cells, suggesting that constitutive (but unknown) receptors are expressed on these 
cell surfaces. HHLA2 acts as a T-cell co-inhibitory molecule as evidenced by the 
finding that HHLA2-Ig can inhibit T-cell proliferation and the production of several 
cytokines including IFNγ, TNFα, IL-5, IL-10, IL-13, IL-17A, and IL-22. However, 
it has been reported that the interaction between HHLA2 and TMIGD2, which is 
expressed on MΦs or DCs, selectively co-stimulates human T-cell growth and cyto-
kine production (Zhu et al. 2013). As well as in normal tissue, HHLA2 is expressed 
in various human tumor specimens, such as the breast, lung, thyroid, ovarian, and 
pancreatic cancer and melanoma (Janakiram et al. 2015). High expression levels in 
human cancers are associated with worse prognosis.

Table 2.1 Amino acid identities (%) of human B7 family receptors (A) and B7 family ligands (B) 
were calculated according to the Needleman–Wunsch algorithm

A
Protein identities (%) among human B7 family receptors

Protein CTLA-4 PD-1 ICOS TMIGD2 VISTA VSIG4

CD28 28 17 24 19 14 14
CTLA- 4 14 18 15 19 12
PD-1 12 15 14 15
ICOS 21 20 14
TMIGD2 18 15
VISTA 17

B
Protein identities (%) among human B7 family ligands

Protein CD86 PD-L1 PD-L2 ICOSL B7-H3 B7-H4 HHLA2 VISTA VSIG4 ILDR2

CD80 21 21 20 21 14 21 17 16 16 11
CD86 19 20 20 15 19 16 16 18 14
PD-L1 36 21 16 21 16 18 16 12
PD-L2 22 16 21 18 18 14 11
ICOSL 18 21 19 18 17 13
B7-H3 16 18 16 17 17
B7-H4 19 17 14 11
HHLA2 18 18 14
VISTA 17 14
VSIG4 16
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2.9  VISTA

V-domain immunoglobulin suppressor or T-cell activation (VISTA), also known as 
PD-1H and DD1 alpha, is a novel co-inhibitory checkpoint molecule that has some 
similarities with the IgV domain of PD-L1 in the extracellular region (Wang et al. 
2011). No obvious signaling motif has been identified, but the existence of two 
potential PKC binding sites in the cytoplasmic region of VISTA (Ohno et al. 2018) 
suggests that VISTA works as a receptor (Flies et al. 2014). Furthermore, several 
experiments have suggested that VISTA also function as a ligand (Lines et al. 2014) 
(Wang et al. 2011). VISTA is involved in homophilic interactions between apoptotic 
cells and MΦs (Yoon et al. 2015), and VSIG-3 has been identified as a binding part-
ner of VISTA (Wang et al. 2019). There are two isoforms of VISTA, one with a 60 
amino acid deletion and the other with an alternative start site. VISTA is cleaved by 
MMP-14 to release a soluble extracellular region (Sakr et al. 2010). VISTA is con-
stitutively expressed on immune cells including T cells, NK cells, DCs, and MΦ, 
but not B cells. VISTA expression in T cells or MΦs is downregulated after stimula-
tion (Flies et al. 2014) (Wang et al. 2011).

VISTA regulates T-cell responses and induces T-cell tolerance. T-cell activation, 
proliferation, and cytokine expression in  vitro are inhibited by VISTA Ig fusion 
protein or VISTA on APCs (Wang et al. 2011). VISTA-deficient mice have increased 
numbers of activated T cells and an age-related multiorgan proinflammatory pheno-
type but no signs of spontaneous autoimmunity (Flies et al. 2014). However, VISTA- 
deficient mice are more likely to develop severe experimental autoimmune 
encephalomyelitis (EAE) compared to WT mice, and VISTA on both APCs and T 
cells contributes to the worsening of EAE (Wang et al. 2011). Furthermore, anti- 
VISTA Ab treatment also exacerbates EAE.

VISTA has inhibitory functions that are non-redundant with the PD-1/PD-L1 
pathway (Liu et al. 2015). PD-1 and VISTA double-deficient mice exhibited accel-
erated severity of EAE compared to mice that are single deficient for either PD-1 or 
VISTA. In addition, anti-PD-L1 and anti-VISTA Abs synergized to enhance antitu-
mor immunity in the CT26 tumor model. In the SCC-VII tumor model, in contrast, 
in which Treg-mediated immune regulation is dominant, the combination of anti- 
CTLA- 4 and anti-VISTA blockade is more efficacious than the combination of anti- 
PD- L1 and anti-VISTA blockade (Kondo et al. 2016).

2.10  VSIG4

V-set and Ig domain-containing 4 (VSIG4) were cloned in silico on a translated EST 
database using a hidden Markov model profile of the ectodomain of known B7 fam-
ily members (Vogt et al. 2006). This molecule is also referred to as complement 
receptor of the immunoglobulin superfamily (CRIg) (Helmy et al. 2006), and the 
human ortholog of VSIG4 is Z39Ig (Langnaese et al. 2000). The protein sequence 
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encoded by the cDNA displays about 15% identity and shared conserved amino 
acids with known B7 family members (Table 2.1). VSIG4 is a type I transmembrane 
Ig superfamily member and exists as two alternatively spliced forms. The longer 
form of human VSIG4 encodes both IgV and IgC domains, while shorter form 
encodes a single IgV domain. In contrast, murine VSIG4 encodes only one form 
with an IgV domain. The highest levels of human transcripts are detected in many 
organs, such as the placenta and lung, while the murine transcript is detected in the 
liver and heart (Helmy et al. 2006). In immune cells, VSIG4 is selectively expressed 
on MΦs and F4/80+ Kupffer cells, but absent in B cells, T cells, NK cells, and 
granulocytes (Helmy et al. 2006). VSIG4 expressed on resting peritoneal MΦs is 
downregulated upon activation with LPS or thioglycolate (Vogt et al. 2006). Since 
VSIG4 can bind to complement component C3b or inactivated C3b (iC3b), this 
molecule mediates clearance of C3b-opsonized pathogens, such as Listeria mono-
cytogenes and Staphylococcus aureus (Helmy et  al. 2006). VSIG4 functionally 
inhibits IL-2 production and T-cell proliferation and promotes Foxp3+ Treg differ-
entiation by binding an unknown ligand or receptor on T cells (Vogt et al. 2006) 
(Yuan et  al. 2017). A VSIG4-Ig can protect against development of arthritis 
(Katschke et al. 2007), autoimmune uveoretinitis (Chen et al. 2010), and immune- 
mediated liver injury (Jung et al. 2012), indicating that VSIG4 can restrain inflam-
matory responses. Studies using VSIG4-deficient mice have demonstrated that 
VSIG4 inhibits activation of M1 MΦ by pyruvate oxidation and reactive oxygen 
species (ROS) generation (Li et al. 2017) and suppresses NLRP3-associated inflam-
masome via A20-mediated NF-κB inactivation (Huang et al. 2019), suggesting that 
VSIG4 acts as a receptor inhibiting proinflammatory MΦ activation.

2.11  ILDR2

Ig-like domain-containing receptor 2 (ILDR2) and its two paralogs, ILDR1 and 
lipolysis-stimulated receptor (LSR, also named ILDR3), are designated as angulin 
family members, following their identification as protein components of tricellular 
tight junctions (tTJs) required for recruitment of tricellulin to tTJs (Higashi et al. 
2013). ILDR2 mRNA encodes a type I membrane protein containing a large IgV 
domain and stalk region in the ectodomain, a transmembrane (TM) domain, a cys-
teine and proline (CCP)-rich domain located at the juxtamembrane, and a long 
intracellular domain. ILDR2 has several splicing variants; its longest transcript, 
comprising ten coding exons, encodes the membrane protein described above. 
Shorter isoforms lack an intracellular, stalk, TM, and/or CCP-rich domain (Hecht 
et al. 2018) (Higashi et al. 2013). Human ILDR2 mRNA is highly expressed in the 
testis and brain and less abundantly expressed in the kidney, heart, and colon. 
Murine Ildr2 mRNA is also highly expressed in the brain and eye and moderately 
expressed in the kidney but not in the testis. At the protein level, strong expression 
of ILDR2 is observed in inflamed tissues, such as ulcerative colitis and Crohn’s 
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disease, compared with normal colon and small intestine (Hecht et al. 2018). With 
regard to immune cells, the highest human ILDR2 expression is observed in CD16+ 
monocytes, while a weak expression is observed in CD56+ (NK or NKT subsets) 
lymphocytes. ILDR2 expression is enhanced when monocytes are differentiated 
into MΦs by M-CSF.  The Ildr2 gene has been associated with type 2 diabetes 
because this gene is related to reduced β cell mass and replication rates, as well as 
persistent hyperglycemia (Dokmanovic-Chouinard et al. 2008). Although the recep-
tor or ligand of ILDR2 remains unknown, ILDR2-Ig can bind to activated but not 
resting T cells to inhibit T-cell activation and cytokine/chemokine expression 
in vitro (Hecht et al. 2018). Upon differentiation of Th subsets, ILDR2-Ig down-
regulates Th1 and Th17 but enhances Th2 and Treg differentiation (Podojil et al. 
2018). Therefore, ILDR2-Ig has therapeutic effects against autoimmune diseases, 
such as EAE, collagen-induced arthritis (CIA), and type 1 diabetes (T1D) (Hecht 
et al. 2018) (Podojil et al. 2018).

2.12  Concluding Remarks

The co-inhibition effects exerted by CD28-B7 family molecules are indispensable 
for immune homeostasis and tolerance as well as for protective immune responses. 
Progress in understanding these co-inhibitory pathways will enable us to develop 
new treatments for tumors and autoimmune diseases, just as the success of check-
point blockade therapy opened the way for new cancer treatments. However, we still 
do not know the biological reasons why many co-inhibitory pathways are required to 
regulate host immunity. Furthermore, several receptors for B7 family members have 
not yet been identified. There are many orphan B7-family molecules whose receptors 
are critical for understanding their functions. Conventional approaches for discover-
ing new binding partners have not been successful because some of these molecules 
are not proteins but rather lipids, carbohydrates, or possibly multimeric complexes. It 
is hoped that this review of findings from many researchers provides a full picture of 
what is currently known about the roles and effects of the B7-family members.
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Chapter 3
The TNF–TNFR Family of Co-signal 
Molecules

Takanori So and Naoto Ishii

Abstract Costimulatory signals initiated by the interaction between the tumor 
necrosis factor (TNF) ligand and cognate TNF receptor (TNFR) superfamilies pro-
mote clonal expansion, differentiation, and survival of antigen-primed CD4+ and 
CD8+ T cells and have a pivotal role in T-cell-mediated adaptive immunity and 
diseases. Accumulating evidence in recent years indicates that costimulatory signals 
via the subset of the TNFR superfamily molecules, OX40 (TNFRSF4), 4-1BB 
(TNFRSF9), CD27, DR3 (TNFRSF25), CD30 (TNFRSF8), GITR (TNFRSF18), 
TNFR2 (TNFRSF1B), and HVEM (TNFRSF14), which are constitutive or induc-
ible on T cells, play important roles in protective immunity, inflammatory and auto-
immune diseases, and tumor immunotherapy. In this chapter, we will summarize the 
findings of recent studies on these TNFR family of co-signaling molecules regard-
ing their function at various stages of the T-cell response in the context of infection, 
inflammation, and cancer. We will also discuss how these TNFR co-signals are criti-
cal for immune regulation and have therapeutic potential for the treatment of T-cell- 
mediated diseases.
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Abbreviations

APC antigen-presenting cell;
CAR chimeric antigen receptor
CMV cytomegalovirus
CTL cytotoxic T lymphocyte
CTLA-4 cytotoxic T-lymphocyte-associated protein-4
DC dendritic cell
DcR3 decoy receptor 3
DR3 death receptor 3
EAE experimental autoimmune encephalomyelitis
EBV Epstein–Barr virus
GC germinal center
GITR glucocorticoid-induced TNFR family-related protein
GVHD graft-versus-host disease
HPV human papillomavirus
HVEM herpesvirus entry mediator
ICOS inducible T-cell costimulator
LCMV lymphocytic choriomeningitis virus
LIGHT homologous to lymphotoxins (LTs), inducible expression, which com-

petes with herpes simplex virus glycoprotein D (HSV gD) for HVEM, 
a receptor expressed on T lymphocytes

mAb monoclonal antibody
MAPK mitogen-activated protein kinase
NF-κB nuclear factor-kappa B
PD-1 programmed cell death-1
SLE systemic lupus erythematosus
TCR T-cell receptor
Tfh T follicular helper
Th1 T-helper-1 
Th17 T-helper-17
Th2 T-helper-2
Th9 T-helper-9
TL1A TNF-like ligand 1A
TLR Toll-like receptor
TNF tumor necrosis factor
TNFR2 tumor necrosis factor receptor 2
TNFRSF TNF receptor superfamily
TNFSF TNF superfamily
TRAF TNF receptor-associated factor
Treg cells Foxp3+ CD25+ CD4+ regulatory T cells
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3.1  Introduction

The tumor necrosis factor (TNF) superfamily (TNFSF) of cytokines engages spe-
cific cognate cell surface receptors, the TNF receptor superfamily (TNFRSF). The 
TNFSF–TNFRSF interactions activate signaling pathways for cell survival, death, 
and differentiation that control immune function and disease, and several receptor–
ligand pairs within TNF family molecules expressed by immune cells play key roles 
in T-cell immunity (Locksley et  al. 2001; Aggarwal 2003; So et  al. 2006; Croft 
2009; Watts 2005; Ward-Kavanagh et al. 2016). The subset of TNFRSF molecules, 
4-1BB, CD27, CD30, DR3 (death receptor 3), GITR (glucocorticoid-induced TNFR 
family-related protein), HVEM (herpesvirus entry mediator), OX40, and TNFR2 
(tumor necrosis factor receptor 2), expressed by T cells, deliver activating signals, 
which are largely dependent on antigen recognition and participate in activation, 
clonal expansion, and differentiation of T cells. TNFRSF and TNFSF molecules 
that contribute to these additional signals in T cells function as a costimulatory 
receptor and a costimulatory ligand, respectively (Croft 2009; Watts 2005; So and 
Croft 2013) (Table 3.1, Fig. 3.1).

A dialogue between a naïve T cell and a dendritic cell (DC) plays an essential 
role for priming of naïve T cells in secondary lymph organs. The expression levels 
of 4-1BB, CD27, CD30, DR3, GITR, HVEM, OX40, and TNFR2 on T cells are 
positively or negatively controlled by activating signals through the T-cell receptor 
(TCR) and the costimulatory receptor CD28. At the same time, after recognition of 
microbes, immature DCs are activated via pattern recognition receptors and upregu-
late not only major histocompatibility complex (MHC) and B7 proteins but also 
TNFSF molecules including 4-1BBL, CD70, CD30L, TL1A (TNF-like ligand 1A), 
GITRL, LIGHT, OX40L, and TNF-α. The T cell-DC dialogue via each individual 
TNFSF–TNFRSF interaction provides additional costimulatory signals to antigen- 
primed naïve T cells, promotes the differentiation of naïve T cells into effector and 
memory T-cell populations, and supports the survival of these antigen-primed T 
cells in the periphery (Fig. 3.2).

In this chapter, we focus on the TNFRSF of costimulatory receptors, 4-1BB, 
CD27, CD30, DR3, GITR, HVEM, OX40, and TNFR2, and summarize the signifi-
cance of costimulatory signals mediated by these receptors in terms of protective 
immunity, autoimmunity and inflammation, and cancer, in which these TNFRSF 
molecules play critical roles. Administration of agonistic or antagonistic agents 
(biologics) that can modulate the co-signaling activity of TNFRSF molecules can 
regulate T-cell functions in vivo, and thus these TNFSF–TNFRSF interactions have 
been considered as therapeutic targets for intervention in human diseases including 
autoimmunity and cancer.

3 The TNF–TNFR Family of Co-signal Molecules



56

3.2  Structure

3.2.1  Ligand

The costimulatory ligands of the TNFSF described in this chapter are type II (intra-
cellular N terminus and extracellular C terminus) transmembrane proteins and have 
a C-terminal TNF homology domain (THD) that is responsible for receptor binding 
(Bodmer et al. 2002) (Table 3.1, Fig. 3.1). One TNFSF molecule assembles into a 
trimer on the surface of antigen-presenting cells (APCs), and its cognate monomer 
TNFRSF molecule on T cells is trimerized through binding to the trimeric configu-
ration of the ligand THDs, resulting in formation of a quaternary organized hexamer 
complex at the T cell–APC interface (Fig. 3.2). TNFSF molecules can be produced 
as membrane-bound trimers or be released as soluble trimers from the cell surface 
after proteolytic processing in the stalk region. The membrane-bound TNFSF mol-
ecules that are engaged by their cognate receptors have been defined as inducers of 
signal transduction. This “reverse” signaling mediated by membrane-bound TNFSF 
molecules can regulate some cellular functions, such as pro-inflammatory cytokine 
production and cell maturation (Eissner et al. 2004; Sun and Fink 2007).

3.2.2  Receptor

The costimulatory receptors of the TNFRSF described in this chapter are type I 
(extracellular N terminus and intracellular C terminus) transmembrane proteins and 
have three to six cysteine-rich domains (CRDs) in their extracellular regions (Bodmer 
et al. 2002) (Table 3.1, Fig. 3.1). After binding to TNFSF timers via CRDs, TNFRSF 
molecules cluster on the T-cell membrane, which in turn initiates co- signaling cas-
cades in antigen-recognized T cells. The cytoplasmic amino acid sequences divide 
TNFRSF molecules into three major groups: (1) TNF receptor- associated factor 
(TRAF) binding TNFRSF molecule, such as 4-1BB, CD27, CD30, DR3, GITR, 
HVEM, OX40, and TNFR2; (2) death domain (DD) containing TNFRSF molecule, 
such as DR3; and (3) decoy TNFRSF molecule lacking a functional cytoplasmic 
domain, such as DcR3 (decoy receptor 3). Upon binding of cognate TNFSF mole-
cules, the TNFRSF of co-signaling molecules on T cells initiate “forward” signaling 
mediated by the TRAF family molecules, and this TRAF- mediated signaling con-
tributes to activation of co-signaling cascades in antigen- primed T cells (Figs. 3.1 
and 3.2). The extracellular domains of membrane-bound TNFRSF molecules can be 
cleaved to release soluble TNFRSF forms in some contexts.
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Fig. 3.1 Protein domain organization in the TNF–TNFR family of co-signaling molecules. Data 
are based on UniProt (www.uniprot.org). TNF-α, P01375; LT-α, P01374; BTLA, Q7Z6A9; 
CD160, O95971; LIGHT, O43557; TL1A, O95150; OX40L, P23510; CD70, P32970; CD30L, 
P32971; 4-1BBL, P41273; GITRL, Q9UNG2; TNFR2, P20333; HVEM, Q92956; DcR3, O95407; 
DR3, Q93038; OX40, P43489; CD27, P26842; CD30, P28908; 4-1BB, Q07011; GITR, Q9Y5U5. 
LT-α shows low affinity for HVEM (dashed line)

3.2.3  TRAF

After binding to cognate ligands of the TNFSF family molecules, the TNFRSF of 
co-signaling molecules recruits various intracellular TRAF molecules to their cyto-
plasmic tails, leading to activation of canonical and noncanonical nuclear factor- 
kappa B (NF-κB), mitogen-activated protein kinase (MAPK), and serine/
threonine-protein kinase Akt (protein kinase B) cascades (Brenner et al. 2015; So 
and Croft 2013; Hayden and Ghosh 2014; Karin and Gallagher 2009) (Fig. 3.2). 
Thus, TRAFs mediate the link between receptor-proximal and cytosolic signaling 
events. Six TRAFs, TRAF1 to TRAF6, which share a conserved C-terminal 
TRAF-C domain, function both as ubiquitin E3 ligases and as adaptor molecules to 
potentiate signal transduction. Except for TRAF1, the N-terminal of TRAF contains 
a really interesting new gene (RING) and zinc-finger domains that are responsible 
for ubiquitin E3 ligase activity to promote the activation of downstream signaling 
cascades. The C-terminal of TRAF contains a coiled-coil (TRAF-N) domain and a 
TRAF-C domain that contributes to intermolecular interactions and sequence- 
specific interactions with receptor cytoplasmic tails, respectively (Ha et al. 2009; So 
et al. 2015).
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3.3  TNFR Co-signaling

3.3.1  OX40L-OX40

3.3.1.1  Expression and Function

Naïve CD4+ and CD8+ T cells do not express OX40. OX40 is induced on activated 
T cells upon antigen recognition and is downregulated after antigen clearance. 
Resting and memory T cells rapidly reexpress OX40 after antigen reencounter. 
CD28 co-signaling and pro-inflammatory cytokines including IL-1, IL-2, IL-4, and 
TNF-α can promote the expression of OX40. Foxp3+ CD25+ CD4+ regulatory T 
cells (Treg cells) constitutively express OX40  in mice. OX40L is induced on 

B7.1 (CD80)
B7.2 (CD86)

CD28

OX40L 4-1BBL CD30L TL1A CD70 GITRL TNF- LIGHT

OX40 4-1BB CD30 DR3 CD27 GITR TNFR2 HVEM

APC

T cell

TRAFs

Non-canonical NF- B Canonical NF- B MAPK

PI3K-Akt

Co-signaling

Activation

Survival

Differentiation

TNFSF

TNFRSF

Constitutive

Inducible

MHC

Fig. 3.2 T-cell signaling regulated by the TNF–TNFR family of co-signaling molecules. T cells 
are activated firstly by recognition of antigen by the T-cell receptor (TCR)/CD3 complex when 
antigenic peptides are presented by class I or class II molecules of the major histocompatibility 
complex (MHC) on antigen-presenting cell (APCs), such as dendritic cells, B cells, and macro-
phages. The second costimulatory signal is delivered via CD28 by interacting its ligands B7.1 
(CD80) and/or B7.2 (CD86). After recognition of trimeric TNF ligand superfamily (TNFSF) mol-
ecules on APCs, TNF receptor superfamily (TNFRSF) molecules on T cells are trimerized and 
recruit TNF receptor-associated factors (TRAFs) to their cytoplasmic regions, which results in 
activation of canonical and noncanonical nuclear factor kappa B (NF-κB) and mitogen-activated 
protein kinase (MAPK) pathways. The TNFSF–TNFRSF interaction promotes costimulatory sig-
naling pathways, which include phosphoinositide 3-kinase (PI3K)-Akt (protein kinase B), NF-κB, 
and MAPK pathways, initiated by the TCR and CD28, and plays important roles for T-cell activa-
tion, differentiation, and survival, at both early and later stages of the T-cell response. TNFSF and 
TNFRSF molecules constitutively and inducibly expressed by cells are indicated in blue and red, 
respectively

3 The TNF–TNFR Family of Co-signal Molecules



60

activated T cells and professional APCs, such as DCs, B cells, and macrophages. 
Activating signals via CD40, B-cell receptor (BCR), Toll-like receptors (TLRs), and 
cytokines, such as TSLP, type I IFN, and IL-18, and prostaglandin E2 promote the 
expression of OX40L on APCs. Mice deficient in Ox40 or Ox40l show no abnor-
mality in organization of lymphoid tissues and early development of the immune 
system. Upon interaction with OX40L, OX40 recruits TRAF2 and TRAF3 and pro-
motes the activation of NF-κB, PI3K-Akt, and NFAT pathways in antigen-primed T 
cells (Table 3.1, Figs. 3.1 and 3.2).

A genetic deficiency of Ox40 or Ox40l in mice leads to defective survival of 
antigen-primed CD4+ and CD8+ T cells during an active immune response and 
causes decreased accumulation of antigen-specific memory T cells in the later stages 
of the primary immune response. The interaction between OX40 on a T cell and 
OX40L on an APC provides critical costimulatory signals to activated T cells and 
controls not only cell survival but also other functional activities of effector/memory 
T cells. A number of studies indicate that OX40 has a more dominant role in CD4+ 
rather than CD8+ T-cell immunity because of its higher expression on CD4+ T cells. 
OX40–OX40L interactions regulate the expansion, differentiation, and activity of 
Treg cells in both positive and negative manner depending on the context (Sugamura 
et al. 2004; Croft et al. 2009; Ishii et al. 2010; Croft 2010) (see Sect. 3.9).

3.3.1.2  Protective Immunity

Pathogen invasion results in activation of antigen-specific CD4+ and CD8+ T cells, 
and the OX40 co-signaling in primed T cells plays a key role in establishing protec-
tive immunity against infections by promoting the accumulation of antigen-specific 
effector/memory T cells. The OX40–OX40L interaction enhances pathogen- specific 
T-cell immunity in various models of infection including lymphocytic choriomen-
ingitis virus (LCMV), influenza virus, vaccinia virus, human immunodeficiency 
virus, Epstein–Barr virus (EBV), cytomegalovirus (CMV), Listeria monocytogenes, 
and malaria. Although excessive stimulation of activated T cells with an agonistic 
monoclonal antibody (mAb) to OX40 induces adverse responses in some contexts, 
OX40 co-signaling generally augments both primary and memory T-cell responses 
to bacteria, virus, and parasite infections (Mousavi et al. 2008; Humphreys et al. 
2007; Salek-Ardakani et al. 2008; Zander et al. 2015).

The cross talk and counterbalance between OX40 costimulatory and PD-1 (pro-
grammed cell death 1, CD279) co-inhibitory pathways play important roles for gen-
eration of protective CD4+ T-cell immunity against malaria. OX40 is expressed by 
malaria-specific CD4+ T cells but not CD8+ T cells, and the expression is sustained 
after malaria infection. OX40L blockade and OX40 agonism exhibit enhanced and 
reduced parasite burdens, respectively. OX40 signaling supports the expansion of 
IFN-γ+ T-bet+ T-helper-1 (Th1) cells and Bcl-6+ T follicular helper (Tfh) cells. OX40 
signaling also enhances extra-follicular IgM+ plasmablast formation, sustained Tfh 
responses, germinal center (GC) reactions, and T-dependent malaria-specific anti-
body class switching to IgG1. Both OX40 and PD-1 are expressed by malaria- 
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specific CD4+ T cells, and simultaneous PD-1 blockade and OX40 stimulation 
induce overproduction of IFN-γ, which limits Tfh cell-dependent humoral immu-
nity that requires parasite control. This shows that OX40 co-signaling augments 
malaria-specific CD4+ T-cell immunity and that PD-1 co-inhibitory signaling coun-
terbalances the OX40 signaling to inhibit Th1 effector responses, which in turn 
facilitates the generation of optimal Tfh response required for humoral immunity to 
parasite (Zander et al. 2015).

In vaccinia virus infection in mice, the OX40–OX40L interaction promotes the 
development of Tfh cells, which is critical for GC development, plasma cell genera-
tion, and virus-specific antibody responses. OX40 is expressed by differentiating 
Tfh cells, and OX40L is expressed by CD11c+ DCs in the periarteriolar lymphoid 
sheaths and the marginal zone bridging channels and by B220+ B cells in the folli-
cles. OX40L+ DCs and OX40L+ B cells are in contact with OX40+ CD4+ T cells at 
the T/B borders in the white pulp of the spleen. OX40 and ICOS (inducible T-cell 
costimulatory, CD278) are co-expressed by CXCR5+ Bcl-6+ Tfh cells in GC, and 
deficiency in OX40 or OX40L blockade or ICOS blockade significantly inhibits the 
development of both Tfh cells and GC B cells. This demonstrates that OX40 co- 
signaling in synergy with ICOS co-signaling maximizes Tfh responses and GC 
reactions, which are important for humoral immunity against vaccinia virus 
(Tahiliani et al. 2017).

A case study that reports a nonfunctional OX40 mutant in a patient strongly sug-
gests that OX40 co-signaling plays a critical role in establishing a long-term T-cell 
immunity to pathogens in humans. The homozygous Arg65Cys missense/loss-of- 
function mutation in the first of four CRDs of extracellular region in OX40 causes a 
low level of OX40 expression on the T-cell surface, and this residual OX40 mutant 
protein does not show any binding activity to OX40L. The peripheral blood from 
this patient contains a decreased frequency of memory CD4+ T cells. Consistent 
with this, in vitro recall T-cell responses to encountered antigens, including tubercu-
lin purified protein derivatives (PPD), tetanus toxoid, EBV, CMV, and herpes sim-
plex virus type 1, are severely impaired in this patient (Byun et al. 2013).

3.3.1.3  Autoimmunity and Inflammation

The OX40–OX40L interaction drives the development of autoimmunity and inflam-
mation in many different animal models of asthma, colitis, graft-versus-host disease 
(GVHD), diabetes, multiple sclerosis, rheumatoid arthritis, atherosclerosis, and 
transplantation. Polymorphisms of the OX40L and OX40 genes have been identified 
as risk factors in human diseases including systemic lupus erythematosus (SLE), 
rheumatoid arthritis, Sjögren syndrome, systemic sclerosis, cardiovascular disease, 
and narcolepsy (Table  3.2). Antigen-primed pathogenic T cells, but not naïve T 
cells, express OX40 or rapidly reexpress OX40 upon antigen reencounter, and thus 
the blockade of OX40L-OX40 interaction with a mAb or the depletion of OX40+ T 
cells with a mAb to OX40 has been suggested to be effective for treatment of these 
T-cell-mediated diseases (Sugamura et al. 2004; Croft et al. 2009; Ishii et al. 2010; 
Croft 2010).
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One human lupus study shows the correlation between the frequency of circulat-
ing OX40L+ myeloid APCs in blood and the disease activity of SLE. OX40L is 
highly expressed in inflamed tissues including the tonsils, kidney, and skin from 
SLE patients. Sera from SLE patients contain immune complexes with RNA that 
can promote OX40L expression through TLR7 in APCs, and this OX40L activates 
human CD4+ T cells to become Tfh-like cells possessing B-cell-helper activity. 
This proposes a hypothesis that excessive OX40 co-signaling through OX40L over-
production on APCs causes aberrant Tfh responses that lead to SLE (Jacquemin 
et al. 2015).

OX40L blockade in conjunction with traditional costimulation blockade is effec-
tive in preventing alloreactive T-cell responses that hinder long-term graft function 
and survival. In a murine allogeneic skin graft model, a blocking mAb to OX40L, 
but not to ICOSL (ICOS ligand, CD275), CD70, RANKL (receptor activator of 
NF-κB ligand, TNFSF11, CD254), or 4-1BBL, significantly improves allograft sur-
vival when combined with traditional blockade with anti-CD40L and CTLA-4 
(cytotoxic T-lymphocyte-associated protein-4, CD152)-immunoglobulin (CTLA- 
4- Ig). This combined blockade effectively suppresses not only primary but also 
memory allogeneic T-cell responses. In a nonhuman primate renal transplantation 
model, treatment with combined humanized anti-OX40L mAb and belatacept 
(CTLA-4-Ig) exhibits a synergistic suppressive effect in prolonging allograft sur-
vival. This demonstrates that successful acceptance of allografts can be achieved by 
the simultaneous blockade of multiple costimulatory pathways and suggests that in 
this setting blockade of OX40 co-signaling is effective for dampening memory 
T-cell responses against allografts (Kitchens et al. 2017).

3.3.1.4  Cancer

Agonistic agents against OX40, such as anti-OX40 mAb and OX40L-Ig, provide 
potent costimulatory signals that can augment the expansion and proliferation of 
CD4+ and CD8+ T cells that recognize tumor antigens. In addition, the transduction 
of tumor cells or DCs with a vector that expresses OX40L can effectively boost 
antitumor T-cell responses. Although augmenting OX40 co-signaling can induce 
tumor regression and delay tumor growth, combination therapies of OX40 agonists 
with additional immune modulations, such as other mAbs to costimulatory/co- 
inhibitory receptors, cytokines, vaccination, chemotherapy, and radiotherapy, have 
been suggested to be more effective in comparison to OX40 monotherapies (Moran 
et al. 2013; Linch et al. 2015).

OX40 agonism can effectively eradicate tumor cells in the presence of an immune 
checkpoint inhibitor and vaccination. Combination of mAb treatment of mice with 
anti-OX40 agonist and anti-CTLA-4 antagonist promotes the expansion and differ-
entiation of tumor antigen-specific effector/memory CD8+ T cells. In murine mod-
els of mammary carcinoma and spontaneous prostate adenocarcinoma, additional 
vaccination targeting to cross-presenting DCs using an anti-DEC205 (CD205) mAb 
conjugated with HER2, a tumor-associated antigen that is overexpressed in a subset 
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of breast cancers, promotes the induction of IFN-γ-producing CD4+ and CD8+ T 
cells that infiltrate into the tumor, which leads to extensive tumor destruction and 
improved mice survival. This demonstrates that OX40 agonism in synergy with 
checkpoint inhibitor blockade and tumor antigen vaccination augments durable 
T-cell immunity that is effective for tumor eradication (Linch et al. 2016).

3.3.2  4-1BBL-4-1BB

3.3.2.1  Expression and Function

As with OX40, 4-1BB is not expressed by naïve or resting CD4+ and CD8+ T cells 
but is transiently upregulated on activated T cells upon TCR triggering. 4-1BBL is 
transiently induced on activated professional APCs by signals from CD40 and 
TLRs. A genetic deficiency of 4-1bb or 4-1 bbl in mice displays no abnormality in 
the development of lymphocytes and lymphoid organs. Co-signaling via 4-1BB 
promotes T-cell proliferation, cytokine production, and cell survival. 4-1BB plays 
more predominant effects on CD8+ T-cell responses because of its higher expression 
on CD8+ T cells in comparison with CD4+ T cells. Upon binding with 4-1BBL, 
4-1BB recruits TRAF1 and TRAF2, which leads to activation of NF-κB, Akt, and 
MAPK pathways (Snell et al. 2011; Wortzman et al. 2013a; Croft 2009) (Table 3.1, 
Figs. 3.1 and 3.2).

4-1BB is expressed on Treg cells. Divergent expression of 4-1BB and CD40L 
can distinguish antigen-specific human Treg cells from conventional activated CD4+ 
T cells. In the course of short-term activation of human peripheral blood mononu-
clear cells (PBMCs) with antigens in vitro, Treg cells and conventional CD4+ T cells 
upregulate 4-1BB and CD40L, respectively. Purified 4-1BB+ Treg cells express 
Treg marker genes including FOXP3, CD25, HELIOS, and CTLA4. 4-1BB+ Treg 
cells display a complete demethylation of the Treg-specific demethylated region 
(TSDR) at the FOXP3 gene locus and exhibit a potent antigen-specific suppressive 
activity. This indicates that the extremely low frequency of antigen-specific Treg 
cells can be isolated from human PBMCs based on the surface expression of 4-1BB 
(Bacher et al. 2016).

3.3.2.2  Protective Immunity

The predominant role for 4-1BB co-signaling in CD8+ T-cell immunity has been 
demonstrated in various murine infection models including LCMV, influenza virus, 
CMV, murine gammaherpesvirus 68, vesicular stomatitis virus, and Listeria mono-
cytogenes. The requirement of 4-1BB co-signaling for both CD4+ and CD8+ T-cell 
responses depends on the antigen load, the persistence of the infection, and the 
nature of pathogens. The levels of 4-1BB on T cells can be sustained under condi-
tions where the infection persists. In general, mice lacking 4-1bb or 4-1 bbl show 
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defective pathogen clearance and impaired antigen-specific CD8+ T-cell memory 
formation, especially in chronic or highly infectious disease context with the higher 
antigenic load. On the other hand, in a situation where antigens are rapidly cleared 
or the infection induces minimal inflammation, the deficiency in 4-1bb or 4-1 bbl 
does not display defective antigen-specific T-cell responses (Snell et  al. 2011; 
Wortzman et al. 2013a).

3.3.2.3  Cancer

Ligation of 4-1BB with agonistic antibodies or engineered 4-1BBL on the surface 
of tumor cells or DCs promotes 4-1BB co-signaling that leads to expansion of tumor 
antigen-specific effector CD4+ and CD8+ T cells. Anti-4-1BB agonists can induce 
significant tumor regressions in various established tumor models, although the 
associated immunopathology has been reported. The use of anti-4-1BB agonists in 
combination with other cancer therapeutics, such as checkpoint inhibitors, vaccina-
tion, anticancer drugs, radiation, cytokines, and adoptive T-cell therapy, has been 
shown to exert synergistic antitumor activity (Sanchez-Paulete et  al. 2016; 
Bartkowiak and Curran 2015; Vinay and Kwon 2014).

4-1BB agonism combination with vaccination can induce durable antitumor 
T-cell immunity against vaginally implanted tumor cells. In a mouse model of 
human papillomavirus (HPV) syngeneic tumor, mice administered with anti-4-1BB 
agonistic mAb combination with a peptide vaccine, which is composed of peptides 
from HPV-16 E6/E7 oncoproteins and α-galactosylceramide, display stronger 
tumor regression, which is accompanied with expansion of HPV-specific cytotoxic 
CD4+ and CD8+ T cells and with robust infiltration of these cytotoxic T lymphocytes 
(CTLs) into the tumor microenvironment. Neither checkpoint inhibitors (anti- 
CTLA- 4 or -PD-1) nor anti-TNFR agonists (anti-OX40, -CD40, or -GITR) cannot 
recapitulate the therapeutic effect of the 4-1BB agonism. This indicates that 4-1BB 
co-signaling plays a predominant role for induction of robust antitumor T-cell 
immunity against cervical neoplasia (Bartkowiak et al. 2015).

The cytoplasmic tail of 4-1BB has been utilized for a critical component of the 
chimeric antigen receptors (CARs) for adoptive T-cell therapy against B-cell leuke-
mia, lymphoma, and myeloma. A T cell transduced to express a CAR that comprises 
of an extracellular tumor antigen-binding single-chain antibody fragment and intra-
cellular 4-1BB and TCR CD3ζ signaling domains exhibits a potent cytotoxic activ-
ity after recognition of target antigens on the surface of tumor cells. This 4-1BB-CAR, 
but not CD28-CAR, ameliorates T-cell exhaustion or anergy that is induced by per-
sistent activation of the CD3ζ domain (Long et al. 2015). After recognizing target 
antigens, human CD8+ T cells expressing 4-1BB-CAR display a phenotype with 
CD45RO+ CCR7+ central memory T cells that have an enhanced respiratory capac-
ity, increased fatty acid oxidation, and increased mitochondrial biogenesis. In con-
trast, CD28-CAR promotes the induction of CD45RO+ CCR7− effector memory T 
cells with an enhanced aerobic glycolysis (Kawalekar et al. 2016). These studies 
demonstrate that the 4-1BB signaling domain is superior over the CD28 signaling 
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domain in terms of inducing beneficial T-cell signaling activity and suggest that 
4-1BB-CAR promotes a better T-cell response that is required for tumor 
regression.

3.3.3  CD70–CD27

3.3.3.1  Expression and Function

Unlike OX40 and 4-1BB, CD27 is constitutively expressed on naïve CD4+ and 
CD8+ T cells and Treg cells. CD70, the ligand for CD27, is induced on activated 
DCs and B cells, and signals from TLRs, CD40, and BCR enhance the expression 
of CD70. Activated T cells also express CD70. Mice deficient in Cd27 or Cd70 
show normal development of lymphoid organs and lymphocytes. The CD27–CD70 
interaction promotes the expansion of antigen-specific effector/memory CD4+ and 
CD8+ T cells, which contributes to the establishment of T-cell immunity. Upon 
binding with CD70, CD27 recruits TRAF2 and TRAF5 to activate NF-κB and 
MAPK pathways (Nolte et al. 2009; Bullock 2017) (Table 3.1, Figs. 3.1 and 3.2).

3.3.3.2  Protective Immunity

A population of APCs exclusively localized in the gut lamina propria expresses 
higher levels of CD70. This CD70+ APC population provides a critical CD27 co- 
signaling into T cells, which supports proliferation and differentiation of gut muco-
sal T cells after oral Listeria monocytogenes infection (Laouar et al. 2005).

Optimal CD27 co-signaling plays an important role for protective T-cell immu-
nity against infections. Critical roles for CD27 co-signaling in pathogen clearance 
have been shown in murine infection models including influenza virus, LCMV, and 
CMV. Cd27−/− mice display impaired primary CD4+ and CD8+ T-cell responses to 
influenza virus, and a memory T-cell response to a secondary challenge with influ-
enza is also greatly attenuated (Hendriks et al. 2000). Mice deficient in Cd70 or 
injected with an anti-CD70 blocking mAb display diminished primary effector 
CD8+ T-cell responses to acute LCMV infection and delayed virus clearance 
(Penaloza-MacMaster et al. 2011; Munitic et al. 2013). By contrast, the prolonged 
and excessive CD27–CD70 interactions with higher antigenic load during chronic 
virus infection induce pathological cytokine responses and immunopathology, 
which promotes activation-induced T-cell death and limits viral clearance. Blockade 
of this adverse signaling can restore protective CD8+ T-cell responses (Penaloza- 
MacMaster et al. 2011; Wensveen et al. 2012; Clouthier and Watts 2015). These 
studies suggest that an optimal level of CD27 co-signaling is required for the dif-
ferentiation of effector/memory T cells that are important for pathogen clearance.

Loss of function of CD27 or CD70 in humans is associated with higher suscep-
tibility to EBV infection and EBV-related diseases. Homozygous mutations in 
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CD70 in patients abolish surface expression of CD70 on B cells or binding to its 
cognate receptor CD27 on T cells, which results in impaired T-cell proliferation, 
cytotoxic responses, and IFN-γ production toward CD70-negative EBV-infected B 
cells (Izawa et al. 2017; Abolhassani et al. 2017). These studies suggest that CD70–
CD27 interactions are important for generating stable T-cell immunity against EBV.

3.3.3.3  Autoimmunity and Inflammation

CD27 co-signaling promotes intestinal inflammation mediated by CD4+ T cells. 
Adoptive transfer of CD45RBhigh CD4+ T cells into lymphocyte-deficient Rag−/− 
recipient mice leads to weight loss, diarrhea, and severe colitis. In this T-cell- 
dependent murine colitis model, either deficiency of Cd27 in donor CD4+ T cells or 
administration of a blocking mAb to CD70 into recipient mice prevents the develop-
ment of colitis and suppresses the differentiation of effector CD4+ T cells producing 
pro-inflammatory cytokines. CD70 blockade also suppresses Th1 cell-driven trini-
trobenzene sulfonic acid (TNBS)-induced colitis, indicating that CD27–CD70 inter-
actions enhance the accumulation of pathogenic T cells in the gut mucosa and play 
an important role for development of T-cell-driven colitis (Manocha et al. 2009).

CD27–CD70 interactions facilitate allograft rejection mediated by CD8+ T cells. 
In a murine fully mismatched cardiac allograft model, CD70 blockade inhibits the 
expansion of alloreactive effector/memory CD8+ T cells and prevents CD8+ T cell- 
driven allograft rejection. Cardiac allografts can survive longer in Cd28−/− recipient 
mice, and this allograft survival is further prolonged in the presence of CD70 block-
ade, indicating that CD27 co-signaling plays a dominant role for the development of 
alloimmune responses even in the absence of CD28. Adoptive transfer of allograft- 
specific memory CD8+ T cells into syngeneic recipient mice lacking secondary lym-
phoid organs induces rapid rejection of cardiac allografts, and CD70 blockade 
inhibits this memory recall response. This demonstrates that the CD27–CD70 path-
way promotes the development of acute and chronic allograft rejection mediated by 
alloreactive effector/memory CD8+ T cells (Yamada et al. 2005).

3.3.3.4  Cancer

Enhancing CD27 signaling via administration of CD27 agonists, transgenic expres-
sion of CD70 on APCs, or enforced expression of CD70 on tumor cells is effective 
for evoking and augmenting antitumor immunity (Bullock 2017).

Ligation of CD27 in combination with PD-1 blockade is effective at eradicating 
tumor cells expressing HPV antigens. CD4+ T-cell-mediated help is critical for induc-
ing optimal CD8+ T-cell responses against HPV antigens, and CD70 blockade abro-
gates this helper activity and abolishes the therapeutic effect of tumor vaccination. 
Contrary to this, CD27 agonism mimics this help and enhances antitumor responses. 
Although in the absence of help from CD4+ T cells, PD-1 blockade alone cannot 
improve tumor control, a combination of PD-1 blockade and CD27 agonism aug-
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ments the therapeutic efficacy of vaccination. Thus, CD27 agonism provides a potent 
help to the endogenous T-cell immunity against tumor and enhances antitumor immu-
nity either alone or in combination with PD-1 blockade (Ahrends et al. 2016).

Human T cells expressing a tumor antigen-specific CAR, which contains an 
intracellular TCR CD3ζ and a CD27 signaling domain, produce higher amounts of 
IFN-γ and exhibit increased cytotoxicity against tumors in vitro. Cognate recogni-
tion of tumor antigens supports the expansion of CD27–CAR-expressing T cells 
in vivo, and adoptive transfer of CD27–CAR T cells into highly immunodeficient 
mice that have been inoculated with human ovarian cancer cells expressing a spe-
cific antigen leads to increased regression of established tumors in recipient mice. 
This indicates that human T cells bearing CD27 costimulatory module in a CAR can 
exert enhanced antigen-specific CTL activity toward tumor cells (Song et al. 2012).

3.3.4  TL1A-DR3

3.3.4.1  Expression and Function

DR3 is constitutively expressed by naïve or resting CD4+ and CD8+ T cells, and its 
expression is upregulated following T-cell activation. DR3 is also expressed by Treg 
cells. TL1A, the ligand for DR3, is expressed on activated T cells and transiently 
induced on DCs and macrophages by pro-inflammatory stimuli, such as TLR and 
FcγR signaling. In humans, DcR3 binds to TL1A and inhibits the interaction 
between DR3 and TL1A. Upon binding to TL1A, DR3 provides costimulatory sig-
nals to T cells in concert with TCR signaling, which enhances pro-inflammatory 
cytokine production and promotes the clonal expansion and differentiation of effec-
tor T cells. Although Dr3−/− mice show a partial impairment in the negative selec-
tion of thymocytes, mice deficient in Dr3 or Tl1a show normal development of 
lymphoid organs and lymphocytes. After interaction with TL1A, DR3 directly binds 
to TRADD. TRADD then recruits TRAF2 and RIP1 to the DR3 signaling complex 
and activates NF-κB and MAPK signaling pathways (Meylan et  al. 2011; 
Pobezinskaya et al. 2011) (Table 3.1, Figs. 3.1 and 3.2).

3.3.4.2  Protective Immunity

DR3 co-signaling is critical for optimal expansion of IFN-γ producing CD4+ T cells 
that facilitate killing of intracellular bacteria. Infection of mice with Salmonella 
enterica Typhimurium induces sustained expression of TL1A on F4/80+ macro-
phages, and TL1A–DR3 interactions expand IFN-γ-producing Th1 cells, which 
leads to efficient clearance of S. enterica Typhimurium. Clonal expansion of Dr3−/-

CD4+ T cells is significantly impaired, and this reduced T-cell response results in 
compromised control of the bacterial burden in the spleens of Dr3−/− mice (Buchan 
et al. 2012).
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DR3 co-signaling is critical for inducing antiviral immunity against murine 
CMV and vaccinia virus. Dr3−/− mice cannot mount effective antiviral CD4+ and 
CD8+ T-cell immunity during acute virus infection, which is associated with 
impaired control of virus replication and increased morbidity and mortality. The 
impaired T-cell response in Dr3−/−mice is caused by defects in the capacity of CD4+ 
and CD8+ T cells to divide and produce IFN-γ in response to cognate viral antigens 
(Twohig et al. 2012).

3.3.4.3  Autoimmunity and Inflammation

TL1A–DR3 interactions enhance immunopathology in a number of T-cell- 
dependent animal models of multiple sclerosis, rheumatoid arthritis, inflamma-
tory bowel disease, and allergic lung diseases (Richard et al. 2015a; Meylan et al. 
2011). Indeed, increased expression of both TL1A and DR3 is observed in 
patients with ulcerative colitis and Crohn’s disease, and TL1A is one of the defin-
itive susceptible genes to Crohn’s disease in humans (Strober and Fuss 2011) 
(Table 3.2).

DR3 co-signaling in CD4+ T cells exacerbates inflammatory responses in the 
target organs of autoimmune and inflammatory diseases. Although CD4+ T cells 
from the spleen and lymph nodes of antigen-immunized Dr3−/− mice proliferate 
normally in response to recall antigen stimulation in  vitro, Dr3−/− mice display 
reduced inflammation in experimental autoimmune encephalomyelitis (EAE) and 
allergic airway inflammation with decreased effector CD4+ T-cell accumulation in 
the local tissues (Meylan et al. 2008).

TL1A expression in DCs supports the expansion and differentiation of inflam-
matory IL-17-producing helper T cells (Th17 cells), and thus Tl1a−/− mice show 
reduced clinical severity in EAE that is dependent on autoimmune Th17 cells 
(Pappu et al. 2008).

TL1A promotes the differentiation of IL-9-producing helper T cells (Th9 cells) 
by augmenting signals through DR3 on CD4+ T cells, and endogenous TL1A 
enhances allergic pathology mediated by Th9 cells in murine models of experimen-
tal eye inflammation and allergic airway disease (Richard et al. 2015b).

3.3.4.4  Cancer

DR3 co-signaling augments antitumor CD8+ T-cell immunity. Engagement of DR3 
with soluble TL1A enhances both primary and secondary expansion of antigen- 
specific CD8+ T cells in vivo. Mice inoculated with TL1A-expressing tumor cells 
generate protective antitumor CD8+ CTL responses and effectively eradicate the 
tumor cells in a CD8+ T-cell-dependent manner (Slebioda et al. 2011).
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3.3.5  CD30L–CD30

3.3.5.1  Expression and Function

CD30 is expressed by activated CD4+ and CD8+ T cells and Treg cells. CD30 is also 
well recognized as a marker for malignant tumors including Hodgkin’s lymphoma 
and anaplastic large cell lymphoma. CD30L is induced on activated T cells and 
professional APCs. CD30–CD30L interactions promote the expansion and survival 
of effector and memory T cells. Cd30−/− mice have no obvious defects in peripheral 
T-cell or B-cell lineages. The phenotype of immune homeostasis of Cd30l−/− mice 
has not been described so far. CD30 utilizes TRAF2 and TRAF3 to activate NF-κB 
and MAPK pathways (Watts 2005; Ward-Kavanagh et al. 2016) (Table 3.1, Figs. 3.1 
and 3.2).

3.3.5.2  Protective Immunity

CD30–CD30L interactions establish optimal T-cell immunity against Mycobacterium 
avium. During infection with M. avium, CD30L blockade leads to increased myco-
bacterial burdens. Cd30−/− mice display higher susceptibility to M. avium infection, 
and the defective antibacterial response is associated with a decreased expansion of 
IFN-γ-producing CD4+ T cells specific for bacterial antigens (Florido et al. 2004). 
Cd30l−/− mice are susceptible to Mycobacterium bovis Bacillus Calmette–Guérin 
(BCG) infection and exhibit higher bacterial burden. The numbers of antigen- 
specific IFN-γ-producing CD4+ T cells in the spleen, lung, and peritoneal cavity of 
Cd30l−/− mice are greatly diminished after BCG infection (Tang et al. 2008).

CD30 signaling promotes the differentiation of memory CD8+ T cells and is 
required for protective immunity against Listeria monocytogenes. Following L. 
monocytogenes infection, Cd30l−/− mice can generate a normal antigen-specific 
effector CD8+ T-cell response at an early stage of infection but display a defective 
recall memory CD8+ T-cell response against reinfection (Nishimura et al. 2005).

Double knockout mice deficient in both Cd30 and Ox40 exhibit defective Th1 
immunity against Salmonella typhimurium. Antigen-specific Cd30−/−Ox40−/− donor 
CD4+ T cells fail to persist after transfer into infected Rag−/− recipient mice, and 
these recipient mice exhibit an impaired capacity to control S. typhimurium infec-
tion, indicating that both CD30 and OX40 signals promote Th1 immunity against 
Salmonella (Gaspal et al. 2008).

3.3.5.3  Autoimmunity and Inflammation

The CD30–CD30L interaction augments allergic airway inflammation mediated by 
T-helper-2 (Th2) cells. Cd30−/− or Cd30l−/− mice primed with ovalbumin (OVA) 
antigen and challenged with OVA display diminished eosinophilic infiltration into 
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the airway and pulmonary inflammation. In these mice, the levels of pro- 
inflammatory cytokines IL-5 and IL-13 in bronchoalveolar lavage fluids (BALF) are 
reduced, and lung-draining lymph node CD4+ T cells produce lesser amount of IL-5 
and IL-13 in response to OVA in vitro. Thus, CD30 signaling contributes to allergic 
lung inflammation through accumulation of pathogenic effector/memory Th2 cells 
during the course of airway inflammation (Polte et  al. 2006; Nam et  al. 2008; 
Fuchiwaki et al. 2011).

CD30 signaling in CD4+ T cells enhances the development of pathogenic IL-17- 
and/or IFN-γ-producing CD4+ T cells in autoimmune neuroinflammation. EAE dis-
ease is ameliorated in Cd30−/− and Cd30l−/− mice. CD4+ T cells from draining lymph 
node of Cd30−/− or Cd30l−/− mice exhibit reduced proliferative and cytokine 
responses to recall antigen in  vitro. Infiltration of inflammatory cells including 
CD4+ T cell, macrophage/microglia, and granulocyte in the spinal cords is signifi-
cantly attenuated in these knockout mice. CD30 blockade in the course of disease 
development ameliorates EAE in wild-type mice. Accordingly, adoptive transfer of 
antigen-specific wild-type CD4+ T cells into Cd30l−/− mice induces significantly 
attenuated EAE (Shinoda et al. 2015).

Signals through both CD30 and OX40 promote autoimmune tissue damage 
mediated by effector CD4+ T cells in the context of Foxp3 deficiency. Although 
Foxp3−/− mice develop lethal autoimmune disease, mice with combined deficiency 
in Foxp3, Cd30, and Ox40 develop and grow normally. Pathogenic 
CD62LlowCD44highCD4+ effector/memory T cells, which reside in Foxp3−/− mice 
and secrete higher amounts of IL-4 and IFN-γ, are substantially decreased in Foxp3−/− 
Cd30−/−Ox40−/− mice. Accordingly, blockade of both CD30 and OX40 signaling can 
prevent the development of lethal autoimmune responses that are mediated by auto-
reactive T cells existing in Foxp3−/− mice (Gaspal et al. 2011).

3.3.6  GITRL–GITR

3.3.6.1  Expression and Function

GITR is expressed on naïve or resting CD4+ and CD8+ T cells at basal levels and is 
upregulated after T-cell activation. GITR is highly expressed by Treg cells. GITRL 
is expressed at low levels on APCs and is transiently upregulated after cell activa-
tion. GITR provides costimulatory signals to CD4+ and CD8+ T cells to enhance 
proliferation, effector function, and cell survival. Gitr−/− mice show normal devel-
opment of lymphoid organs and homeostasis of T cells. A study regarding Gitrl−/− 
mice has not been reported so far. GITR interacts with TRAF2 and TRAF5 and 
activates NF-κB and MAPK pathways (Snell et al. 2011; Clouthier and Watts 2014) 
(Table 3.1, Figs. 3.1 and 3.2).
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GITR co-signaling plays critical roles in both conventional CD4+ and CD8+ T 
cells and Treg cells, and the effect of GITR co-signaling on conventional T cells 
versus Treg cells depends on the context of the immune response (see Sect. 3.9).

3.3.6.2  Protective Immunity

GITR co-signaling plays a critical role in control of virus infection. GITR is required 
for primary and recall CD8+ T-cell responses and for survival of antigen-specific 
CD8+ T cells during viral infection, and GITR signaling protects mice from death 
during severe respiratory influenza infection (Snell et al. 2010).

T-cell-intrinsic GITR co-signaling increases the frequency and number of 
LCMV-specific CD8+ T cells, which results in decreased viral load. GITRL is tran-
siently induced on APCs at early time points of LCMV infection and is downregu-
lated to below baseline levels thereafter. GITR is also transiently upregulated on 
CD8+ T cells but is sustained at low but above baseline levels at chronic stages of 
LCMV infection. Thus, GITR on T cells is not efficiently engaged by endogenously 
expressed GITRL on APCs at the chronic stage of infection. However, an agonistic 
mAb to GITR can overcome the insufficiency of GITRL and activates LCMV- 
specific CD8+ T cells, which leads to lower viral load without causing overt immune 
pathology (Clouthier et al. 2014).

GITR signaling in CD4+ T cells is required for antiviral CD8+ T-cell responses 
and humoral immunity that are important for control of chronic LCMV infection. 
Gitr−/− mice display impaired accumulation of IL-2+ IFN-γ+ Th1 cells as well as Tfh 
cells and have decreased IgG responses to LCMV. CD8+ T cells from Gitr−/− mice 
express higher levels of exhaustion markers PD-1 and Tim-3. GITR-mediated prim-
ing of Th1 cells promotes cell-mediated immunity as well as humoral immunity to 
optimally regulate chronic LCMV infection (Clouthier et al. 2015).

3.3.6.3  Autoimmunity and Inflammation

GITR agonism exacerbates CD4+ T-cell-dependent murine models of autoimmune/
inflammatory diseases, such as asthma, collagen-induced arthritis (CIA), diabetes, 
and EAE. Treatment of mice with an agonistic mAb to GITR promotes migration, 
proliferation, and activation of diabetogenic T cells within the pancreatic islets and 
exacerbates T-cell-driven destructive insulitis in nonobese diabetic (NOD) mice 
(You et al. 2009).

Gitr−/− mice develop significantly attenuated CIA. Draining lymph node CD4+ T 
cells from type II collagen (CII)-immunized Gitr−/− mice secrete lower amounts of 
IFN-γ in response to CII in vitro. Donor splenic T cells from CII-immunized 
Gitr−/−mice fail to induce sufficient disease symptoms of CIA in severe combined 
immunodeficient (SCID) recipient mice, suggesting that GITR signaling is required 
for CD4+ T cells to attain full pathogenic potential to promote CIA (Cuzzocrea et al. 
2005).

3 The TNF–TNFR Family of Co-signal Molecules



74

3.3.6.4  Cancer

GITR signaling boosts antitumor immunity by enhancing effector function of tumor 
antigen-specific T cells (Schaer et al. 2012).

Although either GITR agonism or PD-1 blockade alone exhibits little antitumor 
effect, a combination of GITR agonism and PD-1 blockade enhances a potent anti-
tumor immunity against ovarian cancer. Anti-GITR/PD-1 mAbs increase the fre-
quency of IFN-γ-producing CD4+ and CD8+ T cells with cytotoxic activity against 
tumors. Combined treatment of anti-GITR/PD-1 mAbs and chemotherapeutic drugs 
further enhances the antitumor responses (Lu et al. 2014). Treatment of mice bear-
ing B16 melanoma with anti-GITR/PD-1 mAbs in combination with tumor antigen 
vaccination leads to markedly better inhibition of tumor growth and prolonged mice 
survival. The tumor regression correlates with the induction of tumor-infiltrating 
antigen-specific effector/memory CD8+ T cells producing IFN-γ and TNF-α, and 
depletion of these CD8+ T cells abrogates the beneficial effects provided by the 
therapy (Villarreal et al. 2017).

Anti-GITR agonist facilitates antitumor immunity by promoting the differentia-
tion of IL-9-producing Th9 cells. Administration of anti-GITR mAb into CT26 
colon tumor- or B16F10 melanoma-bearing mice inhibits growth of tumors, which 
is mediated by GITR signal-driven differentiation of Th9 cells. Neutralization of 
IL-9 prevents the tumor regression, and IL-9 from Th9 cells promotes the develop-
ment of tumor antigen-specific cytotoxic CD8+ T cells through activation of tumor- 
associated DCs (Kim et al. 2015).

3.3.7  TNFα-TNFR2

3.3.7.1  Expression and Function

A low level of TNFR2 is expressed by resting or naïve CD4+ and CD8+ T cells, and 
its expression is further upregulated after T-cell activation. TNFR2 binds to cognate 
ligands TNF-α and LT-α (lymphotoxin-α). TNF-α is produced by activated macro-
phages, T cells, and many other cell types during inflammation and exists as a trans-
membrane trimer whose proteolysis by TNF-converting enzyme (TACE or 
ADAM17) leads to a soluble form. LT-α is produced as a soluble form. TNFR2 is 
more efficiently engaged by transmembrane TNF-α than by soluble TNF-α. 
Interaction of TNF-α with TNFR2 is costimulatory to TCR-mediated T-cell activa-
tion and promotes the activation, differentiation, and survival of T cells. Tnfr2−/− 
mice show normal development of peripheral lymphoid organs and lymphocytes. 
Unlike TNFR1, TNFR2 lacks an intracellular DD and directly recruits TRAF1, 
TRAF2, and TRAF3 to activate NF-κB and MAPK pathways (Kim et  al. 2006; 
Calzascia et  al. 2007; Faustman and Davis 2010; Mehta et  al. 2016) (Table  3.1, 
Figs. 3.1 and 3.2).

T. So and N. Ishii



75

Mutations in TNFR2 that lead to enhanced NF-κB signaling have been found in 
patients with T-cell lymphoma (Ungewickell et al. 2015).

TNFR2 is expressed on Treg cells. Similar to other TNFRSF molecules, such as 
GITR and OX40, the effect of TNF-α on conventional CD4+ and CD8+ T cells ver-
sus Treg cells depends on the context of inflammatory environments (see Sect. 3.9).

Although the TNF-α-TNFR2 interaction provides costimulatory signals into T 
cells, signals from TNFR2 limit activity of effector CD8+ T cells in some contexts 
(Wortzman et al. 2013b; Punit et al. 2015).

3.3.7.2  Protective Immunity

TNF-α-TNFR2 interactions are critical for generating cytotoxic CD8+ T-cell 
responses against adenovirus in the liver. Intrahepatic lymphocytes isolated from 
adenovirus-infected Tnfa−/− or Tnfr2−/− mice display decreased CTL responses 
against antigen-expressing target hepatocytes (Kafrouni et al. 2003).

TNFR2 signaling plays an important role for T-cell-mediated immunity against 
Listeria monocytogenes. After L. monocytogenes infection, Tnfr2−/− mice display 
reduced expansion and survival of antigen-specific CD4+ and CD8+ T cells produc-
ing IFN-γ and delayed bacterial clearance upon challenge with higher dose of bac-
teria. Antigen-specific donor Tnfr2−/− CD8+ T cells display a marked reduction in 
clonal expansion and survival in infected recipient mice (Kim et al. 2006).

3.3.7.3  Autoimmunity and Inflammation

In a model of murine GVHD, TNFR2 signaling in both donor CD4+ and CD8+ T 
cells is required for induction of acute GVHD responses mediated by alloantigen- 
specific CD8+ CTL. Recipient mice transferred with donor Tnfr2−/−T cells exhibit a 
reduced cytotoxic phenotype and a decreased elimination of host spleen cell popu-
lations mediated by allo-specific donor CD8+ T cells. Whereas TNFR2 signaling in 
donor CD4+ T cells is critical for their gaining of optimal helper activity for donor 
CD8+ T cells, TNFR2 signaling in donor CD8+ T cells promotes the maturation of 
fully competent KLRG1+ CCR7− CD8+ T cells, termed short-lived effector cells 
(SLECs). This indicates that induction of optimal donor CD8+ CTL activity requires 
TNFR2 signaling in both donor CD4+ and CD8+ T-cell populations (Soloviova et al. 
2013).

TNF-α blockers are well established for treatment of human inflammatory dis-
eases, such as rheumatoid arthritis and Crohn’s disease. Although T cells might not 
be the main target cells in the therapy, blockade of TNF-α-TNFR2 interactions pro-
motes apoptosis of mucosal CD4+ T cells from patients with inflammatory bowel 
disease (IBD). CD14+ macrophages and CD4+ T cells isolated from the lamina pro-
pria of IBD patients express higher levels of membrane-bound TNF-α (mTNF-α) 
and TNFR2, respectively. Clinically effective anti-TNF-α mAbs in IBD induce 
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apoptosis of TNFR2+ CD4+ T cells when these T cells are cocultured with mTNF-α+ 
CD14+ macrophages, suggesting that disruption of mTNF-α-TNFR2 interactions 
with anti-TNF-α leads to suppression of gut inflammation in IBD through inducing 
apoptosis of pathogenic CD4+ T cells in the intestine (Atreya et al. 2011).

TNFR2 signaling in CD4+ T cells expands pathogenic effector T cells that pro-
mote colitis in mice. Adoptive transfer of donor naïve CD4+ T cells from Tnfr2−/− 
mice fails to induce severe colitis in lymphopenic Rag1−/− mice. Tnfr2−/− CD4+ T 
cells are defective in clonal expansion and differentiation into IFN-γ-producing 
colitogenic effector T cells in the lymphopenic environment (Chen et al. 2016).

3.3.8  LIGHT–HVEM

3.3.8.1  Expression and Function

HVEM, a member of the TNFRSF, binds to four different molecules, TNFSF mol-
ecules LIGHT and LT-α and immunoglobulin superfamily molecules BTLA and 
CD160, in distinct configurations, and these molecular networks activate both 
inflammatory and anti-inflammatory signaling pathways. Ligation of HVEM on T 
cells by the canonical TNF-related ligand LIGHT provides costimulatory signals to 
T cells. HVEM is expressed on naïve or resting CD4+ and CD8+ T cells and Treg 
cells. LIGHT is expressed on activated lymphoid cells including APC populations 
and T cells either as a membrane-bound or a soluble form. In human, DcR3 binds to 
LIGHT and inhibits the interaction between HVEM and LIGHT.  HVEM co- 
signaling promotes the activation, differentiation, and survival of T cells. Hvem−/− 
and Light−/− mice have no significant abnormalities in the development of lymphoid 
organs and lymphocytes. HVEM recruits TRAF2 and TRAF3 to activate NF-κB 
pathway (Ward-Kavanagh et al. 2016) (Table 3.1, Figs. 3.1 and 3.2).

Although ligation of HVEM by BTLA activates pro-survival HVEM signaling 
pathways in effector and memory T cells after antigen recognition (Steinberg et al. 
2013; Flynn et  al. 2013; Sakoda et  al. 2011), we mainly focus on the canonical 
HVEM–LIGHT interaction that controls HVEM co-signaling in T cells.

3.3.8.2  Autoimmunity and Inflammation

HVEM co-signaling promotes the differentiation of pathogenic effector CD4+ T 
cells that exacerbate experimental autoimmune uveitis (EAU). Pathogenic responses 
and clinical scores of EAU are significantly decreased in Hvem−/− mice and draining 
lymph node T cells from Hvem−/− mice display reduced cell proliferation and pro-
duction of Th1- and Th17-related cytokines in response to antigen restimulation 
in vitro. Light−/−, Btla−/−, and Light−/-Btla−/− mice also display attenuated EAU dis-
ease phenotypes and decreased Th1-/Th17-type responses. A blocking mAb to 
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HVEM that can inhibit both HVEM–LIGHT and HVEM–BTLA interactions ame-
liorates pathogenic Th1/Th17 responses in EAU (Sakoda et al. 2016).

In a T-cell-dependent allergic lung inflammation model, the HVEM–LIGHT 
interaction plays a dominant role in the survival of pathogenic memory Th2 cells. 
After antigen recall challenges, adoptively transferred donor OVA-specific 
Hvem−/− Th2 cells display reduced accumulation in the airways, lungs, and draining 
mediastinal lymph nodes of recipient mice and induce decreased airway eosino-
philia and Th2 cytokine responses. Interruption of HVEM–LIGHT interactions also 
inhibits the accumulation of inflammatory memory Th2 cells in the lung. Although 
Light−/− donor CD4+ T cells cannot sustain after antigen exposure in vivo, cotransfer 
of wild-type and Light−/−donor T cells rescues the survival defect of Light−/−donor 
T cells, suggesting that HVEM induces cell survival signals into T cells through 
interacting with LIGHT expressing on neighboring antigen-specific T cells. This 
demonstrates that HVEM expressed by CD4+ T cells induces cell survival signals 
and controls T-cell-driven allergic lung inflammation (Soroosh et al. 2011).

In a T-cell-dependent murine colitis model, HVEM signaling in donor CD4+ T 
cells promotes intestinal inflammation and contributes to the immunopathology 
mediated by differentiated colitogenic T cells. Rag−/− recipient mice with donor 
CD45RBhigh CD4+ T cells from Hvem−/− or Light−/− mice display reduced intestinal 
inflammation, indicating that both HVEM and LIGHT on CD4+ T cells are required 
for the development of inflammatory T cells within the intestine during colitis 
development. Rag−/− recipient mice receiving Hvem−/− CD4+ T cells express lesser 
amounts of IL-6, TNF-α, and IL-12 mRNAs in the colon and have a decreased num-
ber of donor T cells producing IFN-γ or IL-17. In the absence of HVEM signaling, 
donor CD4+ T cells expand normally at early time points but cannot persist at later 
time points in lymphopenic hosts. These results suggest that T-cell-expressing 
LIGHT interacting with HVEM expressed by an adjacent T cell plays a critical role 
for the expansion, differentiation, and survival of gut-homing pathogenic T cells 
driving colitis (Schaer et al. 2011; Steinberg et al. 2008).

HVEM–LIGHT interactions contribute to GVHD pathogenesis. Adoptive trans-
fer of allogeneic T cells from Hvem−/− or Light−/− mice into recipient mice induces 
attenuated anti-host CTL responses, which results in prolonged survival of recipient 
mice. Hvem−/− and Light−/− donor T cells undergo apoptosis after transfer into recip-
ient mice. Accordingly, administration of an anti-HVEM mAb, which interferes 
with HVEM–LIGHT interactions, ameliorates GVHD responses and prolongs the 
survival of recipient mice (Xu et al. 2007).

3.3.8.3  Cancer

HVEM co-signaling via LIGHT plays an important role for establishing robust 
T-cell immunity against tumors. Mice inoculated with tumor cells expressing an 
agonistic mAb to HVEM on the cell surface generate protective antitumor immu-
nity in a manner dependent on both CD4+ and CD8+ T cells. The potent antitumor 
CTL activity is associated with increased IFN-γ production, and mice which have 
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rejected this tumor are resistant to rechallenge of parental tumors, indicating that 
HVEM signaling facilitates tumor-reactive T-cell responses, induction of long-term 
antitumor immunity, and tumor regression (Park et al. 2012).

LIGHT expression in the tumor environment elicits potent antitumor immunity 
leading to tumor regression (Yu and Fu 2008). Combined immunotherapy with 
LIGHT expression on tumors and antigen-specific vaccination is effective for gen-
erating tumor-infiltrating CD8+ T-cell responses that are important for tumor eradi-
cation. Adenovirus-mediated forced expression of LIGHT in HPV16-induced 
tumors results in upregulation of IFN-γ and chemoattractant cytokines in the tumor, 
which results in induction of antigen-specific CD8+ T cells in the peripheral lym-
phoid organs and within the tumor. However, antigen-specific T cells induced by 
LIGHT cannot induce complete tumor regression. More importantly, additional vac-
cination with HPV16 antigen boosts the frequency of antigen-specific T cells and 
prevents the outgrowth of tumors. This suggests that LIGHT expressed by tumors 
expands incoming T cells via HVEM signaling and that these LIGHT–HVEM inter-
actions in the presence of antigenic signals play an important role for generating 
robust antitumor immunity that can eradicate tumors (Kanodia et al. 2010).

3.3.9  The Role of TNFRSF Molecules in Immune Regulation 
Mediated by Treg Cells

Treg cells play important roles for regulation of conventional CD4+ and CD8+ T-cell 
responses. TNFRSF molecules described in this chapter are all expressed by both 
Treg cells and conventional T-cell populations, and the cognate TNFSF–TNFRSF 
interaction regulates the balance between Treg cells and conventional T cells, which 
is critical for determining all aspects of the immune response. Although the cell- 
intrinsic effects of the TNFRSF signaling in Treg cells are still unclear (Shevach and 
Stephens 2006; So et al. 2008; Croft 2014; Mbanwi and Watts 2014), it has been 
demonstrated that signals from TNFRSF molecules influence the Treg and conven-
tional T-cell balance through (1) promoting the development of natural or thymus- 
derived Treg cells, (2) antagonizing the development of induced or periphery-derived 
Treg cells, (3) promoting the expansion and survival of Treg cells, (4) downregulat-
ing Treg cell suppressive functions, and (5) enhancing resistance of naïve/effector/
memory responder CD4+ and CD8+ T cells to the Treg cell-mediated suppression.

3.4  Conclusion

Five out of eight TNFRSF molecules, CD27, DR3, HVEM, GITR, and TNFR2, 
discussed in this chapter are constitutively expressed on most CD4+ and CD8+ T 
cells, whereas other three TNFRSF molecules, 4-1BB, CD30, and OX40, are 
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upregulated on activated T cells after antigen recognition. Most of the cognate 
ligands for these TNFRSF molecules are not highly expressed by APC populations 
or other cell types and are induced by antigen recognition or innate stimuli or 
inflammation. The co-signaling activated by the cognate TNFSF–TNFRSF interac-
tion quantitatively and/or qualitatively augments signals that are  initiated by the 
TCR and CD28 and controls not only in early phases of T-cell responses to enhance 
cell proliferation, differentiation, and survival but also in later phases of memory 
T-cell responses (Fig.  3.2). Thus, TNFRSF molecules expressed by T cells have 
central roles in infection, immune-mediated diseases, and cancer that are critically 
regulated by various populations of antigen-primed T cells. Understanding of co- 
signaling functions of TNFRSF molecules in health and disease has progressed over 
the past few decades, and biologics or gene engineering technologies that inhibit or 
stimulate co-signaling functions of TNFRSF molecules have proven to be clinically 
efficacious for autoimmune and inflammatory diseases and cancer (Sugamura et al. 
2004; Croft et al. 2013; Moran et al. 2013; Ward-Kavanagh et al. 2016). However, 
there are still fundamental questions regarding signaling mechanisms of the TNF–
TNFR family of co-signal molecules: (1) qualitative and/or quantitative contribu-
tion  of the TNFR  co-signaling to  the TCR, (2) cross talk between TNFR  and 
co-inhibitory molecules, (3) intrinsic TNFR signaling functions in Treg cells, (4) 
utilization patterns of individual TRAF molecules in each individual TNFR signal-
ing complex that might explain the qualitative difference in co-signaling activity, (5) 
cross talk of costimulatory signals among TNFRSF molecules, (6) roles of reverse 
signaling mediated by membrane-bound TNFSF ligands expressed by T cells, and 
(7) adverse (death) signaling effects of co-stimulatory TNFRSF molecules expressed 
by T cells. Further research will uncover these unresolved issues and may provide 
novel information regarding the potential usefulness of blockade or agonism of the 
TNFR co-signaling pathways in human diseases (Table 3.2).
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Chapter 4
Signal Transduction Via Co-stimulatory 
and Co-inhibitory Receptors

Shuhei Ogawa and Ryo Abe

Abstract T-cell receptor (TCR)-mediated antigen-specific stimulation is essential 
for initiating T-cell activation. However, signaling through the TCR alone is not suf-
ficient for inducing an effective response. In addition to TCR-mediated signaling, 
signaling through antigen-independent co-stimulatory or co-inhibitory receptors is 
critically important not only for the full activation and functional differentiation of 
T cells but also for the termination and suppression of T-cell responses. Many stud-
ies have investigated the signaling pathways underlying the function of each molec-
ular component. Co-stimulatory and co-inhibitory receptors have no kinase activity, 
but their cytoplasmic region contains unique functional motifs and potential phos-
phorylation sites. Engagement of co-stimulatory receptors leads to recruitment of 
specific binding partners, such as adaptor molecules, kinases, and phosphatases, via 
recognition of a specific motif. Consequently, each co-stimulatory receptor trans-
duces a unique pattern of signaling pathways. This review focuses on our current 
understanding of the intracellular signaling pathways provided by co-stimulatory 
and co-inhibitory molecules, including B7:CD28 family members, immunoglobu-
lin, and members of the tumor necrosis factor receptor superfamily.
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4.1  Introduction

TCR-mediated antigen-specific signaling is essential for T-cell responses. Upon 
TCR stimulation, the immunoreceptor tyrosine-based activation motif (ITAM, con-
sensus sequence [D/E]x0-2Yxx[L/I]x6-9Yxx[L/I], where x is any amino acid) in the 
cytoplasmic tail of CD3 is phosphorylated by src family kinases, mainly Lck and 
Fyn. This event recruits tandem Src homology 2 (SH2) domain-containing tyrosine 
kinase ZAP70 initiating a cascade of events involving the assembly of intracellular 
components and the activation of downstream signaling pathways (Au-Yeung et al. 
2009). Numerous co-stimulatory and co-inhibitory receptors have been identified, 
and each co-stimulatory and co-inhibitory molecule has unique functions deter-
mined by various factors, including expression on a specific cell type, the kinetics 
of its expression, its binding to a ligand partner, and the activation of intracellular 
signaling. The utilization of the signaling molecules recruited and activated by 
receptor ligation is the most determinant of the receptor function. In general, posi-
tive co-stimulatory receptors support T-cell activation and differentiation not only 
by augmenting TCR-mediated signaling but also by activating unique signaling 
pathways (Fig. 4.1). Co-inhibitory receptors diminish the activity of the TCR and 
co-stimulatory receptor signaling by recruiting phosphatase and/or by competing 
with the co-stimulatory receptor–ligand interaction. Engagement of a co- stimulatory 
receptor with a specific ligand triggers the protein tyrosine kinase-induced phos-
phorylation of tyrosine residues within the intracellular region. Tyrosine phosphory-
lation of receptors is critical for interactions with SH2 domain-containing proteins, 
such as Lck, Itk, Vav, PI3K, Grb2, and Gads, in T cells. The SH2 domain of each 
intracellular molecule recognizes the phosphorylated tyrosine and surrounding 
amino acids. For example, the SH2 domain of the p85 PI3K regulatory subunit 
binds to pYxxM, whereas the SH2 domain of Grb2 recognizes pYxNx. The proline- 
rich region is a potential binding site for SH3-containing molecules, such as Lck, 
Fyn, Itk, Tec, Grb2, and Gads.

Several co-inhibitory receptors possess an immunoreceptor tyrosine-based 
inhibitory motif (ITIM, consensus sequence [V/I]xYxx[L/V]) and an immunore-
ceptor tyrosine-based switch motif (ITSM, consensus sequence TxYxx[V/I]). When 
the tyrosine residue is phosphorylated within the ITIM or ITSM, SH2-contianing 
phosphatase (SHP) and SH2-containing inositol phosphatase (SHIP) associate with 
these consensus sequences and dephosphorylate the target molecules.

The tumor necrosis factor (TNF) receptor superfamily (TNFRSF) is critically 
involved in T-cell survival, cell death, cell cycle progression, and effector and mem-
ory formation. TNFRSF members are classified into two primary types: one group 
has co-stimulatory functions that induce the activation of NF-κB, PI3K, and MAPK, 
and the other group induces cell death. The latter group contains a death domain 
(DD) in the cytoplasmic region, which mediates apoptotic signals through interac-
tions with components of the death machinery. This review focuses on the signal 
transduction through TNFRSF members, which transmit co-stimulatory signals to T 
cells. In general, engagement of the TNF receptor on T cells by its trimeric ligand 
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recruits TNF receptor-associated factor (TRAF) adaptor proteins (Aggarwal 2003; 
Arch and Thompson 1998). TRAF2, TRAF1, TRAF3, and TRAF5 bind to a major 
motif, [P/S/A/T]x[Q/E], and a minor motif, PxQxxD (Ye et  al. 1999; Park et  al. 
1999). TRAF6 binds to the PxExx[aromatic (Ar)/acidic (Ac)] motif (Ye et al. 2002). 
The TRAF4-binding motif has not been identified. TRAFs function as E3 ubiquitin 
ligases and are important for the activation of NF-κB, PI3K, and MAPK through the 
K63-linked polyubiquitination of target proteins (Deng et al. 2000; Shi and Kehrl 
2003). One of the important features of TNFRSF is that several TNFRSF can acti-
vate noncanonical NF-κB signaling pathways. TRAF3 binds to NF-κB inducing 
kinase (NIK), and the TRAF2-TRAF3 dimer recruits the cellular inhibitor of apop-
tosis (cIAP)1 and cIAP2, which are ubiquitin E3 ligases. These complexes limit the 
NIK activity by K48 ubiquitination-induced degradation of NIK under unstimulated 
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Upon TCR stimulation, ITAM motifs in the CD3 cytoplasmic tail are phosphorylated by Lck, and 
this event initiates activation of the signaling cascade downstream of the TCR. Co-stimulatory 
receptor signals not only amplify the TCR-mediated signals but also deliver unique signals. In 
general, tyrosine phosphorylation induced by tyrosine kinase is critical for interaction with SH2- 
containing protein, such as Lck, Itk, Vav, PI3K, Grb2, and Gads. A proline-rich region comprises 
the binding site for SH3-containing proteins, such as Lck, Fyn, Itk, Tec, Grb2, and Gads. TNF 
receptor superfamily members have TRAF binding sequences that recruit different combinations 
of TRAFs. Several co-inhibitory receptors diminish TCR and co-stimulatory receptor signaling by 
recruiting phosphatase through ITIM motif and/or ITSM motif
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conditions. After TNFRS ligation, cIAP degrades TRAF3, and NIK is consequently 
released from TRAF3. Cellular accumulation of NIK activates noncanonical NF-κB 
by IKKα activation. Although each of TNFR utilizes different sets of TRAFs, sev-
eral TNFRs have overlapping combinations for recruiting TRAFs. The mechanisms 
underlying the unique and diverse functions of each TNFR have not been fully 
elucidated; however, differences in expression patterns, TNFR–TRAF binding 
affinities, and recruitment of other adaptor proteins in addition to TRAFs probably 
contribute to the specific features of each TNFR (Chung et al. 2002).

Because co-stimulatory or co-inhibitory receptor-mediated signaling has a strong 
impact on T-cell responses, many of these receptors are potential therapeutic targets 
for autoimmune disease, graft survival, and cancer immune therapy. In this review, 
we summarize the recruiting molecules associated with the functional motifs in the 
intracellular region of several co-stimulatory and co-inhibitory receptors, including 
B7:CD28, immunoglobulin (Ig), and TNFR superfamily members.

4.2  CD28

CD28-mediated co-stimulatory signals not only amplify the TCR-mediated signals 
but also deliver unique signals that control T-cell activation, growth, survival, and 
differentiation by changing the activation of signaling molecules that regulate the 
formation of the following: immunological synapses (Viola et al. 1999), transcrip-
tion (Fraser et al. 1991; Shapiro et al. 1997; June et al. 1987; Thompson et al. 1989), 
epigenetic modification of promoter regions (Thomas et al. 2005), alternative splic-
ing of mRNA (Butte et al. 2012), mRNA stabilization (Lindstein et al. 1989), post-
translational modification (Blanchet et al. 2006; Blanchet et al. 2005), and metabolic 
reprogramming (Frauwirth et  al. 2002; Chang et  al. 2013; Michalek et  al. 2011; 
Klein Geltink et al. 2017).

Like other CD28 receptor members, CD28 has no enzymatic activity in the intra-
cellular domain but contains four tyrosine residues and several functional motifs, 
such as Y170MNM motif, which recruits SH2 domain-containing proteins and two 
PxxP motifs, which interact with SH3 domain-containing molecules (Fig.  4.2). 
CD28 ligation induces the activation of several protein tyrosine kinases, such as 
Lck, Fyn, and Itk, and results in the phosphorylation of CD28 tyrosine residues 
(Hutchcroft and Bierer 1994; August et al. 1994; King et al. 1997; Sadra et al. 1999; 
Raab et al. 1995; Holdorf et al. 1999). Several studies have shown the importance of 
the C-terminal PYAP motif of CD28 in Lck kinase activity (Holdorf et al. 1999, 
2002). However, we found that tyrosine phosphorylation of CD28 could be induced 
by CD28 crosslinking in the CD28 mutant bearing substitutions the proline residues 
(PYAP to AYAA), whereas the Y170F CD28 mutant abrogated tyrosine phosphoryla-
tion of CD28 (Ogawa et al. 2013). The N-terminal PRRP motif in CD28 is thought 
to be an Itk/Tec binding site. Therefore, it is possible that Itk-induced tyrosine phos-
phorylation of CD28 triggers full activation of Lck. A recent study showed that the 
cytoplasmic domain of CD28 binds to the plasma membrane (Dobbins et al. 2016) 
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and CD28 ligation releases the cytoplasmic region from the plasma membrane. 
Yang et al. demonstrated concentration of Ca2+ around CD28 induced by TCR liga-
tion disrupted the CD28-lipid interaction, leading to an open conformation of the 
CD28 cytoplasmic domain (Yang et  al. 2017). Consequently, these events may 
allow Lck to access CD28 and phosphorylate the tyrosine residues of CD28. 
Regarding phosphorylation of other tyrosine residues in CD28, the recent global 
analysis of protein phosphorylation revealed that the most C-terminal tyrosine resi-
due in CD28 is also phosphorylated (Tian et al. 2015); however, the role of this 
phosphorylation in CD28-mediated co-stimulation needs further analysis.

CD28 recruits several adaptor proteins, including the p85 regulatory subunit of 
PI3K (August and Dupont 1994; Pages et al. 1994; Prasad et al. 1994), Grb2, and 
Gads (Cai et  al. 1995; Kim et al. 1998; Okkenhaug et al. 2001; Okkenhaug and 
Rottapel 1998; Raab et  al. 1995; Stein et  al. 1994), to its YMNM motif in a 
phosphorylation- dependent manner. Although each SH2 domain of PI3K, Grb2, 
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Fig. 4.2 Cytoplasmic motifs and interacting molecules of CD28 and ICOS
Upon CD28 ligation, tyrosine residues are phosphorylated by the Src family tyrosine kinase, Lck, 
and Itk, leading to recruitment of intracellular signaling molecules. The YMNM motif recruits p85 
PI3K, Grb2, and Gads; the PRRP motif binds to Itk and Grb2. The PYAP motif binds to Lck, 
FLNa, and Gads and is also important for recruitment of CapZIP, RLTPR, and PIP5K. Recruitment 
of these molecules contributes to the interaction of PKCθ with CD28. These events are critical for 
effective CD28-mediated co-stimulation leading to activation of T cells and cytokine production
Engagement of ICOS recruits p50 and p85 PI3K via the YMFM motif, and the IProx motif binds 
to TBK1. The Y to F mutant in the ICOS YMFM motif causes a defect in the early stages of Tfh 
and Tfr differentiation. The ICOS IProx motif is required for the development of fully mature Tfh 
cells
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and Gads binds to the CD28 YMNM motif, these three molecules interact with 
CD28 in strikingly different ways that depend on the binding sequence, conforma-
tion, and affinity (Higo et al. 2013, 2014; Inaba et al. 2017). In turn, these interac-
tions activate MAPK, Akt, NFAT, and NF-κB, which lead to T-cell activation. We 
demonstrated that CD28 stimulation induces translocation of the CARMA1, Bcl10, 
and MALT1 (CBM) complex to the plasma membrane and the protein kinase C 
(PKC) θ kinase activity and association of the CD28 YMNM motif with the SH2 
domain of Grb2/Gads have a greater impact on interleukin (IL)-2 transcription than 
does that with p85 PI3K (Takeda et al. 2008; Harada et al. 2001a). Other studies 
revealed that both TCR and CD28 activate NF-κB, but each signaling uses distinct 
adaptor signaling complexes. TCR and CD28 activate NF-κB via LAT/ADAP and 
Grb2/Vav1 pathways, respectively (Thaker et  al. 2015). Schneider et  al. demon-
strated that Grb2 is required for recruitment of Vav1 to CD28 and NFAT/AP-1 activ-
ity (Schneider and Rudd 2008).

In addition to the role of CD28 in elevating IL-2 transcription, CD28-mediated 
co-stimulation stabilizes IL-2 mRNA (Lindstein et al. 1989). Two elements of IL-2 
mRNA have been related to stabilization of IL-2 mRNA: one element located within 
its 5′ UTR is regulated by JNK (Chen et al. 1998) and another element, located 
within the 3′ UTR of IL-2 mRNA, is an AU-rich element regulated by the Akt/NF90 
axis. Recruitment of Grb2/Gads and PI3K to the CD28 YMNM motif contributes to 
the stabilization of IL-2 mRNA (Sanchez-Lockhart et al. 2004; Sanchez-Lockhart 
and Miller 2006; Pei et al. 2008; Zhu et al. 2010).

It has been reported that CD28 PRRP and PYAP motifs recruit several intracel-
lular molecules including the Itk/Tec family kinase, Lck, Grb2/Gads, PKCθ, filamin 
A (FLNa), and RLTPR (also known as CARMIL2). The Itk/Tec family kinase binds 
to the CD28 PRRP motif. It is possible that this interaction triggers tyrosine phos-
phorylation of CD28 and augments TCR signaling by inducing PLC-γ phosphoryla-
tion. However, the functional importance of Itk downstream of CD28 is uncertain 
(Tai et al. 2005, 2007; Li and Berg 2005; Jain et al. 2013).

Since several studies in the 2000s demonstrated that PKCθ downstream of CD28 
is critically important for activation of NF-κB, AP-1, and NFAT (Coudronniere et al. 
2000; Lin et al. 2000), the regulation of PKCθ localization and its activity have been 
studied intensively. A recent imaging study showed that stimulation of CD28 with 
TCR induces co-localization of CD28 with PKCθ at the T cell-antigen- presenting 
cell (APC) interface (Yokosuka et al. 2008). Although the CD28 PYAP motif-PKCθ 
association appears to be more involved in the CD28-mediated co-stimulatory func-
tion, both tyrosine residues within the YMNM and PYAP motifs are involved in the 
recruitment of PKCθ. Kong et al. demonstrated that Lck plays a role in the associa-
tion between CD28 and PKCθ (Kong et al. 2011). In this context, the SH2 domain 
of Lck binds to the CD28 PYAP motif, and the SH3 domain of Lck binds to the 
proline-rich region within the V3 domain of PKCθ. These results are consistent with 
the finding that the SH2 domain of Lck has a much higher affinity than the SH3 
domain for the phosphorylated PYAP motif of CD28 (Hofinger and Sticht 2005). 
Mutations of tyrosine residues at 185 and 188 around the C-terminal proline-rich 

S. Ogawa and R. Abe



91

motif strongly reduced CD28-mediated NF-κB activation (Muscolini et al. 2011). 
Another report showed that interaction of Lck with the PYAP motif of CD28 is 
required for tyrosine phosphorylation of PDK1 on Y9. Subsequently, PDK1 phos-
phorylates Akt T308 and PKCθ Y538 (Dodson et al. 2009). Wang et al. revealed that 
TCR-induced sumoylation of PKCθ does not affect its kinase activity but is involved 
in the interaction of PKCθ with CD28 and FLNa. Mutation in the sumoylation site 
of PKCθ decreases the interaction with CD28 and impairs the formation of a mature 
immunological synapse (Wang et al. 2015). The SH3 domain of Grb2/Gads, but not 
that of p85 PI3K, also binds to CD28 PxxP motifs (Okkenhaug and Rottapel 1998; 
Higo et al. 2014; Watanabe et al. 2006), and these interactions might contribute to 
the elevation of IL-2 production through the recruitment of the CBM complex and 
PKCθ activation. Therefore, PKCθ is important for CD28- mediated co-stimulation, 
and its localization and kinase activity are regulated in multiple steps.

CD28-induced cytoskeletal remodeling is also important for efficient TCR and 
CD28 signaling pathways through the polarization of T cells toward the APC, which 
is based on the localization of surface and intracellular molecules. Association of 
the actin-binding protein FLNa with CD28 is involved in lipid-raft accumulation at 
the immunological synapse. Mutation in the CD28 PYAP motif resulted in impaired 
association with FLNa (Tavano et al. 2006). FLNa knockdown decreased the CD3/
CD28 stimulation-induced membrane translocation of PKCθ and the activation of 
PKCθ-dependent transcription factors, including NF-κB, NFAT, and AP-1 (Hayashi 
and Altman 2006). Among the phosphoinositides, the amounts and localization of 
phosphatidylinositol 3,4,5-triphosphate (PIP3) and phosphatidylinositol 
4,5- biphosphate (PIP2) affect actin cytoskeleton reorganization. The optimal activa-
tion of PI3K requires the replenishment of PIP2 pools to ensure the direct regulation 
of actin cytoskeleton rearrangements. CD28 also recruits phosphatidylinositol 
4-phosphate 5-kinases (PIP5K)-α and PIP5K-β as well as PI3K, which ensures the 
PIP2 pool necessary for the CD28 signaling function (Muscolini et  al. 2015; 
Kallikourdis et al. 2016). Overexpression of the PIP5K kinase-dead mutant impaired 
recruitment of Vav1 and accumulation of F-actin. Consequently, the CD28-mediated 
activation of NF-κB and NFAT was significantly inhibited by kinase-dead PIP5K 
expression. A mutant CD28, containing changes from proline to alanine at the 
PYAP motif, decreased its functional ability to recruit Vav1 and PIP5K. Kallikourdis 
et al. also found that Vav1 is required for CD28-induced recruitment of FLNa and 
PIP5K to the membrane (Kallikourdis et al. 2016). Furthermore, Tian et al. found 
that CapZ-interacting protein, which regulates actin cytoskeleton, is phosphorylated 
by CD28 stimulation and plays a critical role in CD28-mediated IL-2 production 
(Tian et al. 2015). Recently, RLPTR, a lymphoid lineage-specific actin-uncapping 
protein, was found to be critically important for CD28-mediated co-stimulation. 
Liang et al. showed that the functional ability of CD28 to recruit CARMA1 and 
PKCθ is dependent on RLPTR (Liang et al. 2013). It has been reported that humans 
with homozygous RLTPR mutations have immunodeficiency syndromes (Schober 
et al. 2017; Wang et al. 2016; Sorte et al. 2016; Roncagalli et al. 2016). The RLTPR 
acts as a scaffold protein in CD28-mediated co-stimulation, and RLTPR is pivotal 
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for recruitment of CARMA1 and PKCθ to CD28 (Roncagalli et  al. 2016). They 
discussed that the proline-rich region of RLTPR binds to Grb2/Gads and RLTPR is 
coupled to the CD28 PYAP motif via Grb2/Gads.

CD28 co-stimulation regulates the thymic development of Foxp3+ regulatory T 
cells (Tregs) in a cell-intrinsic manner (Tai et al. 2005), although IL-2 is also a key 
factor for maintaining Treg homeostasis (Tang et al. 2003; Hombach et al. 2007; 
Long et  al. 2010; Cheng et  al. 2013). The contribution of CD28-mediated co- 
stimulation to the development and homeostasis of peripheral Tregs remains an 
open issue (Guo et al. 2008; Semple et al. 2011). Mice with a Foxp3+ Treg-specific 
deletion of CD28, CD28fl/fl Foxp3Cre mice, develop severe autoimmune-like disease, 
although Treg development is unchanged (Zhang et  al. 2013b; Gogishvili et  al. 
2013). This finding indicates that CD28-mediated co-stimulation is also critical for 
the homeostasis and suppressive functions of Tregs. Analysis of mutant CD28 
knock-in mice with Y170F and AYAA revealed that the PYAP motif of CD28 is 
responsible for the development of Tregs (Lio et al. 2010). The Foxp3 locus contains 
three conserved non-coding DNA sequences (CNSs) (Zheng et al. 2010b). These 
CNSs contribute to the stability of Foxp3 expression by interacting with NFAT, 
AP-1, Smad3, and PAR-RXR in CNS1; CREB-ATF, STAT5, Foxo1/2, Runx, Cbfb, 
and Foxp3 in CNS2 (known as the Treg-specific demethylation region, TSDR); and 
c-Rel in CNS3 (Zheng et al. 2010b; Cobbold and Waldmann 2013). Furthermore, 
c-Rel also binds to the Foxp3 promoter. Several studies demonstrated that c-Rel is a 
key regulator of Foxp3 expression and the development of thymic Tregs (Ruan et al. 
2009; Long et al. 2009; Isomura et al. 2009). Vang et al. demonstrated that activa-
tion of c-Rel downstream of CD28 is involved in the development of Tregs (Vang 
et al. 2010). RelA, another NF-κB protein, is related to the development of periph-
eral Tregs (Soligo et al. 2011). True Tregs show demethylation of the TSDR; the 
methylation level of TSDR – which is regulated by DNA (cytosine-5)-methyltrans-
ferases (DNMTs), tet methylcytosine dioxygenase (TET), and/or enhancer of zeste 
homolog 2 (Ezh2) – affects Treg stabilization (Wang et al. 2013; Yang et al. 2015; 
Sarmento et al. 2017). Further analysis is required to determine how CD28-mediated 
co-stimulation contributes to Foxp3 expression and its stability.

Overall, the relevance of YMNM and PYAP motifs in CD28-mediated co- 
stimulation requires further investigation. Analyses using mutant CD28 knock-in 
mice demonstrated that the PYAP motif is more critical for CD28-mediated co- 
stimulatory function than is the YMNM motif with regard to immune responses 
involving antibody formation, allergic airways, and induction of experimental aller-
gic encephalomyelitis (EAE) (Dodson et al. 2009; Friend et al. 2006). However, a 
subsequent study demonstrated that YMNM and PYAP double-mutant knock-in 
mice showed more severe impairment of CD28-mediated co-stimulation compared 
to either single mutant, although they maintain residual CD28-dependent responses 
(Boomer et al. 2014). Therefore, the YMNM motif also plays important roles in 
CD28-mediated co-stimulation. Our study consistently showed that CD28 Y170F 
transgenic T cells failed to induce an acute graft-versus-host reaction (Harada et al. 
2001b). Furthermore, under highly immunogenic conditions, such as during bacte-
rial or viral infection, the YMNM and PYAP double-mutant knock-in mice develop 
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T-cell responses against the microorganism, even though CD28-deficient mice show 
decreasing clonal expansion of T cells under the same conditions (Pagan et al. 2012; 
Boomer et al. 2014). These data imply that unknown functional motifs or amino 
acids recruit these intracellular molecules. Further studies are needed to explore the 
unknown functional domains and clarify the entire picture of CD28-mediated 
co-stimulation.

4.3  Inducible Co-stimulator (ICOS, Known as AILIM, H4, 
and CD278)

ICOS is a CD28 family co-stimulatory receptor. Whereas ICOS expression levels 
are low on naive T cells, increased levels are induced on recently activated or 
antigen- experienced T cells. Upon ICOS engagement by binding of the ICOS ligand 
(B7h, also known as B7RP-1 or CD275) or by crosslinking with anti-ICOS mono-
clonal antibody (mAb), ICOS derives positive co-stimulatory signals that augment 
the proliferation of T cells and promote the secretion of cytokines, including IL-4, 
IL-5, IL-10, and IL-21 but not IL-2. Analysis of ICOS-deficient mice showed that 
the production of basal and antigen-specific IgG1 and IgG2 antibodies was signifi-
cantly reduced. Spontaneous systemic autoimmune animal model in MRL/lpr mice 
or fatal lymphoproliferating disease arise form CTLA-4 deficiency was prevented 
or reduced by ICOS deficiency or blockade of the ICOS–ICOS ligand interaction 
(Odegard et  al. 2008; van Berkel et  al. 2005). Therefore, ICOS-mediated co- 
stimulation is thought to be critical for the effector and regulatory functions of CD4+ 
T cells and particularly for the development of follicular helper T cells (Tfh) and 
follicular regulatory T cells (Tfr) (Choi et al. 2011; Akiba et al. 2005; Leavenworth 
et al. 2015).

ICOS possesses a YMFM motif in the cytoplasmic region corresponding to the 
CD28 YMNM motif (Fig. 4.2). However, unlike CD28, ICOS lacks a proline-rich 
region, which is a binding motif of SH3-containing molecules, such as Lck, Itk, 
Grb2, and Gads. Engagement of ICOS recruits the PI3K regulatory subunit via the 
YMFM–SH2 domain interaction. To examine the in vivo function of the ICOS–PI3K 
interaction, Gigoux and Shang et al. generated ICOS YF knock-in mice, in which Y 
was changed to F mutant in the YMFM motif. The authors showed that ICOS-
mediated PI3K signaling is critical for Tfh generation (Gigoux et al. 2009). Germinal 
center formation, antibody class switching, and affinity maturation are significantly 
diminished in the ICOS YF knock-in mice. Although both CD28 and ICOS promote 
PI3K activity, the importance of PI3K driven by ICOS in Tfh development might be 
related to evidence that ICOS can induce high PIP3 production and Akt phosphoryla-
tion compared to CD28 stimulation (Parry et al. 2003; Fos et al. 2008).

Recently, Pedros et al. found that ICOS has an evolutionarily conserved proximal 
membrane motif, named IProx (SSSVHDPNGE at positions 170–179), and a distal 
motif (AVNTAKK at positions 185–191) in addition to the PI3K YMFM-binding 
motif (Pedros et  al. 2016). The IProx motif shares homology with TRAF2 and 
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TRAF3. An ICOS mutant, with replacement of all residues in the IProx motif with 
a string of 10 alanine residues, abolished the association of the serine-threonine 
kinase TBK1 with ICOS but still bound to p85 PI3K. On the other hand, the ICOS 
YF mutant retained the interaction with TBK1 but lacked the binding ability to p85 
PI3K. In the early stages after antigen priming, ICOS-deficient CD4+ T cells recon-
stituted with the ICOS IProx mutant differentiated into CXCR5+Bcl6+ nascent Tfh 
cells comparable to those with wild-type (WT) ICOS. However, the ICOS IProx 
mutant-reconstituted CD4+ T cells did not develop fully mature Tfh cells. The ICOS 
YF mutant exhibited a defect in early-stage Tfh differentiation. The antigen-specific 
antibody secretion and plasma cell differentiation of B cells were significantly 
impaired in both IProx and YF mutants. Furthermore, they also revealed a critical 
role for TBK1  in Tfh differentiation and antibody production. Therefore, both 
ICOS-PI3K and IProx-dependent ICOS-TBK1 pathways are non-redundant and 
required for Tfh development and humoral immune responses. Further analysis is 
needed to explore the role of TBK1 in the differentiation of nascent Tfh cells into 
fully mature Tfh cells.

4.4  Cytotoxic T-Lymphocyte-Associated Antigen-4  
(CTLA-4, Known as CD152)

CTLA-4 is the most characterized CD28 family co-inhibitory receptor (Fig. 4.3). 
CTLA-4 shares the B7-1 and B7-2 ligands with CD28, using a MYPPPY extracel-
lular binding motif. The binding affinity of CTLA-4 to B7s is quite higher than that 
of CD28. CTLA-4 expression is very low on resting T cells but is induced after 
T-cell activation; Foxp3+ Tregs constitutively express CTLA-4. Surface expression 
of CTLA-4 after translation is dynamically regulated by endocytosis, lysosomal 
degradation, and recycling to the cell surface. Binding of clathrin adaptor protein-2 
(AP-2) to the cytoplasmic YVKM motif of CTLA-4 promotes the internalization of 
CTLA-4 to endosomes and lysosomes. AP-2 can bind to unphosphorylated but not 
phosphorylated CTLA-4. Therefore, upon tyrosine phosphorylation of the YVKM 
motif within the intracellular domain of CTLA-4 initiated by TCR and/or CD28/
CTLA-4 ligation, CTLA-4 dissociates from AP-2, and consequently cell surface 
expression of CTLA-4 is sustained. Recently, several groups reported that 
lipopolysaccharide- responsive beige-like anchor (LRBA) and CTLA-4 colocalized 
within recycling endosomes and the trans-Golgi network (Lo et al. 2015). LRBA 
protects CTLA-4 from being degraded within lysosomes. Mutations in the LRBA 
gene or LRBA knockdown increased CTLA-4 degradation and consequently 
reduced the expression and protein level of CTLA-4 in Foxp3+ Tregs, augmenting 
T-cell activation. These data are consistent with the clinical observation that humans 
bearing a mutation in LRBR develop a syndrome of immune deficiency and autoim-
munity (Lopez-Herrera et  al. 2012; Bratanic et  al. 2017; Hou et  al. 2017). 
Furthermore, tyrosine phosphorylation within the YVKM motif is critical for the 
interaction with LRBA. Therefore, the clathrin-associated adaptor protein complex 
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Fig. 4.3 Cytoplasmic motifs of CTLA-4, PD-1, BTLA, and CD160 and interacting molecules
Clathrin adaptor protein (AP)-1, AP-2, and LRBA bind to the CTLA-4 YVKM motif to regulate 
the localization and degradation of CTLA-4. The CTLA-4–PP2A interaction may inhibit Akt acti-
vation. The Y to F mutant in the CTLA-4 YVKM motif increases CTLA-4 surface expression and 
impairs Treg-suppressive activity but has no effect on the conventional T-cell phenotype. PKCη 
interacts with a conserved three-lysine (KMLKKR) motif in the juxtamembrane of CTLA-4
PD-1 contains ITIM (VDYGEL) and ITSM (TEYATI) motifs. The interaction of SHP-2 with the 
ITSM motif is essential for the PD-1-mediated suppressive function. PD-1 increases PTEN phos-
phatase activity by inhibition of CK2 activity. PD-1-mediated signal induces expression of BATF, 
which inhibits IL-2 production. PD-1 expression correlated with GAPDH. Under glucose-restricted 
conditions, GAPDH binds to the 3’ UTR of cytokine mRNA and suppresses cytokine production. 
PD-1 ligation suppresses ubiquitin ligase Skp2 transcription. The expression of p27kip1, the target 
of Skp2, is sustained, which thereby inhibits the cell cycle
BTLA contains ITIM (IVYASL), ITSM (TEYASI), and Grb2-binding motifs. BTLA recruits 
SHP-1 and SHP-2 via ITIM and ITSM, resulting in suppression of T-cell function. The Grb2- 
binding motif of BTLA has a positive function in IL-2 production and the proliferation of T cells
CD160 is mainly GPI-anchored protein and has an alternative TM isoform. In T cells, CD160 co- 
precipitates with Lck and the phosphorylated TCRζ chain. The function of CD160-mediated sig-
naling in T cells is unclear. It is possible that CD160 has differing functions in various cell types 
and conditions
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and LRBA might mutually inhibit CTLA-4 binding in a YVKM-phosphorylation- 
dependent manner. AP-1 also binds to the CTLA-4 YVKM motif at the Golgi appa-
ratus, and the CTLA-4–AP-1 complex appears to play a role in shuttling excess 
CTLA-4 from the Golgi to the lysosome for degradation (Schneider et al. 1999). 
GTPase ADP ribosylation factor-1 (ARF-1), phospholipase D (PLD), and T-cell 
receptor-interacting molecule (TRIM) function to transport CTLA-4 from the trans- 
Golgi network toward the plasma membrane but do not inhibit the endocytosis of 
CTLA-4 (Mead et al. 2005; Valk et al. 2006). TRIM binds to the cytoplasmic por-
tion of CTLA-4 cytoplasm in a region other than the YVKM motif; direct interac-
tions involving CTLA-4, ARF, or PLD have not been examined.

The mechanisms of inhibitory function of CTLA-4 have been investigated inten-
sively and discussed by many researchers. CTLA-4 negatively regulates immune 
responses by both cell-intrinsic and cell-extrinsic mechanisms. The cell-extrinsic 
mechanisms include secretion of soluble CTLA-4 (sCTLA-4) (Oaks et al. 2000), 
reducing B7-1/B7-2 expression on APCs by downregulation and transendocytosis 
(Oderup et  al. 2006; Cederbom et  al. 2000; Qureshi et  al. 2011), production of 
indoleamine 2,3-dioxygenase (IDO) from the APC through a CTLA-4–B7 reverse 
signal, and functional involvement of Treg cells (Grohmann et  al. 2002). Cell- 
intrinsic factors include competition of interactions of CD28 with B7-1/B7-2, 
CTLA-4-mediated inhibitory signaling, modulation of TCR and CD28 signaling, 
inhibition of ZAP-70 microcluster formation, and altered immunological synapses 
(IS). CTLA-4 lacks ITIM and ITSM motifs but has a YVKM motif in the cytoplas-
mic region (Fig.  4.3). CTLA-4 recruits SH2 domain-containing phosphatase-2 
(SHP-2) (Marengere et al. 1996; Lee et al. 1998), protein phosphatase 2A (PP2A) 
(Parry et al. 2005; Chuang et al. 2000), and PI3K (Hu et al. 2001). SHP-2 is associ-
ated with CTLA-4 in a manner dependent on tyrosine phosphorylation within the 
YVKM motif (Marengere et  al. 1996). However, it remains unclear whether the 
CTLA-4 YVKM motif is required in the association with SHP-2 (Lee et al. 1998). 
Furthermore, a recent imaging study failed to show accumulation of SHP-2 at the 
T-APC interaction site and colocalization of CTLA-4 with SHP-2 (Yokosuka et al. 
2010). Therefore, the role of SHP-2–CTLA-4 interactions in the CTLA-4-mediated 
inhibitory function is controversial. Regarding the negative function of CTLA-4 
YVKM motif, a CTLA-4 Y201V mutant knock-in mice showed increased expression 
levels of CTLA-4 on T cells and impaired suppressive activity of Treg cells; how-
ever, CTLA-4 Y201V had little effect on the conventional T-cell homeostasis and 
activation (Stumpf et al. 2014).

PP2A is thought to be important for CTLA-4-mediated inhibitory functions. 
Several studies investigated the binding mode of PP2A and the cytoplasmic tail of 
CTAL-4. The PP2A scaffolding A subunit interacts with a conserved three-lysine 
motif in the juxtamembrane of the CTLA-4 cytoplasmic region and Y218 within the 
YFIP motif (Teft et al. 2009). Whereas TCR ligation induces tyrosine phosphoryla-
tion of PP2AA, TCR/CTLA-4 co-ligation dissociates PP2AA from CTLA-4. The 
PP2AA/C core dimer released from CTLA-4 interacts with the PP2A B subunit, 
providing the cellular localization, and dephosphorylates target molecule. CTLA-4- 
mediated suppression of Akt phosphorylation and IL-2 transcription are inhibited 
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by treatment with okadaic acid, which is a PP2A inhibitor. Okadaic acid enhances 
CD28-dependent IL-2 transcription. Furthermore, PP2A also binds to the cytoplas-
mic tail of CD28, and the interaction of PP2A with CD28 inhibits Lck-dependent 
CD28 tyrosine phosphorylation (Chuang et al. 2000). Therefore, it is possible that 
CD28 may be the target of PP2A downstream of CTLA-4. CTLA-4 associates with 
PI3K and increases Akt activity (Schneider et al. 2008; Hu et al. 2001). Activation 
of the PI3K/Akt pathway downstream of CTLA-4 may be related to the function of 
CTLA-4 in anergy induction without cell death (Da Rocha Dias and Rudd 2001).

Recently, Kong et al. revealed that the positively charged KMLKKR motif in the 
membrane-proximal region of CTLA-4 could interact with PKCη (Kong et  al. 
2014). Phosphorylated PKCη bound predominantly to CTLA-4; mutagenesis 
showed that Ser28 and Ser32 in the C2 domain or Ser317 in the V3 domain of PKCη 
are critical for the association with CTLA-4. Tregs in PKCη-deficient mice devel-
oped normally. However, Tregs from PKCη-deficient mice exhibited impaired 
contact- dependent suppressive activity. Furthermore, focal adhesion complexes 
composed of p21-activated kinase (PAK), PAK-interacting exchange factor (PIX), 
and G protein-coupled receptor kinase-interacting protein 2 (GIT2) were physically 
associated with CTLA-4 and PKCη. The association of CTLA-4 with the PAK–
PIX–GIT2 complex and the activity of this complex was reduced in Tregs in PKCη- 
deficient mice. PKCη-deficient Tregs displayed impaired dissociation from engaged 
APCs and diminished NFAT and NF-κB activities. Therefore, a CTLA-4–PKCη 
signaling axis is required for the suppressive function of Tregs.

As mentioned above, although it is unclear whether the cytoplasmic tail of 
CTLA-4 directly inhibits the signaling pathways related to T-cell activation, the 
cytoplasmic region of CTLA-4 clearly contributes to the regulation of immune 
responses through multistep regulation of CTLA-4 localization within T cells.

4.5  Programmed Death 1 (PD-1, Known as CD279)

PD-1 has two ligands, PD-L1 (known as CD274 and B7-H1) (Freeman et al. 2000; 
Dong et al. 1999) and PD-L2 (known as CD273 and B7-DC) (Tseng et al. 2001; 
Latchman et al. 2001). PD-1-mediated signaling engaged in by PD-L1 and PD-L2 
regulates the threshold of T-cell activation and affects effector T-cell responses, dif-
ferentiation of T cells, T-cell tolerance, T-cell exhaustion, and inflammation in the 
periphery. PD-1 is inducibly expressed on CD4+ and CD8+ T cells, NK, NKT, B 
cells, macrophages, and several dendritic cells (DCs) subsets during immune 
responses, chronic inflammation, and exhaustion (Moll et al. 2009; Keir et al. 2006; 
Yamazaki et al. 2002; Agata et al. 1996). Exhausted T cells such as those involved 
in chronic viral infections (e.g., HIV) have increased amounts of inhibitory recep-
tors, including PD-1. In exhausted T cells, basic leucine transcription factor, ATF- 
like (BATF), which binds to c-Jun and competitively inhibits AP-1 transcriptional 
activity, undergoes PD-1-mediated upregulation by an unknown mechanism.  
PD-1- mediated upregulation of BATF impairs T-cell proliferation and cytokine 
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production, whereas BATF silencing causes an increase in IL-2 secretion (Quigley 
et al. 2010). PD-1 signaling can decrease the production of cytotoxic effector mol-
ecules and effector function – such as proliferation and production of IL-2, TNF-α, 
IFN-γ, and MIP-1β – in a PD-1-signaling dose-dependent manner (Wei et al. 2013). 
Aerobic glycolysis is required for T cells to acquire full effector function, which is 
regulated by bifunctional enzyme GAPDH.  Under glucose-sufficient conditions, 
GAPDH engages in its enzymatic function; however, under glucose-restricted con-
ditions, GAPDH suppresses effector cytokine production by binding to the 3′ UTR 
of cytokine mRNA. In exhausted T cells, high GAPDH expression correlates with 
PD-1 expression but inversely correlates with effector cytokine production (Chang 
et al. 2013). Furthermore, anti-PD-1 immune checkpoint therapy restores glucose in 
the tumor microenvironment. Therefore, PD-1 signaling affects the metabolic 
reprogramming of T cells by inhibiting aerobic glycolysis and promoting fatty acid 
oxidation. This PD-1-mediated metabolic reprogramming influences effector T-cell 
and Tregs differentiation (Chang et  al. 2013; Patsoukis et  al. 2015; Chang et  al. 
2015; Michalek et  al. 2011). PD-1 signals also modulate T-cell motility and the 
duration of interaction with DCs and target cells. PD-1 suppressed TCR-driven stop 
signals, and inversed blockade of PD-1 inhibited T-cell migration, prolonged T cell–
DC engagement, enhanced T-cell cytokine production, boosted TCR signaling, and 
abrogated peripheral tolerance (Fife et al. 2009).

PD-1 consists of several domains, including IgV-like, stalk, transmembrane 
(TM), and cytoplasmic domains. Although many CD28 family members share a 
cysteine residue in the stalk region that mediates homodimerization and a ligand- 
binding site, PD-1 lacks the cysteine residues; therefor, PD-1 cannot form a cova-
lent homodimer (Zhang et al. 2004). The cytoplasmic region of PD-1 contains an 
ITIM motif and an ITSM motif (Okazaki et al. 2001; Shinohara et al. 1994; Ishida 
et al. 1992) (Fig. 4.3). Upon PD-1 stimulation by interaction with PD-L1 or PD-L2, 
two tyrosine residues of PD-1 are phosphorylated within the ITIM (Y223) and ITSM 
(Y248) motifs (Chemnitz et  al. 2004), triggering the recruitment of SH2 domain- 
containing molecules and decreasing the activation of membrane-proximal T-cell 
signaling events through the dephosphorylation of signaling molecules, such as 
CD3ζ, ZAP70, and PKCθ, in T cells (Sheppard et al. 2004; Chemnitz et al. 2004; 
Okazaki et al. 2001). Engagement of PD-1 recruits SHP-1 and SHP-2 (Chemnitz 
et al. 2004). Binding of SHP-2 to the ITSM motif of PD-1 is more critical for the 
PD-1-mediated inhibitory function (Parry et  al. 2005; Chemnitz et  al. 2004). A 
molecular imaging and mutagenesis approach clarified the importance of the local-
ization of PD-1 on effector T cells in the co-inhibitory function of PD-1 and revealed 
the role of tyrosine residues within ITIM and ITSM motifs (Yokosuka et al. 2012). 
Ligand-dependent localization of PD-1 to the TCR microcluster and the central 
supramolecular activation cluster (c-SMAC) is critical for the inhibitory function of 
PD-1. Imaging analysis revealed that the association of SHP-2 with PD-1 via the 
ITSM motif is required for the PD-1-mediated suppression of T-cell activation by 
the dephosphorylation of TCR proximal signaling molecules. However, the ITIM 
motif plays only a partial role in the PD-1-mediated inhibitory function. PD-1- 
mediated signaling predominantly dephosphorylates tyrosine residues in CD28. 
Hui et al. demonstrated that tyrosine phosphorylation of CD28 is the most sensitive 
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target of the PD-1–SHP-2 signal compared to phosphorylation of the proximal mol-
ecules of TCR, such as CD3ζ, ZAP70, LAT, SLP76, and another co-stimulatory 
molecule, ICOS (Hui et al. 2017). Kamphorst et al. reported that CD28-mediated 
co-stimulatory signaling is essential for effective anti-PD-1 immune checkpoint 
therapy (Kamphorst et al. 2017).

PD-1-mediated signaling affects the activation of many intracellular signaling 
pathways downstream of TCR and CD28. Many studies have reported that PD-1 
inhibits PI3K activation (Yang et al. 2016; Ding et al. 2016; Patsoukis et al. 2013; 
Saunders et al. 2005). In a collagen-induced arthritis (CIA) murine RA model, the 
severity was significantly higher in PD-1-deficient mice than in WT mice. This 
severe CIA in PD-1-deficient mice was attenuated by administration of the PI3K 
inhibitor, LY294002 (Yang et  al. 2016). Parry et  al. showed that PD-1-mediated 
PI3K inhibition is dependent on the ITSM motif of PD-1 (Parry et  al. 2005). 
Recently, Patsoukis et al. demonstrated that PD-1 inhibits activity of casein kinase 
2 (CK2), which phosphorylates serine-threonine cluster within the C-terminal 
domain of PTEN (Patsoukis et al. 2013). Phosphorylation of this cluster by CK2 
leads to the stabilization of PTEN and inversely decreases the phosphatase activity 
of PTEN. Therefore, PD-1 signaling inhibits phosphorylation of the serine- threonine 
cluster of PTEN but increases PTEN phosphatase activity, thereby inhibiting the 
PI3K–Akt signaling axis. In contrast, CTLA-4 preserves PI3K activity and expres-
sion of certain genes, such as Bcl-xL, and directly inhibits Akt via the PP2A phos-
phatase (Parry et al. 2005).

PD-1 ligation inhibits the MEK–ERK signaling pathway (Patsoukis et al. 2012). 
Activation of both PI3K–Akt and MEK–ERK signaling pathways is required for the 
induction of ubiquitin ligase SCFSkp2, which degrades cyclin-dependent kinase 
inhibitor p27kip1. Therefore, PD-1-mediated inhibition of the PI3K–Akt and MEK–
ERK pathways suppresses SKP2 expression and inhibits cell cycle progression via 
the inhibition of cyclin-dependent kinase-2 (Cdk2) activation (Patsoukis et al. 2012).

Further downstream, PD-1 modulates T-cell effector function and T-cell toler-
ance by reducing expression of cytokines and key transcription factors (e.g., GATA- 
3, T-bet, and Eomes) and increasing expression of Grail, Itch, and Cbl-b (Tang et al. 
2016; Nurieva et  al. 2006). Furthermore, as PD-1-mediated signaling downregu-
lates activation of PI3K–Akt, mTOR, and ERK and upregulates PTEN phosphatase 
activity – which are key signaling molecules for inducible Treg (iTreg) develop-
ment – PD-1 can promote the development and maintenance of iTreg cells (Francisco 
et al. 2009).

4.6  B- and T-Lymphocyte Attenuator (BTLA, Known 
as CD272)

BTLA is expressed on B cells, αβ and γδ T cells, mature DCs, and macrophages 
(Watanabe et al. 2003; Loyet et al. 2005; Otsuki et al. 2006). Upon TCR engage-
ment, naive T cells express transiently upregulated BTLA, which is downregulated 
in fully activated T cells (Hurchla et al. 2005; Otsuki et al. 2006). BTLA is highly 
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expressed on anergic and exhausted T cells. BTLA has the ability to provide both 
stimulatory and inhibitory signals to T cells. The cytoplasmic region of BTLA con-
tains ITIM, ITSM, and Grb2-binding motifs (Watanabe et al. 2003; Gavrieli and 
Murphy 2006) (Fig. 4.3). Engagement of BTLA by its herpes virus entry mediator 
(HVEM)-containing ligands recruits SHP-1 and SHP-2 to ITIM and ITSM, result-
ing in suppression of T-cell proliferation and production of cytokines, including 
IFN-γ, IL-2, and IL-10 (Watanabe et al. 2003; Sedy et al. 2005; Otsuki et al. 2006). 
BTLA possesses four tyrosine residues; mutation of all four tyrosine residues is 
required to abolish the BTLA-mediated inhibitory function (Chemnitz et al. 2006). 
Ritthipichai et al. showed that a Y to F mutation in the Grb2-binding motif of BTLA 
abrogates the BTLA-dependent proliferation and IL-2 production in T cells 
(Ritthipichai et al. 2017). Therefore, the Grb2-binding motif functions to provide a 
positive co-stimulatory signal to T cells. The balance between the positive and nega-
tive aspects of BTLA functions is not well understood. As HVEM interacts with at 
least five ligands – including lymphotoxin alpha (LTα) and LIGHT (Mauri et al. 
1998; Granger et al. 2001), which transmits a positive signal, and CD160 (Cai et al. 
2008) and glycoprotein D (gD) of the herpes simplex virus (Whitbeck et al. 1997), 
which have an inhibitory function, as well as BTLA – it appears that the expression 
and localization of the BTLAs or other receptors influence whether the signal is 
positive or negative signals to T cells.

4.7  CD160 (Known as BY55)

CD160 is expressed on NK, NKT, and γδT cells, CD8+ T cells, and a small subset 
of CD4+ T cells, but not on B or myeloid cells (DEL Rio et al. 2017; Tsujimura et al. 
2006; Maeda et al. 2005). The expression level of CD160 is downregulated in CD3/
CD28 stimulated cells (Vigano et al. 2014) and upregulated under exhaustive condi-
tions, such as HIV infection. CD160 protein mainly forms a single IgV-like 
domain  – a stalk domain to glycosylphosphatidylinositol (GPI)-anchor (CD160- 
GPI). In addition to this form, human isoforms originating from alternative splicing 
encode a TM and intracellular domain (CD160-TM), sharing the same extracellular 
domain as the original GPI-anchored CD160 (Giustiniani et al. 2009) (Fig. 4.3). An 
alternative isoform of murine CD160 with a short cytoplasmic domain lacks a tyro-
sine residue. CD160 interacts with HVEM and weakly binds to classical and non-
classical MHCs. In NK cells, CD160-mediated signaling appears to have a 
co-stimulatory function. The soluble form of CD160 blocks the CD160–MHC class 
I interaction and inhibits specific cytotoxicities of NK cells (Giustiniani et al. 2007). 
Furthermore, CD160 promotes survival and production of effector cytokines (IFN- 
γ, TNF-α, and IL-6) by activating Syk, PI3K, and ERK pathways in NK cells and 
chronic lymphocytic leukemia (CLL) (Liu et al. 2010; Rabot et al. 2007; Sedy et al. 
2013; Tu et al. 2015). The function of CD160-mediated signaling in T cells remains 
unclear. Cai et  al. demonstrated that crosslinking CD160 with anti-CD160 mAb 
inhibits anti-CD3/anti-CD28-induced activation and proliferation of human CD4+ T 
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cells (Cai et  al. 2008). Blockade of CD160 restored the proliferative capacity in 
exhausted CD8+ T cells (Vigano et al. 2014). However, Nikolova et al. reported that 
upon TCR-CD3 activation, CD160 co-precipitates with Lck and phosphorylated ζ 
chains and anti-CD160 mAb enhances CD3-induced proliferation of a CD28- 
negative T-cell subset (Nikolova et al. 2002). Blocking CD160 using CD160-Ig pro-
longed graft survival in CD28-deficient hosts (D’addio et al. 2013). Therefore, the 
function of CD160 may differ in various cell types and under different conditions. 
A number of mAbs against CD160 (clone names: BY55, CL1-R2, 5D.10A11, and 
5D.8E10) (Maiza et al. 1993; Agrawal et al. 1999; Cai et al. 2008) and anti-murine 
CD160 mAbs (clone names: 7H1 and CNX46-3) (Tsujimura et  al. 2006, Maeda 
et al. 2005) or CD160-Fc fusion proteins show promise as tools with which to inves-
tigate the function of CD160. Therefore, we need to recognize the properties of 
these reagents, and further analysis concerning intracellular mechanisms down-
stream of CD160 is expected.

4.8  DNAM-1/TIGIT/CD96

DNAX accessory protein-1 (DNAM-1, known as CD226) is a co-stimulatory and 
adhesion molecule expressed mainly on NK and CD8+ T cells (Shibuya et al. 1996). 
T-cell immunoreceptor with Ig and ITIM domains (TIGIT, known as Vstms3, 
WUCAM, and VSIG9), a member of the Ig superfamily, is expressed on activated 
and memory T cells and on Treg, NK, and NKT cells (Yu et al. 2009; Boles et al. 
2009). CD96 (known as tactile), another member of the Ig superfamily, is expressed 
on αβ and γδ T cells, NK cells, and NKT cells (Wang et al. 1992). Activation of T 
cells increases CD96 expression with a slow kinetics. DNAM-1 is a positive co- 
stimulatory receptor. On the other hand, TIGIT and CD96 have inhibitory 
functions.

DNAM-1 and TIGIT bind to the same two ligands, which are CD112 (known as 
PVRL2) and CD155 (known as Necl-5 or Tage4), which are expressed on APCs, 
tumor cells, and infected cells (Bottino et al. 2003; Yu et al. 2009). CD96 also binds 
to CD155 and uniquely binds to CD111 (Meyer et  al. 2009; Seth et  al. 2007) 
(Fig. 4.4).

DNAM-1 is important for the NK cell-mediated killing of tumor cells 
(Lakshmikanth et  al. 2009; Verhoeven et  al. 2008; Gilfillan et  al. 2008; Iguchi- 
Manaka et al. 2008) and the elimination of virus-infected cells (Magri et al. 2011; 
Nabekura et  al. 2014) and is critical for the development of acute graft-vs.-host 
disease (Nabekura et al. 2010). Zhang et al. examined the intrinsic biochemical sig-
nals downstream of DNAM-1  in detail (Zhang et al. 2015). DNAM-1 contains a 
conserved YVN motif, which recruits Grb2 in a tyrosine phosphorylation- dependent 
manner. Tyrosine phosphorylation of Y319 within the YVN motif was induced by Src 
family kinases in NK cells. Fyn dominantly induces phosphorylation of DNAM-1; 
however, Lyn Src and Lck could also induce it (Shibuya et al. 1999; Zhang et al. 
2015). Engagement of DNAM-1 leads to activation of Vav1, PI3K, and PLCγ. 
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Fig. 4.4 Cytoplasmic motifs of DNAM-1, TIGIT, CD96, VIST, LAG-3, and TIM-3
DNAM-1 contains an YVN Grb2-binding motif. Engagement of DNAM-1 leads to activation of 
Vav1, PI3K, and PLCγ, thereby promoting Erk, Akt, and Ca2+ flux. The interaction of DNAM-1 
with Grb2 is important for the activity of these signaling molecules. The DNAM-1–Grb2 associa-
tion also contributes to actin polymerization and granule polarization
TIGIT contains an Ig tail-tyrosine (ITT)-like motif and an ITIM motif. Both ITT-like and ITIM 
motifs contribute to the inhibitory function of TIGIT. The ITT-like motif associates with adaptor 
protein β-arrestin 2, Grb2, and SHIP1, dampening the activity of PI3K and MAPK
CD96 contains a proline-rich motif and an ITIM-like domain, indicating the potential inhibitory 
function. However, intracellular signaling downstream of CD96 has not been well characterized
VISTA lacks typical ITIMs and ITSMs but possesses several tyrosine residues and proline-rich 
regions; however, the intracellular binding partners have yet to be identified
LAG-3 contains the KIEELE motif and glutamic acid–proline (EP) repetitive sequence. The 
KIEELE motif is indispensable to the inhibitory function of LAG-3, but the molecular mechanism 
remains unclear. LAP binds to the EP repetitive sequence (EP motif), but deletion of the EP motif 
has no effect on LAG-3 function
TIM-3 has no ITIM or ITSM in its cytoplasmic region, and obvious interactions between TIM-3 
and inhibitory phosphatase have not been reported. TIM-3 contains five conserved tyrosine resi-
dues; two membrane-proximal tyrosine residues are important for coupling to the downstream 
signaling molecules. In the absence of TIM-3 ligands, Bat3 binds to unphosphorylated TIM-3 and 
bridges Lck to the TCR complex. Upon TIM-3 ligation by ligands, tyrosine residues are phos-
phorylated, recruiting several molecules, such as Fyn, Lck, PI3-kinase p85, PLC-γ1, and Itk. 
However, Bat3 does not bind to phosphorylated TIM-3. Therefore, Lck-dependent TCR signaling 
and TIM-3 phosphorylation are diminished in the presence of TIM-3 ligands. It is unclear whether 
TIM-3 directly transmits co-inhibitory signaling
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Consequently, these kinases promote activation of Erk, Akt, and Ca2+ flux. The 
DNAM-1 Y319F mutant abrogated the binding ability to Grb2, causing reduced 
activity of these signaling molecules. DNAM-1 functions to induce cell–cell conju-
gation, actin polymerization, and granule polarization. A DNAM-1 mutant lacking 
the ability to interact with Grb2 diminished actin polymerization and granule polar-
ization; however, cell–cell conjugation was normal (Zhang et al. 2015). In humans 
and mice, but not all other species, DNAM-1 contains a serine residue at 326,  
which is phosphorylated by the crosslinking of DNAM-1 or PMA stimulation 
(Shibuya et al. 1998). Serine phosphorylation of DNAM-1 induces the association 
of DNAM-1 with LFA-1, which drives DNAM-1 into lipid raft compartments 
(Shirakawa et  al. 2006). The requirement of S326 in the DNAM-1-mediated co- 
stimulatory function is controversial. Nabekura et al. demonstrated that the DNAM-1 
S326F mutant has a lower capacity to induce NK responses and NK cell responses 
are impaired by PKCη deficiency (Nabekura et al. 2014). However, a later study 
revealed that S326 appears to be dispensable for the DNAM-1-mediated co- 
stimulatory function, as the DNAM-1 mutant carrying S326A did not show a defect 
in DNAM-1 function (Zhang et al. 2015). Further analysis is needed to explore the 
molecular mechanisms of DNAM-1 in T cells.

As TIGIT has higher affinity for CD155 than DNAM-1, the expression of TIGIT 
cell-intrinsically interferes with DNAM-1-CD155 interaction (Yu et al. 2009). The 
cytoplasmic region of TIGIT contains an immunoreceptor tyrosine-based inhibitory 
motif (ITIM) and an Ig tail-tyrosine (ITT)-like motif (Yu et al. 2009). Although both 
ITT-like and ITIM motifs contribute to the inhibitory function of TIGIT, it is unclear 
which of these motifs is critical for TIGIT function. In mouse NK cells, phosphory-
lation of the tyrosine residues in either the ITT-like motif or the ITIM motif is suf-
ficient for the TIGIT inhibitory function (Stanietsky et  al. 2013). Li et  al. 
demonstrated that TIGIT associates with adaptor protein β-arrestin 2 through the 
phosphorylated ITT-like motif (Y225) and recruits SHIP1 (Li et  al. 2014). SHIP1 
inhibits activation of the TRAF6-NF-κB axis, leading to suppression of IFN-γ pro-
duction. Liu et al. also showed that tyrosine phosphorylation within the ITT-like 
motif induces the interaction with Grb2 and recruits SHIP1, dampening the activity 
of PI3-kinase and MAPK (Liu et al. 2013). Recent studies demonstrated the role of 
TIGIT-mediated co-inhibitory signaling in Treg cells. Joller et al. showed that liga-
tion of TIGIT on Treg cells induced IL-10 and fibrinogen-like protein 2 (Fgl2), 
which promote the suppressive activity of Treg cells (Joller et al. 2014). TIGIT + 
TIM-3 double-positive Treg cells are abundant in tumor-infiltrating lymphocytes 
(TIL), and TIM-3 and TIGIT act synergistically to suppress antitumor immune 
responses (Kurtulus et al. 2015).

Expression of CD96 competes in the interaction between DNAM-1 and CD155, 
resulting in decreased IFN-γ production in NK cells (Chan et al. 2014). The cyto-
plasmic region of CD96 contains a short basic/proline-rich motif and an ITIM-like 
domain, indicating a potential inhibitory function (Meyer et al. 2009). The CD96 
cytoplasmic region in humans, but not other species, contains an YxxM motif, 
which is a potential binding site of the SH2 domain of p85 PI3K. However, intracel-
lular signaling downstream of CD96 has not been well characterized. CD96 is 
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expressed on cancer stem cells in acute myeloid leukemia, T-cell acute lymphoblastic 
leukemia, and myelodysplastic syndromes. Therefore, CD96 is potential target for 
cancer immunotherapy. Further analysis is needed to clarify the molecular mecha-
nisms of CD96.

4.9  V-Domain Ig Suppressor of T-Cell Activation (VISTA, 
Known as PD-1 Homolog (PD-1H), Death Domain 1 α 
(DD1α), and Gi24)

VISTA is highly expressed on many hematopoietic cell types including CD4+, CD8+ 
T cells, and Tregs, but its expression of B cells is low (Wang et al. 2011; Flies et al. 
2011). VISTA consists of a single IgV domain, a stalk domain, a TM domain, and a 
95 amino acid cytoplasmic region. The entire VISTA shares similarities with PD-1, 
CD28, and CTLA-4, but the IgV domain of VISTA shares homology with PD-L1. 
Although a specific ligand for VISTA has not been identified, treatment with anti- 
VISTA neutralizing antibody augments T-cell responses. The phenotype in VISTA- 
deficient mice indicates that VISTA serves as both a ligand and a receptor, with both 
having inhibitory functions (Wang et al. 2011; Yoon et al. 2015; Wang et al. 2014; 
Flies et al. 2014; Ceeraz et al. 2017). Anti-CD3-induced T-cell proliferation is sup-
pressed by immobilized VISTA-Ig, and this stimulation promotes conversion of 
naive CD4+ T cells to Foxp3+ T cells (Lines et al. 2014). Although the cytoplasmic 
domain of VISTA does not contain the typical ITIM and ITSM motifs, it possesses 
two or three tyrosine residues, which are potential SH2 binding sites, and several 
proline-rich regions, which are potential SH3-containing protein binding sites (Flies 
et al. 2011) (Fig. 4.4). Liu et al. showed that immobilized VISTA-Ig impairs the 
anti-CD3-induced phosphorylation of LAT, SLP-76, PLCγ1, Akt, and ERK (Liu 
et al. 2015). However, the actual binding of intracellular molecules with VISTA has 
yet to be identified. VISTA is a promising candidate therapeutic target for promot-
ing anti-cancer immune responses. To elucidate the molecular mechanisms of 
VISTA-mediated co-inhibitory signaling, further studies are needed to identify the 
binding partners.

4.10  Lymphocyte-Activated Gene-3 (LAG-3, Known 
as CD223)

LAG-3 is an Ig superfamily member and expressed on activated CD4, CD8, Treg, 
NK, and B cells and plasmacytoid DCs. The structure of LAG-3 is highly homolo-
gous to that of CD4, with more than 20% homology at the amino acid level. The 
affinity of LAG-3 to MHC class II molecules is higher than that of CD4 (Huard 
et al. 1997). LAG-3 is heavily glycosylated, and it has been reported that galectin-3 
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and liver sinusoidal endothelial cell lection (LSECtin) bind to LAG-3 as alternative 
ligands (Kouo et al. 2015; Xu et al. 2014). Recently, α-synuclein (α-syn) was identi-
fied as an additional another ligand for LAG-3 (Mao et al. 2016). Misfolded pre-
formed fibrils (PFF) of α-syn bound to LAG-3 on neurons initiate α-syn PFF 
endocytosis, transmission, and toxicity. The LAG-3-mediated spreading of α-syn 
from neuron to neuron is a pathogenic mechanism in Parkinson’s disease. The func-
tion of α-syn-LAG-3 in T-cell responses has not been examined.

In resting T cells, localized LAG-3 is degraded within lysosomal compartments. 
After TCR stimulation, LAG-3 is rapidly translocated to the cell surface (Bae et al. 
2014). LAG-3 expression is inhibited by TCR-induced metalloproteases, such as 
ADAM10 and ADAM17 (Li et al. 2007). TCR engagement triggers the association 
of LAG-3 with the TCR/CD3 complex, and LAG-3 negatively regulates TCR sig-
naling. Although LAG-3-associated protein (LAP) binds to glutamic acid–proline 
(EP) repetitive sequences in the cytoplasmic tail of LAG-3 (Iouzalen et al. 2001), an 
EP motif deletion mutant had no effect on LAG-3 function (Workman et al. 2002) 
(Fig. 4.4). LAG-3 has a potential serine phosphorylation site (S454); however, the 
S454A mutant retains the LAG-3-mediated co-inhibitory function. Additionally, 
LAG-3 has a conserved KIEELE motif in the cytoplasmic region, and this motif 
plays an important role in the LAG-3-mediated inhibitory function. In particular, a 
lysine residue (Lys468 in mice) in this motif is indispensable for the inhibitory func-
tion of LAG-3 (Workman and Vignali 2003; Workman et al. 2002). Future identifi-
cation of LAG-3-associated proteins will be important for elucidating the molecular 
mechanisms of LAG-3-mediated inhibitory signaling.

4.11  T-Cell Immunoglobulin and Mucin-Containing  
Protein 3 (TIM-3)

TIM-3 is expressed on Th1, Tc1, Treg, monocyte, and DC. Galectin-9 (Zhu et al. 
2005), Ceacam1 (Huang et al. 2015, 2016; Bonsor et al. 2015; Cao et al. 2007; Zhu 
et al. 2005), HMGB1(Chiba et al. 2012), and PtdSer (Dekruyff et al. 2010; Nakayama 
et al. 2009) are the ligands of TIM-3. TIM-3 lacks ITIMs or ITSMs in its cytoplas-
mic region, and no obvious interaction between TIM-3 and inhibitory phosphatase 
has been reported (Fig. 4.4). Blocking the interaction of TIM-3 with its ligands sug-
gests that TIM-3 has an inhibitory function in T-cell responses (Sabatos et al. 2003; 
Sanchez-Fueyo et al. 2003). However, TIM-3 promotes not only negative but also 
stimulatory signals, depending on the situation of the T cells and/or the binding 
partner of the intracellular signaling molecules (Anderson et al. 2007). The cyto-
plasmic region of TIM-3 contains five conserved tyrosine residues, with two of five 
the tyrosine residues being important for TIM-3-mediated co-stimulatory signaling. 
Engagement of TIM-3 induces phosphorylation of Y256 and Y263 in mice (Y265 and 
Y272 in human) and recruits several molecules, including Fyn, Lck, p85 PI3K, PLC- 
γ1, and Itk (Anderson et al. 2007). Lee et al. showed that expression of TIM-3 on 
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Jurkat cells and ligation of TIM-3 by antibodies augments NFAT/AP-1- and NF-κB- 
dependent transcription, leading to IL-2 production. Conversely, another agonistic 
antibody to TIM-3 inhibited T-cell activation (Lee et al. 2011). van de Weyer et al. 
indicated that Y256 is phosphorylated by Itk and stimulation of TIM-3 by its ligand, 
galectin-9, results in phosphorylation of Y256 (van de Weyer et al. 2006). The authors 
proposed that galectin-9-induced TIM-3 Y256 phosphorylation might recruit SH2- 
containing proteins, including negative regulators. It is possible that the conforma-
tion or aggregation of TIM-3 alters the function of TIM-3-mediated signaling. 
Recently, Rangachari et al. reported that expression of HLA-B associated transcript 
3 (Bat3), which binds to the C-terminal region of TIM-3, affects the positive and 
negative functions of TIM-3 (Rangachari et  al. 2012). Bat3 is preferentially 
expressed on Th1 cells compared to Th0 and Th17 cells. Under unstimulated condi-
tions, Bat3 binds to residues 252–270 on TIM-3, which contain two tyrosine resi-
dues (Y256 and Y263 in mice, Y265 and Y272 in humans). Overexpression of Bat3 in 
CD4+ T cells enhances IFN-γ and IL-2 production and prevents galectin-9-mediated 
cell death. In contrast, disruption of Bat3 expression increases the exhaustion- 
associated molecules (e.g., TIM-3, LAG3, Prdm1, and Pbx3) and markedly 
decreases the production of IFN-γ and IL-2. Furthermore, this report showed that 
Bat3 binds and recruits catalytically active Lck to the TIM-3 and engagement of 
TIM-3 induces dissociation of the TIM-3–Bat3–active Lck complex. Therefore, 
expression levels of Bat3 might affect the balance of TIM-3-mediated signaling. A 
high Bat3 expression level blocks the inhibitory signaling of the TIM-3 by the for-
mation of the TIM-3–Bat3–active Lck axis; however, under low Bat3 conditions, 
TIM-3 transduces inhibitory signals mediated by the recruitment of SH2 domain- 
containing proteins.

4.12  4-1BB (Known as TNFRSF9 and CD137)

4-1BB is an inducible molecule expressed on activated T cells. 4-1BBL (known as 
TNFSF9) is the ligand for 4-1BB, which is expressed on activated APCs. 4-1BB has 
two TRAF-binding motifs (QEED and EEEE) in the cytoplasmic region that recruits 
TRAF1, TRAF2, and TRAF3 (Saoulli et  al. 1998; Jang et  al. 1998; Arch and 
Thompson 1998) (Fig. 4.5). 4-1BB induces ERK activation through the recruitment 
of TRAF1 and leukocyte-specific protein 1 (LSP1) (Sabbagh et  al. 2013). 
4-1BB-mediated ERK activation contributes to the upregulation of Bcl-xL and the 
downregulation of Bim, promoting CD8+ T-cell survival (Sabbagh et  al. 2008). 
4-1BB-mediated recruitment of TRAF2 is important for the activation of canonical 
NF-κB and apoptosis signal-regulating kinase 1 (ASK1) in CD8+ T cells, which 
leads to the upregulation of Bcl-xL and Bfl-1 and the activation of JNK and p38 
(Lee et al. 2002; Nam et al. 2005; Cannons et al. 2000; Cannons et al. 1999). TRAF2 
trimer and TRAF1:(TRAF2)2 heterotrimer interact with the cellular inhibitor of 
apoptosis (cIAP) 1 and cIAP2 of the ubiquitin E3 ligase (Zheng et  al. 2010a). 
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Giardino Torchia et al. demonstrated that the E3 ligase activity of cIAP is required 
for 4-1BB-mediated signaling and maintenance of memory CD8+ T cells (Giardino 
Torchia et al. 2015). These data indicate that 4-1BB-mediated co-stimulation plays 
an important role in CD8+ T-cell-dependent immune responses.

4.13  OX40 (Known as TNFRSF4, CD134, and ACT35)

OX40 is induced on T cells after activation and promotes the growth, survival, 
expansion, and longevity of effector and memory T cells (Rogers et  al. 2001; 
Mousavi et al. 2008; Soroosh et al. 2007; Humphreys et al. 2007; Pakala et al. 2004; 
Bansal-Pakala et  al. 2004; Murata et  al. 2000; Gramaglia et  al. 2000). OX40L 
(known as TNFSF4) is expressed on professional APCs. OX40 possesses a PIQEE 
motif in the cytoplasmic domain, which recruits TRAF1, TRAF2, TRAF3, and 
TRAF5 (Arch and Thompson 1998; Kawamata et al. 1998) (Fig. 4.5). Upon OX40 
stimulation, OX40 translocates to detergent-insoluble membrane lipid microdo-
mains and assembles a signaling complex composed of TRAF2, PKCθ, p85 PI3K, 
RIP1, cIAP1, cIAP2, and IKKα/β/γ complex, leading to effective canonical NF-κB 
and Akt activation (Song et  al. 2004, 2008; So et  al. 2011a, b). Knockdown of 
TRAF2 results in impaired recruitment of PKCθ, ΙΚΚ complex, and PI3K. Therefore, 
TRAF2 is a key factor for OX40-mediated function. TRAF3 inhibits TRAF2- 
dependent OX40-mediated NF-κB activation (Kawamata et  al. 1998; Arch and 
Thompson 1998). OX40-mediated co-stimulation upregulates NIK and contributes 
to the activation of noncanonical NF-κB. OX40 does not directly bind TRAF6, but 
TRAF6 deficiency critically reduces OX40-mediated noncanonical NF-κB activa-
tion (Xiao et  al. 2012). Therefore, TRAF6 is also important for OX40-mediated 
co-stimulation.

4.14  CD27 (Known as TNFRSF7)

CD27, which is expressed on mature T cells, is upregulated upon T-cell activation 
(Hintzen et al. 1994a). The CD27 ligand, CD70 (known as TNFSF7), is transiently 
expressed on T and B cells and professional APCs (Tesselaar et al. 2003; Lens et al. 
1997; Hintzen et  al. 1994b). Analysis of CD27-deficient mice demonstrated that 
CD27 is dispensable for primary T-cell responses but critically important for the 
memory T-cell formation (Hendriks et al. 2000). CD27 has a PIQED motif in the 
cytoplasmic region and recruits TRAF2, TRAF3, and TRAF5 (Fig. 4.5). Ligation of 
CD27 induces activation of NF-κB and JNK through interaction with TRAF2 and 
TRAF5 (Nakano et al. 1999; Yamamoto et al. 1998; Gravestein et al. 1998; Akiba 
et al. 1998). TRAF3 downstream of CD27 appears to function as an inhibitor for 
CD27-mediated co-stimulation (Yamamoto et al. 1998). CD27 is also expressed on 
B cells. In B cells, co-crosslinking of BCR along with CD27 ligation augments 
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Fig. 4.5 Cytoplasmic motifs and interacting molecules of TNF receptor superfamily receptors
4-1BB contains QEED and EEEE motifs. TRAF1 binds to the QEED motif, and TRAF2 and 
TRAF3 bind to both motifs. The 4-1BB–TRAF1 interaction induces activation of ERK.  The 
4-1BB–TRAF2 interaction is important for the activation of canonical NF-κB and ASK1
OX40 contains the TPIQEE motif; TRAF1, TRAF2, TRAF3, and TRAF5 bind to this motif. The 
OX40–TRAF2 interaction is indispensable to the OX40 co-stimulatory function. TRAF6 contrib-
utes to OX40 co-stimulation, although TRAF6 does not bind directly to OX40
CD27 contains the PIQED motif; TRAF2, TRAF3, and TRAF5 bind to this motif. TRAF2 and 
TRAF5 induce NF-κB and JNK activation, leading to T-cell activation. TRAF3 inhibits this activa-
tion. Siva also binds to CD27, inducing apoptosis
CD30 contains the PHYPEQET and MLSVEEEGKED motifs. PHYPEQET recruits TRAF1, 
TRAF2, TRAF3, and TRIP. The MLSVEEEGKED motif recruits TRAF1, TRAF2, and TRAF5. 
TRAF1, TRAF2, and TRAF5 activate NF-κB.  TRAF3 and TRIP negatively regulate this 
activation
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Fig. 4.5 (continued) GITR contains STED and PEEE motifs; TRAF1 and TRAF3 bind to the 
STED motif. TRAF2, TRAF4, and TRAF5 bind to both motifs and induce NF-κB activation, lead-
ing to T-cell activation. TRAF3 inhibits this activation. Siva also binds to STED and PEEE motifs 
and promotes apoptosis
HVEM contains the VTTVAVEET motif; TRAF2 and TRAF5 bind to this motif and trigger the 
activation of canonical and noncanonical NF-κB and JNK/AP-1 and PI3K/Akt pathways
TNFR2 contains KDEQVPFSKEECAF and PLGVPDAGMK motifs. TRAF1 and TRAF3 bind to 
SKEE, and TRAF2 binds to the PLGVPDAGMK region; TRIP binds to both regions. TRAF2 
activates the NF-κB pathway, and overexpression of TRAF1 and TRAF3 inhibits TRAF2 activity. 
TNFR2 stimulation induces degradation of TRAF2, and TRAF1 inhibits this event. TNFR2 has the 
capacity to induce JNK activation
DR3 lacks TRAF-binding motif. DR3 ligation recruits TRADD, and this DR3–TRADD interac-
tion is important for recruitment of TRAF2 and RIP. TRAF2 downstream of DR3 activates NF-κB, 
MAPK, and PI3K signaling pathways

CD27-mediated apoptosis. The interaction of Siva  – which has a death domain 
(DD) homology region, a box-B-like ring finger, and a zinc finger-like domain – 
with the cytoplasmic tail of CD27 is related to CD27-induced apoptosis (Prasad 
et al. 1997). Py et al. found that the Siva N- and C-terminal regions, which do not 
contain DDs, could induce CD27-mediated apoptosis in T cells (Py et al. 2004).

4.15  CD30 (Known as TNFRSF8 and KI-1)

CD30 is expressed on activated and memory T cells (Ellis et al. 1993; del Prete et al. 
1995). CD30L (known as CD153) is expressed on APCs (Bowen et al. 1996; Smith 
et al. 1993; Kim et al. 2003b). CD30 has two TRAF-binding motifs (PHYPEQET 
and MLSVEEEGKED) in the cytoplasmic region that recruit TRAF1, TRAF2, 
TRAF3, and TRAF5 (Duckett et al. 1997; Gedrich et al. 1996; Aizawa et al. 1996, 
1997; Boucher et al. 1997; Lee et al. 1996) (Fig. 4.5). The PEQER motif binds to 
TRAF1, TRAF2, and TRAF3, whereas the EEEGKE motif binds to TRAF1, 
TRAF2, and TRAF5 (Gedrich et al. 1996; Aizawa et al. 1997). The interaction of 
CD30 with TRAF1, TRAF2, and TRAF5 induces NF-κB activation (Duckett et al. 
1997; Aizawa et al. 1997). In contrast, TRAF3 and TRAF-interacting protein (TRIP) 
downstream of CD30 inhibits TRAF1- and TRAF2-dependent NF-κB activation 
(Duckett et al. 1997; Lee et al. 1997). The membrane-proximal region also contrib-
utes to NF-κB activation, without direct interaction of TRAF2 or TRAF5 (Horie 
et al. 1998). CD30 also functions to induce apoptosis, and this function is inversely 
related to the expression level of TRAF2 (Duckett and Thompson 1997).

Abnormal expression of CD30 has been observed on anaplastic large cell lym-
phoma (ALCL) and Hodgkin lymphoma (HL) cells (Mir et al. 2000). In these cells, 
CD30 activates both canonical and noncanonical NF-κB activation independent of 
CD30 ligand and induces IκBζ expression (Wright et al. 2007; Ishikawa et al. 2015). 
Wright et al. determined that the cytoplasmic region of CD30 interacts with aryl 
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hydrocarbon receptor nuclear translocator (ARNT) (Wright and Duckett 2009). 
CD30-mediated hyperactivation of NF-κB suppresses the cell cycle and induces 
apoptosis. ARNT and IκBζ negatively modulate NF-κB hyperactivation, thereby 
allowing these transforming cells to survive (Ishikawa et  al. 2015; Wright and 
Duckett 2009; Wright et al. 2007). Further analysis is required to determine whether 
these mechanisms apply to a range of CD30 co-stimulation in T cells.

4.16  Glucocorticoid-Induced TNFR (GITR, Known 
as TNFRSF18, CD357, and AITR)

GITR is expressed at high levels on Tregs but at low levels on naive T cells; GITR 
expression is upregulated on activated T cells (Shimizu et al. 2002; Mchugh et al. 
2002). GITR is also expressed on NK cells, eosinophils, basophils, macrophages, 
and B cells at low levels (Nocentini et al. 1997; Kwon et al. 1999; Gurney et al. 
1999; Zhan et al. 2004). GITR ligand (GITRL) is expressed on APCs, such as DC, 
macrophages, and resting-state B cells, and it is upregulated after activation (Kwon 
et al. 1999; Kim et al. 2003a; Gurney et al. 1999; Tone et al. 2003). GITRL is also 
expressed on activated T cells and endothelial cells (Stephens et al. 2004; Ronchetti 
et al. 2007). GITR-mediated stimulation promotes proliferation, survival, and cyto-
kine production. GITR-induced signaling is also important for Treg to suppress 
effector T-cell activity and prevent autoimmune diseases. GITR has two TRAF- 
binding motifs (STED and PEEE) in the cytoplasmic region that recruit TRAF1, 
TRAF2, TRAF3, TRAF4, and TRAF5 (Kwon et al. 1999; Esparza and Arch 2005; 
Esparza and Arch 2004; Snell et al. 2010; Esparza et al. 2006) (Fig. 4.5). GITR 
activates several signaling pathways such as canonical and noncanonical NF-κB 
and MAPK. Both TRAF2 and TRAF5 are required for efficient canonical NF-κB 
activation. TRAF1 seems to be dispensable for the GITR-mediated co-stimulation. 
TRAF3 appears to negatively regulate NF-κB signaling downstream of 
GITR. Although the physiological function of TRAF4 in T-cell responses is unclear, 
overexpression of TRAF4 promotes GITR-dependent NF-κB activation. GITR also 
binds to Siva, an intracellular molecule possessing a DD (Spinicelli et al. 2002). 
Siva binds near the TRAF2-binding site of GITR. Therefore, it is possible that the 
interaction of Siva with GITR regulates GITR-mediated NF-κB activation by mutu-
ally inhibiting the GITR–TRAF2 interaction. Recently, Kim et al. demonstrated that 
an agonistic antibody to GITR (also known as DTA-1) enhances the differentiation 
of IL-9-producing CD4+ T cells (Th9) in a TRAF6- and NF-κB-dependent manner 
(Kim et al. 2015). Further study is required to determine the molecular mechanisms 
of the GITR–TRAF6 pathway in Th9 differentiation.

GITR and GITRL are structurally different in species. For example, murine 
GITRL (mGITRL) does not interact with human GITR receptor and vice versa. 
Furthermore, crystallographic studies of the mGITRL crystal structure revealed a 
dimeric assembly, with a likely stoichiometry of receptor to ligand of 2:2 
(Chattopadhyay et al. 2008; Zhou et al. 2008b). On the other hand, hGITRL assem-
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bles into an atypical loose homotrimer (Chattopadhyay et  al. 2007; Zhou et  al. 
2008a). Therefore, it is possible that GITRs of differing species may activate differ-
ent signal transductions.

4.17  HVEM (Known as TNFRSF14 or CD270 or ATAR)

HVEM is widely expressed on many cell types, including naive and activated T 
cells (Kwon et al. 1997). HVEM serves not only as a receptor but also as a ligand 
binding to LIGHT (also known as TNFSF14), glycoprotein D (gD) of herpes sim-
plex virus origin, LTα, BTLA, and CD160 (Mauri et al. 1998; Montgomery et al. 
1996; Gonzalez et al. 2005; Sedy et al. 2005; Cai et al. 2008). The extracellular 
region of HVEM has three full cysteine-rich domains (CRD), with the fourth CRD 
being only two of three disulfide bonds that form a CRD. CD160 and BTLA bind to 
the CRD1/CRD2 region of HVEM, whereas LIGHT binds to the CRD2/CRD3 
region on the opposite side from CD160 and BTLA (Cai and Freeman 2009). A 
HVEM deletion mutant lacking CRD1 has no co-inhibitory function and functions 
solely as a co-stimulatory receptor (Cai et  al. 2008). Expression of LIGHT is 
induced on T cells, DC, and B cells upon activation (Ware and Sedy 2011; Steinberg 
et al. 2011). Engagement of HVEM by LIGHT provides co-stimulatory signals to T 
cells, promoting activation, differentiation, and survival. HVEM has a TRAF- 
binding motif (VTTVAVEET) in the cytoplasmic region and recruits TRAF1, 
TRAF2, TRAF3, and TRAF5 (Hsu et al. 1997; Marsters et al. 1997; Cheung et al. 
2009) (Fig. 4.5). Signaling through HVEM activates NF-κB and JNK/AP-1. HVEM- 
mediated canonical NF-κB activation is dependent on TRAF2, providing a survival 
signal for T cells (Cheung et al. 2009). It is possible that TRAF5 also contributes to 
NF-κB activation, as co-expression of HVEM and TRAF5 strongly induces NF-κB 
activation in 293 cells (Hsu et al. 1997). HVEM also activates the PI3K–Akt axis 
supporting T-cell survival via sustaining Bcl-2 expression at the later phase of T-cell 
responses (Soroosh et  al. 2011). HVEM also activates the signal transducer and 
activator of transcription 3 (STAT3) through noncanonical NF-κB activation, pos-
sibly facilitating Th17 differentiation (Shui et al. 2012; Jin et al. 2009).

4.18  TNFR2 (Known as TNFRSF1B, CD120b, and p75)

TNFR2, which is expressed on naive T cells, is upregulated after activation. TNFα 
(known as TNFSF2) and LTα (known as TNFSF1) are the ligands, which are expressed 
on many cell types, including macrophages and T cells. TNF forms as a TM trimer or 
a soluble form (Grell et al. 1995; Faustman and Davis 2010). TNFR2- mediated co-
stimulation contributes to activation and effector T-cell differentiation (Kim and Teh 
2001, 2004; Aspalter et al. 2003; Kim et al. 2006). TNFR2 has two TRAF-binding 
motifs (KDEQVPFSKEECAF and KPLPLGVPDAGMK) in the cytoplasmic region 

4 Signal Transduction Via Co-stimulatory and Co-inhibitory Receptors



112

that recruit TRAF1, TRAF2, and TRAF3 (Rothe et al. 1995; Cabal-Hierro et al. 2014) 
(Fig. 4.5). TRAF2 preferentially binds to the C-terminal KPLPLGVPDAGMK motif, 
whereas TRAF1 and TRAF3 recognize the SKEE motif. Co-expression of TNFR2 
and TRAF2 augments NF-κB activation, and this TNFR2-dependent NF-κB activa-
tion is inhibited by TRAF1 and TRAF3 overexpression (Cabal-Hierro et al. 2014). 
However, a separate report showed that TRAF1 inhibits TNFR2-induced degradation 
of TRAF2 and the physiological expression levels of TRAF1 enhance the NF-κB 
activation induced by TNFR2 (Wicovsky et al. 2009). It is possible that the expres-
sion levels of TRAF1 and TRAF2 affect the TNFR2-mediated co-stimulatory func-
tion. TRIP associates with TNFR2 through TRAF1 and TRAF2, and TRIP inhibits 
TNFR2-mediated NF-κB activation (Lee et al. 1997). TNFR2 induces JNK activa-
tion. JNK activation downstream of TNFR2 is related to a region different from the 
TRAF-binding sequences, and this region is responsible for inducing TRAF2 deg-
radation (Cabal- Hierro et al. 2014; Cabal-Hierro and Lazo 2012; Rodriguez et al. 
2011). TNFR2 also functions to sustain Akt activity after engagement of the TCR 
and CD28 (Kim and Teh 2004). TNFR2-mediated co-stimulation upregulates the 
expression of survivin, Bcl-2, and Bcl-xL (Kim and Teh 2004; Kim et al. 2006). 
TNFR2-mediated NF-κB and PI3K/Akt activation support TCR/CD28-mediated 
IL-2 induction, clonal expansion, and survival of T cells. Furthermore, ligation of 
TNFR2 inhibits TGF-β-induced iTreg differentiation through the induction of Akt–
Smad3 interaction, resulting in suppression of Smad3-dependent Foxp3 transcrip-
tion (Zhang et al. 2013a).

4.19  DR3 (Known as TNFRSF25 and TRAMP)

DR3, expressed at low levels on T cells, is upregulated after activation and highly 
expressed on Tregs (Schreiber et al. 2010). TNF-like ligand 1A (TL1A; known as 
TNFSF15) is a ligand for DR3, which is induced by pro-inflammatory stimuli on 
APCs (Migone et al. 2002). DR3 lacks a TRAF-binding sequence but possesses a 
DD (Chinnaiyan et al. 1996) (Fig. 4.5). However, DR3 functions to promote T-cell 
activation and expansion rather than induce apoptosis (Wen et al. 2003). DR3 asso-
ciates with TRADD and RIP but not with FADD, and a truncated DD mutant of 
DR3 lacks the ability to bind to TRADD. This DR3–TRADD interaction is impor-
tant for recruitment of TRAF2 and RIP. Formation of these complexes, especially 
DR3–TRADD–TRAF2, likely induces DR3-mediated activation of NF-κB, MAPK, 
and PI3K (Pobezinskaya et al. 2011; Schreiber et al. 2010). Wen et al. demonstrated 
that engagement of DR3 activates NF-κB and MAPK; activation of NF-κB, but not 
of MAPK, is responsible for resistance to apoptosis (Wen et al. 2003). Galectin-9 
binds to the extracellular domain of DR3. The DR3–galectin-9 interaction is impor-
tant for DR3 ligation-induced IL-2 and IFN-γ production from CD4+ T cells and for 
the expansion and suppressive activity of Tregs (Madireddi et al. 2017). E-Selectin 
is an alternate ligand for DR3, and E-Selectin triggers DR3-dependent PI3K–NF-κB 
and MAPK activation in colon cancer cells (Porquet et al. 2011; Gout et al. 2006). 
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Further analysis is required to explore whether this mechanism utilizes DR3- 
mediated signaling in T cells.

4.20  Concluding Remarks

The two-signal model for T-cell activation was proposed more than four decades 
ago (Bretscher and Cohn 1970). T cells are central players in the regulation of 
immune response and tolerance. Because co-stimulatory and co-inhibitory signals 
critically affect the fate of T cells, we must characterize each molecule to add to our 
understanding of the immune response and to develop effective therapeutics for 
autoimmune diseases, organ transplantation, and anticancer immune responses. 
Several agents targeting CD28, CTLA-4, and PD-1 have been approved for the 
treatment of rheumatoid arthritis, renal transplantation, and cancer immunotherapy. 
Furthermore, chimeric antigen receptor (CAR) T-cell therapy is highlighted in can-
cer immunotherapy (Gill and June 2015). CAR is composed of an antibody-derived 
single chain variable fragment (scFv), TM domain (CD8 or CD28), and TCRζ 
chain. Second-generation CAR constructs contain one co-stimulatory receptor (e.g., 
CD28, ICOS, 4-1BB, OX40, and CD27) linked to a TCRζ chain; a third-generation 
of CAR is engineered with more than one additional co-stimulatory molecule, such 
as CD28–4-1BB–TCRζ. A recent study revealed that CD28–TCRζ CAR promotes 
effector CD8+ T cells with enhanced glycolysis; on the other hand, 4-1BB–TCRζ 
CAR enhances respiratory capacity and mitochondria biogenesis leading to 
enhanced development of central memory CD8+ T cells (Kawalekar et al. 2016). 
Therefore, it is important to understand precise molecular mechanisms and inte-
grated functions of the CD28 family members and TNFRSF members when devel-
oping new therapeutic agents.

Successful anti-CTLA-4 and anti-PD-1 immune checkpoint therapies and the 
potential of CAR-T cell therapy show promise in the field of co-stimulation. 
Numerous studies have investigated the therapeutic potential of antagonistic/ago-
nistic antibodies to co-stimulatory and co-inhibitory molecules used alone or in 
combination with other therapies. However, the molecular mechanisms of regulat-
ing T-cell responses require further elucidation. For example, the intracellular bind-
ing partners with VISTA have yet to be identified. Additionally, the in vivo role of 
the cytoplasmic functional motif, TNFRSF, is relatively unknown compared with 
those of CD28 family members. Furthermore, recent data suggests that the cyto-
plasmic motif and signaling pathways downstream of CTLA-4, the best character-
ized co-inhibitory molecule, might not play the primary role in the suppressive 
mechanisms in conventional T cells. Recent studies reported the presence of 
unknown functional motifs (i.e., other than the YMNM and PYAP motifs) in the 
cytoplasmic region of CD28 and identified a new functional IProx motif in the cyto-
plasmic region of ICOS. Global proteomic and imaging analyses in combination 
with conventional mutagenesis and biochemical approaches using T cells from 
physiological conditions are necessary for the identification of novel mechanisms 
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underlying the function of each molecule. Understanding the detailed molecular 
mechanisms of co-stimulatory or co-inhibitory receptors will lead to the develop-
ment of selective inhibitors and therapeutics with potential relevance to autoim-
mune diseases, direct cancer immunotherapies, effective vaccines, and predictors of 
drug efficacy or side effects.
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Chapter 5
Molecular Dynamics of Co-signal 
Molecules in T-Cell Activation

Takashi Saito

Abstract T-cell activation is induced through the TCR microcluster (TCR-MC), 
which is generated by dynamically recruiting the TCR, kinases, and adaptors to 
trigger the full activation signal. Co-stimulation receptors also accumulate, mostly 
at the TCR-MC, and induce signals that positively and negatively modulate the 
direction and magnitude of T-cell activation. CD28 initially colocalizes with the 
TCR-MC but then migrates to a distinct region of the cSMAC called the signaling 
cSMAC, where it recruits and associates with PKCθ, CARMA1, and Rltpr to induce 
sustained  co-stimulation signals leading to NF-kB activation. Although CTLA-4 
and PD-1 mediate inhibitory functions in T-cell activation, their molecular dynamics 
are quite different. Both are expressed only after activation, when they function as 
feedback inhibition of T-cell activation. Whereas PD-1 initially accumulates in the 
TCR-MC and then moves to the cSMAC, CTLA-4 directly accumulates at the 
cSMAC. PD-1 inhibits activation by inducing dephosphorylation of TCR-upstream 
signaling molecules by transiently recruiting SHP2, whereas CTLA-4 competes 
with CD28 for CD80/86 binding within the signaling cSMAC. In general, for both 
positive and negative co-stimulation, these co-stimulation receptors are also 
clustered in a ligand-dependent fashion, and their colocalization with the TCR-MC 
is required to mediate co-stimulation signals.
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5.1  Immunological Synapse and TCR- Microclusters

5.1.1  Immunological Synapse

T cells recognize antigen (Ag) as a peptide-MHC complex on Ag-presenting cells 
(APC) such as dendritic cells (DC) through direct cell-cell interactions. The T-cell 
antigen receptor (TCR) binds to the Ag peptide-MHC complex (pMHC) and triggers 
T-cell activation by recruiting various signaling molecules including the Src-family 
kinase Lck and the Syk-family kinase ZAP-70. Upon formation of the T cell-APC 
conjugate, T cells become polarized toward the APC and create a unique structure 
at the interface between the two cells called the immune or immunological synapse 
(IS). Upon Ag recognition/activation, the TCR-CD3 complex accumulates at the 
center of the IS as the central (c-) supramolecular activation complex (cSMAC) and 
is surrounded by the integrin LFA1 as the peripheral (p-) SMAC (Monks et al. 1998; 
Grakoui et  al. 1999). When originally characterized, this structure appeared to 
support a model in which the cSMAC contained the TCR as the Ag recognition 
component and the pSMAC contained the integrin to promote cell-cell adhesion. 
Together with accumulated evidence that various signaling molecules are recruited 
to the IS, this structure appeared to be the site of Ag recognition and signal 
transduction for T-cell activation. However, the generation of the cSMAC and 
pSMAC takes 5–10 min after the interaction of T cells with APCs or with MHC- 
containing planar lipid bilayers, kinetics that did not correspond at all to those of 
early T-cell activation events such as tyrosine phosphorylation, and intracellular 
Ca2+ flux, which can occur within a few minutes (Lee et al. 2003).

In addition, early analysis of the signaling complex responsible for T-cell activa-
tion using Jurkat cells stimulated with immobilized anti-CD3 antibody (Ab) 
revealed that this intracellular complex, which includes the adaptor proteins LAT 
and SLP-76/Gads as well as effector molecules such as PLCγ (Bunnell et al. 2002), 
is formed immediately upon stimulation. Results of these imaging analyses using 
Jurkat cells were consistent with previous biochemical analyses of the well- 
established proximal signal transduction events upon TCR stimulation (Au-Yeung 
et al. 2009; Samelson 2002; Jordan et al. 2003): phosphorylation of the ITAMs of 
CD3 chains by Lck recruits ZAP-70 which induces phosphorylation of adaptor 
proteins LAT and SLP-76 followed by activation of further downstream effector 
molecules. Davis and Krummel first observed a small cluster of CD3ζ at the 
interface between normal T cells and cell line B cells prior to cSMAC formation 
(Krummel et al. 2000).

To precisely and dynamically analyze membrane proximal events upon stimula-
tion of normal T cells with pMHC complexes, we have performed high- resolution 
imaging using a combination of total internal reflection fluorescence (TIRF) micros-
copy and a supported planar bilayer membrane containing mobile pMHC and 
ICAM-1 as a pseudo-APC membrane. Using this system, we found that the TCR 
complexes accumulate to form small clusters, termed TCR-microclusters (TCR-
MCs), immediately after the T cells attached to the membrane, which is much faster 
than IS formation (Yokosuka et al. 2005; Bunnell et al. 2006; Sharpe and Freeman 
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2002). Analysis of the generation and regulation of TCR-MCs has provided new 
insights into the molecular mechanisms of T-cell activation.

In this article, we first highlight our current understanding of the spatiotemporal 
regulation of T-cell activation through TCR-MC and co-stimulation through CD28- 
MCs and then discuss modulation by inhibitory co-stimulation receptors.

5.1.2  TCR- Microclusters and Initial Activation Signals

When T cells attach to a planar membrane containing peptide-MHC and ICAM-1, 
the TCR-MCs are first generated at the contact site. As T cells start spreading on the 
membrane, TCR-MCs are formed over the entire interface. After maximum 
spreading, T cells then start to contract and all of the TCR-MCs move toward the 
center of the interface to form the cSMAC. Quantitative analysis of the fluorescence 
intensity of individual TCR-MC revealed that a single TCR-MC contains 
approximately 100 TCR-CD3 complexes (Yokosuka et al. 2005). Some of the MCs 
fuse with each other as they move to the center from the periphery during the 
contraction phase. By tracking the movement of TCR signaling molecules ZAP-70 
and SLP-76, as representative kinase and adaptor proteins, respectively, two critical 
observations were made: Firstly, a single TCR-MC contains both ZAP-70 and 
SLP-76, indicating that a TCR-MC represents a functional signal some containing 
TCR, kinases, and adaptors and is responsible for transducing T-cell activation 
signals. Secondly, although ZAP-70 and SLP-76 accumulate within the same TCR- 
MCs, unlike TCR-CD3, they do not move to the center of the interface but instead 
disappear on the way to the center. Thus, only the TCR complex is transported to the 
center to form the cSMAC. TCR-MCs are continuously generated at the edge of the 
periphery of the contact site, where lamellipodia-like structures may be newly 
associated with peptide-MHC complexes. TCR-MC generation is not restricted to 
the artificial bilayer system, but was confirmed at the T cell-APC interface; therefore, 
it should reflect the physiological state, although the detection of the TCR-MC 
required further technical advances in microscopic analysis in vivo.

The idea that the TCR-MC is the unit responsible for generating TCR activation 
signals came initially from the finding that every TCR-MC is stained with anti- 
phospho- tyrosine and anti-phospho-ZAP-70 Abs upon stimulation. Analysis of 
individual T cells revealed that the Ca2+ influx is induced in parallel with TCR-MC 
generation, which is a much earlier event than cSMAC formation. Thus, TCR-MCs 
represent a unit to transduce TCR recognition signals for activation. When T cells 
were treated with the src-kinase inhibitor PP2 to compare kinetics of the known 
biochemical events in the TCR proximal signaling cascade, TCR-MCs were still 
induced even in the absence of Lck function; however, PP2 blocked the recruitment 
of ZAP-70 to the TCR-MCs and generation of the cSMAC (Yokosuka et al. 2005).

By analysis of the components of TCR-MCs using individual GFP-fused signal-
ing molecules, we found that proximal signaling molecules, such as CD3s, Lck, 
ZAP-70, LAT, SLP-76, Gads, Grb2, Itk, PLCγ, PI3K, Carma1, IKK, Vav, Nck, and 
WASP, are contained within TCR-MCs, but other molecules such as Ras, Rac, Sos, 
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Erk, Akt, Pdk-1, and CD45 are not present. Therefore, consistent with the proposed 
role of TCR-MCs, the proximal signaling molecules to induce initial activation sig-
nals are the main components of the TCR-MCs. These findings are almost entirely 
consistent with those derived from analysis of the signaling complex in Jurkat cells 
(Bunnell et  al. 2002, 2006), except that the TCR-CD3 complex is not involved 
within the signaling complex since the TCR complex on the cell surface is fixed and 
does not move in Jurkat cells stimulated with immobilized Ab (Fig. 5.1).

5.2  Dynamics of CD28 Co-stimulation in T-Cell Activation

5.2.1  Dynamics of CD28

T-cell activation is positively and negatively regulated by several co-stimulation 
signals through co-stimulation receptors, which consequently determine the fate of 
T cells. The major positive co-stimulation receptor is CD28, whose ligands on APCs 

Fig. 5.1 Spatiotemporal regulation of TCR microcluster formation at immune synapse. A T cell 
exhibits sequential processes, spreading, contraction, and immune synapse formation, upon 
antigen/MHC recognition by TCR. A T cell generates TCR microcluster (MC) containing TCR, 
kinases, and adaptors immediately after a T cell attaches to APC or planar bilayer. Activation 
signals are induced through TCR-MCs. TCR-MCs move toward the center of the interface to 
generate cSMAC, whereas kinases and adaptors do not move to cSMAC and dissociate from MCs 
during the course to cSMAC
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are CD80 and CD86 (Sharpe and Freeman 2002; Rudd and Schneider 2003). It has 
been known for some time that when T cells are stimulated in the absence of CD28- 
mediated co-stimulation, they become unresponsive, a state termed “anergy” 
(Harding et al. 1992; Schwartz 2003). It has also been shown that the co-stimulation 
signal can be delivered independently of TCR signals, since TCR stimulation 
without co-ligation of these receptors significantly enhances T-cell activation. In 
spite of extensive analysis of CD28 signaling pathways, which have suggested a 
critical role of PI3K to mediate co-stimulation signals (Pages et al. 1994; Harada 
et al. 2003), the molecular nature and spatial relationship between CD28 and TCR 
remain unclear.

We analyzed the dynamics of CD28 and related signaling molecules, particu-
larly to understand their spatial and temporal regulation and the signaling relation-
ship between TCR-MCs and co-stimulation (Yokosuka et al. 2008). Upon initial 
Ag stimulation, CD28 generates microclusters that are completely colocalized 
with TCR-MCs. CD28-MCs moved to the center of the interface, similar to the 
TCR. When the cSMAC was formed, CD28 accumulated at the peripheral areas 
within the cSMAC, which was still within the cSMAC since the CD28 accumu-
lated area was surrounded by the ring of LFA-1 representing the pSMAC. Therefore, 
after T-cell stimulation, CD28 as the major co-stimulation receptor is colocalized 
with TCR-MCs at the early phase and then later with the cSMAC. These CD28 
dynamics suggested that the CD28-mediated signal should be transmitted together 
with TCR signals.

Accumulation of CD28 into the cSMAC is regulated by the strength of the co-
stimulation and TCR signals (Fig. 5.2). We have defined two distinct sub-regions 
within the cSMAC based on high-resolution microscopic analysis, CD3hi and CD3lo 
(Fig. 5.2) (Saito et al. 2010). The CD3hi region represents the classic cSMAC, in 
which TCR-CD3 robustly accumulated. When analyzed using fluorescent-labeled 
MHC-peptide (pMHC) molecules on a planar bilayer, this CD3hi region did not 
overlap with the pMHC clusters, indicating that the CD3hi region was not associated 
with pMHC on the cell surface, but was instead internalized within the cells by 
endocytosis for degradation. In contrast, the CD3lo regions overlapped with pMHC, 
indicating that this region was associated with pMHC on the cell surface. 
Furthermore, we performed FLAP analysis, a technique that uses a strong laser to 
bleach fluorescence regionally and then analyzes dynamics of the molecule 
recovering. We observed that the CD3hi region had a very rigid structure, whereas 
the CD3lo region was dynamically regulated and the fluorescence immediately 
recovered. CD28-MCs overlapped with the CD3lo region. As described later for 
CTLA-4, the CD3lo region, where various co-stimulation receptors accumulate for 
regulation, is the target for both positive and negative co-stimulation; thus, we call 
this region the “signaling cSMAC.” Therefore, the accumulation of CD28  in the 
cSMAC is dependent on the mutual strength of TCR and CD28 co-stimulation 
signaling. When both TCR and co-stimulation signals are weak, the cSMAC is very 
small, but is large and contains many CD3hi as well as CD3lo (signaling cSMAC) 
regions when both signals are strong. In this situation, strong activation signals as 
well as TCR degradation are induced. On the other hand, when a strong TCR signal 
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and a weak co-stimulation signal are induced, large CD3hi but small CD3lo regions 
are generated, which induces a rather anergic or apoptotic status in the T cells. 
Conversely, strong co-stimulation and weak TCR signals induce large CD3lo and 
small CD3hi regions within the cSMAC, which may result in weak and sustained 
activation signals (Fig. 5.2).

5.2.2  Dynamics of PKCθ in CD28 Co-stimulation

To identify molecule(s) mediating downstream events in CD28-mediated co-stimu-
lation that function together with, and move similarly to, CD28, we have analyzed 
the dynamic movement of various signaling molecules as GFP-fusion proteins. 

Fig. 5.2 Schematic model of functionally distinct sub-regions of cSMAC. cSMAC is segregated 
into two sub-regions according to the density of TCR-CD3: CD3hi and CD3lo. The size of cSMAC 
is determined by TCR signal strength. In the absence of CD28 co-stimulation, the majority of 
cSMAC are CD3hi region where extensive internalization and degradation of TCR occurs. In 
contrast, in the presence of strong co-stimulation, CD3lo region becomes dominant as “signaling 
cSMAC” which is responsible for sustained co-stimulation signaling. Therefore, the proportion of 
CD3hi and CD3lo regions are determined by the strength of TCR signal and co-stimulation signal. 
TCR signal strength depends on antigen concentration, while co-stimulation strength depends on 
the expression of CD28 on T cells and CD80/86 on APC
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The molecules that are thought to be involved in CD28-mediated co-stimulation, 
including PI3K, Grb2, Gads, Itk, Vav, PP2A, and PKCθ (Raab et al. 1995; Watanabe 
et al. 2006; Villalba et al. 2000; Chuang et al. 2000), were chosen for these studies, 
although most of these molecules are also involved in the TCR- downstream signal-
ing pathway. After analyzing the dynamics of these molecules individually, we 
found that only PKCθ accumulated into the cSMAC upon stimulation. Indeed, 
PKCθ was colocalized in TCR-MCs upon initial activation, then moved to the cen-
ter of the interface together with the TCR, and then accumulated in the same region 
as CD28 in the cSMAC. CD28 and PKCθ not only move together, but more criti-
cally, they are also physically associated, since PKCθ was co-immunoprecipitated 
with CD28 in normal T cells upon TCR stimulation. The localization of CD28 in the 
signaling cSMAC is dynamically maintained. On the basis of the observation that 
clusters of both CD28 and PKCθ recovered soon after these regions were photo-
bleached. In addition, blocking of the CD28-CD80 interaction by CTLA-4-Ig abro-
gated the accumulation of not only CD28 but also PKCθ in that region, indicating 
that CD28 recruits PKCθ to the signaling cSMAC probably to mediate sustained 
co-stimulation signals such as NF-κB activation. Indeed, we observed that Carma1, 
which forms the Carma1-Bcl10-Malt1(CBM) complex to induce NF-κB activation 
in lymphocytes, also accumulates in the same region as CD28 and PKCθ upon TCR 
stimulation (Yokosuka et  al. 2010). We analyzed CD28 mutants to identify the 
regions of the molecule responsible for CD28 cluster formation and PKCθ recruit-
ment. Mutant CD28 lacking CD80- binding capacity cannot form CD28-MCs, 
whereas a CD28 mutant lacking the cytoplasmic tail could induce clustering but 
failed to recruit and accumulate PKCθ, and this further correlated with defective 
co-stimulatory function.

Therefore, our imaging analysis of CD28-mediated co-stimulation revealed an 
important mode of signal regulation during co-stimulation: the CD28 co-stimulatory 
receptor initially accumulates in the TCR-MCs and then moves to the special region 
of the cSMAC.  PKCθ is associated with, and co-translocate with, CD28 and 
mediates sustained co-stimulation signals, particularly for NF-κB activation.

5.2.3  Regulation of CARMA1 Clustering by CD28 
Co-stimulation

CARMA1 (or CARD11) is a CARD domain-bearing scaffold protein that forms 
clusters with Bcl10 and Malt-1 to form the CBM complex upon T-cell activation 
(Good et al. 2011). The CBM complex has been shown to be critical for inducing 
NF-κB activation in both T and B cells (Thome 2004). If any component of the 
CBM complex is absent, T-cell activation events, such as proliferation and cyto-
kine production, are not induced at all upon antigen stimulation. Activation of the 
CBM complex to induce NF-κB requires CD28 co-stimulation. As briefly 
described above, the dynamic behavior of CARMA1 is similar to CD28 and 
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PKCθ, namely, it accumulates in the TCR-MC at initial TCR activation and then 
moves and accumulates in the signaling cSMAC suggesting that the CD28-PKCθ-
CARMA1 axis in the same region of the cSMAC may induce NF-kB activation as 
co-stimulation signals.

It has been shown that CARMA1 is the molecule with the most frequent muta-
tions in diffuse large B-cell lymphoma (DLBCL) (Lenz et  al. 2008). Such lym-
phoma-inducing mutant CARMA1, as an “oncogenic CARD11,” forms spontaneous 
large clusters in B cells. If these mutants are expressed in T cells, spontaneous large 
clusters of CARMA1 were also observed, similar to those in the B-cell tumors. 
These B cells, and even T cells bearing spontaneous clusters of CARMA1, show 
strong activation of NF-kB, and such sustained activation induces tumorigenesis. In 
contrast to spontaneous cluster formation by the oncogenic mutant CARMA1, nor-
mal CARMA1 forms clusters only upon TCR-CD28 stimulation, which is critical 
for promoting the proper level of NF-kB activation for sustained co-stimulation 
signals (Hara et al. 2015; Hara and Saito 2009).

5.2.4  Rltpr-Mediated Regulation of Co-stimulation

Rltpr (CARMIL2) was identified as a mediator of CD28 co-stimulatory signals 
based on the analysis of mice with a mutant LAT (Thr136 to Phe), which lacks 
PLCγ association and exhibits abnormal activation of CD4+ T cells (Aguado et al. 
2002; Sommers et al. 2002). The Malissen group developed an approach to identify 
molecules that repair the abnormal activation phenotype of the LAT mutant mice by 
screening mice on the LAT mutant background after random mutagenesis. They 
found a mutant mouse bearing a mutation of Rltpr, which showed normal T-cell 
activation. The Rltpr mutant as well as Rltpr-deficient mice phenocopied the CD28- 
deficient mice, indicating that Rltpr contributes to CD28 co-stimulation signaling. 
The dynamic behavior of Rltpr at the immune synapse upon stimulation is almost 
identical to that of CD28, PKCθ, and CARMA1, which colocalize with TCR-MC at 
the early activation phase and accumulate later into the cSMAC, as described above. 
This result also suggests that Rltpr is involved in CD28 cluster formation and 
signaling at the immune synapse (Liang et al. 2013). Indeed, T cells with the mutant 
Rltpr have defective clustering of PKCθ and CARMA1, although TCR-MC and 
CD28 clusters are generated similarly to wild-type T cells, indicating that Rltpr 
connects the CD28 and PKCθ/CARMA1 pathways. Recent LC-mass analysis 
demonstrated that Rltpr physically associates with CD28 and CARMA1 (Roncagalli 
et al. 2016).

Rltpr is known to bind the actin capping protein CAPZ (A, B), which induces 
remodeling of the cortical actin cytoskeleton and probably also induces endocytosis 
of CD28 upon activation. Therefore, Rltpr functions in CD28 signaling in two ways, 
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first through the association/link to the PKCθ/CARMA1 pathway, probably to 
induce NF-kB activation, and second through association with the actin cytoskele-
ton for CD28 endocytosis (Sommers et al. 2002).

The similar behaviors of Rltpr and CD28/PKCθ/CARMA1 in imaging analysis 
have now been directly demonstrated by their biochemical as well as functional 
association for CD28 co-stimulatory signaling.

5.2.5  Spatial Regulation of Signal 1 Versus Signal 2

Regarding the spatial regulation of activation and co-stimulation signals, particu-
larly in the cSMAC, we defined two distinct sub-regions in the cSMAC based on our 
high-resolution microscopic analysis. The distinction between the two regions is 
based on the density of CD3, i.e., CD3hi and CD3lo regions (Fig. 5.2); Yokosuka and 
Saito 2010). CD3hi represents the well-known typical cSMAC where there are abun-
dant TCR-CD3 complexes. When analyzed using fluorescently labeled probes for 
MHC class II, it became clear that there was no overlap between the CD3hi region 
and the pMHC; however, the CD3lo region correlated well with pMHC. This analy-
sis indicates that TCRs in the CD3lo region are associated with pMHC on the cell 
surface, whereas TCRs in the CD3hi region appear to no longer be assembled with 
pMHC and are probably destined for internalization and degradation. Photobleaching 
experiments indicated that the CD3lo region is dynamically regulated, whereas 
CD3hi is very rigid and did not recover after photobleaching. Importantly, since 
CD28 and PKCθ as well as Carma-1 all accumulate in this CD3lo region, it is the 
region mediating signal transduction, particularly for sustained co-stimulation sig-
nal, as the “signaling cSMAC.”

The relative dimensions of the CD3lo and CD3hi regions are regulated by the 
strength of the TCR and co-stimulation signals as shown in Fig. 5.2. A high dose of 
Ag induces a larger proportion of CD3hi, which will be internalized/degraded, 
whereas a low dose of Ag results in a larger CD3lo region, which induces active 
signaling. Conversely, strong co-stimulation increases the CD3lo, and weak 
co-stimulation increases the CD3hi regions, respectively.

These studies lead to a new global and testable model for TCR signaling. 
Spatially differential regulation through the peripheral TCR-MC and the signal-
ing cSMAC represent the site for “signal 1” and “signal 2” described in classic 
co-stimulation models (Schwartz 2003). TCR-MCs induce Ag recognition sig-
nals through the TCR as “signal 1,” and the signaling cSMAC (CD3lo cSMAC) 
induces sustained co-stimulatory signals as “signal 2” within a single T 
cell (Fig. 5.3).
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5.3  Dynamics of CTLA-4 in T-Cell Activation

5.3.1  Regulation of Cell Surface CTLA-4 Expression

After analyzing the dynamic regulation of CD28-mediated positive co-stimulation, 
we investigated the negative regulation mediated by CTLA-4, one of the major 
negative co-stimulatory receptors. CTLA-4 has the same ligands, CD80 and CD86, 
as CD28, but whereas CD28 is constitutively expressed on the cell surface, CTLA-4 
is not expressed in resting normal T cells, except on regulatory T cells, which 
constitutively express high levels of CTLA-4, until its expression is induced by 
TCR stimulation (Linsley et al. 1996; Iida et al. 2000). The ctla4 gene is transcribed 
and translated upon TCR stimulation, but in the absence of further stimulation, most 
of the protein is retained and degraded within lysosomes through endocytosis by 
assembly with the AP2 complex (Shiratori et  al. 1997; Zhang and Allison 1997; 
Saito 1998). Upon TCR stimulation, endocytosis is inhibited by the disassembly 
from AP2, and CTLA-4 accumulates and is expressed on the cell surface. This 
regulation can be observed by microscopy as the dynamics of CTLA-4. Since 
CTLA-4 has a much higher affinity than CD28 for the same ligands, CD80/86, even 
low-level expression of CTLA-4 on the cell surface can compete for ligand binding 
with CD28, which is thought to be the main mechanism of CTLA-4-mediated 
inhibition of T-cell activation. Previous studies revealed that CTLA-4 is transported 
from storage in endosome/lysosomes to the plasma membrane (as a “secretory 
lysosome”) upon further T-cell stimulation. The induction of cell surface CTLA-4 
expression is only induced by strong TCR activation, whereas weak activation leads 
only to translocation of these vesicles to the vicinity of the plasma membrane (Egan 
and Allison 2002). However, exactly how CTLA-4 blocks T-cell activation had 
remained unclear.

Fig. 5.3 Differential compartmentalization for antigen-recognition signal (signal 1) and co-stim-
ulation signal (signal 2). Whereas peripheral TCR-MCs induce Ag recognition signal through acti-
vation of ZAP70, LAT, and SLP76, co-stimulation signals are induced in the localized specialized 
cSMAC regions “signaling cSMAC” through recruitment of CD28, PKCθ, and CARMA1. From 
the classical “two-signal” model of T-cell activation, these signals may represent “signal 1” and 
“signal 2,” respectively, within a single cell basis. Therefore, these signals are generated by spa-
tially distinct signaling modules
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5.3.2  Dynamics of CTLA-4 and Its Inhibitory Function

When we analyzed spatiotemporal regulation of CTLA-4 expression upon TCR 
stimulation on planar bilayer membrane, we found that CTLA-4 also forms 
microclusters upon stimulation, but these do not initially colocalize in TCR-MCs 
and instead directly accumulate in the cSMAC (Yokosuka et al. 2010). Consistent 
with previous functional data (Egan and Allison 2002), this accumulation into the 
cSMAC is only induced by strong and not by weak stimulation, such as stimula-
tion with low concentrations of antigen or a weak agonist. The region of the 
cSMAC where the CTLA-4-MCs accumulate is exactly the same region where 
CD28 and PKCθ accumulate (signaling cSMAC). Thus, when CTLA-4-MCs 
accumulate into the cSMAC upon TCR stimulation, CD28 and PKCθ do not accu-
mulate anymore at the same region. Therefore, CTLA-4 pushes CD28 and PKCθ 
away from the specific region of the cSMAC to the outside of the cSMAC, which 
results in the blockade of CD28-mediated sustained co-stimulation signals. This 
is at least a major inhibitory mechanism of the CTLA-4-CD28 axis, in addition to 
negative signal delivery by CTLA-4 binding to the ligand. To determine whether 
the accumulation of CTLA-4  in the cSMAC is required for CTLA-4-mediated 
inhibition of T-cell activation, we used a trick by preparing CTLA-4 chimeras 
with an unrelated surface protein CD22, which possess the first ligand-binding Ig 
domain of CTLA-4 together with various sizes of the CD22 ectodomain. The idea 
behind this experiment is that only short molecules because of their short extra-
cellular Ig domains can accumulate in the cSMAC, whereas large molecules 
would be excluded and accumulate outside of the cSMAC. This is analogous to 
the exclusion of large molecules such as CD45 from the immunological synapse. 
Indeed, the short ectodomain (one or two Ig domains)-bearing CTLA-4 were colo-
calized with the TCR-MCs and accumulated later in the cSMAC, whereas mole-
cules with longer ectodomains failed to localize in either the TCR-MCs or the 
cSMAC. Functionally, only CTLA-4 with short ectodomains, which colocalized 
with TCR-MCs, could inhibit T-cell activation. These results indicated the impor-
tance of CTLA-4 localization in the cSMAC to mediate its inhibitory function 
(Yokosuka et al. 2010).

5.4  Dynamics of PD-1 in T-Cell Activation

5.4.1  Dynamics of PD-1

PD-1 has been shown to mediate negative regulation of T-cell function. This was 
first evidenced in PD-1-deficient mice (KO), which develop autoimmune diseases 
with aging, the symptoms depending on the genetic background of the mice. PD-1 
KO mice on a C57BL/6 background develop lupus-like arthritis and 
glomerulonephritis, whereas those on a BALB/c background have dilated 
cardiomyopathy (Nishimura et  al. 2001). CTLA-4 deficiency results in acute 

5 Molecular Dynamics of Co-signal Molecules in T-Cell Activation



146

lymphadenopathy within several weeks after birth (Waterhouse et  al. 1995), and 
autoimmune diseases resulting from PD-1 deficiency develop at ~6  months, 
suggesting functional differences between these two inhibitory receptors. PD-1-KO 
mice exhibit enhanced T-cell activation and increase effector/memory T cells. Since 
PD-1 possesses ITIM and ITSM inhibitory motifs within its cytoplasmic tail, the 
mechanism of PD-1-mediated inhibition of T-cell activation has been suggested to 
be through its association with phosphatases SHP-1 and/or SHP-2 (Okazaki 
et al. 2001).

To gain precise insight into the inhibitory mechanism, we have analyzed the 
dynamic features of PD-1 and the recruitment of effector molecules, including 
phosphatases, upon T-cell activation (Yokosuka et al. 2012). PD-1 is not expressed 
on resting T cells and is only induced upon TCR stimulation. Activated/effector T 
cells, exhausted T cells resulting from chronic infection or multiple rounds of 
antigen stimulation, and regulatory T cells express cell surface PD-1. PD-1 generates 
microclusters upon TCR stimulation by interaction with its ligand PD-L1 or PD-L2 
on the APC or the planar bilayer. No clustering at all was observed in the absence of 
the ligands. The ligand-dependent PD-1 microclusters colocalized with TCR-MCs 
at the initial activation phase, and later, after cSMACs formed, PD-1 accumulated 
into signaling cSMAC where CD28 and PKCθ accumulate.

5.4.2  Molecular Mechanism of PD-1-Mediated Suppression

Functional analysis of T cells expressing PD-1with ITIM or ITSM mutations 
showed that the ITSM has the dominant role in mediating inhibition of T-cell 
activation (Yokosuka et al. 2012). The analysis of the association of the PD-1 ITSM/
ITIM with phosphatases revealed that PD-1 transiently associates with SHP2 but 
not SHP1 after TCR activation. This was also confirmed by FRET analysis, where 
PD-1 and SHP2 but not SHP1 generated a positive FRET signal. When PD-1 was 
directly fused with SHP1 or SHP2 at the C-terminus, both chimeric proteins could 
induce suppression of T-cell activation. Therefore, if PD-1 recruits either SHP1 or 
SHP2, either could be inhibitory. However, under physiological conditions, SHP2 is 
selectively recruited to PD-1 upon stimulation and mediates the inhibition of T-cell 
activation. The molecular basis of the specificity for SHP2 is unknown.

The target molecules for PD-1-recruited SHP2 to dephosphorylate were ana-
lyzed by both biochemical and imaging approaches. Very upstream molecules in 
TCR signaling, such as CD3ζ, ZAP70, and SLP76, as well as downstream effector 
molecules, such as Vav-1 and Erk, were dephosphorylated by SHP2 upon PD-1 
stimulation. These data indicate that PD-1/SHP2-mediated dephosphorylation 
occurs very upstream in TCR activation signaling. A comparison of the dynamic 
features and the related inhibitory functions of CTLA-4 and PD-1 is summarized in 
(Fig. 5.4).
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5.4.3  Colocalization of PD-1 and TCR Microclusters

Since PD-1 colocalizes with TCR-MCs to mediate inhibition of T-cell activation, 
we addressed whether the colocalization between PD-1 and TCR-MC is required 
for this inhibition. We used a trick similar to the one used in the CTLA-4 studies, 
constructing PD-1 chimeras with the unrelated surface protein CD22 that all pos-
sess the first ligand-binding Ig domain of PD-1 but have various sizes of the CD22 
ectodomain. We could use this strategy because we previously showed that the 
TCR-MC is surrounded by adhesion molecules such as LFA1 and Pyk2, which we 
call a “microsynapse,” since its structure is similar to the immune synapse in micro- 
scale (Hashimoto-Tane et al. 2016). Indeed, we found that whereas the short ectodo-
main (one or two Ig domains)-bearing PD-1 colocalized well with the TCR- MCs, 

Fig. 5.4 Distinct mechanism of inhibitory signals mediated through PD-1 and CTLA-4. Although 
both PD-1 and CTLA-4 are expressed only upon T-cell activation, the majority of CTLA-4  in 
activated T cells is still stored in secretory lysosomes, while PD-1 is expressed on the cell surface. 
Both generate MCs in the ligand-dependent manner. While PD-1 is localized in TCR-MC and later 
in cSMAC, CTLA-4 is directly recruited into cSMAC.  PD-1 recruits specifically SHP-2 to its 
ITIM/ITSM regions and induces dephosphorylation of the upstream TCR signal molecules. In 
contrast, CTLA-4 competes the ligand binding with CD28 at cSMAC which lead the disruption of 
CD28-PKCθ-CARMA1 axis for sustained co-stimulation signal. These two inhibitory receptors 
induce quite different mechanism to mediate inhibitory functions
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PD-1 chimeras with larger ectodomains failed to colocalize there. Functionally, the 
short PD-1 chimeras inhibited phosphorylation of signaling molecules such as Erk 
and Vav, but the larger PD-1 chimeras failed to do so. Consequently, the short PD-1 
induced inhibition of T-cell activation and cytokine secretion, whereas the longer 
PD-1 s could not. Therefore, colocalization of PD-1 clusters with TCR-MCs coin-
cides with the ability to inhibit T-cell activation, and the colocalization of PD-1 with 
TCR-MC is required to mediate suppression of T-cell activation (Yokosuka 
et al. 2012).

It is well known that PD-1hi T cells are induced as exhausted T cells by chronic 
virus infection or by multiple rounds of antigen stimulation (Barber et al. 2006). 
Such exhausted T cells can be restored to normal function by blocking the PD-1- 
PD-ligand interaction by the addition of anti-PD-1 (or anti-PD-L) Ab. Anti-cancer 
immunotherapy has been started to apply for cancer patients with anti-PD-1 or 
PD-L Ab (Topalian et  al. 2012). Parallel to the functional restoration, the 
colocalization of PD-1 with TCR-MC in exhausted T cells, which induces inhibitory 
signals, is also inhibited by the addition of anti-PD-1 Ab. Therefore, checkpoint Ab 
treatment induces separation of the colocalized PD-1 cluster from TCR-MC, which 
results in potentiation of T-cell activation and further anti-cancer immunity.

Conversely, if the TCR-MC could be colocalized with PD-1 independently of its 
ligands by some special method such as bi-specific antibodies crosslinking of the 
TCR and PD-1, this treatment should induce specific suppression of activation/
function of antigen-specific T cells, particularly in diseases with abnormally 
activated T cells such as autoimmunity. This could be one applicable intervention to 
translate the basic finding that colocalization of TCR-MC and PD-1 induces 
suppression of the T-cell activation/response into clinical practice.

5.5  Dynamics of Other Co-signal Receptors

There are many known co-stimulatory receptors on T cells and their ligands on 
APCs. Only major co-stimulatory receptors in the B7 family are described in this 
article from the imaging/dynamic point of view. There are other critical families of 
positive and negative co-stimulatory receptors, for example, TNF-family receptors, 
and their dynamics in the immune synapse and their relationship with TCR-MCs 
should be analyzed further.

A prototypical positive co-stimulation receptor is ICOS, which belongs to the 
CD28 superfamily and is expressed on the surface of activated/memory-type T 
cells but not by naïve T cells. ICOS is structurally and functionally related to 
CD28 (Hutloff et al. 1999). Preliminary experiments on the dynamic features of 
ICOS on activated T cells demonstrate that it also accumulates in the TCR-MC 
upon TCR stimulation and recruits PI3K in a similar relationship to that of CD28, 
which accumulates in the TCR-MC and recruits PKCθ. The ICOS-PI3K axis 
mediates co-stimulatory signals in activated/memory T cells (Fos et  al. 2008). 
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Another prototypical co-stimulation inhibitory receptor is LAG3 (CD223). LAG3 
belongs to the Ig superfamily and contains four Ig-like domains in its extracellular 
region. LAG3 binds to MHC class II with higher affinity than CD4 (Triebel et al. 
1990). Functional analysis revealed that LAG3 inhibits T-cell activation in a man-
ner similar to CTLA-4 and PD-1 (Nguyen and Ohashi 2015; Lui and Davis 2018). 
When the dynamic features of LAG3 were analyzed, LAG3 also accumulated in 
TCR-MCs upon TCR stimulation. Whether colocalization between LAG3 and 
TCR-MC is required for LAG3-mediated suppression of T-cell activation, similar 
to PD-1, and the mechanism of LAG3 suppression of T-cell activation needs to be 
addressed further.

5.6  Conclusion Remarks and Future Perspectives

In this article, we summarize the findings/knowledge on the dynamic features of 
TCR and co-stimulation signals which is accumulated during a decade. T-cell 
activation is induced upon antigen/MHC recognition by TCR. Activation signals are 
generated initially at the site of TCR microcluster and then at cSMAC for sustained 
co-stimulation signals. High-resolution microscopic study revealed the existence of 
a signaling region within cSMAC where dominant co-stimulation molecules we 
analyzed (CD28, CTLA-4, and PD-1) accumulate and regulate for sustained 
co-stimulation signals. In this region, CD28 and CTLA-4 compete for the ligand 
binding, which determines positive vs. negative fate/direction of T-cell activation, 
and PD-1 associates close to TCR and dephosphorylates TCR-upstream signaling 
molecules. Activation signals are induced and regulated by molecular clustering as 
shown by TCR, CD28, CARMA1, CTLA-4, and PD-1. Generation and dissociation 
of the cluster formation determine the direction and fate of particular activation 
signals. When these clusters localize close enough to TCR-MC, TCR activation 
signal is regulated by the clusters positively or negatively. This seems to be a general 
rule for T-cell activation regulation. From this point of view, several other 
co-stimulatory and coinhibitory receptors are also the candidate for modulating 
T-cell activation as have already been studied as checkpoint inhibitors. Not only 
activation of T cells by checkpoint inhibitors, but also it is possible to suppress 
antigen-specific T cells as discussed above by crosslinking between TCR-MC and 
inhibitory receptors (independent of its ligand binding). Not only CTLA-4 and 
PD-1 but also several critical inhibitory receptors have to be extensively studied for 
both positive and negative regulation of T-cell activation.
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Chapter 6
Role of Co-stimulatory Molecules  
in T Helper Cell Differentiation

Michelle Schorer, Vijay K. Kuchroo, and Nicole Joller

Abstract CD4+ T cells play a central role in orchestrating the immune response to 
a variety of pathogens but also regulate autoimmune responses, asthma, allergic 
responses, as well as tumor immunity. To cover this broad spectrum of responses, 
naïve CD4+ T cells differentiate into one of several lineages of T helper cells, 
including Th1, Th2, Th17, and TFH, as defined by their cytokine pattern and function. 
The fate decision of T helper cell differentiation integrates signals delivered through 
the T cell receptor, cytokine receptors, and the pattern of co-stimulatory signals 
received. In this review, we summarize the contribution of co-stimulatory and 
co-inhibitory receptors to the differentiation and maintenance of T helper cell 
responses.

Keywords Co-stimulatory molecules · T cell differentiation · Th1 · Th2 · Th17 · 
TFH

6.1  Introduction

CD4+ T helper (Th) cells orchestrate the adaptive immune response and play a cen-
tral role in immune protection. They do this by acting on a multitude of other 
immune compartments – they help B cells make antibodies, they license antigen- 
presenting cells (APCs) to prime cytotoxic immune responses, they enhance the 
function of innate cells and contribute to their maturation, and they recruit various 
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cell populations to the site of infection and inflammation. The seminal work of 
Mosmann and Coffman 30 years ago (Mosmann et al. 1986) made it clear that these 
diverse functions are not achieved by a homogenous cell population but that distinct 
functional subsets exist within the Th compartment that allow for the breath of 
immune responses necessary to react to the broad spectrum of threats the immune 
system faces. Mosmann and Coffman initially described two distinct lineages: Th1 
cells, which are characterized by the expression of IFN-γ and promote immune 
responses against intracellular viruses and bacteria, and Th2 cells, which are marked 
by IL-4 production and drive protective immune responses against multicellular 
pathogens such as parasites and helminthes. With the discovery of Th17 cells, which 
orchestrate immune responses against fungi and extracellular bacteria (Harrington 
et al. 2005; Langrish et al. 2005; Park et al. 2005); T follicular helper (TFH) cells, 
which are specialized to promote B cell responses (Breitfeld et al. 2000; Kim et al. 
2001; Schaerli et al. 2000); and Th9 cells (Dardalhon et al. 2008; Veldhoen et al. 
2008), the diversity of Th subsets has further increased. Although detailed subset 
descriptions allow for further subdivision of these lineages, this chapter will focus 
on the four most intensely studied effector lineages, Th1, Th2, Th17, and TFH cells.

Apart from natural Foxp3+ regulatory T cells, which already differentiate in the 
thymus, naïve CD4+ T cells differentiate into the different Th lineages when they 
become activated in the periphery, and their lineage is determined by the pattern of 
signals they receive during initial antigen encounter. Three signals are required to 
fully activate naïve CD4+ T cells, and all three signals contribute to their lineage 
decision: (i) T cell receptor stimulation through the recognition of peptide antigen 
in the context of MHC II is required as a first signal for T cell activation, (ii) 
co-stimulatory signals provided by one or more surface molecules on APCs are 
required to prevent the induction of anergy, and (iii) cytokines secreted mostly by 
APCs are required for optimal generation of effector and memory T cells and their 
survival. Lineage-instructing cytokines have the most dominant effect on CD4+ T 
cell differentiation into different Th lineages and induce the expression of their 
lineage transcription factors (Table 6.1). Th1 cells express T-bet and are generated 
in the presence of IL-12 and IFN-γ (Hsieh et al. 1993; Manetti et al. 1993; Szabo 
et al. 2000), Th2 cells express GATA-3 and are induced by IL-4 (Kopf et al. 1993; 
Zheng and Flavell 1997), and Th17 cells express RORγt and are generated in the 
presence of TGF-β and IL-6 (Bettelli et  al. 2006; Mangan et al. 2006; Veldhoen 
et al. 2006; Ivanov et al. 2006).

However, Th responses can also be generated in the absence of these lineage- 
instructing cytokines. In particular Th1 responses elicited upon viral infection are in 
many cases IL-12-independent (Oxenius et al. 1999; Schijns et al. 1998). Similarly, 
some anti-parasite Th2 responses are elicited in the absence of IL-4 (Jankovic et al. 
2000). Strengths and duration of signal during T cell activation thus also play an 
important role in determining the lineage fate as highlighted by a number of studies 
showing that TCR affinity and antigen dose affect the differentiation of naïve CD4+ 
T cells into the Th1 or Th2 lineage. Altered peptide ligands were used to test the 
effect of altered TCR affinity on Th differentiation and revealed that higher-affinity 
TCRs promote Th1 differentiation, while lower TCR affinity results in a bias toward 
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Th2 differentiation (Chaturvedi et al. 1996; Kumar et al. 1995; Pfeiffer et al. 1995; 
Tao et al. 1997b). Similar results were obtained when the antigen dose was altered, 
as low antigen promoted Th2 differentiation, while high antigen favored Th1 cells 
(Constant et al. 1995; Hosken et al. 1995). In addition to the interaction of the TCR 
with the peptide/MHC complex, the signal delivered during T cell activation is 
strongly influenced by co-stimulatory or co-inhibitory signals, which are the focus 
of this chapter. Co-stimulatory molecules affect the strength as well as the nature of 
the signal delivered and thereby greatly impact the lineage fate decision of Th cells. 
Signals delivered by co-signaling molecules can directly modulate signal strength 
and thereby affect Th differentiation; they can alter the nature of the signal to initiate 
a transcriptional program that will favor or inhibit differentiation of a specific 
lineage. Moreover, they can indirectly modulate the environment by altering the 
cytokine production by APCs, or they can have an impact on the survival of already 
differentiated Th cells. We will highlight the most important co-signaling molecules 
affecting differentiation and function of Th1, Th2, Th17, and TFH cells and outline 
how they contribute to shaping the immune response.

6.2  Th1 Cells

Ligation of the constitutively expressed co-stimulatory molecule CD28 is essential 
during early T cell activation as it is required for T cell proliferation and survival 
and cytokine production. CD28 engagement is closely linked to TCR signaling 
strength, and as differentiation into the Th1 lineage is favored by strong antigenic 
stimulation, CD28 engagement in the presence of high antigen doses or a high- 
affinity TCR results in Th1 differentiation (Fig. 6.1) (Tao et al. 1997a; Rogers and 
Croft 2000). However, prolonged engagement of CD28 is supportive of Th2 
differentiation (Jorritsma et al. 2003). In vitro, T cell activation with high but not 
low antigen doses was shown to induce expression of CD40L, which binds to CD40 
on DCs and thereby induces them to produce IL-12 (Cella et al. 1996; Koch et al. 
1996). This mechanism was also effective in vivo, and CD40-CD40L interaction 
enhanced IL-12 production in DCs and thus promoted Th1 responses in Leishmania 
major infection and a model of colitis (Stuber et al. 1996; Campbell et al. 1996).

CD28 stimulation also induces expression of the inducible co-stimulator (ICOS), 
which is expressed on activated T cells (Hutloff et al. 1999). Early work suggested 
that ICOS ligation on T cells promotes secretion of both Th1- and Th2-associated 
cytokines and thus does not affect the lineage decision (Dong et al. 2001; Kopf et al. 
2000; McAdam et al. 2001; Yoshinaga et al. 1999). However, a multitude of studies 
since then have shed more light on the role of ICOS in Th differentiation and revealed 
that the effect of ICOS on Th responses seems to be strongly dependent on the tim-
ing and context. Overall, ICOS appears to favor Th1 differentiation as the absence 
of ICOS or its ligand results in defective Th1 responses in several disease settings. 
As such, ICOS KO mice are unable to mount a Th1 response upon Salmonella 
enterica (serovar Typhimurium) infection, leading to higher bacterial burden in 
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these mice and unresolved infection even at late time points (Vidric et al. 2006). 
Similarly, disruption of ICOS signaling by ICOS-Ig treatment during oral Listeria 
monocytogenes infection dampens the pathogen-specific Th1 response, hampering 
pathogen control and enhancing lethality (Mittrucker et  al. 2002). Furthermore, 
ICOS-deficient NOD mice do not develop diabetes due to a diminished Th1 response 
(Hawiger et al. 2008). In the context of a strong Th1-polarizing environment, CD28 
and ICOS seem to play synergistic and partially redundant roles. CD28- and ICOS-
deficient mice mount normal Th1 responses upon Toxoplasma gondii infection, a 
strong inducer of Th1 immunity (Villegas et al. 2002; Wilson et al. 2006). However, 
treatment of CD28−/− mice with anti-ICOSL antibodies reduces this Th1 response 
and results in an increased parasite burden (Villegas et  al. 2002). Similarly, the 
reduction in the Th1 response observed upon ICOS-Ig treatment during LCMV 
infection is potentiated in CD28−/− mice (Kopf et al. 2000). Some reports, however, 
suggest that ICOS might dampen Th1 responses. ICOS−/− mice mount an enhanced 
Th1 response upon Mycobacterium tuberculosis or Plasmodium chabaudi chabaudi 
infection, leading to improved pathogen control (Nouailles et al. 2011; Wikenheiser 
et al. 2016). It is important to note that in these settings the regulatory response was 
also strongly inhibited due to the ability of ICOS to promote IL-10 production and 
Treg function (Busse et al. 2012; Lohning et al. 2003; Burmeister et al. 2008; Ito 
et al. 2008) and as such the enhanced Th1 response is most likely a secondary effect. 
Overall, ICOS seems to promote Th1 responses, but due to its expression on all Th 
subsets, this effect is not exclusive for Th1 responses.
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Fig. 6.1 Co-stimulatory molecules in Th1, Th2, Th17, and TFH cells. The most important co-
stimulatory and co-inhibitory molecules that play a role in Th1 (top left), Th2 (top right), Th17 
(bottom left), and TFH (bottom right) differentiation and their ligands are summarized graphically
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In contrast, the co-stimulatory receptor CD226 was identified to be specifically 
expressed on Th1 but not Th2 cells and thus likely specifically regulates Th1 
responses (Dardalhon et al. 2005). CD226 (also called DNAM-1) is an activating 
receptor and binds to the ligands CD155 (PVR) and CD112 (nectin-2), which it 
shares with the co-inhibitory receptor TIGIT forming a pathway that is reminiscent 
of the CD28/CTLA-4 pathway (Levin et al. 2011; Stanietsky et al. 2009; Yu et al. 
2009; Bottino et al. 2003). In the absence of CD28, co-stimulation through LFA-1 
becomes dominant, which binds to CD226 for inducing its co-stimulatory activity 
(Gaglia et al. 2000; Shibuya et al. 2003). LFA-1 itself has been shown to promote 
Th1 differentiation through induction of T-bet, while downregulating GATA-3 and 
CD226 signaling is a critical step in this process (Verma et al. 2016; Smits et al. 
2002; Salomon and Bluestone 1998; Shibuya et al. 2003). Furthermore, blocking of 
CD226 results in decreased Th1 responses due to reduced T cell expansion and 
survival (Dardalhon et al. 2005). Indeed, CD226 has been suggested to act as an anti-
apoptotic molecule involved in positive selection of T cells in the thymus (Fang et al. 
2009). CD226 could therefore be involved in the selective expansion of Th1 cells by 
acting as an anti-apoptotic molecule in a subset-specific manner. More recently, 
CD226 was shown to promote in vitro differentiation of human Th1 as well as Th17 
cells, while its co-inhibitory counterpart TIGIT had the opposite effect (Lozano et al. 
2012; Lozano et al. 2013). Indeed, CD226 has been genetically linked to susceptibility 
to multiple Th1- and/or Th17-driven autoimmune diseases, including type 1 diabetes, 
rheumatoid arthritis, and multiple sclerosis (MS), supporting an important role for 
CD226 in regulating Th1 (and Th17) responses (Hafler et al. 2009).

Like CD226, Tim-3 is specifically expressed on Th1 cells, but unlike CD226 it 
acts as a negative regulator of the Th1 response (Monney et al. 2002; Khademi et al. 
2004; Hastings et al. 2009). Tim-3 binding to its ligand galectin-9 induces cell death 
in Th1 cells and thereby effectively limits the Th1 response (Zhu et al. 2005). The 
absence of Tim-3 or its functional blockade strongly enhanced Th1 responses in vivo 
and resulted in exacerbated experimental autoimmune encephalomyelitis (EAE, a T 
cell-mediated autoimmune disease that serves as an animal model for MS), 
accelerated type 1 diabetes, and impaired tolerance induction (Monney et al. 2002; 
Sabatos et al. 2003; Sanchez-Fueyo et al. 2003). In subsequent studies, administration 
of the Tim-3 ligand galectin-9 was shown to ameliorate skin inflammation and 
experimental autoimmune arthritis, suggesting that Tim-3 ligation attenuates Th1 as 
well as Th17 responses (Niwa et al. 2009; Seki et al. 2008). Thus, although Th17 
cells only express low levels of Tim-3 (Chen et al. 2006), Tim-3 may also play a role 
in attenuating Th17 responses. Importantly, the regulatory role of Tim-3  in Th1 
responses is also observed in humans as Tim-3 is dysregulated in MS patients but its 
expression is regained in patients responding to IFN-β treatment (Koguchi et  al. 
2006; Yang et al. 2008; Ottoboni et al. 2012). Similarly, reduced expression of Tim-3 
is observed in rheumatoid arthritis patients, but responsiveness to treatment 
(methotrexate or tocilizumab) is associated with restored Tim-3 expression (Liu 
et al. 2010). Moreover, the negative regulatory role for Tim-3 in T cells has been 
extended to exhausted T cells in chronic viral infections such as LCMV or HIV, 
where Tim-3 blockade could partially restore T cell function (Jin et  al. 2010; 
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Grabmeier-Pfistershammer et  al. 2017). Collectively, these data highlight the 
importance of Tim-3 as a negative regulator of Th1 responses and its relevance in 
human diseases.

6.3  Th2 Cells

Th2 cells arise in response to extracellular parasites, including helminthes, but also 
play an important role in the induction of asthma and allergic diseases (Hotez et al. 
2008; Licona-Limon et al. 2013). Th2 priming and maturation is dependent on the 
availability of high levels of IL-4, which not only facilitates the differentiation of Th2 
cells in an autocrine manner but also directly blocks the generation of Th1 cells from 
naïve T cells (Choi and Reiser 1998). Importantly, IL-4 signaling in T cells induces 
the expression of GATA-3, the master transcription factor of Th2 cells (Rodriguez-
Palmero et  al. 1999; Ouyang et  al. 2000). Besides the stimulation by polarizing 
cytokines, the differentiation of Th2 cells is largely directed by co-stimulatory signals 
(Fig.  6.1). Sustained CD28 co-stimulation plays an important role in Th2 
differentiation, as it was shown to enhance IL-4 mediated Th2 differentiation by 
increasing IL-4 responsiveness (McArthur and Raulet 1993; Rulifson et  al. 1997; 
Kubo et al. 1999).

Additionally, CD28 was shown to induce the expression of ICOS, which regu-
lates Th2 development. Th2 cells express significantly higher levels of ICOS than 
Th1 cells, and ICOS blockade markedly decreases the production of IL-4 and IL-10 
and inhibits the differentiation of Th2 cells (McAdam et  al. 2000). Importantly, 
inhibition of ICOS was demonstrated to attenuate airway hyper-responsiveness 
in vivo in an adoptive transfer model using differentiated Th2 cells (Coyle et al. 
2000). The significance of the ICOS-ICOSL pathway in preventing Th2-driven air-
way inflammation is further supported by another study showing that ICOS limits T 
cell proliferation and increases IL-10 production in T cells (Gonzalo et al. 2001; 
Akbari et al. 2002). Furthermore, ICOS blockade also significantly inhibits the dif-
ferentiation of Th2 cells in Nippostrongylus brasiliensis infection, a parasitic model 
pathogen whose in vivo clearance is critically dependent on an IL-4R-mediated Th2 
immune response. Of note, although the treatment was shown to impair the genera-
tion of Th2 cells in this model, it had no significant impact on the clearance of the 
worms (Kopf et al. 2000). Given its importance in guiding Th1/Th2 differentiation 
during allergic and parasitic immune responses, ICOS blockade was also success-
fully tested in models of acute and chronic allograft rejection. In both acute and 
chronic graft rejection, ICOS was significantly upregulated and anti-ICOS therapy 
allowed for permanent engraftment in a fully MHC-mismatched mouse model 
(Ozkaynak et al. 2001; Harada et al. 2003). Interestingly, ICOS is not exclusively 
associated with the production of typical Th2 cytokines. Single-cell analysis on 
ICOSlow, ICOSmedium, and ICOShigh T cells revealed an even stronger link to IL-10 
production, as T cells with high ICOS expression mainly secreted IL-10 (Lohning 
et al. 2003). Collectively these findings indicate that ICOS is involved in the regula-
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tion of various Th lineages as well as regulatory processes but seems to have a 
preferential role in the generation of Th2 cells, since ICOS signaling during early T 
cell activation enhances IL-4 production, thereby promoting Th2 lineage decision 
and inhibiting Th1 cell generation (Nurieva et al. 2003; Watanabe et al. 2005).

Another co-stimulatory pathway that was shown to be involved in the regulation 
of Th differentiation is OX40-OX40L. OX40 is induced upon T cell activation on 
both CD4+ and CD8+ T cells (Paterson et al. 1987; Mallett et al. 1990). Early studies 
on isolated human CD4+ T cells revealed that OX40 ligation in combination with 
CD28 co-stimulation increased the release of IL-4 and IL-13, classic Th2 cytokines, 
which nurtured the idea that OX40 co-stimulation could be involved in augmenting 
Th2 differentiation (Ohshima et al. 1998). Later findings however indicated that the 
Th1 vs. Th2 differentiation was not affected by the OX40-OX40L pathway. Both 
polarized Th1 and Th2 cells were demonstrated to express OX40, suggesting an 
important role of the pathway for both types of responses (Gramaglia et al. 1998). 
In the OX40L−/− mouse model, CD4+ T cells displayed a defect in the production of 
both IFN-γ and IL-4 in vitro (Chen et al. 1999) and failed to produce Th1 as well as 
Th2 cytokines in response to allergen sensitization, suggesting that the OX40- 
OX40L pathway augments an ongoing immune response and T cell activation in 
general, regardless of the Th lineage (Rogers and Croft 2000; Arestides et al. 2002). 
Nevertheless, it is now known that OX40 ligation is critical for naïve T cells to 
initially transcribe IL-4 (So et  al. 2006), since in the absence of IL-4, OX40 
engagement mediates the early production of IL-4, which promotes Th2 commitment. 
Therefore, OX40 ligation certainly favors a Th2 phenotype. However, the 
co-stimulatory activity of OX40 on T cell activation, proliferation, and survival is 
dominant in most settings and will augment all types of effector responses.

More recently, Tim molecules have emerged as important regulators of immune 
activation and tolerance in models of autoimmunity and cancer (Anderson et  al. 
2016). The Tim proteins were originally identified during a screening for asthma 
susceptibility genes, which revealed a gene locus named Tapr that contains the Tim 
genes (McIntire et al. 2001). The Tapr locus was demonstrated to be involved in the 
early differentiation of Th2 cells by regulating the production of IL-4 and IL-13 
during primary antigen-specific responses to OVA sensitization. Of the different 
Tim proteins that are encoded by the Tapr locus, Tim-1 is expressed on CD4+ T cells 
that contribute to atopic and asthmatic disease (Kuchroo et  al. 2003). Tim-1 is 
readily upregulated on naïve T cells after activation and highly expressed on 
differentiated Th2 cells (Umetsu et al. 2005). An initial study using an antagonistic 
anti-Tim-1 antibody reported that anti-Tim-1 treatment suppressed the development 
of allergic airway inflammation. In the study, the decreased frequency of 
inflammatory cells after anti-Tim-1 blockade coincided with the significantly 
decreased production of Th2 cytokines like IL-13, IL-4, IL-5, and IL-10 (Encinas 
et al. 2005). Strikingly, Tim-1 blockade did not affect Th1 differentiation, seeing 
that the levels of IFN-γ did not increase, which strengthened the hypothesis that 
Tim-1 mainly regulates Th2 immune responses. More recent experiments however 
found that the administration of an inhibitory anti-Tim-1 antibody also decreased 
the production of Th1/Th17 cytokines and inhibited the antigen-specific expansion 
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of pathogenic CD4+ T cells in EAE (Xiao et al. 2007). In the same study, the authors 
showed that the antibody affinity critically determines the functional outcome of the 
T cell response, which supports the notion that signal strength rather than binding 
itself dictates the differentiation faith of T cells. While Tim-1 ligation with a lower- 
affinity antibody promoted Th2 responses, administration of a high-affinity antibody 
during EAE induction enhanced pathogenic Th1 and Th17. Surprisingly, genetic 
ablation of Tim-1 in Tim-1−/− mice resulted in a similar degree of airway inflammation 
as displayed by wild-type mice after OVA and alum immunization (Curtiss et al. 
2012). Moreover, in vitro re-stimulation of Tim-1-deficient splenocytes lead to the 
enhanced secretion of IL-5 and IL-13, as well as IL-4, IL-10, and IL-17, which 
suggested that Tim-1 promotes Th2 responses during allergen sensitization. This 
striking discrepancy between the earlier studies using antibodies and the genetic 
knockout model highlights the fact that in addition to the Tim-1 signal strength, also 
the timing of signal engagement/blockade might greatly influence the differentiation 
decision of T cells. The enhanced inflammation in Tim-1-deficient mice could be 
the consequence of a dysregulated negative control of T cell responses. This notion 
is underlined by the finding that Tim-1 is also expressed on dendritic cells, where 
Tim-1 signaling regulates co-stimulatory molecule expression and pro-inflammatory 
cytokine production (Xiao et al. 2011). This process promotes T cell responses in 
general and negatively regulates the generation of regulatory T cells. In addition, 
cross-linking of Tim-1 de-stabilizes regulatory T cells and thereby indirectly 
promotes pro-inflammatory immune responses (Degauque et al. 2008).

6.4  Th17

Fifteen years ago, the discovery that IL-23 rather than IL-12 is the major driver of 
many autoimmune diseases has paved the way for the identification of the Th17 
lineage (Harrington et al. 2005; Langrish et al. 2005; Park et al. 2005; Cua et al. 
2003; Murphy et al. 2003). It is, however, not IL-23 but a combination of IL-6 and 
TGF-β that induces differentiation of naïve CD4+ T cells into Th17 cells (Bettelli 
et  al. 2006; Mangan et  al. 2006; Veldhoen et  al. 2006; Ivanov et  al. 2006). 
Nevertheless, IL-23 plays a central role in Th17 biology as it is required to expand 
and stabilize the Th17 lineage and confer it with its autopathogenic properties (Jager 
et al. 2009; Veldhoen et al. 2006; Awasthi et al. 2009). The discovery of Th17 cells 
initiated a major revision of the Th1/Th2 paradigm, and it is now clear that the Th 
compartment is much more complex than the initially proposed dual system. As 
Th17 can be highly autopathogenic, many of the initial studies on Th17 cells were 
performed in autoimmune settings, and Th17 cells were identified as the main 
drivers of numerous autoimmune disorders, including MS, rheumatoid arthritis, 
inflammatory bowel disease, and psoriasis (Patel and Kuchroo 2015). Indeed, 
therapeutic interventions targeting components of the Th17 pathway have since 
proven successful in many of these conditions (Patel and Kuchroo 2015). However, 
in healthy individuals, the primary function of Th17 cells is to mediate protective 
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immunity against infections with fungi and extracellular bacteria (Sallusto 2016). In 
addition to inducing tissue inflammation, Th17 cells also promote B cell responses 
and the formation of ectopic lymphoid follicles in the tissues (Mitsdoerffer et al. 
2010; Peters et al. 2011; Ota et al. 2011; Rangel-Moreno et al. 2011).

Like Th1 cells, Th17 cells develop after strong antigenic stimulation and CD28 
favors their differentiation (Fig. 6.1) (Gomez-Rodriguez et al. 2009; Iezzi et al. 2009; 
Park et al. 2005). However, the main function of CD28 in Th17 development might 
be its ability to induce ICOS (Hutloff et al. 1999; McAdam et al. 2001; Aicher et al. 
2000). Indeed, Th17 cells have been shown to express higher levels of ICOS than Th1 
cells (Nakae et al. 2007), and ICOS strongly enhances Th17 differentiation of human 
CD4+ T cells in  vitro (Paulos et  al. 2010). Interestingly, CD28 co-stimulation 
counteracted ICOS stimulation in this setting, dampening RORγt and cytokine 
expression (Paulos et al. 2010), which supports the induction of ICOS expression as 
the primary role of CD28 in Th17 differentiation. Several genetically modified mouse 
models have confirmed the importance of ICOS for Th17 cells in  vivo in that 
overexpression of ICOS due to a mutation in its negative regulator Roquin in sanroque 
mice causes a lupus-like autoimmune syndrome (Yu et al. 2007). Conversely, ICOS-
deficient mice have been reported to show impaired Th17 responses (Park et al. 2005). 
Furthermore, mice with an ICOS signaling defect that prevents interaction of ICOS 
with PI3K mount impaired Th17 responses upon Chlamydia muridarum infection, 
resulting in decreased pathogen control (Gao et  al. 2012). However, other studies 
found ICOS KO mice to mount normal or even enhanced Th17 responses and develop 
slightly more severe EAE (Bauquet et  al. 2009; Galicia et  al. 2009). These 
discrepancies were resolved when the mechanism by which ICOS contributes to 
Th17 responses was elucidated. An earlier study had already suggested that ICOS 
might play distinct roles during different phases of the immune response as inhibition 
of ICOS during the priming phase of EAE exacerbated diseases but ICOS blockade 
during the effector phase had a protective effect (Rottman et al. 2001). Indeed, primary 
differentiation of Th17 cells is independent of ICOS (Bauquet et al. 2009). However, 
ICOS ligation results in the activation of c-Maf, which in turn augments IL-23R 
expression and IL-21 production allowing for a paracrine and autocrine expansion of 
the Th17 response (Bauquet et al. 2009). ICOS thus does not affect the differentiation 
of Th17 cells per se but plays an essential role in the population expansion of Th17 
cells.

Another function of ICOS is its ability to induce expression of CD40L on T cells 
(McAdam et al. 2001). CD40L ligation is important for Th17 induction with high 
antigen doses, and the absence of the CD40-CD40L interaction prevents the 
development of EAE by specifically reducing the Th17 but not the Th1 response 
(Grewal et  al. 1996; Iezzi et  al. 2009). Studies showing that the CD40-CD40L 
interaction induces enhanced IL-6 and IL-23 production in DCs suggest that CD40L 
does not affect Th17 differentiation in a cell-intrinsic manner but indirectly 
conditions DCs to provide a cytokine environment that promotes Th17 differentiation 
(Perona-Wright et al. 2009; Iezzi et al. 2009). OX40 has also been implicated in 
Th17-driven diseases such as EAE and MS (Ndhlovu et  al. 2001; Carboni et  al. 
2003), and the reported induction of IL-6 in mast cells by OX40L ligation suggests 
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that OX40 promotes Th17 differentiation in a similar manner as CD40L (Piconese 
et al. 2009).

In addition to co-stimulatory molecules, co-inhibitory receptors such as PD-1 also 
regulate the Th17 lineage. Absence or blockade of PD-1 and PD-L1 resulted in more 
severe EAE, a phenotype that was not observed when PD-L2 was targeted (Carter 
et al. 2007; Salama et al. 2003). Early studies in EAE and Mycobacterium tuberculosis 
infection in humans, which are characterized by mixed Th1 and Th17 responses, 
suggested that the PD-1/PD-L1 interaction specifically suppressed the Th1 and not the 
Th17 response (Babu et al. 2009; Schreiner et al. 2008). However, a series of recent 
reports points in the opposite direction. Hirahara and colleagues showed that IL-27-
mediated inhibition of Th17 responses is in part achieved through the ability of IL-27 
to induce PD-L1 expression on T cells, which inhibits the differentiation of Th17 cells 
in trans through the PD-1-PD-L1 interaction (Hirahara et  al. 2012). This trans 
suppression of Th17 cells also played a functional role during EAE in  vivo. 
Furthermore, recombinant PD-L1 was suggested to selectively block Th17 but not 
Th1 and Th2 differentiation (Herold et al. 2015), and PD-L1 transgenic mice are less 
susceptible to EAE because of a reduced Th17 (but not Th1) response (Shi et al. 2017). 
Importantly, overexpression of PD-L1 did not affect the regulatory T cell response in 
these mice, supporting the notion that it specifically influences the Th17 response.

In addition to affecting the differentiation of Th17 cells, co-signaling molecules 
have most recently also been shown to affect the phenotype and immunological 
function of Th17 cells. Th17 cells come in (at least) two flavors: so-called pathogenic 
Th17 cells are induced in the presence of IL-6, IL-1β, and IL-23, co-express both 
RORγt and T-bet, secrete GM-CSF, and are highly pathogenic in inducing EAE, 
while non-pathogenic Th17 cells are induced by TGF-β1 and IL-6, are negative for 
T-bet, but express IL-10 in addition to IL-17 (Ghoreschi et al. 2010; Lee et al. 2012). 
These two Th17 subsets appear to be functionally and transcriptionally distinct and 
might have evolved to combat different types of pathogens. Based on studies with 
human Th17 cell clones, it appears that “pathogenic” Th17 cells are induced to 
combat fungal infections, while “non-pathogenic” Th17 cells seem to be generated 
in response to infections with extracellular bacteria (Zielinski et  al. 2012). The 
transcriptional characterization of these two Th17 subsets formed the basis for the 
identification of two surface receptors – PROCR (protein C receptor) and CD5L 
(CD5 antigen-like or AIM) – that act as regulators of Th17 pathogenicity (Kishi 
et  al. 2016; Wang et  al. 2015). CD5L, a member of the cysteine-rich scavenger 
receptor superfamily involved in regulation of lipid metabolism (Miyazaki et  al. 
1999; Sarrias et al. 2004), is specifically expressed in non-pathogenic Th17 cells. 
CD5L has no effect on Th17 differentiation itself but inhibits Th17 pathogenicity by 
modulating the intracellular lipid composition. The CD5L-induced restriction of 
cholesterol synthesis reduces ligand availability for RORγt and thereby limits its 
activity and enforces the non-pathogenic Th17 phenotype (Wang et al. 2015). Like 
CD5L, PROCR is also specifically expressed on non-pathogenic Th17 cells (Kishi 
et al. 2016). PROCR inhibits IL-23R and IL-1R expression, which are critical for 
the generation of pathogenic Th17 cells (Awasthi et al. 2009; Chung et al. 2009; 
Cua et al. 2003; Sutton et al. 2006). Interestingly, PROCR expression is induced by 
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transcription factors that also drive the differentiation of Th17 cells (Kishi et  al. 
2016), suggesting that it acts as a built-in break to control Th17 pathogenicity under 
steady-state conditions. Given that Th17 cells are abundantly present at mucosal 
sites and barrier tissues, default PROCR expression might serve to maintain tissue 
homeostasis and prevent chronic inflammation at these sites. Although PROCR is 
expressed at much lower levels in non-pathogenic Th17 cells, its engagement 
through its ligand  activated protein C (aPC) induces functional conversion of 
pathogenic to non-pathogenic Th17 cells (Kishi et al. 2016). Indeed, administration 
of aPC was shown to ameliorate EAE, and aPC is detectable in chronic active 
plaques of MS patients (Han et al. 2008), supporting an active regulatory role for 
PROCR and its ligand in Th17 pathogenicity. Co-signaling molecules thus not only 
affect Th17 differentiation but also serve to regulate their functional state.

6.5  TFH Cells

T follicular helper cells (TFH) are a subset of CD4+ T cells located in lymph nodes, 
and their main function is to provide help for B cells during the germinal center 
reaction, which ensures the generation of high-affinity antibodies (Crotty 2011). In 
contrast to the other Th subsets, TFH differentiation follows a multifaceted pathway 
that involves not only the upregulation of specific chemokine receptors but also 
direct interaction with B cells in secondary lymphoid organs (Crotty 2014). TFH 
cells are characterized by the expression of their master transcription factor Bcl-6, 
as well as the surface receptors CXCR5, ICOS, and PD-1 (Fazilleau et al. 2009a). 
Similarly to other Th lineages, early TFH differentiation is highly dependent on 
CD28 engagement and TCR signal strength. Weber and colleagues recently showed 
that CD28-deficient T cells are unable to induce Bcl-6, which is necessary for the 
migration of TFH cells into the B cell zone where they undergo further differentiation 
steps (Weber et al. 2015) (Fig. 6.1). Besides CD28 signaling, it was found that T cell 
precursors with a high-affinity TCR preferentially differentiate into CXCR5+ TFH 
cells that display a tissue-resident phenotype (Fazilleau et al. 2009b). At the same 
time, greater TCR signal strength also induced higher levels of IL-21 in vitro, a 
cytokine that is fundamental for both TFH generation and subsequent germinal center 
formation (Vogelzang et al. 2008; Nurieva et al. 2008). During the later stages of 
TFH differentiation, ICOS signaling is key in ensuring the maintenance of TFH cells 
in the germinal center. Indeed, abrogation of ICOS signaling results in the loss of 
TFH cells and the collapse of the already formed germinal center response (Weber 
et al. 2015; Bossaller et al. 2006; Warnatz et al. 2006). B cells express high levels of 
ICOSL in the secondary lymphoid organs, and the ICOS-ICOSL binding interaction 
is required for proper TFH differentiation not only under steady-state conditions but 
also during acute infections or immunization (Xu et al. 2013; Haynes et al. 2007). 
As a consequence, ICOS deficiency leads to profound defects in antibody production 
and immunoglobulin isotype switching in both mice and humans (Akiba et  al. 
2005; Bentebibel et al.  2016). Furthermore, ICOS engagement also induces IL-21 
production by Th cells, which is crucial for germinal center maintenance and TFH 
development (Bauquet et al. 2009).
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TFH cells were also shown to express the highest levels of PD-1 compared to 
other T cell subsets under homeostatic conditions. Follicular regulatory T cells 
(TFR), which restrain TFH responses, are negatively regulated by PD-1, as PD-1−/− 
and PD-L1−/− mice have a greater abundance of TFR (Sage et  al. 2013). PD-1 
expression by TFH cells is also important in mediating their function in that the 
interaction of PD-1 with PD-L1 on germinal center B cells delivers important 
survival signals to the B cells and regulates the generation and affinity maturation of 
long-lived plasma cells in the germinal center (Good-Jacobson et al. 2010). Mice 
deficient in PD-L2, PD-L1, or PD-1 displayed defects in the number of long-lived 
plasma cells, which support the notion that the PD-1/PD-1 L pathway represents an 
important signaling pathway that provides T cell-dependent B cell help.

6.6  Conclusion

The integration of signals from co-stimulatory and inhibitory molecules is a key 
step in the activation of naïve CD4+ T cells as it not only allows for full activation of 
T cells but based on its composition also influences Th differentiation and thus 
shapes the ensuing immune response (Fig. 6.2). The signals delivered through co-
stimulatory receptors in this context are threefold: (i) they directly act on Th cells to 
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Fig. 6.2 Co-stimulatory molecules affect multiple T helper lineages. Many co-stimulatory and 
co-inhibitory receptors affect the differentiation, expansion, and maintenance of more than one T 
helper lineage. This graph summarizes the function of the receptors in a receptor-centric fashion, 
highlighting their diverse effects
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modulate TCR signal strength and affect the transcriptional program of a specific 
lineage, (ii) they engage ligands on APC and thereby may alter their function and 
cytokine pattern, and (iii) they influence the function and survival of already 
differentiated Th cells. The composition of co-stimulatory signals thus substantially 
influences the differentiation and maintenance of different Th lineages and represents 
a carefully orchestrated tool by which the interaction of Th cells and APCs can 
optimize the immune response to the encountered threat.
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Chapter 7
Control of Regulatory T Cells by Co-signal 
Molecules

James Badger Wing, Christopher Tay, and Shimon Sakaguchi

Abstract Foxp3-expressing regulatory T cells (Tregs) perform a vital function in 
the maintenance of immune homeostasis. A large part of Treg suppressive function 
is derived from their ability to control and restrict the availability of co-signal mol-
ecules to other T cells. However, Tregs themselves also depend on many of the same 
co-signals for their own homeostasis, making this a complex system of feedback. In 
this chapter, we discuss the critical role of co-signaling in Treg cell biology.

Keywords Tregs · CTLA-4 · PD-1 · CD28 · OX40 · GITR · CD27 · CD30 · TIGIT 
· DR3 · TNFR2 · ICOS · Tim-3

7.1  Tregs

The first indications that some thymically derived cells had a critical suppressive 
function came from early work by Nishizuka and colleagues who demonstrated that 
day 3 thymectomy of mice led to severe autoimmunity, suggesting that cells pro-
duced after 3 days were responsible for the maintenance of immune homeostasis 
(Nishizuka and Sakakura 1969). However, it was not until 1995 when Tregs (Tregs), 
as we now know them, were definitively described on the basis of their expression 
of the IL2 receptor alpha chain (CD25) and that transfer of these cells could prevent 
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autoimmunity (Sakaguchi et al. 1995). Shortly afterward, it was also found that in 
the neonatal period, Tregs develop in a slightly delayed fashion in comparison to 
effector T cells, explaining why thymectomy at day 3 allows the development of 
effector T cells but not Tregs (Asano et al. 1996).

Tregs are dependent on the master transcription factor Foxp3, and ectopic 
expression of Foxp3 into Foxp3 T cells induces suppressive function (Ramsdell 
and Ziegler 2014). Conversely, disruption of Foxp3 function results in the develop-
ment of severe autoimmunity in both mice and humans as characterized by the 
scurfy mouse strain and immunodysregulation polyendocrinopathy enteropathy 
X-linked (IPEX) syndrome (Wildin et al. 2001). IPEX is characterized by severe 
allergy with hyper-IgE production, autoimmune disease such as type 1 diabetes 
mellitus, and inflammatory bowel disease (Wildin et al. 2001; Ramsdell and Ziegler 
2014). While Foxp3 is critical for the function of Tregs, it is not alone responsible 
for all Treg- type gene expression as its transfection only causes partial reproduc-
tion of the Treg cell gene signature (Sugimoto et al. 2006). Treg gene expression is 
also stably maintained by epigenetic programming. Demethylation of key Treg 
genes such as CTLA-4 and Foxp3 itself allows their constitutive expression 
(Ohkura et al. 2013). Tregs are critical for prevention of autoimmunity throughout 
life, and depletion of Tregs in adult mice leads to catastrophic autoimmunity (Kim 
et al. 2007). In addition to the severe fatal inflammation associated with total loss 
of Treg function, more subtle defects of Treg number and function have been 
implicated in a wide range of autoimmune diseases such as SLE, Sjögren’s syn-
drome, psoriasis, autoimmune hepatitis, myasthenia gravis, and inflammatory 
bowel disease (Grant et al. 2015).

Tregs can be split into two primary categories, thymically derived Tregs (tTregs) 
and peripherally derived Tregs (pTregs). tTregs are essential for the maintenance of 
immune self-tolerance and make up the majority of Tregs in circulation. pTregs are 
formed from Foxp3-negative non-Tregs exposed to signals such as TGFβ and 
IL-2  in peripheral organs; they have a critical and overlapping role with tTregs, 
being particularly important for the control of inflammation at barrier sites such as 
the gastrointestinal tract and lungs (Josefowicz et  al. 2012). A third group also 
exists, in vitro derived Tregs (iTregs), consisting of originally Foxp3-negative con-
ventional CD4 T cells (Tconv) that have been induced to convert to Foxp3+ cells by 
in vitro treatment with antigen, IL-2, and TGF-β. While iTregs have proven a valu-
able tool for understanding Treg function, they cannot be considered the exact 
equivalent of in vivo derived pTregs since they lack the proper epigenetic program-
ming and as a result are unstable, tending to lose Foxp3 expression without its active 
maintenance (Ohkura et al. 2013). In the past, the terms pTregs and iTregs have 
been used interchangeably, while tTregs were also often described as natural Tregs 
(nTregs), leading to a certain amount of confusion. Recent recommendations to 
clarify the nomenclature aim to address this and should be observed where possible 
(Abbas et al. 2013). In addition to differences in their site of origin, Tregs also dis-
play a high level of functional diversity with tissue-resident Tregs in areas such as 
the visceral adipose tissue, tumor environment, and muscles, showing characteristic 
phenotypes (Burzyn et al. 2013). Further, Tregs may mirror effector T-cell subtypes 
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gaining expression of Th17-, Th1-, Th2-, and Tfh-associated transcription factors 
(RORγt, T-bet, Gata3, and BCL6, respectively) to form functionally specialized 
subpopulations of Tregs. These cells gain expression of matching chemokine recep-
tors allowing them to track the matching effector subtype to the site of inflammation 
to deliver suppression in situ (Wing and Sakaguchi 2012) (Fig. 7.1).

While in most circumstances prevention of autoimmune responses to self- 
antigens is desirable, the presence of Tregs also suppresses responses to tumor anti-
gens. As a result, Treg depletion or functional blockade leads to tumor regression in 
many cases. A number of therapies aimed at exploiting negative or positive co- 
signal molecules expressed by Tregs have been developed with the aim of enhanc-
ing antitumor immunity, forming an important part of antitumor immunotherapy 
(Tanaka and Sakaguchi 2017).

7.2  Control of Tregs by Co-signal Molecules

7.2.1  Two Signals Required for T-Cell Activation

During the immune response, antigens are processed and presented to Tregs by anti-
gen-presenting cells (APCs) such as dendritic cells (DCs). Recognition of antigens 
by the T-cell receptor is essential for both the development and activation of T cells. 
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Fig. 7.1 Diversity of Treg cells. Tregs can be broadly divided into the key subgroups of (a) thymi-
cally derived tTregs. (b) Peripheral Tregs (pTregs) converted from Foxp3-negative cells outside the 
thymus in vivo. (c) In vitro Tregs (iTregs) converted from Foxp3-negative T cells in vitro. (d) Tregs 
can also mirror effector T-cell subsets by gaining expression of key transcription factors and che-
mokine receptors but not inflammatory cytokines. These cells may be derived from either mainly 
tTregs (e.g., Tfr) or mainly pTregs (e.g., Th17-like Tregs)
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However, TCR signals alone are not sufficient to fully activate T cells, often leading 
to anergy or cell death when presented without a second signal. The two-signal 
model of T-cell activation was initially described by Bretscher and Cohn in 1970 
(Bretscher and Cohn 1970). In this model, T cells require both the recognition of a 
presented antigen via the TCR but also a second co-signal. The requirement for the 
co-signal prevents the activation of T cells by recognition of their antigen alone, and 
the availability of the second signal to be is closely regulated to prevent autoimmu-
nity. Initially, CD28 signaling was considered to be the sole second signal, and while 
it remains of utmost importance, it has now become clear that a range of other co-
signals have roles in T-cell activation and differentiation (Fig. 7.2). While the two-
signal model provides a useful conceptual framework, it is also important to consider 
that the various second signals are not necessarily equivalent to one another and may 
have roles that vary at different stages of T-cell activation. The different roles may 
be sequential with CD28 required for initial signaling of naïve T cells, causing the 
upregulation of other co-signal molecules of the immunoglobulin family and tumor 
necrosis factor receptor superfamily (TNFRSF) members. These co-signal mole-
cules then play important roles in the differentiation of the T cells into specialized 
subsets and their survival in the periphery (Watts 2005). Not all co-signal molecules 
are stimulatory; in some cases, they act to suppress the T cell expressing them in a 
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cell-intrinsic manner and dampen their activation. In addition, some Treg co-signal 
molecules act in a cell-extrinsic manner to allow the Treg to exert control over the 
local cellular environment. The interplay between these positive and negative co-
signals, received and given by the Tregs, allows a fine level of balance and homeo-
static feedback that prevents both autoimmunity and the development of an overly 
immunosuppressed environment by unchecked expansion of Tregs.

7.2.2  Costimulators in Treg Biology

7.2.2.1  CD28

CD28 is a cell surface homodimer and a member of the Ig superfamily. It is consti-
tutively expressed by almost all T cells and has a critical role in the initial activation 
of both naïve Tconvs and naïve Tregs (Sharpe and Freeman 2002). CD28’s ligands 
CD80 and CD86 (also known as B7-1 and B7-2) are expressed by activated APCs 
such as DCs and B cells. To a lesser extent, they are also expressed by activated T 
cells. Expression of CD28 by Tregs is essential for their development in the thymus 
with mice lacking CD28 or CD80 and CD86 having severe defects in the thymic 
development of Tregs and a resultant lack of Tregs in the periphery (Tang et  al. 
2003). CD28 signaling is required for the production of IL-2 by Tconvs in the thy-
mus, which is in turn essential for conversion of Treg thymic precursors into mature 
Tregs (Tai et al. 2005). CD28 also has a cell-intrinsic role in Tregs themselves as 
CD28 signaling into a potential Treg cell is essential for their upregulation of Foxp3. 
This effect applies early in the Treg differentiation process as thymic development 
of both Treg precursor populations, i.e., CD25+Foxp3- and CD25-Foxp3+CD4 single 
positive thymocytes, are severely impaired in CD28-deficient mice (Lio and Hsieh 
2008; Tai et al. 2005). Similar to its role in the thymus, CD28 is also essential for 
the formation of both in vivo pTregs and in vitro iTregs from CD4+Foxp3- T cells 
(Guo et al. 2008).

Apart from its role in the formation of Tregs, CD28 signaling is also required 
by Tregs for their full activation and proliferation in the periphery. Genetic defi-
ciency of CD80 and CD86 or CD28 results in a severe defect in the numbers of 
peripheral Tregs; in part this is due to the loss of thymic production of Tregs, but 
experiments inhibiting CD80 and CD86 via CTLA-4Ig (a solubilized form of 
CTLA-4) in adult mice demonstrate that loss of peripheral CD28 signaling causes 
a similar reduction in Treg number even in mice with adult thymectomy (Salomon 
et al. 2000; Tang et al. 2003). Similar to the thymus, at least part of the loss of 
Treg cell numbers in the peripheral organs of mice lacking CD28 signaling is 
indirect due to a loss of IL-2 production by CD28-deficient Tconvs; however, a 
clear cell-intrinsic role for CD28 in Tregs was demonstrated by the finding that 
CD28-deficient Tregs transferred into a wild-type mouse failed to proliferate 
(Tang et al. 2003). In addition to mouse studies, human Tregs also respond in a 
similar manner as Treg cell proliferation in vitro is dependent on the availability 
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of CD28 signaling (Hombach et al. 2007). While loss of CD28 signaling affects 
both Tregs and Tconvs, overall the loss of CD28 shifts the balance of immune 
homeostasis toward autoimmunity. Genetic deficiency of CD28, CD80, and CD86 
or their blockade by CTLA-4Ig in the diabetes- prone NOD mouse model results 
in accelerated development of diabetes and autoimmune exocrine pancreatitis due 
to the deficiency of functional Tregs. This can be reversed by transfer of Tregs 
from a CD28-sufficient mouse (Salomon et al. 2000; Meagher et al. 2008). Loss 
of tolerance to a self-antigen similar to that seen in Treg-depleted mice was also 
found to occur in CD80- and CD86-deficient mice upon reconstitution with 
CD80- and CD86-sufficient dendritic cells, demonstrating that a lack of Tregs was 
unable to control the self-reactive response once CD80 and CD86 signaling was 
made available to self-reactive T cells (Lohr et al. 2003).

While experiments examining the effect of blocking antibodies or CTLA-Ig on 
Tregs are compelling, they struggle to precisely separate the effects of these same 
reagents on Tconvs, which indirectly affect Treg homeostasis via IL-2 production. 
Recent work addressed this longstanding issue by the conditional depletion of 
CD28 in mature Foxp3+ Tregs, allowing the examination of the role of CD28 after 
its role in the initial differentiation of Tregs (Zhang et al. 2013). These mice have a 
normal number of Tregs in the peripheral lymphoid organs, and these Tregs have 
normal in vitro suppressive capacity. However, despite this the mice develop auto-
immunity at multiple sites with particular foci in the skin and lungs. Additionally, 
CD28-deficient Tregs were found to have a defect in their proliferation and matura-
tion and a resulting loss of expression of activation markers such as CTLA-4, PD1, 
and CCR6, suggesting a defect in the generation of effector Tregs. Additionally, 
CD28-deficient Tregs were unable to prevent colitis induced by Treg depletion; and 
the autoimmunity seen in these conditional knockout mice was preventable by the 
transfer of CD28-sufficient Tregs (Zhang et al. 2013).

Due to its critical role in Treg function and homeostasis, therapies to selectively 
expand Tregs by stimulation of CD28 have attracted significant interest. Initial 
experiments in mice demonstrated that superagonists against CD28 selectively 
expanded Tregs in vitro and in vivo and were expected to be a promising therapy 
in the treatment of autoimmune disease (Beyersdorf et al. 2006; Lin and Hunig 
2003). However, this field has been set back by the unexpected results of a phase 1 
trial in which the superagonistic anti-CD28 antibody TGH1412 triggered severe 
cytokine storms in healthy volunteers (Suntharalingam et al. 2006). In summation, 
it is clear that CD28 signaling plays a critical role at all points of Treg development 
and function.

7.2.2.2  Inducible T-Cell Costimulator (ICOS)

ICOS (CD278) is a member of the CD28 family of the immunoglobulin superfam-
ily. As its name suggests, ICOS expression is not found on naïve T cells but is 
induced by TCR and CD28 signaling and as a result expressed on activated CD8 
and CD4 T cells, including Tregs (Wikenheiser and Stumhofer 2016). ICOS has a 
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high level of sequence homology with CD28, but despite this their roles are not 
redundant. While CD28 is essential for initial T-cell activation, ICOS plays a 
more specialized function in the differentiation of effector T cells, having an 
important role in the formation of Th2 cells during infection and particularly a key 
role in antibody responses due to the dependence of T-follicular helper cells on 
ICOS signaling (Wikenheiser and Stumhofer 2016). ICOS also plays a role in 
Treg cell biology. Knockout of ICOS reveals no change to the number of thymic 
Tregs but a significant reduction in the number of Tregs in peripheral sites such as 
the spleen. This does not result in autoimmunity since the loss of Tregs is partial 
(from approximately 12% to 8% of CD4 T cells) and is also balanced by a loss of 
ICOS in effector memory T cells (Burmeister et al. 2008). Cell transfer experi-
ments demonstrate that this is a cell-intrinsic effect dependent on a loss of prolif-
eration and increased sensitivity to activation-induced apoptosis in ICOS-deficient 
Tregs (Burmeister et al. 2008). Similar to its lack of a role in the thymus, ICOS 
also has no clear role in the formation of pTregs from CD25-CD4+ Tconvs in vivo 
(Guo et al. 2008).

While loss of ICOS on Tregs does not result in the development of spontaneous 
autoimmunity in wild-type mice, it does increase sensitivity in already autoimmune- 
prone models. In two strains of mice susceptible to the induction of diabetes, NOD 
mice and BDC2.5 T cell receptor transgenic mice, knockout of ICOS or its blockade 
by antibodies results in loss of Treg protective functions and increased disease pro-
gression (Kornete et al. 2012; Herman et al. 2004). This is because Tregs resident in 
the pancreas express high levels of ICOS, and loss of ICOS leads to a loss of their 
proliferative potential and suppressive capability (Kornete et al. 2012). ICOS also 
plays a key role in the maintenance of mucosal tolerance. Mice given intranasal 
doses of myelin basic protein (MOG) peptides develop resistance to experimental 
autoimmune encephalomyelitis (EAE) in an ICOS-dependent and cell transferable 
manner (Miyamoto et al. 2005). In the lung mucosa, 50% of Tregs express ICOS, 
and this rises to 70–80% following exposure to inhaled antigens such as Ova. 
Genetic knockout of ICOS results in both lower initial levels of Tregs in the lung 
mucosa and a failure to expand following antigen challenge. As a result, in contrast 
to wild-type Tregs, ICOS-deficient Tregs are unable to induce tolerance to respira-
tory allergens when transferred to previously sensitized mice (Busse et al. 2012; 
Akbari et al. 2002). As a result, it seems that ICOS is primarily important for the 
maintenance and function of specialized tissue-resident Tregs.

7.2.2.3  Tumor Necrosis Factor Receptor Superfamily (TNFRSF)

The tumor necrosis factor receptor superfamily is a class of co-signal molecules 
with varied and to some extent redundant functions in Treg cell biology. Here we 
will focus on members of the TNFRSF with well-described roles in Treg cell biol-
ogy, namely, OX40, glucocorticoid-induced tumor necrosis factor-related receptor 
(GITR), CD27, CD30, DR3, TNFR2, and 4-1BB (Watts 2005; Croft 2014).
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GITR

Glucocorticoid-induced tumor necrosis factor-related receptor (GITR) is constitu-
tively expressed at a high level by Tregs and can be upregulated by activated Foxp3- 
CD4 and CD8 T cells. Previously we found that anti-GITR antibodies could break 
self-tolerance, leading to the induction of autoimmune gastritis (Shimizu et  al. 
2002), and also overcome Treg cell-mediated suppression of the antitumor response, 
leading to tumor eradication (Ko et al. 2005). Furthermore, anti-GITR antibodies 
are also capable of abrogating Treg suppressive function in vitro (Shimizu et  al. 
2002). However, since GITR can also be expressed by effector T cells, it was ini-
tially unclear whether it was acting primarily to block Treg function or to stimulate 
effector T cells to the extent that they became resistant to Treg cell suppression 
(Stephens et  al. 2004). A further factor is the possibility of Treg depletion by 
antibody- dependent cell death. While initial reports suggested that Treg depletion 
was not occurring, this is often a difficult factor to rule out since it is known that in 
some cases (such as anti-CTLA-4) an antibody that does not deplete, or even 
expands, Treg cell numbers in the lymphoid organs has the ability to deplete Tregs 
in certain microenvironments such as the colon and the tumor (Simpson et al. 2013). 
To address some of these issues, Shevach and colleagues used Fc-GITR-L, which 
mimics engagement of GITR without causing antibody-dependent cell depletion. 
They found that GITR stimulation induces the proliferation of both Tconvs and 
Tregs in naïve mice and that these Tregs retained their full suppressive capacity. 
However, when GITR-sufficient Tregs were co-transferred into T-cell-deficient 
mice with GITR-deficient effector T cells, treatment with Fc-GITR-L caused severe 
loss of Tregs and abrogation of the ability of the Tregs to prevent colitis. In contrast, 
GITR engagement by Fc-GITR-L preferentially enhances Treg proliferation in lym-
phoid organs (Liao et al. 2010). These findings emphasize the different roles of co- 
signaling pathways in different cellular contexts with the same signals resulting in 
either Treg expansion or loss of Tregs depending on the context. The mechanisms 
underlying these divergent roles are unclear but may depend on overstimulation of 
Tregs in highly inflammatory conditions, such as those seen in colitis induced by 
Treg depletion, leading to activation-induced cell death (Ephrem et al. 2013).

Genetic knockout of GITR reveals that the numbers of peripheral Tregs in the 
lymph nodes and spleen are reduced by around 30–50%. No spontaneous auto-
immunity is seen, and the Tregs taken from these mice retain their full functional 
capacity, demonstrating that GITR is not essential for Treg function (Stephens 
et al. 2004; Ronchetti et al. 2004). GITR may also have a role in the thymic dif-
ferentiation of Tregs. It is expressed by thymic Treg precursors and acts to 
enhance conversion of Treg precursors to mature Tregs and a resulting mild loss 
of thymic Tregs. Loss of GITR leads to mild defects in the production of Tregs 
in a competitive setting such as GITR-deficient bone marrow chimera mixed 
with wild-type bone marrow (Mahmud et al. 2014). In addition to quantitative 
changes to thymic output, competition for GITR signaling also drives the selec-
tion of Treg precursors with high-affinity TCRs. As a result, excessive GITR 
signaling provided by high doses of Fc-GITR-L leads to a broadening of the Treg 
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cell TCR repertoire with the results that cells bearing lower-affinity TCRs are 
able to receive sufficient signaling to become Tregs (Mahmud et al. 2014).

OX40

OX40 (CD134) is a costimulatory molecule expressed on activation by Tconvs but 
constitutively expressed by Tregs. Its ligand OX40L is expressed by a range of 
APCs (DCs, B cells) and to a lesser extent by NK cells and activated T cells (Chen 
et  al. 1999). OX40 is broadly considered to be a costimulatory molecule since 
blockade of OX40 signaling ameliorates autoimmunity (Redmond and Weinberg 
2007). However, this overall effect masks a difference in its function on Tconvs and 
Tregs. OX40 signaling in Tconvs leads to an increase in cytokine production and 
proliferation while its role in Tregs is more complex (Webb et al. 2016). Knockout 
of OX40 does not lead to a severe loss of Treg cell numbers or function at most 
lymphoid sites; yet a mild reduction in Treg cellularity can be seen in younger mice, 
recovering to normal levels in older mice (Vu et al. 2007; Griseri et al. 2010; Takeda 
et al. 2004). OX40 also aids the proliferation of mature Tregs in vitro, suggesting 
that it may also have a role in the homoeostasis of mature Tregs (Takeda et al. 2004). 
OX40 also has a role in the conversion of Foxp3- T cells to pTregs (Vu et al. 2007).

However, despite these roles in the formation and maintenance of Tregs, OX40 
also appears to suppress certain aspects of Treg cell function. Several studies have 
demonstrated that engagement of OX40 appears to inhibit the suppressive function 
of Tregs, at least partly by interfering with Foxp3 gene expression (Kinnear et al. 
2013; Vu et al. 2007; Valzasina et al. 2005). More recent work demonstrates that 
OX40 stimulation induces initial Treg proliferation at multiple organ sites, T-cell 
infiltration of the lungs, and downregulation of Foxp3 expression levels in Foxp3- 
expressing cells, driving Tregs to an apparently exhausted phenotype. However, in 
the presence of additional IL-2, this can be prevented as Tregs expanded by both 
OX40-ligand and IL-2 in  vivo proliferate well and maintain strong suppressive 
function. Together, these results suggest that the effect of OX40 is also dependent 
on the availability of cytokines since OX40 alone expands Tregs but pushes them 
into a relatively exhausted state unless additional supplementation with IL-2 is pro-
vided (Xiao et al. 2012).

OX40 is highly expressed by Tregs within the tumor microenvironment (Piconese 
et al. 2008). As a result, a number of studies have examined the effects of OX40 
blockade on the antitumor response. Here, agonistic OX40 antibodies enhance 
immunological rejection of tumors by a combination of its stimulatory effects on 
Tconvs, reducing the suppressive capacity of tumor-resident Tregs, and by direct 
depletion of OX40 high Tregs. A number of clinical trials of anti-OX40 as an anti-
cancer agent are now underway (Sanmamed et  al. 2015). In addition to its cell- 
intrinsic effects, there is some evidence of a cell-extrinsic role for Treg OX40 
affecting OX40 ligand-expressing cells. Tregs suppress the activation and degranu-
lation of mast cells via engagement of Treg OX40 with OX40L expressed by mast 
cells (Piconese et al. 2009).
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In contrast to its Treg inhibiting role in many other sites, OX40 has an important 
role in the ability of Tregs to maintain gut homeostasis. OX40-deficient mice have 
a reduction in the number of Tregs found in the lamina propria due to a cell-intrinsic 
defect in their ability to accumulate in the gut (Griseri et al. 2010). Upon adoptive 
transfer, OX40-deficient Tregs are unable to prevent colitis induced by co- transferred 
effector T cells. OX40-deficient mice do not spontaneously develop colitis, but this 
may be due to the dependence of effector T cells on OX40 for their ability to cause 
colitis (Griseri et  al. 2010). Notably, mice expressing high levels of transgenic 
OX40L on T cells spontaneously develop colitis, while OX40-sufficient Tregs co- 
transferred alongside effector T cells into T- and B-cell-deficient RAG-KO mice 
expressing transgenic OX40L in many tissues under the control of chicken β-actin 
promoter are unable to prevent colitis (Murata et  al. 2002; Takeda et  al. 2004). 
Together these results suggest that OX40 expression on Tregs is critical for their 
suppression of colitis but that excessive OX40L signaling is capable of tipping the 
balance toward autoimmunity, either by excessive stimulation of effector T cells or 
by suppression of Treg cell function. As a result, the role of OX40  in Treg cells 
seems highly complex since it aids thymic development of Tregs and their prolifera-
tion, has an inhibitory effect on Treg suppressive activity in many situations, but 
also plays an important role in the maintenance and trafficking of Tregs into the gut.

4-1BB

4-1BB ((CD137) is not constitutively expressed by human Tregs found in peripheral 
blood but is rapidly upregulated on their activation, and as a result, following 
antigen- specific stimulation in vivo, almost all 4-1BB-positive cells are Tregs at 5 
hours poststimulation, while at 20 hours Tconv also upregulates 4-1BB (Schoenbrunn 
et al. 2012). In mouse Tregs, 4-1BB is expressed at low levels in the resting state, 
but similar to human Tregs, it is rapidly upregulated following stimulation (McHugh 
et al. 2002).

Genetic deficiency of 4-1BB does not lead to overt autoimmunity or clear abnor-
malities in T-cell responses (Kwon et al. 2002). 4-1BB signaling enhances the pro-
liferation of Tregs both in vitro and in vivo (Zheng et al. 2004), and anti-4-1BBL 
treatment allows the large-scale expansion of Tregs ex vivo while retaining their 
suppressive functions and ability to prevent allogeneic pancreatic islet rejection and 
resulting diabetes (Elpek et al. 2007). In contrast to OX40, loss of 4-1BB on either 
adoptively transferred effector T cells or Tregs had no clear effect on the ability of 
the cells to induce or control colitis, respectively (Maerten et al. 2006).

Similar to a number of other co-signal molecules, there is significant interest in 
the manipulation of 4-1BB in the context of antitumor immunotherapy. Treatment 
with anti-4-1BB effectively enhances antitumor immunity either alone or in combi-
nation with other treatments such as anti-CTLA-4 (Kocak et al. 2006). Since 4-1BB 
is expressed by intratumoral Tregs and CD4 and CD8 effector T cells, it is important 
to understand which cells are being affected by its engagement. A more recent study 
found that intratumoral Treg proliferation was slightly reduced following treatment 
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with anti-4-1BB.  This was seen in conjunction with a reduction in the absolute 
number of Tregs infiltrating the tumor and a reduction in their expression of both 
PD-1 and CTLA-4, suggesting that the Tregs may have been less activated and sup-
pressive (Curran et al. 2011). It is thus likely that anti-4-1BB enhances antitumor 
responses by reducing both the number and function of tumor-infiltrating Tregs.

CD27

CD27 is another member of the TNFR superfamily expressed by Tregs and acti-
vated Tconvs in the periphery and developing thymocytes. The signaling cascade 
resulting from CD27 stimulation is partially characterized with TRAF-mediated 
activation of JNK- and NIK-dependent activation of the NFκB pathway (Bullock 
2017).

CD70, the ligand for CD27, is constitutively expressed by medullary thymic 
epithelial cells and thymic DCs, suggesting a role in the thymic development of T 
cells (Coquet et al. 2013). Mice lacking either CD27 or CD70 expression have a 
partial loss of Treg cell numbers in both the thymus and the periphery but no loss of 
suppressive function by the remaining Tregs. Mechanistically, it appears that CD27 
co-signals in developing Tregs suppress their apoptosis by suppressing the expres-
sion of proapoptotic BCL-2 family members such as Puma and Bak, allowing them 
to survive positive selection (Coquet et al. 2013). Expression of CD27 by tumor- 
infiltrating Tregs may also have a role on their survival and function. CD27-deficient 
Tregs fail to accumulate in the tumor environment, and as a result, antitumor 
responses are enhanced. Similar to the situation in the thymus, this appears to pri-
marily be a defect in the survival of Tregs (Claus et al. 2012).

Tregs may also possess the cell-extrinsic ability to regulate CD70 expression on 
DCs via CD27. CD27-expressing Tregs cause the loss of surface CD70 from inter-
acting DCs in a contact-dependent manner. In a mirror image of the transendocyto-
sis central to the function of CTLA-4, in this case the DC internalizes both CD70 
and bound CD27 from the Treg cell (Dhainaut et al. 2015).

CD30, DR3, and TNFR2

CD30 is expressed by activated effector T cells and Tregs, while CD30L (CD154) 
is expressed by DCs, thymic epithelia cells, B cells, eosinophils, and neutrophils. 
The role of CD30 in Treg biology is not well characterized, but several groups have 
reported that CD30 expression by Tregs plays a role in transplantation tolerance. 
CD30-deficient Tregs are not capable of suppressing CD8 T-cell memory responses 
responsible for the rejection of allogenic skin grafts. In this case, CD30 expressed 
by Tregs is required for their contact-dependent suppressive function. Whether this 
is by direct cell-extrinsic function of CD30 or indirectly via a requirement for CD30 
signaling to activate the full suppressive function of the Tregs is unclear, although 
the latter seems more credible (Dai et al. 2004). Tregs lacking CD30 expression also 
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have a significantly weakened ability to prevent graft versus host disease (GvHD), 
while antibody blockade of CD30L in the early but not late stages of GvHD induc-
tion prevents Treg control of the disease (Zeiser et al. 2007).

DR3 (TNFRSF25) is selectively expressed on Tregs in mice with little expres-
sion seen in Foxp3- Tconvs. Agonistic antibodies to DR3 preferentially cause the 
proliferation of Tregs in a TCR- and IL-2-dependent manner. Interestingly due to 
its more Treg-specific expression profile, anti-DR3 seems better able to specifically 
expand Tregs than other TNFRSF molecules such as GITR, CD27, OX40, and 
4-1BB, making it a good candidate immunotherapeutic agent (Schreiber et  al. 
2010). Accordingly, mice treated with anti-DR3 are resistant to allergic lung 
inflammation and have delayed rejection of allogenic heart transplantation; and T 
cells from anti-DR3-treated hosts mediate reduced GvHD (Kim et  al. 2015; 
Schreiber et al. 2010).

TNFR2 is expressed by both resting and activated Tregs. TNFR2 signaling 
induced by its ligand TNF-α causes the expansion of both mouse and human Tregs 
(Okubo et al. 2013; Chen et al. 2007). Murine Tregs expanded in this manner have 
enhanced in  vitro suppressive function; however, contrasting results have been 
reported by different groups as to the effect of TNF on human Treg suppressive 
function, although the majority suggest that Tregs treated with TNF-α have reduced 
suppressive function (Nie et al. 2016). Genetic deficiency of TNFR2 results in a 
reduction in the number of Tregs in both the thymus and the spleen, a phenotype 
also seen in mice with triple knockout of the TNFR2 ligands: TNF, lymphotoxin-α, 
and lymphotoxin-β (Chen et al. 2013). Further to this, addition of TNF, to cultures 
containing pre-Tregs, enhances their conversion to mature Tregs in comparison to 
IL-2 alone (Mahmud et al. 2014). A role for TNFR2 in the in vivo suppressive func-
tion of Tregs was demonstrated as Tregs lacking TNFR2 are unable to prevent coli-
tis due to a deficiency in their stability and competitive fitness (Chen et al. 2013).

Redundancy of TNFRSF Members in Treg Cell Function

Some redundancy between different members of the TNFR family is seen. While 
the magnitude of the reductions of Treg numbers in GITR-, OX40-, or TNFR2- 
deficient mice is relatively mild, combining OX40 genetic depletion with tailless 
dominant negative forms of GITR or TNFR reveals a much more severe defect 
in Treg cell numbers with all the combination of all three leading to a near total 
loss of thymic Treg production. This role for TNFR family members is in turn 
dependent on CD28 signaling for the induction of their initial expression 
(Mahmud et al. 2014).

Many of the TNFRSF members have signaling cascades that terminate in activa-
tion of the transcription factor NF-κB family of transcription factors. In particular, 
cRel and RelA have vital roles in the thymic production, maintenance, and suppres-
sive function of Tregs (Li and Jacks 2017). Engagement of GITR, OX40, and 4-1BB 
induces the phosphorylation of RelA, which anti-CD3 and anti-CD28 fail to do, 
suggesting they are acting via distinct signaling pathways. While individual 
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 knockouts of GITR, OX40, and 4-1BB result in relatively mild defects in Treg for-
mation and function, conditional knockout of RelA in mature Tregs results in seri-
ous autoimmune pathology, resulting in the death of the mice at around 100 days of 
age. The Treg cell defect was cell intrinsic and seems to primarily result from a loss 
of the ability of naïve/central Tregs to differentiate into highly suppressive effector 
Tregs (Vasanthakumar et al. 2017). As a result, it seems that loss of one TNFRSF 
member expressed by Tregs can be compensated for by the action of others, but loss 
of multiple receptors or of the downstream signaling molecules they share leads to 
severe defects in either Treg formation in the thymus or the differentiation and func-
tion of Tregs in the periphery, demonstrating that TNFRSF members, as a group, 
have an essential role in Treg cell function.

7.2.3  Coinhibitors in Treg Biology

7.2.3.1  Coinhibitory Molecules

Coinhibitory receptors are integral to the synchrony of immune responses. They 
provide a means for the immune system to coordinate its defense mechanisms to 
achieve sustainable immunity without development of autoimmunity. Their expres-
sion generally coincides with the activation of immune cells; however, each is 
highly dependent on the availability of their respective ligands to elicit immuno-
modulatory signals. From a therapeutic viewpoint, coinhibitory receptors and 
ligands present avenues for the development of antagonists to counter their effects 
in chronic viral infections and cancer, diseases that capitalize on the immune check-
point receptors as Achilles heels of viral- and tumor antigen-specific T cells to 
restrain their responses. This strategy has produced promising results in recent years 
with certain limitations that are potentially due to the lack of understanding of coin-
hibitory molecules in immune cells other than conventional T cells. In this section, 
we discuss the roles of coinhibitory receptors in Tregs, which are known to express 
them in substantial amounts (Fig. 7.3).

7.2.3.2  PD-1

Programmed cell death-1 (PD-1 or CD279)) is a coinhibitory surface receptor 
belonging to the CD28 superfamily. It is a 50–55 kDa type 1 transmembrane glyco-
protein with a single IgV domain in its extracellular region that shares 21–33% 
sequence homology with CTLA-4, CD28, and ICOS. One key feature of PD-1 that 
distinguishes it from other CD28 family members is its inability to homodimerize 
due to a lack of membrane cysteine (Zhang et al. 2004). The intracellular cytoplas-
mic region of PD-1 consists of two tyrosine-based residues – tyrosine-based inhibi-
tory motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM); the 
latter is responsible for transducing negative signaling (Long 1999; Sidorenko and 
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Clark 2003). PD-1 is expressed on activated T cells, B cells, NK cells, NKT cells, 
dendritic cells, and monocytes. The level of PD-1 expression increases with con-
stant antigen exposure and stimulation. High PD-1 expression is a characteristic 
feature of exhausted unresponsive T cells (Freeman et al. 2006); however, it is also 
expressed by highly activated T cells, making PD-1 alone unable to differentiate 
between these contrasting cell types. Upon activation in T cells, the nuclear factor 
of activated T cells c1 (NFATc1) translocates to the promoter region of PD-1 to 
drive PD-1 expression (Oestreich et  al. 2008). Interestingly, a recent study sug-
gested that this may be epigenetically repressed by the chromatin organizer special 
AT-rich sequence-binding protein-1 (Satb1) through its recruitment of nucleosome 
remodeling deacetylase (NURD) complex to the PD-1 promoter, a process that is 
partly counterbalanced by Smad proteins competing for the same promoter-binding 
region (Stephen et al. 2017). The exact mechanism which dictates PD-1 expression 
remains to be determined.

PD-1 binds to two ligands, namely, PD-L1 and PD-L2, with stronger binding to 
PD-L2 (Freeman et al. 2000; Latchman et al. 2001; Tseng et al. 2001; Karunarathne 
et al. 2016). In mice, while PD-L1 is constitutively expressed on a wide variety of 
immune cells including T and B cells, dendritic cells, macrophages, and bone- 
marrow- derived mast cells, PD-L2 expression is mainly limited to primed 
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Fig. 7.3 Coinhibitory molecules expressed by Tregs and their ligands on antigen-presenting 
cells. Suppressive function may be mainly either cell intrinsic (TIM3, PD1, Lag-3), cell extrinsic 
(ligand capture by CTLA-4), or a mixture of both (cell-intrinsic signaling by TIGIT and TIGIT 
triggered release of the suppressive molecule Fgl2)
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 professional antigen-presenting cells such as DCs, macrophages, peritoneal B1 B 
cells, and germinal center B cells (Freeman et al. 2000; Yamazaki et al. 2002; Zhong 
et al. 2007). Additionally, PD-L1 can be induced on cells of nonhematopoietic ori-
gin (e.g., vascular endothelial cells) (Eppihimer et al. 2002). In humans, PD-L2 is 
also present on T cells and vascular endothelial cells (Tseng et al. 2001; Messal 
et al. 2011). PD-L1 expression is preferentially enhanced by IFNγ, whereas PD-L2 
is upregulated by IL-4 and GM-CSF (Yamazaki et al. 2002; Loke and Allison 2003). 
Besides PD-1, PD-L1 serves as a ligand for CD80/B7-1 for which the effect of this 
interaction leans toward inhibition of T-cell responses (Butte et al. 2007). An alter-
native binding partner for PD-L2 has also been proposed with contrasting properties 
to PD-1 (Shin et al. 2003). This is supported by the increased killing of PD-L2- 
expressing tumor cells compared to non-PD-L2-expressing tumor cells by PD-1-/- 
cytotoxic T cells (Liu et al. 2003). Identifying the receptor is paramount to make 
further inroads into this pathway.

Upon ligation to PD-Ls, ITSM of PD-1 becomes phosphorylated and recruits 
SHP-2 (SH2 domain-containing tyrosine phosphatase 2) which in turn dephosphor-
ylates other signaling molecules in the TCR complex, for example, CD3, ZAP70 
(ζ-associated protein of 70 kDa), and PI3K (phosphatidylinositol-3-kinase) (Parry 
et al. 2005). Consequently, T cells have reduced capacity to proliferate and produce 
cytokines as well as the transcription factors – T-bet, Eomes, and GATA3 – required 
for specialized Th1/Th2 functions (Nurieva et al. 2006). In the event of strong TCR 
and CD28 stimulation, PD-1-mediated inhibitory effects can be overcome (Freeman 
et al. 2000). This can also occur through the STAT5-dependent cytokine pathways 
of IL-2, IL-7, and IL-15 (Bennett et al. 2003). Mice rendered genetically deficient 
in PD-1 are susceptible to strain-specific autoimmune diseases. PD-1KO C57Bl6 
mice sustain mild lupus-like nephritis and arthritis with late onset, while PD-1KO 
BALB/c and NOD mice develop cardiomyopathy and type 1 diabetes, respectively 
(Nishimura et al. 1999; Nishimura et al. 2001; Wang et al. 2005). The strain- and 
tissue-specific nature of the observed autoimmunity suggests a loss of peripheral 
tolerance rather than central tolerance in PD-1KO mice. Nevertheless, it is not 
known whether autoimmunity in PD-1KO mice results from increased activation of 
T cells per se or whether DCs and macrophages, which have been shown to secrete 
larger amounts of cytokines when deficient in PD-1 (Rui et al. 2013), also contribute 
through the promotion of inflammation.

Alternatively, the breakdown in peripheral versus central tolerance in PD-1KO 
mice may be explained by the role that PD-1 plays in T-cell development. Given that 
PD-1 is first expressed in early CD4-CD8- thymocytes and is upregulated upon 
TCR recognition in CD4+CD8+ thymocytes, PD-1 can affect the maturation of T 
cells by calibrating the TCR signal threshold for positive and negative selection 
(Nishimura et al. 1996; Blank et al. 2003). Hence, it is likely that thymic emigrants 
in mice lacking inhibitory PD-1 contain less self-recognizing Tconvs and perhaps 
more Tregs. Indeed, the percentage and number of thymic CD4+Foxp3+ cells in 
young PD-1KO mice are higher compared to wild-type controls. The authors also 
demonstrated reduced total CD4 single positive PD-1KO thymic T cells specific for 
MJ23, a native prostate antigen, in chimeric mice containing a mixture of MJ23 
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TCR transgenic Rag1-/- PD-1-deficient and PD-1-sufficient bone marrow cells, 
indicative of possible increased negative selection of PD-1KO immature CD4 T 
cells. On the other hand, there was increased differentiation of PD-1KO MJ23- 
specific thymic T cells into Tregs. Nevertheless, studies have yet to be performed to 
determine whether the TCR repertoire of mature Tconvs has decreased affinity for 
self-antigens and that of Tregs has increased affinity in PD-1KO mice.

Although PD-1 is highly expressed by activated Tregs, there is limited knowledge 
on its exact function in Tregs. In comparison to PD-1- Tregs, PD-1hi-expressing 
Tregs have reduced demethylation in the Foxp3 locus, are less proliferative in vitro, 
exert weaker suppression on Tconvs, and have shorter telomeres, traits consistent 
with terminal differentiation and exhaustion (Lowther et al. 2016). This observation 
also raises two important questions pertaining to dormancy and memory of Tregs 
since the graded manner which PD-1 is expressed could be associated with activa-
tion status. On this note, the effect of blocking PD-1 signaling during activation of 
Tregs needs to be carefully assessed in future studies. According to current evidence, 
it is likely that PD-1 blockade on Tregs would bring about increased immunosup-
pression. This stems from a study that found T-follicular regulatory cells, a subtype 
of Tregs residing within lymphoid follicular zones, derived from PD-1KO mice are 
more efficient in preventing Tconv proliferation in vitro (Sage et al. 2013). A second 
study made a similar finding in vivo by transferring CD4+Foxp3+ Tregs from either 
wild-type or PD-1KO mice into mice that were rendered susceptible to pancreatitis 
by partial impairment of Foxp3 expression (Zhang et al. 2016). Not only did the 
transfer of PD-1KO Tregs result in decreased conventional CD4 and CD8 T-cell 
activation; there were also less cellular infiltrates and pathological damage in the 
pancreas. Nonetheless, one caveat with assessing Tregs from PD-1KO mice is the 
possibility that whole Treg activity is enhanced as a compensatory response to the 
global increase in T-cell activation and not directly due to PD-1 deficiency itself.

Another area of interest in PD-1 that is related to Tregs is its role in the conver-
sion of Tconvs to peripheral Tregs (pTregs). PD-L1 expression on antigen- presenting 
cells has been shown to be critical for TGFβ-induced development of pTregs from 
Tconvs (Francisco et  al. 2009). Furthermore, transfer of naïve CD4 Tconvs into 
RagKO mice deficient in both PD-L1 and PD-L2 produced less pTregs and caused 
more severe inflammatory disease. Downregulation of Akt/mTOR signaling is 
believed to facilitate PD-L1-mediated generation of pTregs. However, it should be 
noted that these data cannot definitively link the PD-L1:PD-1 axis to pTreg develop-
ment as PD-L1, in addition to PD-1, binds to CD80 which is expressed on Tconvs 
as well. This could be inferred by an apparent increase in number, but not frequency 
which remained unchanged, of pTregs converted from PD-1KO Tconvs in RagKO 
mice (Ellestad et al. 2014). Here, due consideration must also be given to the analy-
sis and interpretation of pTreg frequency, and absolute number in the various organs 
(i.e., blood and lymph nodes) for PD-1KO Tconvs is inherently more proliferative 
and readily mobilized. Therefore, an increase in pTregs may merely be a conse-
quence of increased expansion and activation of PD-1KO Tconvs rather than an 
absence of PD-1-mediated regulation of pTreg conversion. Despite this, the results 
clearly suggest that PD-1 may not be absolutely essential for Tconvs to differentiate 
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into pTregs. More stringent experimental designs are required to investigate the 
effect of PD-1 on this aspect of immune regulation.

Due to its high expression in Tconv, Treg, and CD8 cells in the tumor environ-
ment, targeting the PD-1 pathway has been considered a key candidate for antitu-
mor immunotherapy (Iwai et al. 2017). Early experiments in mice demonstrated that 
either anti-PD-1 or anti-PD-L1 is effective at inducing antitumor immune responses 
and anti-PD-1 agents such as Nivolumab have proven a relative success in the clinic 
either alone or in combination with other immunotherapeutic agents such as anti- 
CTLA- 4 (Callahan et al. 2014).

7.2.3.3  CTLA-4

Cytotoxic T-cell lymphocyte antigen-4 (CTLA-4, CD152)) is a close relative of 
CD28 and shares the same ligands, CD80 and CD86. However, while CD28 is a 
critical costimulatory molecule, CTLA-4 is known for its suppressive function. 
CTLA-4 is constitutively expressed by Tregs and can also be expressed by activated 
Tconvs. Genetic knockout of CTLA-4 results in severe fatal autoimmunity and lym-
phoproliferation in a manner similar to that seen in Foxp3-deficient scurfy mice 
(Tivol et al. 1995). Correspondingly genetic knockout of both CD80 and CD86 or 
CD28 prevents the autoimmunity seen in CTLA-4-deficient mice demonstrating the 
opposing roles of CTLA-4 inhibition and CD28 stimulation (Mandelbrot et al. 1999; 
Tai et al. 2007). Conditional knockout of CTLA-4 specifically on Tregs results in 
severe inflammation with similar consequences but slightly delayed fatality to fully 
CTLA-4-deficient mice (Wing et al. 2008). Surprisingly, in contrast to germline or 
Treg conditional knockout, CTLA-4 depletion in adult mice is not fatal and even 
leads to resistance to EAE. Despite this, CTLA-4 depletion in adult mice does result 
in severe autoimmunity (pneumonitis, gastritis, insulitis, and sialadenitis) (Klocke 
et al. 2016). These findings suggest that while CTLA-4 is critical for Treg cell sup-
pressive function during the neonatal period, if depleted in the mature immune sys-
tem, other Treg suppressive mechanisms are able to partially compensate for this to 
prevent fatal autoimmunity. This partial redundancy of other suppressive molecules 
replacing CTLA-4 function is also demonstrated by the finding that highly activated 
CTLA-4 KO Tregs taken from CTLA-4-deficient mice are suppressive in  vitro 
while CTLA-4 KO Tregs taken from bone marrow chimera or mosaic mice are not. 
This is because strong activation of Tregs, which occurs in a mouse with a total lack 
of CTLA-4, allows upregulation of other suppressive molecules. This does not occur 
in the marrow chimera where immune homeostasis is retained (Wing et al. 2008). 
The key role of CTLA-4 in the maintenance of immune homeostasis in humans has 
recently been demonstrated by the discovery of a rare patient group suffering from 
severe autoimmunity due to heterozygous loss of function mutations of the CTLA-4 
gene (Schubert et al. 2014; Kuehn et al. 2014). In contrast, heterozygous loss of 
CTLA-4  in mice has little measurable effect, possibly due to the unchallenging 
clean conditions that specific pathogen-free mice are kept in.
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CTLA-4 has been demonstrated to have both cell-extrinsic and cell-intrinsic 
functions (Wing et al. 2011). The key cell-extrinsic function of CTLA-4 is to control 
availability of its ligands CD80 and CD86 on antigen-presenting cells in a contact- 
dependent manner (Onishi et al. 2008). This ability to deplete CD80 and CD86 can 
be blocked by anti-CTLA-4 antibodies and is also lost in Tregs with genetic defi-
ciency of CTLA-4 (Wing et al. 2008). CTLA-4 rapidly cycles on and off the cell 
membrane into intracellular pools, where the majority of CTLA-4 is located. As it 
engages with CD80 and CD86, it is able to pull them off the surface of APCs, 
sequestering them into the Treg where they are then degraded; as a result, Tregs 
rapidly remove CD80 and CD86 from APCs in a contact-dependent manner (Walker 
and Sansom 2015).

CTLA-4 has also been reported to have cell-intrinsic functions. Recent work 
suggests that CTLA-4 may affect the motility of Tregs via interaction of its cyto-
plasmic tail with the protein kinase C isoform PKC-η. This complex recruits a 
GIT2–αPIX–PAK complex that controls the disassembly of focal adhesion points 
between the Treg and APCs and as a result affects the ability of the Treg to disen-
gage from an APC in order to seek new targets. This results in a partial loss of sup-
pressive function in Tregs lacking PKC-η, causing a loss of ability to prevent 
antitumor responses, but still retaining the capacity to prevent colitis following cell 
transfer into RAG-deficient mice (Kong et al. 2014). Several other reports have also 
suggested that CTLA-4 may play a role in the arrest or enhancement of T cell and 
Treg mobility on contact with APCs; however, this has proven controversial with 
different studies providing conflicting evidence (Walker and Sansom 2015). While 
cell-intrinsic mechanisms may play a role in the fine-tuning of CTLA-4 function, 
they appear dispensable for the main role of CTLA-4  in the control of immune 
homeostasis since bone marrow chimera experiments and use of conditional knock-
out mice where half of Tregs express CTLA-4 demonstrate that CTLA-4-deficient 
Tconvs and Tregs do not have a clear phenotype as long as they are in the presence 
of CTLA-4-sufficient Tregs (Bachmann et al. 1999; Wing et al. 2008).

CTLA-4 expression by Tregs is also critical for their ability to prevent antitumor 
responses, and as a result, CTLA-4 cKO mice rapidly clear tumors (Wing et  al. 
2008). Treatment of tumor-bearing mice with anti-CTLA-4 leads to tumor regres-
sion. In the clinic, anti-CTLA-4 is already in use with compounds such as ipilim-
umab, already showing efficacy in the treatment of human melanoma. Treatment 
attempts at other cancers such as prostate and non-small cell lung cancer have not 
been initially successful, but combination therapies with Nivolumab (anti-PD-1) 
have yielded promising initial results (Callahan et al. 2014). Due to its importance 
in regulation of the immune system, other reagents targeting the CTLA-4 pathway 
have been developed. CTLA-4Ig, in which CTLA-4 has been fused with the Fc 
region of IgG1 to create a solubilized form of CTLA-4 that blocks CD80 and CD86, 
is a currently licensed drug (abatacept) for the treatment of rheumatoid arthritis and 
has been shown to have significant benefit to this patient group. However, trials in 
other autoimmune/inflammatory conditions such as asthma, lupus, and ulcerative 
colitis have been less successful (Adams et al. 2016).
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7.2.3.4  Lag-3

Lymphocyte activation gene-3 (Lag-3) is a transmembrane protein with a conforma-
tion reminiscent of the CD4 coreceptor. It mainly binds to major histocompatibility 
complex II (MHCII) and has greater affinity compared to the binding of CD4 to 
MHCII (Huard et al. 1995). In spite of this, Lag-3 can also regulate MHCI-restricted 
CD8 T cells intrinsically (Grosso et  al. 2007), suggesting a role of other Lag-3 
ligands such as LSECtin, a member of the C-type lectin receptor superfamily, found 
predominantly in dendritic cells in blockade of T-effector responses (Xu et al. 2014). 
It is notable that deficiency in Lag-3 leads to spontaneous autoimmunity only in 
autoimmune-prone mice stains such as the NOD background (Bettini et al. 2011). 
During T-cell activation, Lag-3 cross-links with CD3 and modulates T-cell activity 
through a pathway that has yet to be uncovered (Hannier et al. 1998). To date, it is 
only known that Lag-3 depends on the KIEELE motif of its intracellular domain to 
transduce inhibitory signals in CD4 Tcons (Workman et al. 2002). Whether Lag-3 
requires the other two motifs, one containing serine-phosphorylation sites and the 
other containing glutamic acid-proline repeats, for its function in other T-cell sub-
sets remains to be determined (Workman et al. 2002). This is worth consideration 
particularly for Tregs where Lag-3 may either act as a cell-intrinsic inhibitory core-
ceptor or serve as a cell-extrinsic immune suppressive arm as discussed below.

Within the activated population of whole CD4 T cells, Lag-3 is preferentially 
expressed and maintained on pTregs. Using a Lag-3 blocking antibody, it was found 
that Lag-3 was crucial for pTregs to mount efficient suppression on Tconvs and 
protect mice from death in a model of lethal pneumonitis (Huang et al. 2004). A 
similar finding was obtained for tTregs although this was debatable due to the 
ambiguous nature of identifying tTregs as CD4+CD25+ cells in earlier studies 
(Huang et al. 2004). This controversy is compounded by another study that showed 
wild-type and Lag-3KO CD4+CD25hi Tregs did not differ in their ability to prevent 
allogeneic GvHD (Sega et al. 2014). As GvHD is only preventable by the transfer 
of CD62L+ naïve Tregs, which are essentially tTregs, into host mice (Ermann et al. 
2005), the initial claim that Lag-3 is indispensable for tTreg function may not be 
completely true. On a similar note, one must account for differences, if any, in the 
proportion of CD62L+ naïve Tregs within the CD4+CD25hi cells in wild-type and 
Lag-3KO mice. A recent study addressed some of these issues by generating NOD 
mice with a conditional knockout of Lag-3 specifically in Foxp3+ Tregs. It was 
found that such mice had a lower incidence of diabetes, which may be attributed to 
Lag-3 restricting the maintenance and proliferation of islet-infiltrating Tregs through 
downregulation of Eos and IL-2-Stat5 signaling (Zhang et al. 2017). Importantly, 
the inhibition of Eos by Lag-3 likely subjects Tregs to become unstable and dis-
posed to reprogramming, a typical feature of pTregs (Sharma et al. 2013).
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7.2.3.5  TIGIT

The coinhibitory T-cell immunoreceptor with Ig and ITIM domains (TIGIT)) and its 
partner costimulatory receptor CD226 can be deemed to regulate T-cell responses in 
ways similar to CD28/CTLA-4 (Joller et al. 2011). Both TIGIT and CD226 bind to 
CD155 and CD112 with the former exhibiting stronger affinity (Anderson et  al. 
2016). The intracellular domain of TIGIT consists of an ITIM motif and an immu-
noglobulin tail tyrosine (ITT)-like motif (Yu et al. 2009). The cell-intrinsic inhibi-
tory function of TIGIT hinges on its ITT-like motif which becomes phosphorylated 
and recruits SHIP1 to dampen NF-κB signaling upon ligation of TIGIT to its ligand 
(Li et al. 2014). Besides, TIGIT has been shown to exert cell-extrinsic immunoregu-
latory effects by stimulating IL-10 and blocking IL-12 production by DCs through 
its interaction with CD155, hence repressing Th1 immunity (Yu et al. 2009). This 
can also be achieved by TIGIT-expressing Tregs (Joller et  al. 2014). In humans, 
TIGIT+ T cells are particularly enriched in the Foxp3+Helios+ thymic Treg fraction. 
Moreover, while level of TIGIT expression is markedly higher, CD226 expression 
is lower in Helios+ compared to Helios- Tregs and Tconvs (Joller et al. 2014). It is 
currently postulated that TIGIT is a late activation marker and limits the prolifera-
tive capacity of tTregs. In contrast, TIGIT-CD226+ Tregs harbor properties that are 
synonymous to iTregs such as higher IFNγ and IL-10 production and reduced 
Foxp3-TSDR demethylation (Fuhrman et al. 2015; Joller et al. 2014). Intriguingly, 
TIGIT was found to be highly necessary for the conversion of murine Tconvs into 
iTregs in vitro.

Due to the novel identification of TIGIT+ Tregs, the function of this particular 
Treg subset is still unclear. It was earlier shown that upregulation of TIGIT during 
Treg activation was hindered in an IL-12-mediated Th1 environment, suggesting a 
possible role in counterbalancing T-helper effector responses (Fuhrman et al. 2015). 
This concept has been validated in mice where, as in humans, tTregs are the major 
source of TIGIT+ Tregs which coexpress neuropilin-1 and Helios and are distinctly 
more activated and suppressive in comparison to TIGIT- Tregs (Joller et al. 2014). 
Elevated expression of costimulatory (e.g., ICOS) and coinhibitory molecules (e.g., 
PD-1, CTLA-4, Tim3, Lag3) and Treg signature genes (e.g., Foxp3, CD25, GITR, 
IL-10) bear testament to the highly immunosuppressive phenotype of TIGIT+ Tregs 
(Joller et al. 2014). This was similarly observed in tumor-infiltrating TIGIT+ Tregs, 
which were behind the suppression of antitumor CD8 T-cell responses (Kurtulus 
et al. 2015). Perhaps, one peculiar trait of TIGIT+ Tregs is their preferential expres-
sion of Th1- and Th17-specific genes over those of Th2 (Joller et al. 2014). This 
includes the respective chemokine receptors. In line with their gene expression pro-
file, TIGIT+ Tregs suppress Th1 and Th17 but not Th2 responses. Mechanistically, 
this particular function of TIGIT+ Tregs owes to their increased propensity to secrete 
soluble fibrinogen-like protein 2 (Fgl2) in addition to IL-10 (Joller et al. 2014). It is 
conceivable that the combined effect of Fgl2 and IL-10 from TIGIT+ Tregs tilts the 
T-helper balance from Th1/Th17 to Th2. Interestingly, in comparison to other acti-
vated Tregs, TIGIT has twofold greater expression by highly differentiated 
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 CD25- negative T-follicular regulatory cells located in germinal centers, suggesting 
that it may have a role in the regulation of antibody responses (Wing et al. 2017).

7.2.3.6  Tim-3

T-cell immunoglobulin-3 (Tim-3) is the first among the Tim family of proteins that 
was discovered (Anderson et al. 2016). As a coinhibitory molecule, any compro-
mise on Tim-3 function unleashes activated T cells, particularly Th1, to instigate 
immune-mediated diseases. This can be brought about by modifications to the 
Tim-3 gene or blocking Tim-3 with anti-Tim3 antibody (Monney et  al. 2002; 
Koguchi et al. 2006). The spontaneity of autoimmune development from antagoniz-
ing Tim-3 firmly underlines Tim-3 as a major immune regulator. Reversion of Tim- 
3+ T cells from a dysfunctional state to a highly autoreactive state has been shown 
to account for the effect of Tim-3 blockade (Koguchi et al. 2006), though it is neces-
sary to recognize that Tim-3 is expressed in multiple other cells such as Tregs, NK 
cells, NKT cells, and APCs (Anderson et al. 2016).

Several ligands have been identified for Tim-3, one of which is galactin-9 (GAL- 
9). Engagement of GAL-9 leads to cell death in Tim-3+ Th1 cells and protects mice 
from experimental autoimmune encephalomyelitis. Other ligands include phospha-
tidylserine (PS), high mobility group protein B1 (HGMB1), and carcinoembryonic 
antigen cell adhesion molecule-1 (Ceacam-1) (Anderson et al. 2016). Since T cells 
do not possess any ability to phagocytose apoptotic cell function, the PS:Tim-3 
pathway has not been examined in T cells. As for HMGB-1 whose role is to chap-
erone DNA from apoptotic cells to dendritic cells and macrophages, it is proposed 
that Tim-3 sequesters it to keep inflammatory responses under control (Chiba et al. 
2012). Lately, Ceacam-1 has emerged as an interesting candidate that is coexpressed 
with Tim-3 in activated T cells. Both Ceacam-1 and Tim-3 interact with each other 
in cis and trans through their N-terminal domains to mediate Tim-3-dependent inhi-
bition. Heterodimerization of the molecules in cis is especially vital for Tim-3 matu-
ration and maintenance on the cell surface. This is evidently manifested in 
Ceacam-1-deficient T cells which are low in Tim-3 expression and are highly 
pathogenic.

Clearly, Tim-3 is important to immune tolerance, and the degree of redundancy 
it shares with Tregs ought to be ascertained. Thus far, it is known that Tim-3+ Tregs 
belong to a specific PD-1-expressing activated Treg subset that is almost exclusively 
found within inflamed tissues (Sakuishi et al. 2013). The same can be assumed for 
human Tim-3+ Tregs which are not immediately detectable ex vivo but only after 
stimulation with anti-CD3 and anti-CD28 (Gautron et al. 2014). The in vitro acti-
vated Tim-3+ Tregs are more suppressive against Th1 and Th17 responses compared 
to their Tim-3- counterparts which are barely effective in Th17 suppression. In mice, 
Tim-3+PD-1+ Tregs were reported to have high expression of the classic regulatory 
genes (e.g., CD25, CTLA-4, and IL-10) and display strong in vitro immunosuppres-
sion (Sakuishi et al. 2013). Notwithstanding these traits, the short-term survival of 
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Tim-3+PD-1+ Tregs allows them to only delay but not prevent allograft rejection 
(Gupta et al. 2012). On a more positive note, future cancer treatment can leverage 
combined blockade of Tim-3 and PD-1, which abrogates much of the enhanced 
immunoregulatory functions of Tim-3+ Tregs, in particular IL-10 production 
(Sakuishi et al. 2013). This would facilitate a two-pronged approach to relive anti-
tumor T cells from checkpoint blockade as well as suppression by Tregs (Fig. 7.4).

7.3  Conclusion

One notable similarity between a range of the co-signal molecules discussed here is 
the strongly context-dependent nature of their function. Many positive co-signal 
molecules are capable of enhancing Treg proliferation when given in the context of 
an environment with relatively low inflammatory milieu. On the other hand, these 
same signals cause the death or loss of function of the Tregs in more activated envi-
ronments, notably inside tumors. The exact mechanisms underlying this phenome-
non are not fully clear but may be the result of either overstimulation leading to 
activation-induced cell death or alterations to intracellular conditions of the Tregs 
leading to different co-factors becoming involved in the downstream signaling 
events following engagement of the co-signal molecule. For example, the TNFRSF 
members CD27, GITR, OX40, and 4-1BB can bind to TRAF2, which leads to acti-
vation of canonical NF-κB signaling and proliferation and activation of Tregs. 
Alternatively, the proapoptotic molecule Siva can also interact with the signaling 
domains of CD27 and GITR, resulting in increased apoptosis of Tregs via the TRAF 
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pathway (Spinicelli et al. 2002; Nocentini and Riccardi 2005). The choice of these 
opposing pathways may be the result of the environment and signaling through 
other ligands or cytokines resulting in changes to the availability of downstream 
adaptor molecules.

Tregs are critical for the prevention of autoimmunity while also being capable of 
preventing beneficial responses such as antitumor immunity. As a result, their func-
tion must be tightly regulated by a range of co-signals either enhancing or suppress-
ing their proliferation and function dependent on context. Further Tregs themselves 
control the availability of co-signals to other T cells, most notably by their ability to 
regulate CD80 and CD86 expression by CTLA-4 and thus restrict the availably of 
CD28 signals to Tconv. These different costimulatory and coinhibitory factors inter-
twine to result in a fine-tuned system to control immune homeostasis with multiple 
levels of feedback and redundancy and balance the need for protective immune 
responses with reducing the likelihood of autoimmunity.
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Chapter 8
Stimulatory and Inhibitory Co-signals 
in Autoimmunity

Taku Okazaki and Il-mi Okazaki

Abstract Co-receptors cooperatively regulate the function of immune cells to opti-
mize anti-infectious immunity while limiting autoimmunity by providing stimula-
tory and inhibitory co-signals. Among various co-receptors, those in the CD28/
CTLA-4 family play fundamental roles in the regulation of lymphocytes by modu-
lating the strength, quality, and/or duration of the antigen receptor signal. The devel-
opment of the lethal lymphoproliferative disorder and various tissue-specific 
autoimmune diseases in mice deficient for CTLA-4 and PD-1, respectively, clearly 
demonstrates their pivotal roles in the development and the maintenance of immune 
tolerance. The recent success of immunotherapies targeting CTLA-4 and PD-1 in 
the treatment of various cancers highlights their critical roles in the regulation of 
cancer immunity in human. In addition, the development of multifarious autoim-
mune diseases as immune-related adverse events of anti-CTLA-4 and anti-PD-1/
PD-L1 therapies and the successful clinical application of the CD28 blocking ther-
apy using CTLA-4-Ig to the treatment of arthritis assure their crucial roles in the 
regulation of autoimmunity in human. Accumulating evidences in mice and humans 
indicate that genetic and environmental factors strikingly modify effects of the tar-
geted inhibition and potentiation of co-signals. In this review, we summarize our 
current understanding of the roles of CD28, CTLA-4, and PD-1 in autoimmunity. 
Deeper understandings of the context-dependent and context-independent functions 
of co-signals are essential for the appropriate usage and the future development of 
innovative immunomodulatory therapies for a diverse array of diseases.
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8.1  PD-1 and its Ligands

Programmed cell death 1 (PD-1, CD279, Pdcd1) was identified as a molecule whose 
expression was induced by apoptotic stimuli in 1992 (Ishida et al. 1992). The func-
tion of PD-1 as a negative regulator of immune responses was recognized by the 
spontaneous development of lupus-like arthritis and glomerulonephritis by PD-1 
knockout mice on the C57BL/6 background (C57BL/6-Pdcd1−/− mice) (Nishimura 
et  al. 1999). Later, PD-1 is classified in the CD28/CLTA-4 family based on the 
structural and functional characteristics. PD-1 has two ligands (PD-Ls), PD-L1 
(programmed cell death 1 ligand 1, B7-H1, CD274, Cd274) and PD-L2 (pro-
grammed cell death 1 ligand 2, B7-DC, CD273, Pdcd1lg2). Upon interacting with 
either of PD-Ls together with antigen stimulation, PD-1 recruits SHP-2 (SH2 
domain-containing tyrosine phosphatase 2), and SHP-2 dephosphorylates signaling 
molecules to suppress antigen receptor signal (Hui et al. 2017; Mizuno et al. 2019; 
Okazaki et al. 2001; Parry et al. 2005; Yokosuka et al. 2012). In addition to autoim-
munity, PD-1 is involved in various immune responses such as tumor immunity, 
infectious immunity, transplant rejection, and allergy (Okazaki et  al. 2013; 
Schildberg et al. 2016; Zhang and Vignali 2016).

PD-1 is expressed on double-negative αβ and γδ T cells in the thymus, on pro-
genitors of innate lymphoid cells (ILCs) in the bone marrow, and on activated T, B, 
NK, ILC, and myeloid cells in the periphery. PD-L1 is expressed on T, B, and den-
dritic cells as well as many types of non-hematopoietic cells, while the expression 
of PD-L2 is more restricted and found mainly on dendritic cells, monocytes, and 
B-1 cells (Okazaki et al. 2013; Schildberg et al. 2016; Yu et al. 2016; Zhong et al. 
2007). The expression of PD-Ls can be upregulated or induced by activation. PD-Ls 
are also expressed on some tumor cells and suppress antitumor immunity by inhibit-
ing the activation and the effector function of tumor-specific T cells by eliciting the 
inhibitory function of PD-1 (Iwai et al. 2002). PD-L1 on tumor cells are also reported 
to suppress antitumor immunity by inducing apoptosis of T cells through non-PD-1 
receptor, which has not been identified yet (Curiel et al. 2003; Dong et al. 2002).

Based on basic researches, cancer immunotherapies using anti-PD-1/PD-L1 
blocking Abs were developed. Although the anti-PD-1/PD-L1 therapy provided 
unprecedented therapeutic benefits, they also revealed a new class of toxicities 
related to immune activation, which are called immune-related adverse events 
(irAEs) (Brahmer et al. 2010; Callahan et al. 2016; Michot et al. 2016; Topalian 
et al. 2012).

8.2  PD-1 in Autoimmunity

As mentioned above, PD-1 and PD-Ls play pivotal roles in the regulation of various 
immune responses. In this section, we summarize our current understanding of the 
roles of PD-1 and PD-Ls in autoimmunity.
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8.2.1  Autoimmunity in PD-1-Deficient Mice

Pdcd1−/− mice spontaneously develop different types of autoimmune diseases on 
different genetic backgrounds, suggesting that PD-1 deficiency exaggerates a 
strain- specific autoimmune susceptibility to induce strain-specific autoimmune 
phenotypes (Table 8.1). C57BL/6-Pdcd1−/− mice spontaneously develop glomeru-
lonephritis with depositions of IgG3 and C3 in the glomeruli and arthritis with an 
extensive granulomatous inflammation as they age (Nishimura et al. 1999). Unlike 
other lupus-prone mice, common autoAbs such as anti-dsDNA Ab and rheumatoid 
factor are rarely detected in C57BL/6-Pdcd1−/− mice. The introduction of the loss 
of function mutation in Fas gene (lpr, C57BL/6-lpr-Pdcd1−/− mice) accelerates 
these phenotypes. Liu et al. reported the spontaneous activation of both CD4 and 
CD8 T cells and the development of chronic inflammation in multiple organs such 
as the liver, lung, and pancreas but not kidney and joint in aged C57BL/6-Pdcd1−/− 
mice, suggesting the effect of environmental factors on the phenotype of Pdcd1−/− 
mice (Liu et al. 2015). Dong et al. reported the accumulation of activated CD8 but 
not CD4 T cells in the liver of C57BL/6-Cd274−/− mice, which was reported to be 
dependent on an unidentified non-PD-1 receptor for PD-L1(Dong et al. 2004).

On the BALB/c background, Pdcd1−/− mice spontaneously develop gastritis and 
dilated cardiomyopathy (DCM) (Nishimura et al. 2001; Okazaki et al. 2005). These 
phenotypes are dependent on tissue-specific autoAbs that have undergone class 
switching and/or affinity maturation induced by AID (activation-induced cytidine 

Table 8.1 Spontaneous autoimmune diseases in mice deficient for PD-1 and PD-Ls

Strain Gene/treatment Disease Onset Frequency

C57BL/6 PD-1 Glomerulonephritis, arthritis ≥ 6 months 50%
Pneumonitis, hepatitis, pancreatitis 12 months 15–25%

PD-1/Fas Glomerulonephritis, arthritis ≥ 6 months ≥80%
PD-1/VISTA Pneumonitis, hepatitis, pancreatitis 12 months 30–90%

BALB/c PD-1 DCM 5–25 weeks 0–60%1

Gastritis 10–25 weeks 20–100%1

PD-1/FcγRIIB Hydronephrosis 10–20 weeks 35%
Cystitis 10 weeks 50%

PD-1/LAG-3 Myocarditis ≤ 10 weeks 100%
PD-1/nTx2 Hepatitis, gastritis ≤ 3 weeks 100%

MRL PD-1 Myocarditis, pneumonitis, hepatitis 4–8 weeks ≥90%
Gastritis, sialoadenitis 4–8 weeks 50%

PD-L1 Myocarditis, pneumonitis 4–7 weeks 100%
NOD PD-1 T1DM, sialoadenitis 4–10 weeks 100%

PD-L1 T1DM 4–10 weeks 100%
NOD.H2b PD-1 Peripheral neuritis 15–25 weeks 100% (female)

Gastritis, sialoadenitis 15–25 weeks 100%
1The penetrance of DCM and gastritis in BALB/c-Pdcd1−/− differs among different colonies
2Neonatal thymectomy
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deaminase) (Okazaki et al. 2011). The development of DCM is shown to be depen-
dent on autoAbs recognizing cTnI (cardiac troponin I). Although cTnI is known to 
regulate muscle contraction in the sarcomere, cTnI is also expressed on the surface 
of cardiomyocytes. Anti-cTnI Abs augment the voltage-dependent Ca2+ current of 
cardiomyocytes, suggesting that cTnI on the surface of cardiomyocytes plays 
unidentified roles to regulate the magnitude of Ca2+ current and that anti-cTnI Abs 
induce DCM by chronic enhancement of Ca2+ current of cardiomyocytes (Okazaki 
et al. 2003). Later, Goser et al. reported that immunization with cTnI but not with 
cTnT induced severe myocarditis in BALB/c and A/J mice, confirming the patho-
genic role of autoimmune response against cTnI (Goser et al. 2006).

PD-1 deficiency drastically exaggerates Type I diabetes (T1DM) and sialoadeni-
tis in non-obese diabetic (NOD) mouse, which is a widely used animal model of 
T1DM and Sjogren’s syndrome (SS) (Wang et al. 2005). Interestingly, PD-L1 but 
not PD-L2 is highly expressed on β-cells in pancreatic islets with insulitis. In PD-1- 
sufficient NOD mice, lymphocytes form a cluster surrounding islets as though there 
is a barrier between the islets and lymphocytes. Because β-cells adjacent to lympho-
cytes express PD-L1 especially at high levels, PD-L1 on β-cells likely serves as a 
barrier to suppress the invasion of diabetogenic T cells. In NOD-Pdcd1−/− mice, this 
barrier is lost, and lymphocytes invade inside islets despite augmented PD-L1 
expression on β-cells. Keir et al. clearly demonstrated that PD-L1 on β-cells but not 
on lymphoid cells was responsible for delaying diabetes using NOD-Cd274−/− mice, 
which also developed fulminant diabetes like NOD-Pdcd1−/− mice (Keir et  al. 
2006). In addition, the administration of Abs against PD-1 or PD-L1 to prediabetic 
NOD mice leads to the development of rapid and exacerbated diabetes (Ansari et al. 
2003; Okamura et al. 2019).

NOD-Pdcd1−/− mice with a T1DM-resistant MHC haplotype (H2b, NOD.H2b- 
Pdcd1−/− mice) are protected from T1DM but develop peripheral polyneuropathy 
reminiscent of human Guillain-Barre syndrome (GBS) and chronic inflammatory 
demyelinating polyradiculoneuropathy (CIDP), sialoadenitis, pancreatitis, and gas-
tritis (Yoshida et al. 2008). In addition, [(C57BL/6 x NOD.H2b)F1 x NOD.H2b]BC1- 
Pdcd1−/− mice develop polyneuritis, insulitis, sialoadenitis, gastritis, and vasculitis 
to a variable degree (Jiang et al. 2009).

MRL-lpr mouse is a common animal model of human lupus erythematosus, 
whose major genetic determinant is the lpr mutation of Fas gene. Besides the lpr 
mutation, MRL chromosomes harbor additional genetic factors that promote auto-
immunity because Fas-intact MRL mice also develop lupus-like phenotypes in later 
life and the lpr mutation does not induce severe autoimmune diseases in other 
strains of mice such as C3H/HeJ, AKR, and C57BL/6. About 70% of MRL-Pdcd1−/− 
mice die of myocarditis by 10 weeks of age (Wang et al. 2010). In addition to myo-
carditis, MRL-Pdcd1−/− mice spontaneously develop pneumonitis, hepatitis, 
gastritis, and sialoadenitis. MRL-Cd274−/− mice also show similar but more severe 
phenotypes (Lucas et al. 2008).

The strain-specific autoimmune susceptibility relies on inherent genetic vari-
ances of the strain. Roles of several genes in the phenotypes of Pdcd1−/− mice have 
been examined. Mice deficient for the FcγRIIB (low-affinity-type IIb Fc receptor 
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for IgG, Fcgr2b), an inhibitory Fc receptor, spontaneously develop lupus-like dis-
ease on the C57BL/6 but not on the BALB/c background (Nimmerjahn and Ravetch 
2008). BALB/c-Fcgr2b−/–Pdcd1−/− mice develop autoimmune hydronephrosis and 
cystitis with concomitant production of autoAbs against urothelial antigens such as 
uroplakin IIIa, which is an essential component of urinary plaques regulating the 
apical surface area of the transitional cells (Okazaki et al. 2005; Sugino et al. 2012). 
In contrast, the frequency of DCM and gastritis of BALB/c-Pdcd1−/− mice are not 
affected by the additional FcγRIIB deficiency. Therefore, PD-1 seems to regulate 
autoimmune responses synergistically with or independently of FcγRIIB depending 
on the target antigens.

PD-1 also collaborates with another inhibitory co-receptor, lymphocyte- activation 
gene 3 (LAG-3), in the regulation of autoimmunity and antitumor immunity (Maruhashi 
et al. 2018; Okazaki et al. 2011; Woo et al. 2012). Mice deficient for LAG-3 and PD-1 
die of autoimmune myocarditis by 5 weeks of age. Because PD-1 and LAG-3 syner-
gistically inhibit the activation of T cells, autoimmunity is likely due to the robust 
activation of autoreactive T cells in the absence of these inhibitory co-receptors.

VISTA (V-domain immunoglobulin suppressor of T-cell activation, Vsir) is a 
newly identified molecule that bears homology to PD-L1. VISTA on antigen- 
presenting cells (APCs) may suppress activation of T cells by binding to its uniden-
tified receptor or VISTA on T cells may function as an inhibitory receptor to suppress 
their activation. Aged C57BL/6-Vsir−/− mice develop mild hepatitis, pneumonitis, 
and pancreatitis, and these phenotypes are exaggerated by the concurrent deficiency 
of PD-1. Further analyses are needed to understand how PD-1 and VISTA collabo-
rate to regulate autoimmunity (Liu et al. 2015).

In addition to effects of genetic variances and ablations, the effect of Treg deple-
tion on phenotypes of Pdcd1−/− mice has also been analyzed. Watanabe and col-
leagues reported that BALB/c-Pdcd1−/− mice developed fatal hepatitis by neonatal 
thymectomy, which is known to induce oophoritis and gastritis in BALB/c mice by 
attenuating the production of thymic Treg cells (Kido et al. 2008). Therefore, PD-1 
and Treg cells function in a nonredundant manner at least in part.

The role of PD-1 in autoimmunity has also been analyzed using antigen-induced 
models of autoimmunity (Table 8.2). In the experimental autoimmune encephalo-
myelitis (EAE), an animal model of human multiple sclerosis (MS), the relative 
contribution of PD-L1 and PD-L2, seems to differ depending on the genetic back-
ground of the mice and the timing of the blockade. Latchman et al. and Carter et al. 
reported that 129/Sv-Pdcd1−/− and -Cd274−/− mice developed more severe  symptoms 
of EAE compared with wild-type mice (Carter et al. 2007; Latchman et al. 2004). 
On the other hand, Salama et al. and Zhu et al. reported that the blockade of PD-1 
or PD-L2 but not PD-L1 augmented the severity of EAE on the C57BL/6 and NOD 
backgrounds (Salama et al. 2003; Zhu et al. 2006). Intriguingly, Zhu et al. found that 
the blockade of PD-L1 but not PD-L2 augmented the severity of EAE on the 
BALB/c background and the blockade of either PD-L1 or PD-L2 augmented the 
severity of EAE on the B10.S background (Zhu et al. 2006). Pdcd1−/− and Cd274−/− 
mice are also reported to develop more severe collagen-induced arthritis (CIA) and 
proteoglycan-induced arthritis (PGIA), respectively (Hamel et al. 2010; Raptopoulou 
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et al. 2010). In addition, the administration of the dimeric PD-L1 protein composing 
of the extracellular region of PD-L1 and Fc portion of IgG (PD-L1-Ig) has been 
shown to ameliorate CIA and PGIA probably by eliciting PD-1-mediated inhibitory 
signal (Raptopoulou et  al. 2010; Wang et  al. 2011). Inhibitory effects of PD-1, 
PD-L1, and PD-L2 have also been reported in other animal models such as experi-
mental autoimmune diabetes (EAD) and myocarditis (EAM) and nephrotoxic serum 
nephritis (NSN)(Menke et al. 2007; Rajasalu et al. 2010; Tarrio et al. 2012).

8.2.2  Immune-Related Adverse Events of Anti-PD-1/PD-L1 
Therapy

As mentioned above, the understanding of the molecular mechanisms and biological 
significances of co-signals has propelled the rational development of cancer immu-
notherapies. To date, Abs against PD-1 (nivolumab and pembrolizumab), PD-L1 

Table 8.2 Roles of PD-1, PD-L1, and PD-L2 in experimental models of autoimmune diseases in 
mice

Model Disease Gene/treatment Strain Effect

EAE Encephalomyelitis Anti-PD-1 Ab C57BL/6 worse1

Anti-PD-L1 Ab C57BL/6 NS1,2

Anti-PD-L2 Ab C57BL/6 worse1,2

Anti-PD-L1 Ab BALB/c NS2

Anti-PD-L2 Ab BALB/c worse2

Anti-PD-L1 Ab B10.S worse2

Anti-PD-L2 Ab B10.S worse2

Anti-PD-L1 Ab NOD NS2

Anti-PD-L2 Ab NOD worse2

Anti-PD-L1 Ab SJL/J worse2

Anti-PD-L2 Ab SJL/J NS2

Pdcd1−/− 129/Sv worse3

Cd274−/− 129/Sv worse3,4

Pdcd1lg2−/− 129/Sv NS3

CIA Arthritis Pdcd1−/− C57BL/6 worse5

PGIA Arthritis Cd274−/− BALB/c worse6

EAM Myocarditis Pdcd1−/− BALB/c worse7

Cd274−/− BALB/c NS7

EAD Diabetes Anti-PD-L1 Ab C57BL/6 susceptible8

Pdcd1−/− C57BL/6 susceptible8

Cd274−/− C57BL/6 susceptible8

NSN Nephritis Cd274−/− C57BL/6 worse9

Pdcd1lg2−/− C57BL/6 worse9

NS not significant, 1Salama et al. 2003, 2Zhu et al. 2006, 3Carter et al. 2007, 4Latchman et al. 2004, 
5Raptopoulou et al. 2010, 6Hamel et al. 2010, 7Tarrio et al. 2012, 8Rajasalu et al. 2010, 9Menke 
et al. 2007
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(atezolizumab, durvalumab, and avelumab), and CTLA-4 (ipilimumab) have been 
approved in one or more countries for the treatment of one or more cancers including 
melanoma, lung cancer, renal cell carcinoma, head and neck cancer, urothelial can-
cer, Merkel cell carcinoma, lymphoma, gastric cancer, and mismatch repair-deficient 
cancers (Brahmer et al. 2010; Callahan et al. 2016; Garassino et al. 2018; Kang et al. 
2017; Kaufman et al. 2018; Topalian et al. 2012). However, anti- CTLA- 4 and anti-
PD-1/PD-L1 therapies accompanied various forms of irAEs in numerous organs 
including the gut, skin, endocrine organs, liver, heart, liver, kidney, and lung 
(Barroso-Sousa et al. 2018; Cukier et al. 2017; Michot et al. 2016; Naidoo et al. 
2015). Interestingly, many of the autoimmune phenotypes observed in Pdcd1−/− and 
Cd274−/− mice and irAEs of anti-PD-1/PD-L1 therapy are shared (Table 8.3). These 
include T1DM (NOD-Pdcd1−/− and NOD-Cd274−/− mice), myocarditis (MRL-
Pdcd1−/− mice, MRL-Cd274−/−, BALB/c-Pdcd1−/–Lag3−/− mice), pneumonitis 
(MRL-Pdcd1−/−, MRL-Cd274−/−, NOD.H2b-Pdcd1−/−, and C57BL/6- Pdcd1−/–

Vsir−/− mice), GBS/CIDP (NOD.H2b-Pdcd1−/− mice), hepatitis (MRL- Pdcd1−/− and 
C57BL/6-Pdcd1−/–Vsir−/− mice and BALB/c-Pdcd1−/− mice with neonatal thymec-
tomy), gastritis (BALB/c-Pdcd1−/−, MRL-Pdcd1−/−, and NOD.H2b- Pdcd1−/− mice 
and BALB/c-Pdcd1−/− mice with neonatal thymectomy), cystitis (BALB/c-
Pdcd1−/−Fcgr2b−/− mice), glomerulonephritis (C57BL/6-Pdcd1−/− mice), pancreati-
tis (NOD.H2b-Pdcd1−/− and C57BL/6-Pdcd1−/–Vsir−/− mice), SS/sialoadenitis 
(NOD-Pdcd1−/−, NOD.H2b-Pdcd1−/−, and MRL-Pdcd1−/− mice), arthritis (C57BL/6-
Pdcd1−/− mice and CIA and PGIA in Pdcd1−/− and Cd274−/− mice, respectively), and 
encephalomyelitis (EAE in Pdcd1−/− and Cd274−/− mice) (Boike and Dejulio 2017; 

Table 8.3 Immune-related adverse events of anti-PD-1/PD-L1 therapy that have been observed in 
Pdcd1−/−, Cd274−/−, and Pdcd1lg2−/− mice

irAE Mice

T1DM NOD- Pdcd1−/−, NOD- Cd274−/−, C57BL/6- Pdcd1−/− (EAD), 
C57BL/6- Cd274−/− (EAD)

Myocarditis MRL- Pdcd1−/−, MRL- Cd274−/−, BALB/c- Pdcd1−/–Lag3−/−, 
BALB/c- Pdcd1−/− (EAM)

Pneumonitis MRL- Pdcd1−/−, MRL- Cd274−/−, NOD.H2b- Pdcd1−/−, C57BL/6-Pdcd1−/–Vsir−/−

GBS/CIDP NOD.H2b-Pdcd1−/−

Hepatitis MRL-Pdcd1−/−, C57BL/6-Pdcd1−/–Vsir−/−, BALB/c-Pdcd1−/− (nTx)

Gastritis BALB/c-Pdcd1−/−, MRL-Pdcd1−/−, NOD.H2b-Pdcd1−/−, 
BALB/c-Pdcd1−/− (nTx)

Cystitis BALB/c-Pdcd1−/−Fcgr2b−/−

Glomerulonephritis C57BL/6-Pdcd1−/−, C57BL/6-Cd274−/− (NSN), 
C57BL/6-Pdcd1lg2−/− (NSN)

Pancreatitis NOD.H2b-Pdcd1−/−, C57BL/6-Pdcd1−/–Vsir−/−

SS/sialoadenitis NOD-Pdcd1−/−, MRL-Pdcd1−/−, NOD.H2b-Pdcd1−/−

Arthritis C57BL/6-Pdcd1−/−, C57BL/6-Pdcd1−/− (CIA), 
C57BL/6-Cd274−/− (PGIA)

Encephalomyelitis C57BL/6-Pdcd1−/− (EAE), C57BL/6-Cd274−/− (EAE)
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Cappelli et al. 2017; de Maleissye et al. 2016; Haikal et al. 2018; Hughes et al. 2015; 
Ikeuchi et al. 2016; Larkin et al. 2017; Shimatani et al. 2018; Varricchi et al. 2017).

Of note, more diverse irAEs have been reported for anti-PD-1/PD-L1 therapy in 
human patients. These include irAEs in the skin (e.g., rash, vitiligo, lichenoid der-
matitis, bullous pemphigoid, Stevens Johnson syndrome, and toxic epidermal 
necrolysis), mucosa (e.g., oral mucositis, gingivitis), endocrine glands (e.g., 
hypophysitis, hypothyroidism, hyperthyroidism, thyroiditis, and adrenal insuffi-
ciency), colon (e.g., colitis), neuromuscular junction (myasthenia gravis), and eye 
(e.g., uveitis, keratitis) (Michot et al. 2016; Naidoo et al. 2015). These observations 
indicate that irAEs of anti-PD-1/PD-L1 therapy are strongly affected by the genetic 
autoimmune susceptibility of patients just like the genetic background of the mice 
strongly affects autoimmune phenotypes of Pdcd1−/− and Cd274−/− mice. Thus, pre-
clinical studies should be performed on various genetic backgrounds and conditions 
to obtain substantial information for the safe and efficient application of upcoming 
immunomodulatory therapies to human patients.

8.2.3  Genetic Variants of PD-1 Gene and Autoimmunity

Several single-nucleotide variants (SNVs) in PD-1 (PDCD1), PD-L1 (CD274), and 
PD-L2 (PDCD1LG2) genes have been reported to associate with human autoim-
mune diseases (Table 8.4). Prokunina and colleagues first reported the association of 
PD-1 genetic variants with human autoimmune diseases in 2002 (Prokunina et al. 
2002). They found that the allele A of an SNV named PD1.3 (PD1.3A, rs111568821) 
was associated with the higher risk of systemic lupus erythematosus (SLE) in 
Europeans (relative risk = 2.6) and Mexicans (relative risk = 3.5) but not African 
Americans. The PD1.3A alters the expression level of PD-1 by disrupting the bind-
ing of RUNX1 (runt-related transcription factor 1) to the enhancer in the intron 4 of 
PD-1 gene (Bertsias et al. 2009). PD1.3 and/or several other SNVs on PD-1 gene 
have been reported to associate with the development of various autoimmune dis-
eases such as T1DM, MS, subacute sclerosing panencephalitis, rheumatoid arthritis 
(RA), and ankylosing spondylitis (AS), juvenile onset of SLE, chronic idiopathic 
thrombocytopenic purpura, sympathetic ophthalmia, extraocular manifestations of 
Vogt-Koyanagi-Harada syndrome, antisperm Ab-related infertility, and Rasmussen 
syndrome (Cooper et al. 2007; Deng et al. 2017; Ishizaki et al. 2010; Kasamatsu 
et  al. 2018; Meng et  al. 2009; Okazaki and Honjo 2007; Pawlak-Adamska et  al. 
2017; Takahashi et al. 2013; Yang et al. 2011; Zamani et al. 2015). SNVs on PD-L1 
and PD-L2 genes have also been found to associate with the development of several 
autoimmune diseases such as T1DM, Graves’ disease, Addison’s disease, SLE, and 
AS (Hayashi et al. 2008; Huang et al. 2011; Mitchell et al. 2009; Okazaki and Honjo 
2007; Pizarro et al. 2014; Yang et al. 2011). In addition to autoimmune diseases, the 
association of SNVs on PD-1 and PD-L1 genes with the development of cancer has 
also been reported, which likely reflects the involvement of immune responses in the 
development of cancer (Hua et al. 2011; Kataoka et al. 2016; Mojtahedi et al. 2012).
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8.3  CD28, CTLA-4, and their Ligands

The activation of lymphocytes is tightly controlled by stimulatory and inhibitory 
co-signals in addition to the antigen receptor signal. CD28 provides the stimulatory 
co-signal that is required for the optimal activation of T cells upon interacting with 
either of two ligands, CD80 (B7.1) or CD86 (B7.2), as evidenced by the markedly 
impaired T-cell immunity in Cd28−/− mice (Shahinian et al. 1993). CD80/86 also 
bind to an inhibitory co-receptor, CTLA-4 that suppresses T-cell activation by trans-
ducing inhibitory signal and/or hampering the binding of CD28 with CD80/86 with 
its 10–20 times higher affinity to CD80/86 compared with CD28 (Collins et  al. 
2002; Linsley et  al. 1991). While CD28 is constitutively expressed on T cells, 
CTLA-4 is not expressed on naive T cells, but its expression is rapidly induced upon 
T-cell activation. Thereby, CTLA-4 provides the negative feedback mechanism for 
T-cell activation, the absence of which results in the promiscuous activation of T 

Table 8.4 Association of SNVs in PD-1, PD-L1, and PD-L2 genes with human autoimmune 
diseases

Disease Gene rs number

Systemic lupus 
erythematosus

PDCD1 rs111568821, rs2227981, rs6705653, rs41386349

PDCD1LG2 rs7854303

Rheumatoid arthritis PDCD1 rs36084323
Multiple sclerosis PDCD1 rs111568821, rs2227981, rs2227982
Subacute sclerosing 
panencephalitis

PDCD1 rs36084323, rs34819629, rs2227982

Type 1 diabetes PDCD1 rs34819629, rs111568821, rs2227981, rs10204525,

rs2227982, rs36084323, rs35214377
CD274 rs2297137, rs4143815

Ankylosing spondylitis PDCD1 rs2227981, rs2227982
PDCD1LG2 rs7854303

Idiopathic 
thrombocytopenic 
purpura

PDCD1 rs36084323, rs41386349, rs2227982

Sympathetic 
ophthalmia

PDCD1 rs2227981

Vogt-Koyanagi-Harada 
syndrome

PDCD1 rs2227981

Antisperm Ab-related 
infertility

PDCD1 rs111568821

Rasmussen syndrome PDCD1 rs2227982
Graves’ disease CD274 rs1970000, rs822339, rs2282055, rs1411262, 

rs2297137
Addison’ disease CD274 rs822339, rs2282055, rs1411262
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cells and premature death of multiorgan lymphocytic infiltration (Tivol et al. 1995; 
Waterhouse et al. 1995).

Due to its critical role in the T-cell activation, CD28 represents a unique target 
for the therapy of autoimmunity. A soluble recombinant fusion protein comprising 
the extracellular domain of CTLA-4 and the Fc domain of IgG as a CD28 blocker 
(CTLA-4-Ig, abatacept) is now in clinical use for the therapy of arthritis (Cutolo and 
Nadler 2013; Kremer et al. 2003).

In contrast, CTLA-4 represents a preeminent target for the therapy of tumors. 
Allison and colleagues revealed the critical role of CTLA-4 in the tumor immunity 
in 1996, which leads to the clinical application of anti-CTLA-4 blocking Ab (ipili-
mumab) for the therapy of melanoma (Hodi et al. 2010; Leach et al. 1996; Phan 
et al. 2003). As the autoimmune phenotypes of Ctla4−/− mice are more intense com-
pared with those of Pdcd1−/− mice, anti-CTLA-4 therapy generally induces more 
severe irAEs than anti-PD-1/PD-L1 therapy.

8.4  CD28, CTLA-4, and their Ligands in Autoimmunity

As mentioned above, CTLA-4 provides the critical inhibitory co-signal that restrains 
autoreactivity. In this section, we summarize our current understanding of the roles 
of CD28, CTLA-4, and CD80/86 in autoimmunity.

8.4.1  Autoimmunity in Mice Deficient for CTLA-4, CD28, 
and their Ligands

The essential role of CTLA-4 on immune tolerance was unraveled by the develop-
ment of a lethal lymphoproliferative disorder in Ctla4−/− mice (Tivol et al. 1995; 
Waterhouse et  al. 1995). In the absence of CTLA-4, T cells are nonspecifically 
activated and infiltrate various organs such as the heart, pancreas, lung, salivary 
gland, liver, joint, and vessels. Unlike Pdcd1−/−mice, the genetic background of the 
mice does not affect phenotypes of Ctla4−/− mice substantially (Luhder et al. 2000; 
Oosterwegel et  al. 1999). Because the introduction of the truncated mutant of 
CTLA-4 lacking the cytoplasmic region can rescue the lethal lymphoproliferation 
in Ctla4−/− mice, the suppression of promiscuous activation of T cell by CTLA-4 
does not require the signal mediated by its cytoplasmic region (Masteller et  al. 
2000; Takahashi et al. 2005). The polyclonal activation of T cells in Ctla4−/− mice 
has been reported to be cell non-autonomous based on the observation that CTLA- 
4- sufficient T cells could suppress the promiscuous activation and autoaggressive-
ness of Ctla4−/− T cells (Bachmann et al. 1999; Tivol and Gorski 2002). Later, the 
selective deletion of Ctla4 in Treg cells has been shown to recapitulate the lethal 
lymphoproliferative disorder, indicating that the functional impairment of Treg cells 
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is responsible for the deadly disease (Wing et al. 2008). CTLA-4 on Treg cells has 
been reported to induce the expression of immunoregulatory molecules such as IDO 
(indoleamine 2,3-dioxigenase) on APCs and reduce CD80/86 expression on APCs 
by inducing the expression of cytokines that downmodulate their expression and/or 
by trogocytosing CD80/86 molecules from APCs, which make APCs defective in 
providing co-stimulation (Okazaki et al. 2013; Schildberg et al. 2016; Walker and 
Sansom 2015; Wing et al. 2011).

Besides cell non-autonomous function, CTLA-4 has cell-autonomous function 
as well. CTLA-4 has been reported to modulate various signaling pathways by 
recruiting multiple molecules including SHP-2, PP2A (protein phosphatase 2A), 
and PKCη (protein kinase C-η). Ise et  al. showed that different tissue-specific T 
cells infiltrated into different target organs in Ctla4−/− mice with DO11.10 TCRβ 
transgene. In addition, they identified PDIA2 as an autoantigen of pancreatitis and 
showed that CTLA-4 suppressed the activation of PDIA2-specific T cells in a cell- 
autonomous manner (Ise et al. 2010).

The effect of inducible deletion of CTLA-4  in adult mice is controversial. 
Paterson et al. reported that the inducible deletion of CTLA-4 during adulthood did 
not induce lymphoproliferative disorder but resulted in the expansion of Treg cells 
that highly expressed inhibitory molecules other than CTLA-4, thereby conferring 
resistance to EAE (Paterson et al. 2015). On the other hand, Klocke et al. found that 
the conditional deletion of CTLA-4 in adult mice resulted in the spontaneous devel-
opment of lymphoproliferation, hypergammaglobulinemia, pneumonitis, gastritis, 
insulitis, and sialoadenitis (Klocke et al. 2016). They also observed the preferential 
expansion of Treg cells and the resistance to the peptide-induced but not protein- 
induced EAE. The discrepancy is likely due to the difference in the MHC haplotype 
of mice used. The former and the latter studies use mice with H2b (C57BL/6) and 
H2q (C57BL/10Q) MHC haplotypes, respectively.

While CTLA-4 suppresses autoimmunity, CD28 promotes autoimmunity by 
potentiating autoreactive T cells. CD28 deficiency ameliorates renal vasculitis and 
arthritis of MRL-lpr mice (Tada et al. 1999). CD28 deficiency or CD28 blockade has 
been shown to prevent or alleviate antigen-induced models of autoimmunity such as 
CIA, EAE, myocarditis, thyroiditis, nephritis, and myasthenia gravis (Nishikawa et al. 
1994; Perrin et al. 1995; Schildberg et al. 2016; Zhang and Vignali 2016). On the other 
hand, CD28 deficiency, compound deficiency of CD80/86, and the transgenic expres-
sion of CTLA-4-Ig increase the severity of T1DM in NOD mice. In these mice, the 
number of Treg cells is substantially reduced, and Th1 response is augmented because 
CD28 signal is required for the development and the maintenance of Treg cells 
(Lenschow et al. 1996; Salomon et al. 2000; Tang et al. 2003). CD80 plays the primary 
role in the protection of T1DM in NOD mice as the Ab-mediated blockade or genetic 
ablation of CD80 but not CD86 results in the exacerbation of T1DM. Interestingly, 
although NOD-Cd86−/− mice are protected from T1DM, they develop peripheral poly-
neuropathy like NOD.H2b-Pdcd1−/− mice (Salomon et al. 2001). The differential role 
of CD80 and CD86 is also observed in MRL-lpr mice, in which the deficiency of 
CD80 but not CD86 aggravates glomerulonephritis (Liang et  al. 1999). Therefore, 
CD80 and CD86 seem to have different functions depending on the context.
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8.4.2  Immune-Related Adverse Events of Anti-CTLA-4 
Therapy

The development of anti-CTLA-4 therapy clearly demonstrated that the modulation 
of T-cell function by deactivating inhibitory co-signal could result in effective anti-
cancer therapy and opened a new era of cancer immunotherapy. However, it also 
revealed that cancer immunotherapies inevitably accompany irAEs. As Ctla4−/− 
mice develop much severe autoimmune phenotypes compared with Pdcd1−/− mice, 
more diverse and severe irAEs have been reported for anti-CTLA-4 therapy com-
pared with anti-PD-1/PD-L1 therapy. The frequency of irAEs with any grade is up 
to 90% and 70% for anti-CTLA-4 and anti-PD-1/PD-L1 therapies, respectively. 
Grade III and IV irAEs are observed in 10–18%, and 7–12% of patients received 
anti-CTLA-4 and anti-PD-1/PD-L1 therapies, respectively (Michot et  al. 2016; 
Naidoo et al. 2015).

The direct comparison of ipilimumab (anti-CTLA-4 Ab) with pembrolizumab 
(anti-PD-1 Ab) demonstrated a higher incidence of vitiligo in pembrolizumab- 
treated patients (10%) compared with ipilimumab-treated patients (2%) (Robert 
et  al. 2015). Whereas the frequency of diarrhea/colitis is higher in anti-CTLA-4 
therapy than anti-PD-1/PD-L1 therapy. The frequencies of hypothyroidism and 
hyperthyroidism are higher in anti-PD-1/PD-L1 therapy, while the frequency of 
hypophysitis is much higher in anti-CTLA-4 therapy. The frequencies of hypothy-
roidism, hyperthyroidism, and hypophysitis drastically increase in the anti-CTLA-4 
and anti-PD-1/PD-L1 combinatorial therapy (Barroso-Sousa et  al. 2018; Cukier 
et  al. 2017). Iwama et  al. reported that CTLA-4 was ectopically expressed on a 
subset of prolactin- and thyrotropin-secreting cells in pituitary glands and that anti- 
CTLA- 4 Ab directly bound to CTLA-4 on these cells and induced inflammation by 
activating complement cascade in situ (Iwama et al. 2014). On the other hand, pneu-
monitis is less common with anti-CTLA-4 therapy compared with anti-PD-1/PD-L1 
therapy.

8.4.3  Genetic Variants of CTLA-4 Gene and Autoimmunity

Since Yanagawa et al. first reported the association of the CTLA-4 genetic variant 
with Graves’ diseases in 1995, several SNVs in CTLA-4 gene have been reported to 
associate with various autoimmune diseases such as RA, SLE, MS, systemic scle-
rosis, Hashimoto’s thyroiditis, and T1DM (Ghaderi 2011; Romo-Tena et al. 2013; 
Yanagawa et al. 1995). These SNVs also associate with the development of various 
cancers such as breast cancer, bone tumor, bladder cancer, cervical cancer, hepato-
cellular carcinoma, MALT lymphoma, relapse of AML, and nasopharyngeal carci-
noma (Cheng et al. 2006; Erfani et al. 2006; Hu et al. 2010). The association of the 
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same SNVs to autoimmunity and cancer indicates that immune responses to tumor 
cells critically regulate the development of tumor. In addition to SNVs in CTLA-4 
gene, some SNVs in CD28 and CD80/86 genes have also been reported to associate 
with autoimmunity (Hegab et al. 2016; Tanasilovic et al. 2017; Wagner et al. 2015).

Four splicing variants of CTLA-4 have been identified (full-length CTLA-4 with 
all four exons, soluble CTLA-4 lacking exon 3, ligand-independent CTLA-4 lack-
ing exon 2, and soluble ligand nonbinding CTLA-4 lacking exons 2 and 3). Full- 
length CTLA-4 consists of the IgV-like domain that is involved in ligand binding, 
the transmembrane region, and the cytoplasmic domain. The soluble CTLA-4 lacks 
the transmembrane region. The ligand-independent CTLA-4 lacks the ligand- 
binding domain and is reported to transduce inhibitory signal in a ligand- independent 
manner (Schildberg et al. 2016; Zhang and Vignali 2016). SNVs that increase solu-
ble CTLA-4 have been found to associate with Graves’ disease, T1DM, and autoim-
mune hypothyroidism (Ueda et al. 2003). In NOD mice, an SNV in exon 2 has been 
reported to regulate the expression of ligand-independent CTLA-4 and affects dia-
betes susceptibility (Ueda et al. 2003; Vijayakrishnan et al. 2004). The restoration 
of ligand-independent CTLA4 expression in NOD mice has been shown to alleviate 
T1DM (Araki et al. 2009; Stumpf et al. 2013).

Later, heterozygous mutations in CTLA-4 gene that result in the reduced CTLA-4 
expression have been found in patients with common variable immunodeficiency 
(CVID) (Kuehn et al. 2014; Schubert et al. 2014). Individuals with CTLA-4 muta-
tions exhibit diverse symptoms of autoimmunity such as autoimmune cytopenia, 
arthritis, thyroiditis, enteropathy, and lymphadenopathy despite the high incidence 
of hypogammaglobulinemia with a gradual loss of B cells. Treg cells from these 
patients express lower amount of CTLA-4, have reduced capacities to trans- 
endocytose CD80/86 from APCs, and elicit weaker suppressive function.

8.4.4  Manipulation of CD28/CTLA-4 for the Treatment 
of Autoimmunity

Based on the findings that CD28 deficiency or CD28 blockade prevented or allevi-
ated various spontaneous and antigen-induced models of autoimmunity, a soluble 
protein that comprises the extracellular domain of human CTLA-4 and the Fc 
domain of human IgG1 with modification to prevent complement fixation (abata-
cept) was developed as CD28 blocker (Adams et al. 2016; Cutolo and Nadler 2013). 
Abatacept is now in clinical use for the therapy of RA, juvenile idiopathic arthritis, 
and psoriatic arthritis. Clinical trials of abatacept for the treatment of other autoim-
mune diseases such as polymyositis and dermatomyositis are currently underway 
(Tjarnlund et al. 2018). In addition, belatacept which has two- and four-fold higher 
affinity to CD80 and CD86, respectively, with two amino acid substitutions (A29Y 
and L104E) in the ligand-binding domain of CTLA-4 has also been developed and 
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is now in clinical use for the kidney transplantation as an immunosuppressant 
(Vincenti et al. 2016).

CTLA-4-Ig inhibits not only the stimulatory co-signal of CD28 but also the 
inhibitory co-signal of CTLA-4, which may result in the attenuation of the suppres-
sive function of Treg cells. The selective inhibition of CD28 by monovalent anti-
 CD28 Ab has been shown to be effective in several experimental models of 
autoimmunity and transplantation and is now in early clinical development (Laurent 
et al. 2017; Suchard et al. 2013; Yang et al. 2015).

As mentioned above, CD28 signal is required for the development and the main-
tenance of Treg cells. Superagonistic anti-CD28 Ab (TGN1412) that activates T 
cells in the absence of T-cell receptor signal shows suppressive effects in multiple 
experimental models of autoimmunity by preferentially activating and expanding 
Treg cells. However, in the phase I clinical trial of TGN1412, all six volunteers 
experienced a cytokine release syndrome with multiorgan failure in 2006 (Tyrsin 
et al. 2016). After the careful examination of the event and the reevaluation of the 
Ab, the clinical trial of the same Ab (but with different name, TAB08) with reduced 
dosage has been started again in 2011 (Tabares et al. 2014). By reducing the amount 
of the Ab from 15- to 1000-folds, TAB08 was well tolerated and proinflammatory 
cytokine release was not observed. In the subsequent phase Ib clinical trial with RA 
patients, the majority of patients showed the improvements of clinical scores more 
than 20% with an acceptable level of adverse events (Tyrsin et al. 2016). Further 
clinical trials are expected to reveal its efficacy and safety in human autoimmunity.

8.5  Concluding Remarks

The unprecedented clinical efficacies and the occasional involvements of irAEs by 
cancer immunotherapies targeting CTLA-4 and PD-1 highlighted their pivotal roles 
in the regulation of immune responses against tumors and self tissues. Although we 
focused on CD28, CTLA-4, and PD-1 in the current article, other stimulatory and 
inhibitory co-receptors in the CD28/CTLA-4 family and those in the other families 
such as the TNF receptor superfamily and the leukocyte immunoglobulin-like 
receptor family also play unique roles in the regulation of autoimmunity. The func-
tion of individual co-receptors has been extensively studied, and the developments 
of immunomodulatory therapies targeting these receptors are actively explored 
worldwide. However, functional differences, redundancies, or co-operations among 
these receptors remain poorly understood. Future studies are expected to unravel the 
molecular network of stimulatory and inhibitory co-receptors that underlies the 
exquisite immunoregulatory system in which protective immunity is promoted 
while autoimmunity is prevented.
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Chapter 9
Co-signaling Molecules in Neurological 
Diseases
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Abstract Inflammation plays an important role in the onset and progression of 
many neurological diseases. As the central nervous system (CNS) constitutes a 
highly specialized environment where immune activation can be detrimental, it is 
crucial to understand mechanisms by which the immune system is regulated during 
neurological diseases. The system of co-signaling pathways provides the immune 
system with the means to fine-tune immune responses by turning on and off immune 
cell activation. Studies of co-signaling molecules in neurological diseases and their 
animal models have highlighted the complexities of immune regulation within the 
CNS and the intricacies of the interplay between the different cells of the immune 
system and how they interact with the resident cells of the CNS. This complexity 
poses challenges when targeting co-signaling pathway to treat neurological diseases 
and may explain why no drugs targeting these pathways have been successfully 
developed this far. Here, we will review the current literature on some important 
co-signaling pathways in multiple sclerosis (MS), Alzheimer’s disease, amyotrophic 
lateral sclerosis (ALS), Parkinson’s disease, and ischemic stroke to understand 
these pathways in mediating and controlling neuroinflammation.
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9.1  Introduction

The central nervous system (CNS) constitutes a highly specialized environment 
where immune activation can be detrimental. Traditionally, it was believed that the 
CNS is immunologically privileged and shielded from the peripheral immune sys-
tem by the blood–brain barrier (BBB), but it is clear that peripheral immune cells 
can enter the CNS as part of physiological immune surveillance, recognize cognate 
antigens, and elicit an adaptive inflammatory response (Korn and Kallies 2017). 
Resident CNS cells, in particular, activated microglia, play an important role in 
CNS inflammation as professional antigen-presenting cells (APCs) that secrete a 
vast array of inflammatory mediators, which modulate both innate and adaptive 
immune responses (Almolda et al. 2015). Many neurological diseases are associ-
ated with CNS inflammation, not only the classical inflammatory demyelinating 
diseases exemplified by multiple sclerosis (MS), but also neurodegenerative disor-
ders such as Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), 
Parkinson’s disease (PD), and ischemic stroke (Puentes et al. 2016; Gendelman and 
Mosley 2015; Cebrian et al. 2015; Famakin 2014). As neurons are unable to regen-
erate and often are integrated into highly complex networks, immune responses in 
the CNS need to be tightly controlled, balancing the need to protect the organism 
from foreign threats while minimizing immune-mediated bystander damage (Korn 
and Kallies 2017).

The system of co-signaling pathways provides the immune system with the 
means to fine-tune immune responses by turning on and off immune cell activation. 
It has long been known that activation of T cells requires two signals: The first con-
sists of the interaction of the T-cell receptor (TCR) with its cognate antigen pre-
sented in the context of major histocompatibility complex (MHC) molecules on the 
surface of APCs, and the second consists of the interaction of co-signaling receptors 
on the T cell with ligands expressed by the APCs (Bretscher and Cohn 1970). As 
co-signaling receptors can be both stimulatory, promoting T-cell activation, differ-
entiation, and survival, or inhibitory, dampening T-cell activation, the net outcome 
of TCR stimulation is decided by the combination of the different stimulatory and 
inhibitory signals (Zhang and Vignali 2016). Similarly, B cells and other immune 
cells also require two signals for their activation, maturation, and function (Bretscher 
and Cohn 1970). In addition to microglia, other resident cells of the CNS including 
astrocytes, neurons, and neural stem and progenitor cells may also express co- 
signaling molecules under various conditions providing a mechanism by which 
CNS cells can interact with the immune system and modulate its effects. In this 
chapter, we will review the literature on some important co-signaling pathways and 
discuss their role in mediating and controlling neuroinflammation.
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9.2  Resident CNS Cells

Microglia are the main immunocompetent cells in the CNS and function as the resi-
dent macrophages of the CNS parenchyma. They are constantly surveying the CNS 
parenchyma and are ready to rapidly respond to disturbances in the microenviron-
ment, serving as a first line of defense against infection or injury (Ransohoff and El 
Khoury 2015). Under normal conditions, microglia display a quiescent phenotype 
characterized by the lack or low expression of many molecules normally expressed 
by other tissue macrophages to prevent the CNS from unwanted immune-mediated 
inflammation (Perry 2016). Consistent with this quiescent phenotype, unstimulated 
microglia express only low or undetectable levels of costimulatory molecules 
(Aloisi et al. 1998; Almolda et al. 2015). An exception is Tim-3, an inhibitory co- 
signaling receptor regulating peripheral tolerance and the expansion of effector Th1 
cells, preventing uncontrolled inflammation, which is constitutively expressed by 
microglia isolated from autopsy tissue from subjects with no evident inflammatory 
disease (Anderson et al. 2007).

Neurons in the local microenvironment control microglial activation and contrib-
ute to their quiescent state by secreting soluble factors and through cell–cell interac-
tions (Chavarria and Cardenas 2013). The expression of the costimulatory molecules 
CD40 and CD86 is downregulated in cultured microglia by nerve growth factor 
(NGF) released by neurons (Wei and Jonakait 1999). Neurons also express CD200 
(Koning et al. 2009), a nonsignaling molecule that triggers anti-inflammatory sig-
naling in CD200R-expressing cells including microglia (Walker and Lue 2013). 
Microglia from CD200-deficient mice exhibited an activated phenotype, while 
IL-4-mediated neuronal CD200 expression is protected against lipopolysaccharide 
(LPS)-induced microglial activation (Hoek et al. 2000; Lyons et al. 2009).

Consistent with their role as sentinels of the CNS, microglia rapidly become 
highly activated upon insults to the brain. Depending on the specific stimuli and the 
condition of the microenvironment, microglia can exert neuroprotective functions 
or upregulate factors involved in phagocytosis, antigen presentation, and secretion 
of neurotoxic factors, showing a high degree of plasticity (Ransohoff and Perry 
2009). In vitro experiments have consistently shown that activated microglia can be 
induced to express costimulatory molecules. The expression of CD40 is upregulated 
on microglia by proinflammatory cytokines such as IFN-γ and GM-CSF, while anti- 
inflammatory cytokines such as TGF-β and IL-4 downregulate its expression 
(Almolda et al. 2015). Activated microglia isolated from the CNS during demyelin-
ating diseases such as MS and experimental autoimmune encephalomyelitis (EAE), 
its animal model, have been shown to express CD40 (Vogel et al. 2013; Becher et al. 
2001; Ponomarev et  al. 2006), CD80/CD86 (Issazadeh et  al. 1998), and PD-L1 
(Schreiner et al. 2008; Pittet et al. 2011; Ortler et al. 2008). CD40-positive microg-
lia can also be detected in the CNS during neurodegenerative disorders such as AD 
and the SOD1 mouse model of ALS (Okuno et al. 2004; Togo et al. 2000), while 
CD40 and PD-1 are upregulated in microglia during reperfusion after middle 

9 Co-signaling Molecules in Neurological Diseases



236

 cerebral artery occlusion (MCAO), an animal model of ischemic stroke in mice 
(Klohs et al. 2008; Ren et al. 2011).

The role of astrocytes in regulating the immune system is less well understood. 
Astrocytes have a range of functions most importantly maintaining neuronal health 
(Sofroniew and Vinters 2010). Reactive astrogliosis, a defensive reaction of astro-
cytes aimed at limiting tissue damage and restoring homeostasis, is observed in 
many neurological disorders. Reactive astroglia signal to surrounding cells both by 
cell–cell interactions and by secreting numerous growth factors, neurotransmitters, 
cytokines, and chemokines (Pekny et al. 2016). Astrocytes protect the CNS from 
unwanted adaptive immune responses by the expression of inhibitory co-signaling 
receptors. In vitro experiments have shown that astrocytes can suppress T-cell pro-
liferation and effector functions by upregulation of the inhibitory receptor CTLA-4 
(Gimsa et al. 2004). Astrocytes can also be induced in vitro to express PD-L1 and 
galectin-9 (Gal-9) that bind to the coinhibitory receptors PD-1 and Tim-3, respec-
tively (Yoshida et al. 2001; Magnus et al. 2005; Pittet et al. 2011). Furthermore, 
PD-L1 and Gal-9 immunoreactivity has been reported in astrocytes in a mouse 
model of axonal injury and in MS brain lesions (Anderson et al. 2007; Lipp et al. 
2007; Pittet et al. 2011).

Astrocytes may also express CD40L, a ligand for the stimulatory receptor CD40, 
during physiologic aging as well as in AD (Calingasan et al. 2002), highlighting the 
complexity of astrocyte responses. In vitro studies have shown inconsistent results 
with regard to the expression of CD80 and CD86 on astrocytes (Chastain et  al. 
2011), but it should be noted that both astrocytes and microglia are known to rapidly 
change their phenotype and gene expression profile when removed from the com-
plex support structure in the brain rendering them difficult to study in vitro (Butovsky 
et al. 2014). CD80 and CD86 expression was reported in astrocytes during EAE in 
some models but not others (Issazadeh et al. 1998; Cross and Ku 2000) and could 
be observed on astrocytes in chronic active MS lesions (Togo et al. 2000; Zeinstra 
et al. 2003).

Neurons can directly interact with autoreactive encephalitogenic T cells and con-
vert them to Tregs of the traditional Foxp3+ phenotype or a recently described 
FoxA1+ phenotype (Liu et al. 2006, 2014). FoxA1+ Tregs were originally identified 
in IFN-β-deficient mice and can be induced by IFN-β both in vivo and in vitro (Liu 
et al. 2014). These cells are characterized by high expression of PD-L1 and can sup-
press autoreactive T cells in the CNS during EAE in a PD-L1-dependent manner 
(Liu et al. 2014). PD-L1 expression on neurons is essential for their ability to inter-
act with encephalitogenic T cells and convert them to FoxA1+ Tregs (Liu et  al. 
2017b). Mechanistic studies showed that endogenous neuronal IFN-β triggers the 
PI3K/Akt pathway through autocrine signaling resulting in translocation of the tran-
scription factor FoxA1 to the nucleus, inducing PD-L1 expression (Liu et al. 2017b).
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9.3  Multiple Sclerosis and Experimental Autoimmune 
Encephalomyelitis

MS is an immune-mediated disease characterized by immune cell infiltration in the 
CNS and associated inflammation, demyelination, and neuronal degeneration 
(Dendrou et al. 2015). The initiating factor is still unknown, but evidence suggests 
that MS, especially in the earlier stages of the disease, is a T-cell-driven disease where 
autoreactive T cells are activated and migrate to the CNS, where they trigger an 
inflammatory response with accumulation of macrophages, T cells, B cells, and 
plasma cells (Dendrou et al. 2015; Ransohoff et al. 2015). This inflammatory response 
is accompanied by activation of microglia and astrocytes, as well as damage to myelin 
and neurons. As the disease progresses, the inflammation becomes more diffuse and 
sequestered within the CNS with fewer infiltrating cells and more pronounced neuro-
degeneration (Dendrou et al. 2015). Much insight into the pathogenesis of MS has 
been gained from its animal model, experimental autoimmune encephalomyelitis 
(EAE) that is typically initiated by peripheral immunization with myelin proteins/
peptides or by adoptive transfer of autoreactive T cells. Peripherally generated patho-
genic CD4+ T helper (Th) cells expressing Th1 and Th17 cytokine profiles cross the 
BBB and trigger an inflammatory response in the CNS upon encountering their cog-
nate antigens resulting in a model primarily resembling aspects of the early inflam-
matory phase of MS (Lassmann and Brad, Acta Neuropath, 2017).

All current FDA-approved disease-modifying drugs in MS target the immune 
system, confirming that modulation of inflammation can reduce disease activity in 
MS. Several co-signaling pathways have been targeted in EAE with positive effects, 
but none of the molecules tested in clinical trials this far have shown efficacy in 
MS. Studies of co-signaling molecules in MS and EAE have, however, provided 
much insight into the role of the immune system in CNS inflammatory diseases and 
how these diseases are regulated.

9.3.1  CD28/CTLA-4

The CD28 costimulatory pathway plays a central role in modulating T-cell func-
tions, and there is an extensive literature showing that CD28 and CTLA-4 (cytotoxic 
T-lymphocyte-associated protein 4) are critical regulators of autoimmune diseases 
(Esensten et al. 2016). CD28 and CTLA-4 are highly homologous and compete for 
the same two ligands, CD80 and CD86, but have opposing effects on T-cell activa-
tion. CD28 is constitutively expressed on T cells and is involved in TCR signaling 
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and IL-2 production, providing an activating signal that promotes T-cell prolifera-
tion and survival. In contrast, the expression of CTLA-4 is upregulated upon T-cell 
activation and competes with CD28 due to its higher affinity for CD80 and CD86, 
triggering a negative signal that downregulates T-cell activation.

CD28-deficient mice are resistant to EAE (Oliveira-dos-Santos et al. 1999), and 
blockade of CD28-CD80/86 signaling ameliorates EAE both when administered 
during antigen priming and after disease onset (Perrin et  al. 1999; Schaub et  al. 
1999). CTLA-4 plays a critical role in maintaining tolerance to peripheral self- 
antigens, as evidenced by lethal, multiorgan autoimmunity in CTLA-4-deficient 
mice (Waterhouse et al. 1995). Anti-CTLA-4 treatment of mice exacerbates EAE 
both in adoptive transfer and active immunization models of EAE (Karandikar et al. 
2000; Perrin et al. 1996; Hurwitz et al. 1997), and anti-CTLA-4 treatment during 
EAE remission resulted in the exacerbation of relapses (Karandikar et al. 1996). 
Blockade of CTLA-4 completely reversed peripheral tolerance to EAE induced by 
intravenous (i.v.) administration of antigen-coupled splenocytes indicating that 
peripheral tolerance is dependent on CTLA-4 (Eagar et al. 2002).

Conditional deletion of CTLA-4 in adult mice also resulted in spontaneous lym-
phoproliferation and multiorgan inflammation, but was not lethal (Klocke et  al. 
2016). In contrast to mice deficient of CTLA-4 from birth, mice depleted of 
CTLA-4 in adulthood were protected against MOG peptide-induced EAE and dis-
played delayed onset of protein-induced EAE (Klocke et al. 2016; Paterson et al. 
2015). CD4+ T cells in draining lymph nodes from adult CTLA-4-deficient mice 
did not differ from littermate controls in their production of IFN-γ, IL-17, or 
GM-CSF, and these mice had similar numbers of T cells infiltrating into the CNS 
(Paterson et al. 2015; Klocke et al. 2016). However, adult CTLA-4-deficient mice 
had a preferential expansion of Tregs with more than twofold increase in the Treg/
Tconventional cell ratio in the CNS. It was previously shown that expansion of Treg num-
bers prevents spontaneous EAE in CTLA-4-deficient MBP-peptide TCR transgenic 
mice (Verhagen et al. 2009), and loss of CTLA-4 on Tregs alone is sufficient to confer 
EAE resistance (Paterson et al. 2015). CTLA-4-deficient Tregs are functionally sup-
pressive but use non-CTLA-4-dependent mechanisms to suppress immune responses 
(Wing et al. 2008; Paterson et al. 2015). Interestingly, the protective effects of Tregs 
were not as pronounced in protein-induced EAE, where disease incidence and 
severity in mice depleted of CTLA-4 during adulthood were similar to that in con-
trol mice (Klocke et al. 2016). An explanation for this may be that protein-induced 
EAE is more dependent on B cells (Lyons et  al. 1999), and as CTLA-4 inhibits 
stimulatory function of T follicular helper (Tfh) cells, deletion of CTLA-4 on Tfh 
may lead to increased antibody production (Sage et  al. 2014; Wing et  al. 2014; 
Klocke et al. 2016).

CTLA-4Ig is a fusion protein linking a soluble CTLA-4-binding domain to an Ig 
constant region, which binds to CD80/CD86 and blocks their interaction with CD28 
(Perrin et al. 1996). CTLA-4Ig has been shown to profoundly suppress EAE, even 
when distributed after the onset of clinical disease (Arima et al. 1996; Khoury et al. 
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1995; Cross et al. 1999). Two CTLA-4Ig drugs are currently approved by the FDA, 
abatacept and belatacept (a higher affinity version). They have shown therapeutic 
effectiveness in rheumatoid arthritis, juvenile idiopathic arthritis, and prevention of 
acute rejection of renal transplants (Genovese et  al. 2005; Ruperto et  al. 2008; 
Vincenti et  al. 2005). CTLA-4Ig has been tested in MS with less encouraging 
results. An open-label phase I trial of CTLA-4Ig in relapsing–remitting MS (RRMS) 
showed that CTLA-4Ig was well tolerated and that it reduced T-cell proliferation 
and production of IFN-γ by peripheral blood mononuclear cells (PBMCs) in 
response to myelin peptide stimulation in vitro (Viglietta et al. 2008). A phase II 
randomized double-blind placebo-controlled study of abatacept in RRMS was ter-
minated prematurely by the sponsor due to treatment group imbalance but hinted 
toward a clinical efficacy in the higher-dose group (10 mg/kg; SYNOPSIS. Clinical 
study report IM101200, http://ctr.bms.com/pdf/IM101200.pdf). This was followed 
by a second phase II randomized double-blind placebo-controlled study of abata-
cept in RRMS (Khoury et al. 2017). The study did not find any statistically signifi-
cant effects on the number of new gadolinium-enhancing (Gd+) lesions on brain 
MRI or clinical measures including no evidence of disease activity (NEDA). The 
study had some limitations, most notably low enrollment and a predominance for 
stable patients with low numbers of new Gd+ lesions reflecting a reluctance of treat-
ing physicians to enroll more active patients in placebo-controlled studies when 
several disease-modifying mediations are available for the treatment of RRMS.

CTLA-4-blocking agents are currently in use to treat patients with malignancies, 
utilizing the ability of CTLA-4 to serve as an immune checkpoint inhibitor, shifting 
the immune status from T-cell exhaustion to a functional antitumor response. 
Treatment with ipilimumab, the first immunomodulatory checkpoint inhibitor 
approved by the FDA (Hodi et al. 2010), was associated with inflammatory side 
effects, termed “immune-related adverse events” (Kong and Flynn 2014; Weber 
et al. 2012). Interestingly, a few case reports have shown transition from a subclini-
cal radiologically isolated syndrome (RIS) to clinically overt MS, clinical exacerba-
tions, and increased MRI activity in patients with preexisting MS, or apparent de 
novo development of MS in individual patients treated with ipilimumab (Gettings 
et al. 2015; Gerdes et al. 2016; Cao et al. 2016), while others reported no worsening 
of MS (Johnson et al. 2016; Kyi et al. 2014). A more thorough follow-up of patients 
with underlying autoimmune conditions treated with ipilimumab is needed to 
increase our understanding of immunotherapies in this patient population.

9.3.2  PD-1

Programmed cell death protein-1 (PD-1) is a member of the B7–CD28 family that 
was proposed to serve as a first-tier coinhibitory receptor together with CTLA-4, 
playing an important role in maintaining peripheral tolerance (Fife and Bluestone 
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2008; Anderson et al. 2016). In contrast to CTLA-4 that inhibits the initial stage of 
activation of naïve T cells typically within lymphoid tissues, PD-1 downregulates 
previously activated T cells during the effector phase of an immune response pri-
marily in peripheral tissues and may serve to maintain tolerance within locally infil-
trated tissues, reducing organ damage (Keir et al. 2006). PD-1 signaling results in 
the inhibition of TCR-mediated responses including T-cell proliferation, cytokine 
production, cytotoxicity, and reduced T-cell survival (Buchbinder and Desai 2016).

PD-1 is broadly expressed on T cells, B cells, and myeloid cells upon activation, 
and its expression is maintained in settings of persistent antigenic stimulation 
(Yamazaki et al. 2002; Liang et al. 2003). The expression of its two ligands PD-L1 
and PL-L2 is regulated by inflammatory stimuli, especially cytokines, with the 
expression of PD-L2 restricted to APCs, while PD-L1 is expressed by a wide range 
of cells including leukocytes, nonhematopoietic cells, and parenchymal cells (Chen 
2004). PD-L1 and PD-L2 are not expressed by resting human CNS cells, but inflam-
matory cytokines including IFN-γ and TNF-α upregulate PD-L1 expression on 
human astrocytes and microglia in vitro (Pittet et al. 2011), and PD-L1 expression 
is detected on glial cells in MS lesions (Pittet et al. 2011; Ortler et al. 2008). PD-1 
and PD-L1 are expressed on CNS infiltrating cells in EAE with a temporal pattern 
following the clinical course of the disease (Salama et  al. 2003; Schreiner et  al. 
2008), and PD-L1 is also upregulated on vascular endothelial cells and microglia in 
mice with EAE (Liang et al. 2003; Magnus et al. 2005; Schreiner et al. 2008).

Several studies have shown that blockade of PD-L1 and/or PD-L2 increases the 
susceptibility to EAE and enhances disease severity (Zhu et al. 2006; Salama et al. 
2003). While initial studies indicated that interactions between PD-1 and PD-L2 
constitute the dominant pathway in regulating EAE, later studies showed that the 
relative importance of the two ligands is strain specific and dependent on the genetic 
background (Zhu et  al. 2006). Experiments in knockout (KO) mice showed that 
PD-1- and PD-L1-deficient, but not PD-L2-deficient, mice developed more severe 
EAE (Latchman et al. 2004; Carter et al. 2007; Wang et al. 2010) and that genetic 
disruption of PD-L1 alone is sufficient to convert an EAE-resistant strain into a fully 
permissive one (Latchman et al. 2004). It is believed that increased CNS expression 
of PD-L1 during EAE serves as a negative feedback mechanism limiting encepha-
litogenic T-cell responses and inflammatory tissue damage, and it is likely that these 
effects are mediated at least in part by Tregs that constitutively express PD-L1 and 
upregulate PD-1 expression following TCR stimulation (Keir et  al. 2007; Taylor 
et al. 2004). PD-1-deficient mice have reduced frequencies of Tregs in vivo, lowering 
the threshold for disease induction, and PD-1 expression contributes to the conver-
sion of naïve myelin-specific CD4+ T cells into Tregs in vitro, correlating with their 
suppressive activity (Wang et al. 2010).

Single-nucleotide polymorphisms (SNPs) in the Pdcd-1 gene that encodes PD-1 
have been associated with several autoimmune diseases including MS (Kasagi et al. 
2011). The only SNP associated with MS is the regulatory SNP PD1.3A that 
increases the probability of disease progression in MS (Kroner et al. 2005). This 
SNP is also associated with increased susceptibility to diseases such as systemic 
lupus erythematosus (SLE), diabetes, and rheumatoid arthritis (Kasagi et al. 2011). 
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The PD1.3A polymorphism is not associated with a measurable change in expres-
sion of PD-1 on T cells, but functional experiments showed that PD-1-mediated 
inhibition of IFN-γ secretion is impaired in patients carrying the mutated allele, 
which could result in continuous activation of self-reactive T-cells perpetuating 
CNS inflammation (Kroner et al. 2005).

A few studies have analyzed the expression of PD-1 and its ligands in patients 
with MS, suggesting that PD-1 and PD-L1 may be involved in controlling disease 
activity. Relative expression of PD-1 and PD-L1 was lower in total PBMCs from 
MS patients compared to healthy controls (Javan et al. 2016). The expression of 
PD-1 was significantly increased in MBP-stimulated T cells from MS patients with 
stable disease compared to patients with active disease, and the expression of PD-L1 
was increased in B cells and monocytes from the same patients (Trabattoni et al. 
2009). Interestingly, a large proportion of CD8+ T cells identified within MS lesions 
did not express PD-1 and are hence resistant to regulation through PD-L1 (Pittet 
et al. 2011). Treatment with IFN-β resulted in increased expression of PD-L1 and 
PD-L2 on monocytes as well as PD-L1 on CD4+ T cells both in vivo and in vitro 
(Schreiner et al. 2008; Wiesemann et al. 2008), and an upregulation of PD-L2 was 
associated with treatment response to IFN-β in a small cohort of MS patients 
(Wiesemann et al. 2008).

9.3.3  TIGIT/CD226

A more recently defined network of costimulatory molecules with similarities to the 
CD28/CTLA-4/CD80/CD86 family is the TIGIT (T-cell immunoreceptor with Ig 
and ITIM domains)/CD226/CD112/CD155 network (Anderson et al. 2016). Both 
TIGIT and CD226 are expressed on NK cells, effector and memory T cells, and Tregs 
and share the two ligands CD112 and CD155 that are expressed by APCs, T cells, 
and a variety of non-hematopoietic cells including tumor cells. In analogy with 
CTLA-4, TIGIT binds to its ligands with higher affinity than CD226 and provides 
an inhibitory signal, while CD226 acts as a costimulatory molecule for T cells.

Transgenic mice expressing TIGIT on T and B cells and mice treated with a 
TIGIT agonist are protected from EAE (Levin et al. 2011), while TIGIT-deficient 
mice are susceptible to EAE and display higher frequencies of encephalitogenic T 
cells and higher levels of proinflammatory cytokines (Joller et al. 2011; Levin et al. 
2011). TIGIT-deficient mice developed spontaneous atypical EAE, characterized by 
neurological symptoms similar to those associated with Th17-driven EAE (Jäger 
et  al. 2009) when crossed with MOG35-55-specific TCR transgenic 2D2 mice, 
 suggesting that TIGIT is involved in regulating the threshold of T-cell activation and 
is important in maintaining peripheral tolerance (Joller et al. 2011). In addition to a 
direct inhibitory effect on T-cell activation and expansion (Joller et al. 2011; Levin 
et al. 2011; Lozano et al. 2012), TIGIT also inhibits immune responses by inducing 
tolerogenic DCs that secrete more IL-10 and less IL-12p40, by inhibiting cytotoxic-
ity in NK cells, and by promoting Treg-mediated suppression through the induction 
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of IL-10 and Fgl2 that selectively suppresses Th1 and Th17 responses (Stanietsky 
et al. 2009; Anderson et al. 2016).

Little is known about the role of TIGIT in MS, but preliminary data indicate that 
TIGIT is present in mononuclear cell infiltrates in glioblastoma multiforme while it 
is nearly absent from inflammatory MS lesions (Lowther et al. 2015). In contrast, 
CD226 and CD155 were detected in glioblastoma infiltrates and in MS lesions sug-
gesting that TIGIT may be a checkpoint inhibitor for tumor evasion in the CNS, 
while lack of TIGIT may aggravate MS.

Genome-wide association studies have shown an association of the Gly307Ser 
SNP in the CD226 gene with MS susceptibility (Hafler et al. 2009). Using several 
large-scale expression quantitative trait loci (eQTL) datasets, a correlation between 
the MS risk haplotype rs763361T and reduced CD226 expression was observed in 
PBMCs and brain tissue (Liu et al. 2017a). Interestingly, more in-depth characteriza-
tion of the CD226 genetic variant showed that healthy subjects carrying the MS risk 
haplotype had reduced CD226 expression on T cells, while MS patients had a CD226 
expression level comparable to the risk haplotype and showed no haplotype- dependent 
differences (Piedavent-Salomon et  al. 2015). CD226 promotes Th1 and Th17 
responses and suppresses Th2 function, and blockade of CD226 delayed the onset 
and reduced the reduced severity of EAE (Dardalhon et al. 2005; Lozano et al. 2013; 
Zhang et al. 2016), raising the question how reduced expression of CD226 is associ-
ated with increased risk of MS. The answer to this apparent contradiction may be 
related to CD226 expression on Tregs, as CD226 is highly expressed in IL10- producing 
Tr1 cells as well as in classical Foxp3+ Tregs (Gagliani et al. 2013; Koyama et al. 
2013). CD226-deficient Tregs showed reduced inhibitory activity, which was associ-
ated with an exacerbated course of EAE in CD226-deficient mice (Piedavent- 
Salomon et al. 2015). Similar to the situation with CTLA-4, treatment with anti- CD226 
antibodies may predominantly affect effector T cells with high CD226 expression, 
while CD226-deficient mice may more accurately reflect the genetically encoded 
reduced CD226 expression observed in humans (Piedavent-Salomon et al. 2015).

CD226 and its two ligands also play an important role in NK cell-mediated lysis 
of activated T cells (de Andrade et al. 2014). Antigen-activated T cells induce cyto-
lytic activity in NK cells, a process that is dependent on CD155 (Gross et al. 2016). 
NK cells derived from MS patients exhibited reduced cytolytic activity in response 
to antigen-activated T cells due to reduced expression of CD226 on NK cells, which 
increases the threshold for NK cell activation, at the same time as their CD4+ T cells 
failed to upregulate CD155 upon antigen activation (Gross et al. 2016). Treatment 
with daclizumab, a humanized anti-CD25 antibody previously used for the treat-
ment of MS but now removed from the market because of unexpected  complications, 
resulted in increased expression of CD155 on CD4+ T cells and restored cytolytic 
activity of NK cells (Gross et al. 2016).
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9.3.4  LAG-3

Lymphocyte activation gene-3 (LAG-3) is a coinhibitory receptor that is expressed 
by activated T cells, NK cells, B cells, and plasmacytoid DCs (Sierro et al. 2011; 
Anderson et al. 2016). LAG-3 negatively regulates proliferation and activation of T 
cells, while being crucial for Treg suppression. LAG-3-deficient mice do not sponta-
neously develop autoimmunity but display augmented disease in susceptible strains.

A recent study showed that CD4+ intraepithelial lymphocytes (IELs) isolated 
from the gut epithelium of MOG35-55 TCR transgenic mice can inhibit EAE on 
transfer (Kadowaki et al. 2016). These cells express immune regulatory molecules 
such as LAG-3, CTLA-4, and TGF-β and can inhibit T-cell proliferation in vitro by 
a mechanism dependent on these molecules. LAG-3-blocking antibodies increased 
the severity of EAE induced by MOG35-55 TCR transgenic IELs. Interestingly, 
these regulatory IELs were influenced by stimuli from the gut environment, such as 
the microbiota and aryl hydrocarbon receptor (AHR) ligands in the diet providing a 
mechanism for how the gut microbiome can control extraintestinal autoimmune 
diseases such as MS.

9.3.5  Tim-3

T-cell immunoglobulin and mucin domain 3 (Tim-3) is an inhibitory receptor that 
triggers apoptosis upon interaction with its ligand, galectin-9 (Gal-9) (Anderson 
et al. 2016). Tim-3 is highly expressed by terminally activated Th1 cells, expressed 
at lower levels on Th17 cells, and is absent on naïve T cells and Th2 cells (Hastings 
et al. 2009). In addition, Tim-3 is constitutively expressed by DCs and microglia 
(Anderson et al. 2007). Tim-3 is an inhibitory molecule regulating peripheral toler-
ance and the expansion of effector Th1 cells, preventing uncontrolled inflammation. 
It can be protective in autoimmunity, but has been more extensively studied in can-
cer and chronic viral infections, where it contributes to the dampening of protective 
immunity (Anderson et al. 2016).

Tim-3-positive cells accumulate in the CNS of mice with EAE and peak at the 
onset of clinical symptoms (Monney et  al. 2002; Anderson et  al. 2007). 
Administration of an anti-Tim-3 antibody during EAE induction resulted in hyper-
acute disease with high numbers of activated macrophages, increased numbers of 
inflammatory foci in the CNS, and increased mortality (Monney et al. 2002), and 
blockade of Tim-3 signaling resulted in hyperproliferation of Th1 cells, increased 
release of IFN-γ and IL-2, and lack of antigen-specific tolerance (Sabatos et  al. 
2003). Along the same line, silencing of Gal-9 with siRNA exacerbated EAE, while 
in vivo administration of Gal-9 resulted in selective loss of IFN-γ-producing cells, 
attenuated Th1 responses, and ameliorated EAE (Zhu et al. 2005). More recent data 
suggest that interfering with the Tim-3–Gal-9 axis in CD4+ T cells changes the pat-
tern of inflammation in the brain and spinal cord due to differential effects on Th1 
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versus Th17 cells (Lee and Goverman 2013). As Tim-3 signaling predominantly 
controls the expansion of pathogenic IFN-γ-secreting Th1 cells, blockade of 
Tim-3 in Th1-mediated EAE exacerbates disease severity, while blockade in Th17- 
mediated EAE selectively increases the survival of Th1 cells, changing the ratio of 
Th1/Th17 cells and resulting in decreased inflammation in the brain, but not in the 
spinal cord.

Evidence suggests that CD4+ T cells from MS patients have a reduced ability to 
upregulate Tim-3 upon stimulation (Koguchi et al. 2006; Yang et al. 2008). CD4+ 
T-cell clones generated from the cerebrospinal fluid (CSF) of MS patients expressed 
less Tim-3 than clones from controls, and this was associated with higher levels of 
IFN-γ production (Koguchi et al. 2006). Th1 polarization increased IFN-γ secretion 
in clones from MS patients, but this was associated with a relative inability to upreg-
ulate Tim-3. Similarly, Tim-3 blockade during ex vivo activation of CD4+ T cells 
from peripheral blood of controls enhanced IFN-γ secretion, but had no effect on 
CD4+ T cells from untreated MS patients (Yang et al. 2008). Interestingly, treat-
ment of MS patients with the disease-modifying drugs IFN-β and glatiramer acetate 
restored the expression and function of Tim-3 (Yang et al. 2008).

MS patients with a benign course have increased expression of Tim-3 and 
Gal-9 in MBP-stimulated CD4+ T cells isolated from peripheral blood compared to 
other forms of MS, resulting in an augmented death rate of MBP-specific CD4+ T 
cells, while PPMS patients had reduced expression of the same two molecules 
(Saresella et al. 2014). Furthermore, patients with benign MS had decreased expres-
sion of Bat3 (HLA-B-associated transcript 3), a repressor of Tim-3 that protects Th1 
cells from Gal-9-mediated cell death and facilitates the development of EAE 
(Rangachari et al. 2012), in MBP-stimulated CD4+ T cells, while Bat3 expression 
was increased in PPMS (Saresella et al. 2014).

High CSF levels of Gal-9 have been observed in two independent cohorts of 
SPMS patients when compared to RRMS patients (Burman and Svenningsson 
2016). Gal-9 levels did not correlate with markers of adaptive immunity, and it was 
suggested that they were driven by cells of the innate immune system within the 
CNS such as activated astrocytes in chronically active white matter lesions 
(Anderson et al. 2007).

9.3.6  ICOS

Inducible T-cell costimulator (ICOS) is a costimulatory molecule structurally and 
genetically related to CD28 and CTLA-4 (Wikenheiser and Stumhofer 2016). It is 
not constitutively expressed on resting T cells, but is rapidly induced on CD4+ and 
CD8+ T cells following TCR cross-linking or CD28 activation. ICOS binds to the 
ICOS ligand (ICOSL) that is expressed on APCs and also on non-lymphoid cells 
such as fibroblasts, endothelial cells, and some epithelial cells. Like CD28, ICOS 
has positive costimulatory activities, including enhanced cytokine production, 
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upregulation of CD40L expression, and providing help for Ig isotype class switch-
ing by B cells.

The role for ICOS signaling in EAE is complex. ICOS-deficient mice develop a 
severe form of EAE, characterized by massive CNS infiltrates even when induced 
on a genetically resistant background (Dong et al. 2001). Blockade of the ICOS–
ICOSL interaction during the priming phase (1–10 days p.i.) exacerbated EAE, 
while blockade during the effector phase (9–20 days p.i.) attenuated the disease 
(Rottman et al. 2001). Effector and memory T cells have different costimulatory 
requirements, and blockade of ICOSL reduced memory cell-induced EAE but wors-
ened effector cell-mediated disease (Elyaman et al. 2008). ICOS plays an important 
role in inducing the production of IL-10, a key immunoregulatory cytokine involved 
in the induction of regulatory T type 1 (Tr1) cells, and it is likely that the effects of 
ICOS blockade in EAE are related to impairment of the generation or function of 
IL-10-producing regulatory cells (Sporici et al. 2001; Greve et al. 2004; Rojo et al. 
2008). ICOSL is upregulated in tissues in response to inflammatory cytokines, and 
the ICOS/ICOSL system may dampen immune activation in EAE and contribute to 
terminating the inflammation. This was further supported in studies of mucosal tol-
erance in EAE, where ICOS-deficient mice were resistant to the induction of muco-
sal tolerance to myelin peptides (Miyamoto et  al. 2005), a process where 
IL-10-producing Tr1 cells are of crucial importance (Weiner et al. 2011).

It is also possible that other cell types are affected by ICOS/ICOSL signaling. 
Evidence suggest that helminth-infected MS patients have reduced disease activity 
(Correale and Farez 2007), which has been linked to the induction of IL-10- 
producing regulatory B cells through a mechanism mediated at least in part by the 
ICOS/ICOSL pathway (Correale et al. 2008). T cells expressing the invariant Vα19i 
chain inhibited both the induction and progression of EAE through reduced produc-
tion of inflammatory cytokines and increased secretion of IL-10 by B cells, a pro-
cess that could be blocked by anti-ICOSL antibodies (Croxford et al. 2006).

Recent studies in patients with MS have focused on ICOS+ Tfh cells. Tfh cells 
play a fundamental role in humoral immunity by providing help for germinal center 
(GC) formation, B-cell differentiation into plasma cells, and antibody production in 
secondary lymphoid tissues (Fan et  al. 2015b). RR and SPMS patients have 
increased frequencies of activated ICOS+ Tfh cells in peripheral blood compared to 
healthy controls (Romme Christensen et  al. 2013), and the frequencies of 
ICOS+CCR7+ memory Tfh cells were further increased in MS patients examined 
during exacerbation (Fan et al. 2015a). The frequency of ICOS+ Tfh cells correlated 
with disease progression in progressive patients and with number of plasmablasts, 
suggesting that ICOS+ Tfh cells may play a role in B-cell activation (Romme 
Christensen et al. 2013).
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9.3.7  CD40

CD40 is a member of the tumor necrosis factor (TNF) receptor family that is con-
stitutively expressed by APCs, including DCs, B cells, and macrophages, and that 
can be expressed by endothelial cells, smooth muscle cells, fibroblasts, and epithe-
lial cells (Chatzigeorgiou et al. 2009). CD40 binds to one ligand, CD40L (CD154) 
that is mainly expressed on activated T cells, but other cells such as endothelial 
cells, microglia, and astrocytes can be induced to express CD40L. CD40 was origi-
nally identified as a costimulatory molecule important in T-cell-mediated B-cell 
activation and differentiation, but signaling through CD40 also stimulates cells to 
produce cytokines and chemokines and express adhesion molecules, costimulatory 
molecules, and various enzymes, all of which are involved in the local inflammatory 
processes taking place during chronic inflammation (reviewed by (Chatzigeorgiou 
et al. 2009)).

Both CD40 and CD40L can be detected in the CNS of mice with EAE, and their 
expression correlates with disease activity and production of IFN-γ (Issazadeh et al. 
1998). Mice without functional CD40/CD40L signaling due to genetic deletion of 
CD40L or treatment with antagonistic anti-CD40L antibodies during the priming 
stage are resistant to EAE, while treatment during the peak of disease or during 
remission reduces the severity of EAE (Grewal et  al. 1996; Gerritse et  al. 1996; 
Howard et al. 1999; Howard and Miller 2001; Becher et al. 2001). This was initially 
believed to be due to an inability of APCs to upregulate the expression of CD80/
CD86 and produce IL-12, which is necessary for Th1 differentiation during the 
priming phase (Grewal et  al. 1996; Constantinescu et  al. 1999). Later studies 
revealed that even though encephalitogenic T cells were generated in CD40L- 
treated mice and were able to enter the CNS, the expansion and retention of these 
cells were impaired (Howard and Miller 2001). Using bone-marrow chimeras, it 
was demonstrated that mice lacking CD40 expression on CNS-resident microglia 
developed less severe EAE with reduced number of inflammatory cell infiltrates in 
the CNS (Becher et al. 2001; Ponomarev et al. 2006). This was associated with an 
inability of encephalitogenic T cells to fully activate microglia, blocking their abil-
ity to upregulate CD80/CD86 expression and to present CNS antigens to T cells 
(Ponomarev et  al. 2006). Interestingly, CD40-deficient microglia were able to 
achieve an intermediary stage of activation with increased MHC class II expression, 
but in the absence of CD80/CD86 co-stimulation, these cells may trigger a tolero-
genic signal resulting in downmodulation of CNS infiltration. A more recent study 
showed that MHC class II+CD40dimCD86dimIL-10+ microglia are potent inducers of 
antigen-specific CD4+Foxp3+ Tregs in vitro and that blocking CD40/CD40L signal-
ing resulted in reduced numbers of CD25+Foxp3- effector cells, but did not affect 
the number of CD25+Foxp3+ Tregs (Ebner et al. 2013).

CD40 and CD40L immunoreactivity has been detected in close proximity to 
each other in perivascular infiltrates in active MS lesions (Gerritse et al. 1996). MS 
patients have higher frequencies of CD40L+ T cells in blood compared to controls, 
with levels decreasing during IFN-β treatment (Teleshova et al. 2000; Jensen et al. 
2001; Filion et al. 2003). MS patients also have an increased frequency of a subset 
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of CD4+ T cells expressing CD40 compared to healthy subjects and controls with 
non-autoimmune diseases (Waid et  al. 2014). These cells displayed a CD45ROhi 
phenotype, recognized myelin peptides, and produced both IFN-γ and IL-17 consis-
tent with an autoaggressive effector phenotype. PBMCs from SPMS, but not RRMS, 
patients produced more IL-12 and IFN-γ when restimulated in  vitro, a process 
which was dependent on CD40/CD40L signaling (Balashov et al. 1997).

Although CD40 is of vital importance for B-cell development, little is known 
about effects of CD40/CD40L blockade on the B-cell compartment in EAE. B10 
cells constitute a small subset of regulatory B cells that inhibit antigen-specific 
inflammatory reactions through IL-10 secretion (Yanaba et al. 2008). These cells are 
dependent on IL-21 and CD40 for their development and expansion and can inhibit 
EAE when transferred into mice with established autoimmune disease (Yoshizaki 
et al. 2012). Memory B cells from MS patients respond with enhanced proliferation 
when stimulated with low-dose CD40L compared to healthy subjects (Ireland et al. 
2014). This hyperresponsiveness to CD40 signaling in B cells was associated with 
dysregulation of the canonical NF-kB pathway in MS patients (Chen et al. 2016) 
and was normalized in patients treated with glatiramer acetate (Ireland et al. 2014). 
One study reported increased frequencies of CD40+ B cells in RRMS and patients 
with a clinically isolated syndrome representing very early MS, especially around 
the time of a relapse (Mathias et al. 2017), but another study reported decreased 
frequencies of CD40+ B cells in RRMS patients (Field et al. 2015).

CD40–1C>T (rs1883832) is a functional SNP, which has been studied exten-
sively in different MS populations. A recent meta-analysis indicated that the 
rs1883832 SNP is associated with increased risk of MS (Qin et al. 2017). Intriguingly, 
the risk allele for MS at rs1883832 is associated with reduced expression of CD40 
(Jacobson et al. 2005) suggesting a protective effect of CD40 in MS and highlight-
ing the complexity of costimulatory pathways that can affect regulatory as well as 
effector cells.

9.4  Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder distinguished from other 
forms of dementia by the deposition of extracellular amyloid-beta protein (Aβ) and 
the formation of neurofibrillary tangles. This is associated with neuronal injury and 
low-level inflammation characterized by chronic activation of microglia and astro-
cytes (Heneka et al. 2015). Aβ peptides play a central role in this process by promot-
ing microglial activation and perpetuating the inflammatory response. Evidence 
suggests that signaling through CD40 is essential for Aβ-induced microglial activa-
tion in AD and that this is an early event in the disease pathogenesis. Resting 
microglia express only low levels of CD40 and its expression is tightly regulated 
under physiological conditions in the CNS (Tan et al. 1999b). Aβ treatment activates 
cultured microglia, and this is enhanced in the presence of inflammatory mediators 
(Meda et al. 1995). Aβ-induced microglial activation upregulated the expression of 
CD40 in vitro (Tan et al. 1999a), and abundant CD40 immunoreactivity has been 

9 Co-signaling Molecules in Neurological Diseases



248

detected on activated microglia adjacent to Aβ-containing senile plaques within AD 
brains (Togo et al. 2000). CD40L-positive astrocytes within AD plaques are able to 
trigger CD40 signaling (Calingasan et al. 2002), which is functionally relevant since 
CD40L treatment of Aβ-stimulated microglia led to decreased phagocytosis of 
exogenous Aβ and increased production of proinflammatory cytokines (Townsend 
et al. 2005), as well as enhanced neuronal cell injury in coculture experiments (Tan 
et al. 1999a). In APPSw or PSAPP mice characterized by deposition of Aβ in the 
brain mimicking the pathology in AD, interference with CD40/CD40L signaling 
through genetic manipulation or by treatment with blocking antibodies decreases 
microglial activation and amyloid burden (Tan et al. 1999a; Ait-Ghezala et al. 2005). 
Furthermore, CD40 ligation has a direct effect on tau phosphorylation, a process 
contributing to the formation of neurofibrillary tangles, which is independent of Aβ 
pathology (Laporte et  al. 2008). Taken together, the data suggests that CD40/
CD40L-mediated microgliosis is pathogenic in AD and that interfering with this 
pathway reduces Aβ accumulation in animal models of the disease.

Aβ is also deposited in the walls of cerebral vessels resulting in degeneration of 
the vessel wall. Release of soluble CD40L (sCD40L) from activated platelets in 
damaged microvessels and its subsequent binding to CD40 expressed on the endo-
thelial surface lead to upregulation of adhesion molecules and stimulation of endo-
thelial release of proinflammatory cytokines (Zhang et al. 2013). sCD40L can also 
negatively affect endothelial regeneration (Hristov et al. 2010) further augmenting 
vessel damage and contributing to a potentially self-perpetuating inflammatory 
process.

Clinical studies have shown an association between increased levels of soluble 
CD40 (sCD40) or sCD40L in serum or plasma from AD patients compared to 
healthy subjects or controls with Parkinson’s or non-AD dementia (Mocali et al. 
2004; Ait-ghezala et al. 2008; Desideri et al. 2008; Buchhave et al. 2009; Yu et al. 
2016). Circulating sCD40L levels correlated with disease severity and predicted 
disease progression using the Clinical Dementia Rating (CDR) or the Mini-Mental 
State Examination (MMSE) during a 2-year follow-up (Desideri et  al. 2008). 
Baseline levels of sCD40 were elevated in patients with mild cognitive impairment 
(MCI), who subsequently developed AD during a follow-up period of 4–7 years, 
while MCI patients who had vascular dementia or remained cognitively stable did 
not differ from controls (Buchhave et  al. 2009). Combinations of sCD40 and 
sCD40L together with other markers such as Aβ, apoE, and VEGF have been sug-
gested as biomarkers in AD (Ait-ghezala et al. 2008; Yu et al. 2016).

Changes in immune cell phenotype and function in peripheral blood have also 
been reported in patients with AD, although it is not clear if peripheral immune cell 
activation is detrimental to the disease or an attempt of the immune system to reduce 
the effects of Aβ deposition in the brain (Gendelman and Mosley 2015). Little has 
been done to determine which costimulatory pathways are involved in the periph-
eral immune activation in AD, but two papers suggested dysregulation of PD-1 and 
PD-L1 (Saresella et al. 2010, 2012). Patients with AD or MCI had lower numbers of 
PD-1-positive CD4+ T cells and reduced PD-L1 expression on CD14+ monocytes 
after Aβ-stimulation of PBMCs compared to healthy controls (Saresella et al. 2012). 
This was associated with increased proliferation of Aβ-specific CD4+ T cells and 
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lower number of IL-10-producing monocytes. The expression of PD-1 on Tregs was 
also changed in AD (Saresella et al. 2010). Both AD patients and patients with MCI 
had increased frequency of Tregs compared to healthy controls, but AD patients had 
decreased frequency of PD-1-negative Tregs, and functionally, Tregs from AD patients 
displayed reduced suppressive ability compared to MCI patients. Taken together, 
these findings suggest that AD patients have increased activation of antigen-specific 
T cells in the periphery, but further studies are needed to determine the functional 
significance of these cells and if the abnormalities of the PD-1/PD-L1 pathway are 
of significance.

9.5  Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a progressive, paralytic disorder character-
ized by degeneration of motor neurons in the brain and spinal cord associated with 
aggregation of cytoplasmic proteins predominantly, but not exclusively, within neu-
rons (Sreedharan and Brown 2013). Genetic analysis of familiar ALS cases identi-
fied a large number of mutations associated with ALS and provided insights into 
disease pathogenesis. A significant proportion of the familial cases has mutations in 
the enzyme superoxide dismutase type 1 (SOD1) that causes protein misfolding and 
gain of toxic functions (Sau et al. 2007). This discovery has led to the development 
of transgenic mice expressing the mutant SOD-1, which display an ALS-like phe-
notype (Gurney et al. 1994). Endogenous factors such as aggregated and misfolded 
proteins result in robust activation of microglia both in patients with ALS and 
SOD-1 mutant mice triggering an innate immune response (Puentes et al. 2016). 
Microglia isolated from SOD-1 mice express both potentially neuroprotective and 
toxic factors (Chiu et al. 2013) and can produce both pro- and anti-inflammatory 
cytokines (Puentes et al. 2016) showing that microglia plays a complex role in ALS.

Differential regulation of the CD40–CD40L pathway was found in SOD-1 mice 
during the presymptomatic stage and at symptom onset using unbiased transcrip-
tome profiling (Lincecum et al. 2010). Treatment with a blocking anti-CD40L anti-
body delayed paralysis onset, extended survival, and increased the number of motor 
neuron bodies in the spinal cord when administered before symptom onset. The 
mechanisms of anti-CD40L treatment remain unclear, but it was suggested that its 
therapeutic effects were mediated through immune modulation as anti-CD40L- 
treated mice had reduced numbers of infiltrating CD68+ macrophages in peripheral 
nerves and lower frequencies of CD8+ cytotoxic T cells in draining lymph nodes 
(Lincecum et al. 2010). CD40 may also have direct neurotoxic effects, as CD40 
stimulation of primary spinal cord cultures caused motor neuron loss by inducing 
cyclooxygenase-2 (COX-2) (Okuno et al. 2004). CD40 expression is increased in 
reactive microglia and astrocytes in the spinal cord of SOD-1 mice (Okuno et al. 
2004), and CD40 immunoreactivity is present in the spinal cord of patients with 
ALS (Graves et  al. 2004). Further studies are needed to understand the role of 
costimulatory signals in ALS and whether manipulation of these pathways may be 
used to control neuronal loss in ALS (Puentes et al. 2016).
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9.6  Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disease where death of dopaminer-
gic neurons in the substantia nigra leads to a movement disorder characterized by 
tremor, rigidity, and slowness of movement, accompanied by non-motor symptoms 
including dementia. PD is pathologically characterized by intracellular Lewy bod-
ies within neurons containing aggregates of misfolded and insoluble α-synuclein 
(α-syn) (Kalia and Lang 2015). In addition to being toxic to neurons, misfolded 
α-syn can also activate microglia either through factors from stressed neurons or by 
direct interactions with extracellular α-syn aggregates. Secretion of proinflamma-
tory and neurotoxic mediators by activated microglia further damage neurons caus-
ing a vicious cycle of neuroinflammation and neurodegeneration, although it is also 
possible that the inflammatory response triggered by microglia in some instances 
may provide neuroprotection (Cebrian et  al. 2015). There is increasing evidence 
that the adaptive immune system plays an important role in PD. T cells from PD 
patients can respond to α-syn peptides in vitro (Sulzer et al. 2017), and microglia 
activated by α-syn can induce MHC class I expression on neurons rendering them 
susceptible to killing by CD8+ cytotoxic T cells (Cebrian et al. 2014).

CD200 and its receptor CD200R are considered key regulators of CNS inflam-
mation through modulation of microglial activation. CD200 is highly expressed by 
neurons, but is also expressed by endothelial cells, astrocytes, and activated T and B 
cells, whereas CD200R is selectively expressed by myeloid cells (Walker and Lue 
2013). CD200-deficient mice are characterized by spontaneously activated microg-
lia and an increased susceptibility to EAE (Hoek et al. 2000), whereas mice with 
increased CD200 expression were protected against EAE (Chitnis et  al. 2007). 
Taken together, it is believed that neuronal CD200 expression is actively maintain-
ing microglia in a quiescent state through CD200R signaling (Walker and Lue 
2013). Decreased expression of CD200 was observed in chronic MS lesions, which 
has been attributed either to neuronal damage or downregulation of CD200 due to 
reduced levels of anti-inflammatory cytokines such as IL-4 (Lyons et  al. 2009; 
Koning et  al. 2007). Decreased expression of CD200 and CD200R was also 
observed in brain regions affected by neurodegeneration in patients with AD 
(Walker et al. 2009).

It has been suggested that dysregulation of the CD200–CD200R axis contributes 
to the pathology in PD. CD200 expression is decreased with aging in the human 
brain (Frank et al. 2006), and monocyte-derived macrophages from older subjects 
including patients with PD responded to stimulation in vitro by reduced CD200R 
upregulation (Luo et  al. 2010). Blockade of CD200R after injection with 
6- hydroxydopamine into the substantia nigra in rats resulted in microglial activation 
associated with significantly increased loss of dopaminergic neurons and more 
Parkinson-like movement disorder (Zhang et  al. 2011). Furthermore, CD200R 
blockade enhanced the susceptibility of dopaminergic neurons to rotenone-induced 
neurotoxicity in vitro. Microglial activation after peripheral injection of LPS in rats 
was associated with a reduction in the numbers of dopaminergic neurons and 
increased expression of CD200 and CD200R in the substantia nigra (Xie et  al. 
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2017). Injection of a CD200 agonist (CD200Fc) into the substantia nigra reduced 
the loss of dopaminergic neurons after LPS injection showing a protective role of 
CD200/CD200R signaling in preventing neurodegeneration induced by peripheral 
inflammation (Xie et  al. 2017). Interestingly, treadmill exercise ameliorated the 
motor balance and coordination dysfunction in the 1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine/probenecid (MPTP/P) model of Parkinson’s disease mice. Mice 
in the exercise group had reduced microglial activation and reduced loss of dopami-
nergic neurons that were associated with increased levels of CD200 and CD200R in 
the CNS (Sung et al. 2012). The expression of CD200 or CD200R has not been 
studied in the substantia nigra of patients with PD, but a recent study showed that 
CD200 expression was not affected in brains from patients with Lewy body demen-
tia, a condition with cortical deposition of modified α-syn (Walker et  al. 2017). 
While it is well established that aggregated α-syn can activate microglia in vitro 
(Zhang et al. 2005), it was suggested that α-syn aggregates in Lewy body dementia 
are mainly localized intracellularly where they are shielded from microglia (Walker 
et al. 2017).

It is likely that other costimulatory pathways are of important in the regulation of 
PD, but few studies have addressed this issue. One recent study identified LAG-3 as 
a major binding site for pathological α-syn by performing an unbiased screen of 
binding sites (Mao et al. 2016). Deletion of LAG-3 reduced the endocytosis as well 
as the neuron-to-neuron transmission of pathological α-syn, and this was associated 
with delayed α-syn-induced neurotoxicity and behavioral deficits in vivo. LAG-3 
expression has previously been detected in the CNS (Workman et al. 2002), but lit-
tle is known about its functions in this organ.

9.7  Ischemic Stroke

It is clear that the immune system is activated after focal cerebral ischemia and that 
inflammation plays a role in the outcome of ischemic stroke (Famakin 2014). The 
initial response after transient ischemia consists of microglial activation and rapid 
infiltration of innate immune cells into the ischemic tissue. Inflammatory mediators 
released during this initial phase results in the influx of lymphocytes and activation 
of adaptive immune responses. The detrimental effect of the adaptive immune 
responses is shown in experimental models of stroke such as middle cerebral artery 
occlusion (MCAO) where mice deficient in T cells (either CD4+ or CD8+) experi-
enced a better outcome with smaller infarct volume and less neurological deficits 
(Yilmaz et al. 2006). The PD-1 pathway has been shown to be of importance in 
regulating inflammation and minimizing damage to bystander cells after ischemic 
stroke (Zhao et  al. 2014). PD-1 expression is strongly upregulated on activated 
microglia and infiltrating macrophages in the ischemic hemisphere of MCAO mice, 
while the expression of its two ligands PD-L1 and PD-L2 was upregulated on B 
cells in the same areas (Ren et  al. 2011). PD-1 deficient mice had worse infarct 
outcome with larger infarct size, enhanced microglial activation, and increased 
numbers of infiltrating immune cells 96 h after MCAO, but not after 24 h, consistent 
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with a dampening effect of PD-1 signaling during the later stages of adaptive 
immune responses (Ren et al. 2011; Kleinschnitz et al. 2010). Transfer of IL-10- 
producing regulatory B cells reduced the infarct volume after MCAO by creating a 
less inflammatory milieu in the postischemic brain, a process that is associated with 
increased expression of PD-1 on infiltrating T cells and macrophages (Bodhankar 
et al. 2013a). In contrast, PD-L1 or PD-L2 deficient mice or mice treated with neu-
tralizing anti-PD-L1 antibodies had smaller infarct volumes and decreased infiltra-
tion of immune cells into the ischemic hemisphere compared to WT mice (Bodhankar 
et al. 2015, 2013b). This was associated with migration of CD8+CD122+ regulatory 
T cells, a subset of naturally occurring Tregs cells that produce large amounts of 
IL-10 (Rifa'i et al. 2004), from the spleen to the ischemic lesion. While anti-PD-L1 
treatment after MCAO had a beneficial effect on stroke outcome, it was also associ-
ated with increased risk of hemorrhage after reperfusion (Bodhankar et al. 2015). 
Neutralization of PD-L1 inhibits the ability of CD4+CD25hi Tregs to suppress the 
production of matrix metalloproteinase-9 (MMP-9) from neutrophils and mice 
treated with PD-L1 deficient Tregs had enhanced BBB damage compared to mice 
treated with intact Tregs after MCAO (Li et al. 2014). PD-L1 treatment was further 
shown to protect against brain injury in an experimental model of intracerebral 
hemorrhage by shifting the inflammatory response from a Th1- and Th17-dominated 
response to a response dominated by Th2 and CD4+CD25+Foxp3+ Tregs (Han et al. 
2017). In addition to this shift in inflammatory milieu, PD-L1 treatment improved 
BBB integrity and protected against neuronal loss. Taken together these results 
show the complexity of the PD-1/PD-L1 pathway and the distinct roles of different 
effector and regulatory cell types in controlling CNS inflammation.

9.8  Conclusions

It is clear that inflammation plays an important role in the onset and progression of 
many neurological diseases and that suppression of inflammation can reduce disease 
burden and neuronal loss in these diseases. The co-signaling pathways provide a 
powerful means to manipulate the immune system as was recently shown with the 
breakthrough of checkpoint inhibitors in the field of tumor immunology. Early stud-
ies using blocking antibodies or genetic depletion of co-signaling pathways at a sys-
tems level have been replaced with refined methods targeting specific cellular subsets 
highlighting the complexities of immune regulation in neurological diseases. 
Seemingly contradictory findings in earlier studies appear to be related to the expres-
sion of co-signaling molecules in different subpopulations of cells, shifting the bal-
ance between effector and regulatory subsets, or different effector subsets. This 
highlights the intricacies of the interplay between the different cells of the immune 
system and how they interact with the resident cells of the CNS. This complexity 
poses challenges when targeting co-signaling pathway to treat neurological diseases 
and may explain why no drugs targeting these pathways have been successfully 
developed this far. More studies are needed to fully understand the regulatory net-
work within the CNS and how to harness the co-signaling pathways to limit 
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cytotoxicity and enhance neuroprotection once an inflammatory response has been 
initiated. It is also intriguing to speculate if co-signaling pathways can be used to 
stimulate regenerative processes within the CNS, an area that currently has not been 
addressed at depth.
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Chapter 10
Costimulation Blockade in Transplantation

Melissa Y. Yeung, Tanja Grimmig, and Mohamed H. Sayegh

Abstract T cells play a pivotal role in orchestrating immune responses directed 
against a foreign (allogeneic) graft. For T cells to become fully activated, the T-cell 
receptor (TCR) must interact with the major histocompatibility complex (MHC) 
plus peptide complex on antigen-presenting cells (APCs), followed by a second 
“positive” costimulatory signal. In the absence of this second signal, T cells become 
anergic or undergo deletion. By blocking positive costimulatory signaling, T-cell 
allo-responses can be aborted, thus preventing graft rejection and promoting long- 
term allograft survival and possibly tolerance (Alegre ML, Najafian N, Curr Mol 
Med 6:843–857, 2006; Li XC, Rothstein DM, Sayegh MH, Immunol Rev 229:271–
293, 2009). In addition, costimulatory molecules can provide negative “coinhibi-
tory” signals that inhibit T-cell activation and terminate immune responses; 
strategies to promote these pathways can also lead to graft tolerance (Boenisch O, 
Sayegh MH, Najafian N, Curr Opin Organ Transplant 13:373–378, 2008). However, 
T-cell costimulation involves an incredibly complex array of interactions that may 
act simultaneously or at different times in the immune response and whose relative 
importance varies depending on the different T-cell subsets and activation status. In 
transplantation, the presence of foreign alloantigen incites not only destructive T 
effector cells but also protective regulatory T cells, the balance of which ultimately 
determines the fate of the allograft (Lechler RI, Garden OA, Turka LA, Nat Rev 
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Immunol 3:147–158, 2003). Since the processes of alloantigen-specific rejection 
and regulation both require activation of T cells, costimulatory interactions may 
have opposing or synergistic roles depending on the cell being targeted. Such com-
plexities present both challenges and opportunities in targeting T-cell costimulatory 
pathways for therapeutic purposes. In this chapter, we summarize our current 
knowledge of the various costimulatory pathways in transplantation and review the 
current state and challenges of harnessing these pathways to promote graft tolerance 
(summarized in Table 10.1).

Keywords Transplant · Allograft · Alloimmune · Costimulation blockade · 
Tolerance · Belatacept

10.1  Introduction

T cells play a pivotal role in orchestrating immune responses directed against a 
foreign (allogeneic) graft. For T cells to become fully activated, the T-cell receptor 
(TCR) must interact with the major histocompatibility complex (MHC) plus peptide 
complex on antigen-presenting cells (APCs), followed by a second “positive” 
costimulatory signal. In the absence of this second signal, T cells become anergic or 
undergo deletion. By blocking positive costimulatory signaling, T-cell allo- 
responses can be aborted, thus preventing graft rejection and promoting long-term 
allograft survival and possibly tolerance (Alegre and Najafian 2006; Li et al. 2009). 
In addition, costimulatory molecules can provide negative “coinhibitory” signals 
that inhibit T-cell activation and terminate immune responses; strategies to promote 
these pathways can also lead to graft tolerance (Boenisch et al. 2008). However, 
T-cell costimulation involves an incredibly complex array of interactions that may 
act simultaneously or at different times in the immune response and whose relative 
importance varies depending on the different T-cell subsets and activation status. In 
transplantation, the presence of foreign alloantigen incites not only destructive T 
effector cells but also protective regulatory T cells, the balance of which ultimately 
determines the fate of the allograft (Lechler et  al. 2003). Since the processes of 
alloantigen-specific rejection and regulation both require activation of T cells, 
costimulatory interactions may have opposing or synergistic roles depending on the 
cell being targeted. Such complexities present both challenges and opportunities in 
targeting T-cell costimulatory pathways for therapeutic purposes. In this chapter, we 
summarize our current knowledge of the various costimulatory pathways in trans-
plantation and review the current state and challenges of harnessing these pathways 
to promote graft tolerance (summarized in Table 10.1).
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10.2  B7/CD28 Family

10.2.1  CD28/CTLA-4/B7 Pathway

Since the discovery of CD28 as a key T-cell costimulatory receptor, its blockade has 
become a major goal in the development of therapeutic strategies to promote trans-
plant tolerance (reviewed in Yeung et al. (2014)). CD28 is a transmembrane protein 
that is constitutively expressed on nearly all CD4+ T cells and 50% of CD8+ T cells 
in humans (Hamann et al. 1997). Engagement of CD28 with its ligands B7-1 (CD80) 
and B7-2 (CD86) on APCs results in T-cell activation. Following TCR ligation/
CD28 costimulation, CTLA-4, a homolog of CD28, becomes highly upregulated on 
the T-cell surface (Alegre et al. 1996). It competitively inhibits CD28 signaling by 
binding with much higher affinity to B7-1 and B7-2, and delivers a negative costim-
ulatory signal (Walunas et al. 1996). This results in attenuation of the T-cell response 
and acts as a counter-regulatory feedback mechanism to dampen the immune 
response following resolution of the threat (Perez 1997). Therapeutic attempts to 
directly block the CD28 receptor itself have been challenging because of the poten-
tial for anti-CD28 monoclonal antibodies (mAbs) to elicit a stimulating response. 
Thus strategies to block its ligands, such as the use of mAbs directed against B7 and 
CTLA-4-Ig fusion proteins, have been developed as alternatives.

10.2.1.1  Use of CTLA-4 Recombinant Fusion Proteins

CTLA-4 fusion proteins (CTLA-4-Ig), consisting of the extracellular domain of 
CTLA-4 fused to the Fc region of human IgG1 (Vincenti et al. 2011), were devel-
oped to capitalize on the finding that CTLA-4 has a much higher binding affinity to 
B7 molecules than CD28. As such, they act as a competitive inhibitor of CD28/B7 
interactions. Abatacept (Orencia®, Bristol-Myers Squibb) was the first to be 
approved by the US Food and Drug Administration for the treatment of rheumatoid 
arthritis and psoriasis (Kremer et al. 2003) (Mease et al. 2011). However, in nonhu-
man primate studies of transplantation, it proved ineffective in prolonging allograft 
survival (Kirk et al. 1997; Levisetti et al. 1997), largely because it was 100-fold less 
potent than endogenous CTLA-4 at inhibiting B7-2 (CD86) costimulation (Linsley 
et  al. 1994), resulting in incomplete blockade of B7-mediated T-cell activation 
in vivo (Sayegh et al. 1995; Ronchese et al. 1994; Khoury et al. 1995). This led to 
the re-engineered CTLA-4-Ig belatacept (Nulojix®, Bristol-Myers Squibb) which 
differs from abatacept by two amino acid substitutions at the ligand-binding domain 
and binds to B7-1 (CD80) and B7-2 (CD86) with greater avidity, thereby producing 
greater immunosuppressive effects (Larsen et al. 2005; Vincenti et al. 2011).

In mixed lymphocyte cultures, CTLA-4-Ig can completely block T-cell prolifera-
tion and effector functions in response to alloantigen stimulation (Tan et al. 1993; 
Zheng et al. 1999) and induce T-cell anergy (Judge et al. 1999). In rodent transplant 
models, a brief course of CTLA-4-Ig, especially when combined with a single 
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donor-specific transfusion, consistently prevents rejection of fully MHC-mismatched 
heart, kidney, liver, and pancreatic islet allografts (Turka 1992; Li 2001; Lenschow 
et al. 1992) and, in some cases, induces donor-specific tolerance (Zheng et al. 1999; 
Pearson et al. 1996). However, in more stringent rodent models, such as skin trans-
plantation, or in nonhuman primate models, short-term blockade of the CD28/B7 
pathway fails to prevent transplant rejection (Williams et al. 2000; Kirk et al. 1997; 
Zheng et al. 2003). The failure of CD28/B7 costimulatory blockade to uniformly 
induce tolerance likely relates to a number of factors and will be discussed further 
below. Focus has now shifted away from utilizing CTLA-4-Ig as a tolerogenic agent 
to pairing it with other maintenance immunosuppression regimens to minimize cal-
cineurin inhibitor (CNI) exposure and reduce nephrotoxic and cardiovascular side 
effects associated with CNI-based regimens.

In general, disruption of the CD28/B7 pathway with CTLA-4-Ig can be success-
fully combined with blockade of other positive costimulatory pathways or current 
immunosuppressive drugs to enhance survival of fully MHC-mismatched trans-
plants (Li et al. 2009). The combination of CTLA-4-Ig and sirolimus, a mammalian 
target of rapamycin (mTOR) inhibitor, has been shown to induce tolerance in naive 
animal models (Li et al. 1999; Xu et al. 2003; D’Addio et al. 2010). However, not 
all immunosuppressive agents are additive when combined with costimulatory 
blockade. Calcineurin inhibitors (CNIs), such as cyclosporine and tacrolimus, 
appear to be capable of antagonizing the therapeutic effects of CTLA-4-Ig, particu-
larly in fully MHC-mismatched transplant models (Li et al. 1999; Kirk et al. 1999).

Currently, belatacept (Nulojix®, Bristol-Myers Squibb) is the only clinically 
approved costimulatory blockade agent in transplantation (approved by the US 
Food and Drug Administration in June 2011 and by European Medicines Agency in 
April 2011) and is indicated as an alternative to the use of calcineurin inhibitors in 
renal transplantation (Archdeacon et  al. 2012). In the Belatacept Evaluation of 
Nephroprotection and Efficacy as First-line Immunosuppression Trial (BENEFIT), 
686 recipients of a living or standard criteria deceased donor kidney transplant were 
randomly assigned to receive more intensive (MI) belatacept, less intensive (LI) 
belatacept, or cyclosporine, in addition to receiving mycophenolate and steroids 
(Vincenti et al. 2010). At 7 years post-transplantation, patients treated with belata-
cept had a 43% lower risk of death or graft loss compared with those receiving an 
immunosuppressive regimen containing cyclosporine (Vincenti et  al. 2016). 
Additionally, these patients showed superior renal function with 1.5-fold higher 
estimated glomerular filtration rates (eGFR of ~70 vs 45 ml/min/m2). These long- 
term benefits of belatacept were despite a significant increase in incidence and 
higher grade of acute rejection within the first year (22 and 17 versus 7 percent in 
the MI, LI, and cyclosporine arms, respectively). Similar results demonstrating the 
superior efficacy of belatacept was seen in the BENEFIT-EXT trial, which enrolled 
recipients who received kidney transplants from extended criteria donors (Durrbach 
et al. 2010, 2016). A major limitation of these two seminal studies was the concern 
that belatacept was not compared with modern-day practice of using a tacrolimus- 
based maintenance immunosuppression regimen. However, a subsequent random-
ized control trial comparing belatacept with a tacrolimus-based, steroid-avoiding 
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maintenance regimen has confirmed belatacept’s superiority in preserving renal 
function (Ferguson et al. 2011).

10.2.1.2  Challenges Encountered in Use of CTLA-4-Ig

Despite belatacept’s superior ability to preserve long-term graft function, the 
increased rates of acute rejection remain of concern and point to important biologi-
cal complexities of targeting T-cell costimulation. Results from studies in pre- 
clinical (mouse and nonhuman primate) models, as well as ex  vivo analyses of 
human cells, have suggested this higher rate of rejection may be mediated by belata-
cept’s interruption of inhibitory pathways (Perez 1997; Butte et al. 2007), its nega-
tive effects on regulatory T cells (Tang et al. 2003; Vasu et al. 2004; Greenwald et al. 
2005), and/or its inability to target memory T cells (Adams et al. 2003; Ford et al. 
2007; Nadazdin et  al. 2011) or CD4+ Th17 cells (Yuan et  al. 2008; Burrell 
et al. 2008).

Negative Impact on CTLA-4 Inhibitory Pathway

Because belatacept binds to B7-1 and B7-2 on APCs, it is capable of also inhibiting 
tolerance-promoting CTLA-4 signals, through both cell-intrinsic and cell-extrinsic 
mechanisms (reviewed in Salomon and Bluestone 2001; Rudd 2008; Rudd et al. 
2009). B7 engagement with CTLA-4 is required for the induction of peripheral 
tolerance and the prevention of autoimmunity. CTLA-4-deficient mice die within 
3 weeks of birth from massive tissue destruction caused by unrestrained T-cell acti-
vation (Tivol et al. 1995; Waterhouse et al. 1995), and in humans, polymorphisms in 
the ctla-4 gene have been linked to susceptibility to autoimmune diseases such as 
type 1 diabetes, rheumatoid arthritis, and systemic lupus erythematosus (Ueda 
2003). Similarly, B7 interactions with CTLA-4 have been shown to be crucial in 
maintaining transplant tolerance (Zheng et al. 1999; Tsai et al. 2004). Additionally, 
CTLA-4-Ig is capable of blocking CD80 binding to PD-L1 (programmed cell death 
1 ligand 1, discussed further below), another key coinhibitory signal (Butte 
et al. 2007).

 Because CD28 is a highly expressed but low-affinity receptor, whereas CTLA-4 
is a low abundance but higher-affinity receptor, experts have postulated that a high 
concentration of belatacept would block both pathways, whereas at lower in vivo 
concentrations, it would preferentially block CD28 signaling (Kean et  al. 2017). 
This theory could explain why the lower-intensity regimen of belatacept was associ-
ated with less episodes of rejection. Conceptually, selective blockade of CD28 
would allow for specific targeting of the positive costimulatory signal while still 
allowing for CTLA-4-mediated coinhibitory signaling. Development of therapeu-
tics to achieve such a goal is discussed further below (Section “Targeting CD28”).
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Impact on Regulatory T Cells

Transplantation incites not only destructive T effector cells but also protective regu-
latory T cells; this balance between T effector cells and Tregs ultimately determines 
the fate of the allograft (Lechler et al. 2003; Yeung and Sayegh 2009). Regulatory T 
cells appear critical in regulating allospecific tolerance and achieving long-term 
graft survival (Wood et al. 2012). The discovery that many of the same costimula-
tory molecules found on effector T cells also control Treg homeostasis and function 
has redefined the field of costimulation and tolerance; therapeutics that modulate 
costimulatory signaling may have detrimental effects if they coincidentally affect 
Tregs. Such is the case with belatacept.

CD28 signaling appears crucial for the maintenance of Treg homeostasis and 
function. Both thymic development and peripheral homeostasis of Tregs require 
CD28-mediated production of IL-2 (Tang et al. 2003; Greenwald et al. 2005); treat-
ment with CTLA-4-Ig leads to a decrease in Tregs (Tang et al. 2003) and disruption 
of self-tolerance (Lenschow et al. 1996). In certain experimental models of trans-
plantation, interruption of CD28 signaling breaks tolerance, rather than prevents 
rejection (Yang et al. 2009; Riella et al. 2012a). While deficiency of CD28 or B7 in 
transplanted mice leads to prolonged graft survival in full MHC-mismatched mod-
els, these recipients paradoxically reject their allografts at a faster tempo when there 
is only a single MHC class II mismatch (Yang et al. 2009). Similar findings were 
observed when wild-type recipients were treated with CTLA-4-Ig (Riella et  al. 
2012a). In an MHC class II-mismatched model, acute rejection of the graft is inhib-
ited by the emergence of Tregs that then restrict the clonal expansion of alloreactive 
T cells (Schenk et  al. 2005). The absence/interruption of CD28 signaling in this 
situation thus negatively impacts the regulatory T-cell population. Recipients dem-
onstrated far fewer numbers of peripheral Tregs, and in both instances, restoration 
of the Foxp3+ Treg population, through adoptive transfer, rescued these grafts from 
rejection. Similarly, in a nonhuman primate model of kidney transplantation, treat-
ment with CTLA-4-Ig (belatacept) in combination with sirolimus, an mTOR inhibi-
tor, successfully prevented rejection but was found to be associated with a twofold 
decrease in the absolute number of Tregs, with the population reemerging after 
belatacept was discontinued (Lo et al. 2013).

Constitutive expression of CTLA-4 on Tregs is also critical to their suppressive 
ability (Takahashi et al. 2000; Wing et al. 2008). As mentioned, mice completely 
deficient of CTLA-4 die within a few weeks of birth from massive lymphoprolifera-
tion. When CTLA-4 was specifically deleted in Tregs using a conditional knockout 
approach, spontaneous development of lymphoproliferation and fatal autoimmune 
disease still developed, albeit at a slower tempo (Wing et al. 2008). Thus CTLA-4 
deficiency in Tregs alone is sufficient to cause fatal disease. Several models have 
been proposed to explain the role of CTLA-4 on Tregs. Firstly, engagement of 
CTLA-4 may lead to the development of antigen-specific Tregs, leading to inhibi-
tion of T-cell responses (Vasu et al. 2004). In a cell-extrinsic manner, engagement 
of B7 on DCs by CTLA-4 initially leads to increased IFN-γ, which acts in a para-
crine fashion to increase indoleamine 2,3-dioxygenase (IDO), thereby inhibiting 
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T-cell proliferation (Fallarino et al. 2003; Grohmann et al. 2002). As Tregs highly 
express CTLA-4, a mechanism of Treg suppression has been proposed where IDO 
production by B7 expressing DCs appears to act as an important bridge between 
regulatory T cells and naïve responder cells (Mellor and Munn 2004). The impor-
tance of this pathway in vivo was shown in a murine model of islet transplantation, 
where inhibition of IDO abrogated the graft-prolonging effects of CTLA-4-Ig 
(Grohmann et al. 2002). Activation further augments CTLA-4 expression on Tregs 
(Wing et  al. 2008), and this upregulation may allow Tregs to outcompete CD28 
expressed on conventional T cells for their B7 ligands (Tivol et al. 1995; Waterhouse 
et al. 1995).

Despite the data in animal models showing the detrimental effects of CTLA-4-Ig 
on Tregs, it is unclear to what extent this may hold true in humans. A study retro-
spectively examining data from the Phase II clinical trial using a belatacept-based 
immunosuppressive regimen found no long-term deleterious effects on circulating 
Tregs, both in numbers and in in vitro functional assays, when compared to the 
calcineurin-treated group (Bluestone et al. 2008). Further, they observed a signifi-
cant increase in Foxp3+ Tregs in rejecting kidney allograft biopsies in the belatacept- 
treated group. The authors postulated that the differences seen in their study, 
compared to experimental models, may be due to the sub-saturating dose of belata-
cept used in humans which could allow  for residual B7 interactions. Although 
CD80/CD86 knockout mice were shown to be Treg deficient, CD80/CD86+/− het-
erozygotes had significant levels of Tregs, despite a 50% reduction in CD80 and 
CD86 expression (Bluestone et al. 2008). If this tenet is correct, then there may be 
an optimal dose of belatacept that could preferentially inhibit graft-destructive 
effector T-cell responses while preserving the regulatory T-cell compartment.

Inability to Modulate Memory T-Cell Responses

Many studies, but not all, have shown memory T cells to be less dependent on 
CD28/B7 costimulation for activation and thus resistant to the immunomodulatory 
effects of belatacept. Animal models have demonstrated the relative ineffectiveness 
of CTLA-4-Ig in prolonging graft survival when the recipient possessed donor- 
specific memory T cells (Valujskikh et al. 2002). This presents a problematic clini-
cal situation since in humans, memory T cells comprise of 1–10% of our T-cell 
repertoire and alloreactive memory T cell exist at a frequency of 1/200,000 T cells 
(Blattman et al. 2002; Suchin et al. 2001), even in the absence of prior alloantigen 
exposure such as pregnancy, blood transfusion, and previous transplants. These 
memory cells that are cross-reactive to transplant antigens, including recognition of 
foreign MHC, are thought to have arisen through prior encounter with pathogens 
(heterologous immunity) (Pantenburg et al. 2002; Adams et al. 2003). Additionally, 
following the use of lymphodepleting agents at the time of transplant, this memory 
T-cell pool can expand through homeostatic proliferation, when naïve T cells can 
convert into effector memory cells even in the absence of antigen (Goldrath et al. 
2000; Wu et al. 2004; Moxham et al. 2008; Valujskikh et al. 2002).
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The contribution of the memory T-cell pool in mediating belatacept resistance is 
highlighted by the finding that kidney transplant recipients treated with belatacept 
who experienced rejection appear to possess a population of CD57+PD1−CD4+ 
memory T cells (Espinosa et al. 2016). These cells appear to infiltrate rejecting kid-
neys, are cytolytic, and do not express CD28, thus rendering them resistant to 
belatacept therapy. Importantly, this population of cells can be identified in the 
peripheral blood of these patients prior to transplant and may help to identify 
patients who are at higher risk of rejection when receiving belatacept-based immu-
nosuppression regimens.

It is important to note that memory T-cell populations, though resistant to CD28/
B7 costimulation, can be susceptible to modulation via other costimulatory path-
ways. Pre-clinical studies have shown these pre-existing, donor-specific responses 
can be overcome by targeting pathways such as OX40 (Vu et al. 2006) or ICOS 
(Khayyamian et al. 2002; Schenk et al. 2009), discussed further below. Additionally, 
certain subsets within the memory T-cell pool can be more susceptible to CD28 
blockade than others. In full MHC-mismatched transplant models where memory 
responses were generated through prior alloantigen exposure, CD8 memory T cells 
were more impervious than CD4 memory cells (Pearson et al. 1997). Within the 
CD8 T-cell population, central memory cells (CD62LhiCCR7+) posed a greater bar-
rier to transplant tolerance induction than effector memory cells (CD62LlowCCR7−). 
However, even this may depend on the nature and duration of the prior antigenic 
exposure; in a model of heterologous immunity, where donor-reactive memory T 
cells were generated via exposure to latent Epstein-Barr virus, it was the effector 
memory cells that posed the greater barrier to tolerance induced through costimula-
tory blockade (Stapler et al. 2008).

Immune Redundancy

Finally, a plethora of mechanisms and pathways, including many other T-cell 
costimulatory molecules (discussed below), are involved in the rejection response. 
In fact, CD28 knockout mice are capable of mounting effective alloimmune 
responses and can promptly reject MHC-mismatched transplants (Yamada et  al. 
2001). Although the tempo of rejection is delayed in some models, CD28 knockout 
mice do not consistently exhibit the markedly prolonged graft survival, likely 
because alternative costimulatory pathways compensate for the absence of CD28 
and play a more dominant role in the rejection response (Demirci et  al. 2004; 
Yamada et al. 2005; Li et al. 2009). These compensatory mechanisms appear less 
prominent during CD28/B7 blockade with CTLA-4-Ig.
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10.2.1.3  Other Strategies to Target B7-1/B7-2

Apart from the use of CTLA-4 fusion proteins, other strategies have been explored 
to block CD28/B7 costimulation. While B7-1 (CD80) and B7-2 (CD86) are thought 
to have overlapping functions, the differential expression patterns of these receptors 
on various cell types during immune responses suggested the potential for distinct 
roles in vivo. In experimental models of autoimmune diseases, selective blockade of 
B7-1 or B7-2 has resulted in strikingly different outcomes (Kuchroo et al. 1995; 
Lenschow et al. 1995a). In transplant models, however, blockade of both ligands 
appears to be required for optimal inhibition of rejection (Lenschow et al. 1995b; 
Pearson et al. 1997; Kirk et al. 2001). A Phase I study using a monoclonal antibody 
directed against both ligands in renal transplant recipients receiving maintenance 
therapy consisting of cyclosporine, mycophenolate mofetil, and steroids proved the 
regimen to be safe and effective. However, Phase II clinical trials to evaluate effi-
cacy were never pursued. A soluble CD28 fusion protein, CD28-Ig (Peach et al. 
1994), which also blocks CD28 signaling by binding B7, was also generated but 
proved largely ineffective because of its low binding affinity. As with the use of 
CTLA-4-Ig, each of these strategies also has the undesired effect of blocking B7 
interactions with CTLA-4 and the potential to impair Treg responses.

10.2.1.4  Strategies to Selectively Target CD28

Another strategy to inhibit CD28-mediated signals involved the development of 
antagonistic anti-CD28 monoclonal antibody agents to directly target CD28 itself, 
which would allow B7/CTLA-4 signaling to remain intact. A number of blocking 
anti-CD28 mAbs have been shown to delay acute rejection (Dengler et al. 1999) and 
prevent chronic graft rejection (Dong et al. 2002) in rodent models. However, upon 
ligation, monoclonal antibodies can also lead to signaling through the receptor, 
rather than block physiologic receptor/ligand interactions, rendering it difficult to 
design purely antagonistic antibodies. This potential for anti-CD28 antibodies to 
trigger CD28 signaling in the presence of antigen (an agonistic antibody), or, for it 
to be superagonistic (leading to effector T-cell activation without the requirement of 
TCR ligation to MHC/peptide complexes) remains a major concern in the develop-
ment of CD28 mAbs for therapeutic purposes (Hunig and Dennehy 2005). This 
latter phenomenon was seen in the case of the first-in-class, genetically engineered 
humanized anti-CD28 superagonistic antibody TGN1412 (TeGenero). Tragically, 
an unexpected and severe cytokine storm leading to end-organ damage developed in 
all six healthy volunteers enrolled in the Phase I clinical trial (Suntharalingam 
et al. 2006).

Recent advances in the generation of therapeutic mAbs have made it possible for 
us to modulate these reagents and create custom molecules that may overcome these 
limitations. For example, mAbs stripped of their Fc portion are incapable of cross- 
linking and delivering a stimulatory signal. Thus these novel mAbs can safely and 
specifically block CD28 costimulatory signals while leaving CTLA-4 coinhibitory 
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signals intact. sc28AT (Debiopharm, Lausanne, Switzerland/TcLand, Nantes, 
France) is a novel monovalent anti-human CD28 antagonist generated by linking a 
CD28-specific single-chain Fv Ab fragment to human α1-antitrypsin. It has shown 
to selectively block CD28 interactions with its ligands without superagonistic activ-
ity (Vanhove et al. 2003). In vitro, it is incapable of stimulating human T effector 
cells and, when administered to nonhuman primates, does not activate or deplete T 
cells. Importantly, it cannot induce CD28 receptor cross-linking (Vanhove et  al. 
2003) and does not bind the target epitope on CD28 that is essential for inducing the 
TCR-independent superagonistic signal (Luhder et  al. 2003). In nonhuman pri-
mates, treatment with sc28AT synergized with calcineurin inhibitors to promote 
acceptance of both kidney and heart allografts and reduced the severity of chronic 
allograft vasculopathy (Poirier et  al. 2010). Treatment was associated with an 
increase in intragraft and peripheral blood Tregs, suggesting that its selective target-
ing of CD28 preserves CTLA-4-dependent Treg populations. Indeed, the graft- 
prolonging effects of selective CD28 blockade with sc28AT have been shown to be 
dependent on CTLA-4 signaling (Zhang et al. 2011), providing evidence that direct 
targeting of CD28 may be superior to use of CTLA-4-Ig (belatacept). Similarly, 
treatment of mice receiving cardiac allografts with a monovalent mouse anti-CD28 
scFv (α28scFv) combined with either an anti-CD40L mAb or cyclosporine signifi-
cantly increases the proportion of intragraft Tregs compared with recipients that 
received either treatment alone (Zhang et al. 2011). In these studies, intragraft PD-1 
expression was also found to be increased, suggesting that the PD-1 coinhibitory 
signals remain intact and may even be enhanced in the presence of a CD28 antago-
nist, either through its interactions with PD-L1 or B7.

This same group has also generated a humanized PEGylated anti-CD28 Fab Ab 
fragment (FR104, Janssen Biotech) derived from the same high-affinity anti-human 
CD28 Ab (CD28.3) used in the generation of sc28AT (Vanhove et al. 2003). FR104 
has been shown to prolong renal allograft survival in nonhuman primates (Ville 
et al. 2016). Importantly, it appears to be superior to belatacept because of its ability 
to preserve CTLA-4- and Treg-mediated mechanisms (Ville et al. 2016; Zaitsu et al. 
2017). A Phase I clinical trial demonstrated it to be safe and well tolerated, without 
evidence of cytokine release syndrome (Poirier et al. 2016). Future clinical studies 
are planned to study its efficacy in rheumatoid arthritis and transplantation.

CD28 “domain-specific” antibodies (lulizumab, Bristol-Myers Squibb), that 
have been pegylated to prolong their half-life, have also been developed (Suchard 
et al. 2013). These dAbs inhibit both CD80- and CD86-driven T-cell proliferation 
and cytokine production and appear more potent and less variable than CTLA-4-Ig 
in inhibiting dendritic cell-driven MLRs. Importantly, they have also been shown to 
be devoid of agonistic activity and do not interfere with Treg function (Suchard 
et al. 2013). Phase I studies have been completed (Yang et al. 2015; Shi et al. 2017), 
and there is currently an ongoing Phase II trial to study its safety and efficacy in the 
treatment of lupus (NCT02265744). A second Phase II proof-of-concept study in 
Sjögren’s syndrome (NCT02843659) was recently terminated because of inability 
to meet protocol objectives.
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10.2.2  PD-1/PD-L Pathway

The inhibitory receptor PD-1 (CD279) is inducibly expressed on T cells and B cells 
upon TCR or BCR engagement, as well as on NKT cells, NK cells, activated mono-
cytes, and some subsets of DC.  PD-1 has two natural ligands, PD-L1 (B7-H1, 
CD274) and PD-L2 (B7-DC, CD273). PD-L1 is mainly an inducible molecule, 
found predominantly on APC but also on some non-hematopoietic cells. PD-L2 is 
expressed by DC, macrophages, some B-cell subsets, and, in humans, vascular 
endothelial cells (Riella et  al. 2012b). Like CTLA-4, PD-1 signaling provides a 
coinhibitory signal in T-cell activation, and therapeutics enhancing its function may 
have benefit in promoting graft acceptance.

The relevance of this coinhibitory pathway in transplantation was first observed 
in 2002 by Ozkaynak et al. Using a murine model, they discovered that mRNA of 
PD-1 and both of its ligands, PD-L1 and PD-L2, was significantly induced during 
development of cardiac allograft rejection. Treatment with a PD-L1 fusion protein 
(PD-L1-Ig) promoted allograft survival when used in combination with cyclospo-
rine or rapamycin (Ozkaynak et  al. 2002). PD-L1-Ig in combination with anti- 
CD40L also induced long-term islet allograft survival by inhibiting both CD4 and 
CD8 T-cell activations (Gao et al. 2003). Conversely, mice deficient of PD-1 show 
accelerated cardiac allograft, and alloreactive PD-1−/− CD4 and CD8 T cells have 
enhanced proliferation and cytokine production (Wang et al. 2007b). Blockade of 
PD-1 by an antagonistic mAb in a non-vascularized concordant rat to mouse islet 
xenograft model even reversed the protective effect provided by anti-CD40L treat-
ment, indicating that the PD-1 engagement is required for the achievement of pro-
longed graft survival (Mai et al. 2007). Additionally, in a weakly mismatched model 
using male islet grafts transplanted into female H-2(b) (C57BL/6) recipient mice, 
treatment with an antagonistic anti-PD-1 antibody was capable of reversing sponta-
neous graft tolerance (Thangavelu et al. 2011).

Studies performed in transgenic mice expressing T-cell-restricted PD-1 con-
firmed prolonged cardiac allograft survival in a minor MHC mismatch model is due 
in part to enhanced PD-1 signaling in T cells (Chen et al. 2008a). PD-1-Tg T cells 
demonstrated reduced proliferative and cytokine secretion capacity upon TCR stim-
ulation. Besides its role in effector T-cell activation, several studies have focused on 
the role of PD-1/PD-L signaling in Tregs. Blockade of PD-L1 using an antagonistic 
antibody has been shown to reverse graft-protective effects of regulatory T cells in 
a murine skin transplantation model adoptively transferred with syngeneic conven-
tional CD4 T cells and Treg. Similar observations were made in heart allograft 
experiments when PD-L1 blockade combined with CTLA-4-Ig treatment led to a 
significant decrease in the proportion of Foxp3-expressing cells in heart allografts 
compared to mice treated only with CTLA-4-Ig (del Rio et al. 2008).
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10.2.2.1  Role of Donor Tissue Expression of PD-L1

PD-L1 is also expressed by a variety of parenchymal cells, including heart, lung, 
kidney, pancreas, endothelium, and placenta. Engagement of PD-1 by donor tissue 
expressing PD-L1 has also been shown to influence PD-1/PD-L1-mediated immu-
nosuppression in transplantation (Riella et al. 2012b). Liver allografts in mice are 
known to be accepted across MHC barriers without the need for immunosuppres-
sion. Elevated PD-L1 expression can be detected in these allografts and is associ-
ated with apoptosis of graft-infiltrating T cells. When recipients were treated with 
an antagonistic anti-PD-L1 mAb or transplanted with a graft from a PD-L1-deficient 
donor, liver allografts were rapidly rejected and showed severe lymphocyte infiltra-
tion (Morita et al. 2010). Similar findings of accelerated rejection, increased inflam-
matory cell infiltration, and T-cell alloreactivity were also observed in models of 
islet (Ma et al. 2016) and cardiac transplantation (Yang et al. 2008) using grafts 
devoid of PD-L1. Tolerance induction of cardiac allografts from PD-L1 chimeric 
donors treated with CTLA-4-Ig appears to be dependent on both donor expression 
of PD-L1 on hematopoietic and non-hematopoietic cells (mainly endothelium). 
PD-L1 deficiency specifically on donor tissue cells results in accelerated and more 
aggressive rejection (Riella et al. 2011).

10.2.2.2  PD-L1/B7 Interaction

Interestingly, several studies in alloimmunity reveal a significant superior effect of 
blocking PD-L1 compared to blocking PD-1 using mAbs. Initially, this observation 
was hypothesized either to be related to the varying expression patterns of PD-1 and 
PD-L1 or to the half-lives and/or affinity of the used antagonistic antibodies. 
However, when B7-1 was subsequently identified as an additional binding partner 
for PD-L1, this interaction was also suspected to be a potential explanation. By 
using an anti-PD-L1 antibody that selectively blocks the PD-L1/B7-1 interaction 
(10F.2H11), blockade of the PD-L1/B7-1 pathway was demonstrated to result in 
significantly worse CAV together with an increase in alloreactivity and a decrease 
in Treg populations (Yang et al. 2011). This suggests that mechanisms that block B7 
to inhibit CD28 signaling may also have the unintended consequence of also block-
ing pro-tolerogenic B7/PD-1 interactions.

10.2.2.3  Other Strategies to Modulate PD-1/PD-L1

Apart from the use of PD-L1-Ig, an alternative approach to enhance PD-1/PD-L1 
signaling is the administration of adenoviral vectors expressing a PD-L1-Ig fusion 
protein. In a rat cardiac transplant model, transgenic  PD-L1 expression  on 
grafts resulted in prolonged graft survival (Dudler et al. 2006). Similarly, in mouse 
pancreatic islet transplantation, recombinant adenovirus-mediated expression of 

10 Costimulation Blockade in Transplantation



282

PD-L1 in recipient mouse lead to significantly prolonged graft survival, even with-
out additional immunosuppressive therapy (Li et al. 2015).

10.2.3  ICOS/ICOS-L Pathway

ICOS (Inducible T-cell COStimulator; CD278) is another member of the CD28 
superfamily. However, unlike CD28, ICOS is not expressed by naïve T cells but is 
rapidly upregulated upon T-cell activation and is constitutively expressed by some 
resting memory cells (Hutloff et al. 1999; Yoshinaga et al. 1999). ICOS binds exclu-
sively to ICOS-L (CD275, B7h, B7RP-1), which is expressed on dendritic cells, B 
cells, and macrophages, and can be induced under inflammatory conditions on non-
lymphoid cells (Swallow et al. 1999). ICOS costimulation enhances T-cell activa-
tion, differentiation, proliferation, and effector functions. ICOS has also been 
directly implicated in the induction of T follicular helper cells, which play a crucial 
role in T-cell-dependent humoral responses (Akiba et al. 2005). Lack of ICOS sig-
naling also results in severely deficient T-cell-dependent B-cell responses, with 
impairment in germinal center formation and defective immunoglobulin class 
switching (McAdam et al. 2001; Tafuri et al. 2001).

The finding that the ICOS/ICOS-L pathway affects not only naïve T-cell activa-
tion but also memory T cell and T-cell-dependent humoral responses such as germi-
nal center formation and isotype switching makes it an attractive therapeutic target 
for use in prevention of cell-mediated and antibody-mediated rejection. In fact, 
graft-infiltrating CD8+ memory T cells, which are critical mediators of belatacept- 
resistant rejection, upregulate ICOS both in pre-clinical models (rodents and nonhu-
man primates) (Nanji et  al. 2004; Azimzadeh et  al. 2006) and in human renal 
allograft biopsies (Akalin et al. 2003). Although ICOS-mediated signals appear cru-
cial for the development of both acute and chronic rejections (Ozkaynak et  al. 
2001), ICOS blockade alone has yielded only modest improvement in graft survival 
(Ozkaynak et al. 2001; Kosuge et al. 2003). This may be due, in part, to the fact that 
some of its actions, such as modulation of class switching, can be overcome by 
CD40 stimulation (McAdam et  al. 2001). Indeed, combining ICOS and CD40/
CD40L blockade results in prolonged graft survival in rodent islet allograft models 
(Nanji et  al. 2006). Synergistic activity was also seen when ICOS blockade was 
combined with cyclosporine, leading to long-term (>100-day) cardiac allograft sur-
vival (Ozkaynak et al. 2001).

ICOS appears to function independently of CD28, suggesting that combined 
ICOS and CD28 blockade may also be of benefit. Following TCR engagement, 
ICOS becomes upregulated on T cells, even in the absence of CD28/B7 signaling 
(Schenk et al. 2009). Furthermore, ICOS is able to induce proliferation in T cells 
from mice deficient in CD28 (Yoshinaga et  al. 1999). However, whereas ICOS 
blockade in CD28-deficient mice prolongs cardiac allograft survival, the combined 
use of CD28 and ICOS blockade shows mixed results. While, in mouse cardiac and 
islet transplant models, combined CTLA-4-Ig and ICOS blockade resulted in 
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 long- term allograft survival (Nanji et al. 2004; Kosuge et al. 2003), in a rat cardiac 
allograft model, ICOS-Ig abrogated the graft-prolonging effect of CTLA-4-Ig when 
used in combination (Salama et al. 2003). In this latter study, ICOS-Ig ligation with 
B7RP-1 resulted in downregulation of B7 expression on APCs, providing a plausi-
ble explanation as to why CD28 blockade was rendered ineffective. In a nonhuman 
primate (NHP) kidney transplant model, neither ICOS-Ig therapy alone or in com-
bination with belatacept prolonged rejection-free graft survival (Lo et  al. 2015). 
Some studies have further suggested that the efficacy of ICOS blockade may depend 
on the timing of its administration, with results favoring delayed ICOS blockade 
(Salama et al. 2003; Harada et al. 2003; Kashizuka et al. 2005). Although targeting 
ICOS may be fruitful in controlling memory T-cell responses that are resistant to the 
effects of CD28 blockade (Khayyamian et  al. 2002; Schenk et  al. 2009), further 
studies are required to resolve these discrepant findings. One explanation may be 
that ICOS-L also appears to interact with both CD28 and CTLA-4; interaction 
between ICOS-L and CD28 helps drive primary and memory T-cell allo-responses 
(Pentcheva-Hoang et  al. 2004), creating an intricate and intertwined relationship 
between these two costimulatory pathways. Additionally, ICOS has the highest 
expression on IL-10 producing CD4+ T cells (Lohning et al. 2003), and its signaling 
is linked to the induction of Tregs with potent inhibitory activity (Akbari et  al. 
2002). Thus, inadvertent blockade of this pro-tolerogenic function may be the cause 
of these disparate observations. In fact, the anti-ICOS mAb MEDI-570 is currently 
being evaluated as an immune checkpoint inhibitor targeting ICOS+ Tregs in a 
Phase I clinical trial sponsored by the National Cancer Institute for treatment of 
T-cell lymphoma (NCT02520791).

10.2.4  B7-H3

B7-H3 (CD276) is a member of the B7 superfamily of costimulatory molecules. It 
is a type 1 transmembrane protein with a short cytoplasmic tail and no known sig-
naling domain. As such, it is thought to likely act as a ligand, rather than as a recep-
tor. B7-H3 is broadly expressed in human tissues, and, in the immune system, its 
expression is induced on monocytes, DCs, and T cells upon activation (Chapoval 
et  al. 2001). This wide pattern of expression suggests B7-H3 may have diverse 
immunological and non-immunological functions. Its function in T-cell activation 
remains unclear, with both costimulatory (Chapoval et al. 2001; Luo et al. 2004; 
Hashiguchi et al. 2008; Wang et al. 2005b) and coinhibitory (Suh et al. 2003; Prasad 
et al. 2004; Leitner et al. 2009) functions being reported.

Just as in autoimmunity and tumor immunity, the role of B7-H3 in transplanta-
tion remains controversial; it has been shown to contribute to both transplant rejec-
tion (Wang et al. 2005b) and tolerance (Ueno et al. 2012). In the study by Wang 
et al., hearts from BALB/c donors transplanted into B7-H3KO or control C57BL/6 
mice (full MHC mismatch) were rejected at the same tempo and with the same his-
tological features (Wang et al. 2005b). However, when recipient T-cell responses 
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were dampened by the concomitant use of immunosuppression, it became evident 
that B7-H3 signaling contributes to the alloimmune response. Using a subtherapeu-
tic regimen of cyclosporine or rapamycin, graft survival was significantly prolonged 
in B7-H3KO recipients. These allografts from KO recipients showed decreased 
expression of IL-2 and IFN-γ, and chemokines MCP-1 (monocyte chemoattractant 
protein) and IP-10 (IFN-inducible protein). Similar findings of graft prolongation in 
B7-H3-deficient recipients were seen in an islet allograft model where recipients 
also received rapamycin therapy and in two models of chronic rejection.

In stark contrast, results from our group support the theory that B7-H3 signaling 
acts as a negative costimulatory pathway (Ueno et al. 2012). Administration of two 
different B7-H3 fusion proteins (B7-H3-Ig), which signal through a putative B7-H3 
receptor, prolonged allograft survival in a fully MHC-mismatched cardiac model by 
preferentially down-modulating IFN-γ production and promoting a shift toward a 
graft-protective Th2 milieu. To ensure that the prolongation of graft survival 
achieved by our fusion proteins was due to the delivery of a negative signal, rather 
than the blockade of positive costimulatory signals between B7-H3 and its receptor, 
allografts were transplanted into B7-H3-deficient recipients and treated with 
B7-H3-Ig or control Ig. Control-treated B7-H3-deficient mice promptly rejected 
their allografts at a rate comparable to that of wild-type recipients. However, the 
administration of B7-H3-Ig to B7-H3KO recipients significantly prolonged allograft 
survival in comparison to control B7-H3KO recipients, suggesting that B7-H3-Ig 
indeed provides a negative costimulatory signal through a putative B7-H3 receptor. 
Furthermore, combined treatment with B7-H3-Ig and single-dose CTLA-4-Ig fur-
ther augmented cardiac allograft survival, suggesting the potential approach of uti-
lizing B7-H3 signaling agents together with strategies to block CD28/B7  in 
graft-prolonging protocols.

The differing effects observed between these studies may relate to specifics of 
the individual B7-H3 knockout mice described and/or the binding affinity/func-
tional activity of antibodies or fusion proteins that were studied. Several members 
of the CD28/B7 family of costimulatory molecules have the potential to be both 
activators and negative regulators of the T-cell response. It is therefore possible that 
B7-H3 binds to different receptors, one providing a positive signal and the other a 
negative signal. These receptors may be expressed at different stages of immune 
activation or on different T-cell subsets. Additionally, it has been shown that the 
functions of B7-H3 extend beyond the regulation of T cells and include the ability 
to inhibit NK cell function (Castriconi et al. 2004), as well as participate in non- 
immunological processes such as embryogenesis (Suh et al. 2004). Thus, the con-
trasting roles of B7-H3 could be attributed to multiple receptors on different cell 
types. To date, only one potential receptor of mouse B7-H3 has been identified: 
triggering receptor expressed on myeloid cell (TREM)-like transcript (TLT-2) 
(Hashiguchi et al. 2008). However, others have refuted such interactions between 
TLT-2 and B7-H3 (Leitner et al. 2009). Finally, B7-H3 also exists in soluble form, 
and sB7-H3 has been shown to compete with recombinant B7-H3-Ig for binding to 
the B7-H3 receptor on activated T cells, thereby affecting responses to membrane- 
bound B7-H3 (Zhang et al. 2008). Thus the reagents used in these studies may also 
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differ in their ability to modulate B7-H3 signaling in these varying scenarios. 
Further detailed studies are required to elucidate the exact role of B7-H3 in alloim-
munity and its therapeutic potential.

10.2.5  B7-H4

B7-H4 is a type 1 transmembrane protein and another member of the B7 family and 
appears to be a coinhibitory molecule. B7-H4 mRNA is detectable in multiple tis-
sues including spleen, lung, liver, and pancreas (Prasad et al. 2003; Sica et al. 2003). 
However, its cell surface and protein expression is minimal. It is not expressed on 
naïve T cells, B cells, or DCs but becomes upregulated on their cell surfaces upon 
stimulation. Its receptor is currently unknown but is thought to be expressed on 
activated T cells and distinct from known members of the B7 family (CD28, 
CTLA-4, ICOS, and PD-1) (Zang et al. 2003). In studies using an agonistic fusion 
protein, B7-H4 signaling was demonstrated to inhibit T-cell proliferation and cell 
cycle progression and dampen IL-2 and IFN-γ production (Prasad et al. 2003; Sica 
et al. 2003). Increased B7-H4 expression on APCs is also associated with their sup-
pressive function and ability to promote Treg IL-10 production (Kryczek et al. 2006).

B7-H4 signaling appears important in promoting allograft survival. While inhi-
bition of B7-H4 signals did not affect the tempo of rejection in WT recipients of 
fully MHC-mismatched allografts, its blockade did result in accelerated graft rejec-
tion in recipients with either CD28 deficiency or combined B7-1/B7-2 deficiency. 
Furthermore, B7-H4 blockade promotes allospecific IFN-γ, IL-4, and granzyme B 
responses, leading to abrogation of the graft-prolonging effects of CTLA-4-Ig in 
WT recipients (Yamaura et al. 2010). These data suggest B7-H4 to be a coinhibitory 
pathway, and development of B7-H4 agonistic therapies may prove useful in pro-
moting transplant tolerance. While agonistic B7-H4 fusion proteins have been 
tested in mouse autoimmune models of diabetes, EAE, and nephritis (Wang et al. 
2011; Podojil et al. 2013; Pawar et al. 2015), no studies to date have evaluated its 
efficacy in transplant.

As mentioned, B7-H4 mRNA is expressed in many peripheral tissues, but its 
protein expression is very tightly controlled. Its role on parenchymal cells is contro-
versial and may have non-immune functions (Qian et al. 2013; Zhang et al. 2013a). 
However, in the context of transplantation, overexpression of B7-H4 on donor islet 
cells has been shown to promote islet allograft survival and donor-specific tolerance 
(Wang et al. 2009; Yuan et al. 2009a; Wang et al. 2012). In contrast, lack of B7-H4 in 
donor cardiac allografts did not alter the tempo or pattern of rejection (Yamaura 
et al. 2010). However, this may simply reflect low basal expression of B7-H4 on this 
tissue. Strategies to overexpress B7-H4 on donor solid organs have yet to be 
investigated.
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10.3  TNF-TNFR Family

10.3.1  CD40/CD40L Pathway

CD40/CD40L interactions play a crucial role in T-cell-dependent humoral immune 
responses, as well as T-cell-mediated activation of dendritic cells and macrophages. 
Induction of CD40 stimulates APC-mediated release of pro-inflammatory cytokines 
and chemokines. In addition, it induces upregulation of B7-1 (CD80) and B7-2 
(CD86), thus contributing to CD28-mediated costimulation of activated T cells. 
Moreover, upon ligation with CD40L (CD154) on T cells, CD40 signaling on B 
cells promotes their proliferation, immunoglobulin (Ig) production, isotype switch-
ing, and memory B-cell generation (Zhang et al. 2015).

10.3.1.1  CD40L Blockade

Interference in CD40/CD40L interactions using anti-CD40L antibodies can effec-
tively prevent acute rejection in murine models of cardiac, pancreatic islet, cornea, 
and bone marrow transplantation (Larsen et al. 1996; Parker et al. 1995; Zhang et al. 
2015). However, CD40/CD40L blockade alone has been found to be insufficient in 
preventing the development of chronic rejection. Consequently, combination of 
CD40L inhibition with different therapeutic approaches has been pursued, includ-
ing use with donor-specific transfusion (DST) and simultaneous targeting of other 
costimulatory/coinhibitory molecules such as ICOS, PD-L1, and CD28/CTLA-4/
B7 (Larsen et  al. 1996; Parker et  al. 1995). Among these strategies, concurrent 
blockade of the CD28/B7 and CD40/CD40L pathways presents a promising regi-
men that promotes allograft survival. In particular, selective CD28 targeting using 
anti-CD28 mAb (JJ319) or monovalent single-chain variable antagonist antibody 
fragment (α28scFv) seemed to be advantageous over the use of CTLA-4-Ig (belata-
cept) when combined with CD40/CD40L blockade (Guillonneau et al. 2007; Zhang 
et al. 2011).

The anti-CD40L mAbs hu5C8 (ruplizumab) and IDEC-131 (toralizumab) are the 
two most studied reagents targeting this pathway. hu5C8, a recombinant humanized 
anti-CD40L monoclonal antibody targeting the 5C8 complementary determining 
region of CD40L, was initially reported to prevent renal graft rejection in juvenile 
rhesus monkeys both alone and when combined with CTLA-4-Ig treatment (Kirk 
et al. 1997). In one regimen, long-term acceptance of renal allografts was estab-
lished in some cases for more than 1 year after cessation of therapy (Kirk et  al. 
1999). Even after an episode of rejection, grafts in these recipients were able to 
regain normal function (Malvezzi et al. 2016). Beneficial effects of this combined 
approach have also been observed in islet and skin transplantation in rhesus mon-
keys and baboons, as well as in cardiac transplantation in a cynomolgus monkey 
model. However, CD40L inhibition with hu5C8 alone was unable to prevent CAV 
(Zhang et al. 2015). IDEC-131 is a humanized anti-human CD40L mAb that has 

M. Y. Yeung et al.



287

been shown to prolong skin allograft survival in a combined setting with rapamycin 
(both with and without additional DST). It can also prevent acute renal graft rejec-
tion when given with rapamycin and DST in rhesus monkeys (Zhang et al. 2015). 
Again, only moderate beneficial effects of IDEC-131 monotherapy were observed 
after cardiac transplantation (Pfeiffer et al. 2001). Besides hu5C8 and IDEC-131, 
two other clones of anti-CD40L mAb, ABI793 and H106, have also been investi-
gated in NHP transplantation models. Monotherapy with the ABI793 and combined 
treatment with H106 and CTLA-4-Ig were demonstrated to successfully prevent 
renal allograft rejection in rhesus and cynomolgus monkeys, respectively (Schuler 
et al. 2004; Kanmaz et al. 2004; Pearson et al. 2002).

10.3.1.2  Challenges Encountered in Use of Anti-CD40L Antibodies

Despite the promising results seen with the anti-CD40L mAbs hu5C8, IDEC-131, 
and ABI793  in pre-clinical models, adverse effects of these reagents have led to 
their discontinuation. It is now known that CD40L is not only expressed on immune 
cells but also on activated platelets, and CD40L blockade results in thromboembolic 
complications. In NHP pre-clinical studies, hu5C8 and ABI793 had already been 
linked to thromboembolic side effects (Schuler et al. 2004; Zhang et al. 2015) but 
could be prevented by the use of perioperative anticoagulation (heparin) and acetyl-
salicylic acid (Kawai et al. 2000; Malvezzi et al. 2016). Subsequent Phase II clinical 
trials of both hu5C8 for the treatment of lupus and renal graft rejection and 
IDEC-131  in Crohn’s disease were halted after the occurrence of unacceptable 
thromboembolic complications (Zhang et al. 2015). It is now thought that the Fc 
domain of these mAbs contributes to platelet aggregation by binding to platelet Fc 
receptor (Robles-Carrillo et  al. 2010). Novel anti-CD40L mAbs such as an 
Fc-disabled aglycosylated anti-CD40L mAb and an Fc-silent anti-CD40L domain 
antibody are now being investigated in pre-clinical settings and have shown promis-
ing results in murine transplant models (Zhang et al. 2015).

Although the CD40/CD40L pathway appears to be important in the development 
and homeostasis of Foxp3+ Tregs (Guiducci et al. 2005), its blockade does not seem 
to have any dominant effects on Treg-mediated graft acceptance as has been seen 
with the use of belatacept.

10.3.1.3  CD40 Blockade

In contrast to CD40L blockade, targeting CD40 on APC represents an alternate 
approach to disable CD40/CD40L interaction that may not induce side effects 
related to enhanced platelet aggregation. Current investigated strategies include the 
development of inhibitory anti-CD40 antibodies (e.g., ASKP1240, CFZ533, 3A8, 
and 2C10R4), the application of small interfering RNA (siRNA) directed against 
CD40 mRNA, and gene transfer of CD40-Ig fusion proteins (Malvezzi et al. 2016; 
Wojciechowski and Vincenti 2016).
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ASKP1240 (also known as 4D11; Astellas, Northbrook, IL) is a fully humanized 
IgG4 inhibitory mAb directed against CD40. In pre-clinical nonhuman primate 
models of kidney and liver transplantation, ASKP1240 increased allograft survival 
in both settings without increased risk of thromboembolic events (Imai et al. 2007; 
Oura et al. 2012). Subsequent Phase I clinical trials confirmed it did not increase the 
risk of thromboembolism and had an overall acceptable safety profile (Goldwater 
et al. 2013). ASKP1240 is currently being tested in a Phase II clinical trial for the 
prophylaxis of organ rejection after kidney transplant (NCT01780844) (Astellas 
Pharma Global Development, Kyowa Hakko Kirin Company and Inc. 2013). 
Another anti-CD40 antibody currently under clinical investigation is CFZ533 
(Novartis Pharmaceuticals). It is undergoing Phase I trials in a number of autoim-
mune diseases, as well as a proof-of-concept study in kidney transplantation to 
investigate its safety and efficacy as a replacement for calcineurin inhibitors 
(NCT02217410). In a pre-clinical NHP renal transplantation model using cynomol-
gus monkeys, CFZ533 improved graft survival in the absence of thromboembolic 
events (Cordoba et al. 2015). Pre-clinical studies in NHP have also been performed 
with 3A8 and 2C10R4. In a model of pancreatic islet transplantation, a combined 
regimen of 3A8 with basiliximab and sirolimus demonstrated increase graft sur-
vival. 2C10R4 was investigated in a model of renal transplantation and showed 
similar results regarding graft survival compared to CTLA-4-Ig treatment (Malvezzi 
et al. 2016).

10.3.2  OX40/OX40L Pathway

OX40 (CD134, TNFRSF4) is expressed on most CD4+ and CD8+ T cells and is a 
strong costimulatory signal for their activation, survival, and proliferation (Chen 
et al. 1999; Kopf et al. 1999). It is not expressed on resting memory T cells but can 
be rapidly upregulated following TCR stimulation. In fact, OX40 engagement has 
been shown to support the transition of activated T effector cells to memory T cells. 
OX40 is also expressed on Foxp3+ Tregs. However, unlike CD28 costimulation 
which supports Tregs, OX40 signaling inhibits their suppressive function and pre-
vents their induction. Thus OX40 inhibition may be able to restrain effector T-cell 
responses while also promoting optimal regulatory T-cell activity. Because of this, 
there is much interest in targeting this pathway to achieve transplant tolerance 
(Demirci and Li 2008).

In a murine cardiac transplantation model, stimulation of OX40 by an agonistic 
anti-OX40 mAb was found to abrogate allograft acceptance induced through CD40/
CD40L blockade, by promoting a CD4+ T-cell-mediated acute rejection (Burrell 
et al. 2009). Treatment with an antagonistic anti-OX40 mAb was also capable of 
affecting CD8+ T-cell alloreactivity and preventing rejection in a CD8+ T-cell- 
mediated model of skin transplantation. However, tolerance could not be induced, 
and allografts were eventually rejected after stopping treatment (Kinnear et  al. 
2010). Interestingly, later experiments by the same group showed that blockade of 
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OX40-OX40L interaction prevented skin allograft rejection not through inhibition 
of T-cell activation and proliferation but rather through impaired accumulation of 
effector T cells in peripheral lymph nodes and reduced ability of these cells to traffic 
to the allograft (Kinnear et al. 2013).

10.3.2.1  Effects of OX40 Signaling on Memory T Cells

Memory T cells (Tmem) are key mediators of chronic allograft vasculopathy (CAV) 
and pose a significant barrier to the induction of transplant tolerance. In fact, Tmem 
that are generated by either homeostatic proliferation or prior donor antigen sensiti-
zation can evoke acute skin allograft rejection, even when recipient mice are treated 
with combined CD28 and CD40L blockade (Vu et  al. 2006). These Tmem were 
shown to express high levels of OX40, CD137, and ICOS on their cell surface and 
led to interest in targeting OX40/OX40L to mitigate the effects of these cells. 
Indeed, when OX40 costimulation blockade was administered in combination with 
either CD28 or CD40L blockade, long-term skin allograft survival of >100 days 
could be induced in 40% of recipients. However, blockade of OX40/OX40L alone 
was of no benefit in this model. In a murine cardiac transplant model, treatment with 
an antagonistic anti-OX40L mAb led to significant reduction in Tmem populations 
and prevention of CAV (Wang et al. 2014). Similar findings were confirmed in an 
islet transplant model, in which anti-OX40L mAb prevented activation of CD4+ 
Tmem and significantly prolonged graft survival.

10.3.2.2  Effects of OX40 Signaling on Regulatory T Cells

Islet allograft experiments in CD40L-deficient mice using antagonistic and agonis-
tic anti-OX40 mAbs showed that OX40 differentially regulates effector T cells and 
Foxp3+ Treg (Chen et al. 2008b). While OX40 signaling promoted proliferation of 
T effector cells, it blocked the induction and suppressive functions of Foxp3+ Tregs 
in this model. Interestingly, genetic depletion of OX40 had no effect on Treg devel-
opment or function (Vu et al. 2007). However, costimulation of OX40 together with 
TCR engagement on Tregs led to reduced Foxp3 expression and suppressive activ-
ity (Vu et al. 2007). In an alloantigen-primed islet transplantation model, the use of 
anti-CD40L together with anti-CD154 and anti-LFA-1 not only significantly 
reduced the proportion of memory T cells but also resulted in an elevated proportion 
of Treg in the spleen (Xia et al. 2010). Similar findings were observed in a pre- 
sensitized murine cardiac transplantation model where addition of anti-OX40L to 
the treatment regimen restored graft tolerance by targeting memory responses and 
promoting tolerogenic DC and Treg. Depletion of CD25+ T cells in this model pre-
vented establishment of allograft acceptance, suggesting a Treg-mediated mecha-
nism of tolerance (Ge et al. 2010).
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10.3.2.3  Potential Therapeutic Approaches Targeting OX40/OX40L

Blockade of the OX40/OX40L pathway alone has been shown to have little effect 
on allograft outcomes, but the pathway does appear to have a non-redundant func-
tion when CD28 and CD40 signaling is disabled (Vu et al. 2006; Yuan et al. 2003; 
Demirci et al. 2004; Wang et al. 2005a). Combining OX40 inhibition with agonistic 
approaches to promote coinhibitory pathways also appears promising. In a mouse 
model for islet allograft rejection, lentiviral vectors containing OX40L siRNA 
sequences and an adenovirus vector containing the PD-L1 gene were injected the 
day before islet transplantation. The resultant reduction in OX40L protein expres-
sion together with the increased PD-L1 protein levels led to significantly prolonged 
allograft survival when compared to the control or single-treatment groups (Li et al. 
2014). OX40 inhibition in combination with a single low dose of rapamycin was 
also found to be capable of improving graft survival in a rat model of allogeneic 
superficial inferior epigastric artery flap transplantation (Fu et al. 2010). GBR 830, 
an antagonistic anti-OX40 mAb (Glenmark Pharmaceuticals), was well tolerated 
and showed an acceptable safety profile in Phase I studies performed in the 
Netherlands. A Phase II trial examining its efficacy in atopic dermatitis has just 
recently been completed, with results pending (NCT02683928). There are yet to be 
any clinical trials for use in transplantation.

10.3.3  CD27/CD70

CD27 is constitutively expressed on naive and memory T cells as well as on subsets 
of activated B cells, NK cells, and hematopoietic progenitor cells (Tesselaar et al. 
2003). Upon T-cell activation, CD27 expression transiently increases before becom-
ing downregulated after several rounds of cell division, such that T cells with potent 
effector responses become devoid of CD27. In contrast, the expression of its ligand 
CD70 is tightly regulated. Quiescent T cells, B cells, and DC lack CD70, but its 
expression can be induced upon activation via TLR, CD40, and/or antigen receptor 
signaling. This expression pattern suggests CD27 signaling on T cells occurs 
through binding with CD70 on activated B cells or DCs or via T-T interactions. 
Furthermore, CD70 is capable of inward signaling, allowing for bidirectional effects 
of CD27/CD70 interactions. This coordinated interaction promotes the develop-
ment of an effective T-cell response by augmenting other costimulatory signals to 
enhance T-cell proliferation and cytokine production (reviewed in Watts (2005)).

Early results targeting the CD27/CD70 pathway in transplantation were discour-
aging. Treatment with an anti-CD70 mAb had no effect on islet survival either alone 
or in combination with an anti-OX40L mAb nor when used in CD28−/− recipient 
mice. However, when studied in a murine full MHC-mismatched cardiac allograft 
model, treatment with anti-CD70 mAb did significantly prolonged heart allograft 
survival (Adams et al. 2002; Yamada et al. 2005), suggesting its efficacy may be 
dependent on the model organ. Subsequent investigations have thus focused 
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 primarily on the application of CD70 blockade in cardiac allograft models. In a pre- 
sensitized model, combination therapy with anti-CD70, anti-CD40L, anti-CD8, and 
rapamycin has been shown to promote graft acceptance by reducing T-cell infiltra-
tion and eliminating pre-existing donor-specific antibodies (Shariff et  al. 2010), 
indicating the potential to mitigate memory recall responses. Similar studies inves-
tigating the synergistic effect of CD44/CD70 blockade and anti-CD40L/LFA-1 
demonstrated limited effects of CD44/CD70 blockade alone, but in combination 
with anti-CD40L/LFA-1 treatment, CD44/CD70 blockade significantly prolonged 
cardiac allograft survival (Shao et al. 2011b). Furthermore, when combined with 
donor-specific transfusion (DST), CD44/CD70 blockade notably reduced the 
expansion of memory T cells, enhanced the proportion of CD4 + Foxp3+ regulatory 
T cells (Tregs), and suppressed donor-specific responses (Shao et al. 2011a). This is 
somewhat at odds with findings in the cancer literature demonstrating CD27 signal-
ing reduces Treg apoptosis and increased their frequency (Claus et al. 2012). Further 
studies are required to fully elucidate the role of this pathway in allospecific effector 
versus regulatory T-cell responses.

10.3.4  GITR/GITRL

The glucocorticoid-induced TNFR-related protein (GITR) is expressed by T lym-
phocytes, NK cells, and APCs. Although expressed only at low levels on resting T 
cells, it becomes upregulated upon activation, particularly in the presence of CD28 
signaling (Kwon et al. 1999). Its ligand, GITRL, is mainly expressed on APC fol-
lowing TLR stimulation (Tone et al. 2003). GITR activation functions as a positive 
costimulatory signal, promoting proliferation and enhanced survival of naïve, Th1/
Th2 CD4 T cells and CD8 T cells under limited CD3 stimulation (Tone et al. 2003; 
Kanamaru et  al. 2004). GITR is also constitutively expressed on CD4 + CD25+ 
Tregs, and stimulation of GITR signaling on these cells is capable of breaking self- 
tolerance (Shimizu et al. 2002). Thus, GITR/GITRL interaction is one pathway by 
which antigen-presenting cells may enhance the adaptive response to foreign anti-
gen by simultaneously counter-regulating Tregs and costimulating effector T cells 
(Sonawane et al. 2009).

The potential role of Treg in transplant recipients was first explored by the addi-
tion of depleting anti-CD25 antibody to tolerance induction protocols. However, 
this approach deletes not only CD25+ Tregs but also T effector cells that upregulate 
CD25 upon activation. This led to interest in targeting GITR to characterize the 
central role of Treg in graft tolerance. Using a tolerizing regimen known to generate 
Tregs from CD25− precursors, Bushell and colleagues showed GITR engagement 
attenuated Treg function and led to graft rejection (Bushell and Wood 2007). 
Conversely, GITR inhibition with an activation-inducible TNF receptor (AITRL)-Fc 
construct allowed for long-term Treg-dependent graft acceptance in a model of skin 
transplantation (Sonawane et al. 2009). A second strategy targeting GITRL using a 
soluble GITR fusion protein (GITR-Fc) also further prolonged graft survival in a 
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full MHC-mismatched skin graft model when used in combination with an anti- 
CD40L antibody (Kim et al. 2010).

10.3.5  CD137/CD137L

CD137 (4-1BB, TNFRSF9) is expressed on T cells, DC, and B cells. Similar to 
many other costimulatory molecules discussed here, CD137 is not expressed on 
naïve T cells but rather on activated effector cells (Kwon and Weissman 1989). Its 
expression peaks early following T-cell activation and is usually rapid and transient. 
However, in the context of chronic infections and transplantation, where foreign 
antigen persists, CD137 expression can be sustained (Tan et  al. 2000; Seo et  al. 
2003). Its ligand CD137L (4-1BBL, TNFSF9) is expressed on APCs including 
mature DCs, macrophages, and activated B cells, but not on resting or activated T 
cells (Futagawa et al. 2002). CD137 signaling augments T-cell proliferation, pre-
vents activation-induced cell death, and, under strong antigenic stimuli, can replace 
CD28 costimulation in CD8 T cells (Hurtado et  al. 1997; Saoulli et  al. 1998; 
Halstead et al. 2002). Engagement of CD137L has also been shown to deliver an 
inward signal into monocytes and B cells (Langstein et al. 1998; Pauly et al. 2002), 
thus allowing for bidirectional signaling and complicating the interpretation of stud-
ies manipulating this pathway in vivo.

The relevance of the CD137/CD137L pathway in transplant immunology has 
been investigated by several approaches: activation or inhibition by antagonistic 
CD137 mAbs and genetic knockout or silencing of CD137. Treatment with an ago-
nistic anti-CD137 mAb in murine cardiac and skin transplantation models demon-
strated accelerated graft rejection, giving first evidence for the therapeutic potential 
of targeting CD137 (Adams et al. 2002). Meanwhile, blockade of CD137 signaling 
using an antagonistic anti-CD137 mAb, or CD137 deficiency in recipients, extended 
graft survival (Cho et al. 2004). Studies using a murine model for intestinal trans-
plantation also revealed CD137 blockade to significantly inhibited allograft rejec-
tion, interestingly mainly mediated by CD8+ but not CD4+ T cells (Wang et  al. 
2003). In an additional approach, effects of disabled CD137/CD137L interaction 
were investigated in a rat model for liver transplantation using gene silencing of 
CD137 by RNA interference (RNAi) (Shi et al. 2013). While CD137 signaling has 
been shown to reprogram Tregs into cytotoxic effector T cells and restore antitumor 
immunity (Akhmetzyanova et al. 2016), its role on allospecific Tregs has yet to be 
explored in transplantation.
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10.4  TIM Family

The T-cell immunoglobulin mucin (TIM) family of genes encode type 1 glycopro-
teins, with a common immunoglobulin V-like domain, mucin-like domain, a single 
transmembrane domain, and a cytoplasmic region (Freeman et al.). The TIM family 
comprises of eight genes on mouse chromosome 11B1.1 and three genes on the 
human chromosome 5q33.2. The three human tim genes are most similar to mouse 
TIM-1/TIM-2, TIM-3, and TIM-4. TIM molecules were initially described as a 
novel family of costimulatory molecules that are critical in directing T helper cell 
activation and differentiation (Rodriguez-Manzanet et al. 2009). However, further 
studies have ascribed differing functions, including the ability to mediate phagocy-
tosis and regulate immunity through removal of apoptotic cells (Kobayashi et al. 
2007; Nakayama et  al. 2009; Brooks et  al. 2015) and lymphocyte trafficking 
(Angiari et al. 2014; Echbarthi et al. 2015) and promote B-cell tolerance (Ding et al. 
2011; Xiao et al. 2012; Yeung et al. 2015). In this review, we will focus on their roles 
in T-cell costimulation.

10.4.1  Tim-1

In immune cells, TIM-1 is expressed on several B- and T-cell subsets, DC, and NKT 
cells. While absent on naive CD4 T cells, TIM-1 expression increases following 
TCR stimulation. TIM-1 associates with ZAP-70 and CD3, and its engagement 
leads to amplification of TCR signaling (Binne et al. 2007; Kane 2010). Monoclonal 
Abs targeting TIM-1 have been shown to elicit differing cytokine responses. TIM-1 
engagement with RMT1-10 and 1H8.2 mAb on T cells preferentially induces pro-
duction of Th2 cytokines, whereas high-affinity mTIM-1 mAb such as 3B3 induces 
secretion of Th1/Th17 cytokines (IFN-γ and IL-17) (Sizing et al. 2007; Xiao et al. 
2007). The basis for these conflicting findings is currently unclear and may be 
related to differing binding affinities, ability to block interaction of TIM-1 with 
phosphatidylserine on apoptotic cells, and/or differences in various disease models.

Initial studies in a murine cardiac transplant model showed TIM-1 is not only 
essential for the regulation of Th1 and Th2 immune responses but is also able to 
regulate Th17 and regulatory T cells (Ueno et al. 2008). In vivo administration of 
the anti-TIM-1 mAb RMT1-10 significantly prolonged allograft survival in a fully 
mismatched model and when used synergistically with rapamycin was able to 
induce indefinite survival (Ueno et al. 2008). Graft prolongation in both instances 
was associated with inhibition of alloreactive Th1 cells but preservation/promotion 
of alloreactive Th2 response. This protective effect of RMT1-10 was dependent on 
the presence of CD4 + CD25+ regulatory T cells. Moreover, in a model of Tbet 
deficiency, RMT1-10 specifically inhibited IL-17-producing CD8+ T cells, a subset 
thought to mediate resistance to CD28 blockade and tolerance induction (Yuan et al. 
2009b). These findings were corroborated in an islet transplant model, where use of 
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an agonistic anti-TIM-1 antibody 3B3 fostered commitment to Th1/Th17 pheno-
type, hindered the development of Tregs, and negated the tolerance-promoting 
effect of anti-CD40L therapy (Degauque et  al. 2008). While initial studies on 
TIM-1 in transplant models focused on T-cell-mediated responses, a growing body 
of literature demonstrates its importance in B-cell-mediated tolerance (Ding et al. 
2011; Yeung et al. 2015). Further complicating matters is the finding that while the 
anti-TIM-1 mAb clone RMT1-10 has been described as “antagonistic” and capable 
of blocking TIM-1 signals on T cells, it appears to promote TIM-1 signaling in B 
cells and confer enhanced suppressive activity of Bregs (Ding et al. 2011; Yeung 
et al. 2015). The relative importance of TIM-1 signaling in T cells vs B cells in 
mediating allograft survival, and better characterization of these mAbs, remains to 
be further elucidated.

The role of TIM-1 has also been examined in models of liver and renal ischemia- 
reperfusion injury. Treatment with “antagonistic” TIM-1 mAb (RMT1-10) improved 
the hepatocellular function and diminished TLR4-dependent inflammation in both 
warm and cold liver IRI models (Uchida et al. 2010; Zhang et al. 2013b). Analysis 
of CD4 T cells in these mice showed blocking TIM-1 signaling reduced Th1 tran-
scription factor Tbet and IFN-γ mRNA levels while enhancing expression of Th2- 
related IL-4/IL-10 and Treg transcription factor Foxp3. Disruption of TIM-1 
signaling also suppressed neutrophil and macrophage activation and recruitment to 
ischemic damaged livers. To exclude the predominant roles of TIM-1 on other cell 
subsets such as NKT and B cells, liver IRI was induced in RAG−/− mice that were 
reconstituted with purified syngeneic spleen CD4+ T cells. RAG−/− recipients that 
were then treated with antagonistic TIM-1 mAb demonstrated less hepatocellular 
damage compared to control-treated recipients. Additionally, pre-activated TIM-1Hi 
but not TIM-1Lo CD4 T cells were able to trigger significant liver damage in other-
wise IR-resistant RAG−/− mice, implying a crucial role of TIM-1+ CD4 T cells in 
the mechanism of liver IRI. Of note, TIM-1 blockade not only suppressed total mac-
rophage recruitment but preferentially suppressed infiltration of macrophages that 
expressed TIM-4 (CD68 + TIM-4+ cells). Similarly, use of RMT1-10 preserved 
renal function and protected against acute tubular necrosis in a model of kidney 
ischemia-reperfusion injury (Rong et  al. 2011). Kidneys from mice treated with 
RMT1-10 showed decreased recruitment of leukocytes (neutrophils, macrophages, 
and CD4+ T cells) and reduced local production of pro-inflammatory cytokines. 
However, the beneficial effects of RMT1-10 after IRI did not appear to be related to 
a Th2 cytokine shift in this model. Systemic and local Th2 cytokine levels decreased 
in a similar manner as Th1 cytokine levels did, likely reflecting an overall decrease 
in T-cell activation. Similar to the liver IRI model, there was a reduction in leuko-
cyte recruitment into the damaged kidney, consistent with reports in autoimmunity 
showing TIM-1 binds P-selectin and mediates T-cell trafficking (Angiari et al. 2014).
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10.4.2  Tim-4

TIM-4 is primarily expressed on APCs, including CD11c+ dendritic cells, macro-
phages, and peritoneal B-1 B cells (Meyers et al. 2005) (Rodriguez-Manzanet et al. 
2008). Although it was initially identified as the ligand for TIM-1, it is now unclear 
whether direct interaction occurs and may occur via bridging exosomes (Kobayashi 
et al. 2007). TIM-4 does act a phosphatidylserine (PS) receptor, capable of binding 
and engulfing apoptotic bodies (Kobayashi et al. 2007), but it may also have other 
ligand pairs that have yet to be identified. Studies utilizing TIM-4-Ig fusion pro-
teins, especially in in vitro systems, have demonstrated conflicting results. Effects 
of TIM-4-Ig may also be dependent on the activation status of T cells. Treatment of 
naïve T cells with soluble TIM-4 fusion protein has been shown to both activate 
(Rodriguez-Manzanet et al. 2008) and inhibit (Mizui et al. 2008) T-cell activation, 
whereas treatment of pre-activated T cells enhanced activation (Mizui et al. 2008).

In a skin transplant model, blockade of TIM-4 using the mAb RMT4-53 resulted 
in significant prolongation of graft survival characterized by reduction in T effector 
responses and dependent upon the induction of regulatory T cells (Yeung et  al. 
2013). Supporting in vitro studies demonstrated it was blockade of DC-expressed 
TIM-4 that led to differentiation of naïve T cells into Foxp3+ Tregs, through sup-
pression of Th2 differentiation. In contrast, in islet transplantation, the use of 
RMT4-53 appeared to promote Th2 responses and in a Th1-mediated model was 
capable of enhancing islet allograft survival by a Th1 to Th2 skewing of the immune 
response (Vergani et al. 2015). However, when tested in a model where islet graft 
rejection is mediated through Th2 mechanisms, blockade of TIM-4 precipitated 
rejection by further enhancing the Th2 response (Vergani et al. 2015). In both mod-
els, these effects were dependent on B cells, as the depletion of this population 
abolished the effect of TIM-4 targeting. A subsequent study has confirmed the 
importance of TIM-4 on B cells, specifically demonstrating its expression on the 
IFN-γ-producing effector B-cell subset (Beff) (Ding et  al. 2017). Specifically, 
TIM-4+ Beff cells accelerated rejection in an IFN-γ-dependent manner and pro-
moted pro-inflammatory Th1 responses while decreasing IL-4, IL-10, and Foxp3 
expression by CD4+ T cells. Although these latter studies underscore the importance 
of B-cell TIM-4 responses, they do not preclude a role for its other functions, such 
as apoptotic cell uptake or function on DCs, since anti-TIM-4 mAb was able to 
prolong GS, even in the absence of TIM-4+ B cells. Additionally, TIM-4 appears to 
be highly expressed on CD169+ macrophages, a major subset of tissue-resident 
macrophages that exhibit an immunoregulatory and hypostimulatory phenotype and 
favor preferential induction of antigen-stimulated Tregs (Thornley et al. 2014). The 
absence of TIM-4 on these cells appeared to enhance their survival, and TIM4−/− 
heart allografts survived much longer and were more easily tolerized compared with 
heart allografts from WT mice.

Targeting of TIM-4 has also been explored in liver ischemia-reperfusion injury 
(Ji et al. 2014). Recipients with disrupted TIM-4 signaling (treated with antagonis-
tic TIM-4 mAb or use of TIM-4KO recipients) were resistant to liver IRI, because 
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of reduced macrophage migration, phagocytosis, and activation. These results 
appeared to be dependent on macrophage-specific TIM-4 signaling rather than 
T-cell costimulation. As is the case with TIM-1, further studies are needed to fully 
characterize the role of TIM-4 on various immune cell subsets before therapeutic 
targeting can move toward clinical application.

10.4.3  TIM-3/Galectin-9

TIM-3 was initially identified on Th1-differentiated cells but is now known to be 
present on a variety of immune cells, including constitutive expression on dendritic 
cells, macrophages, and mast cells (Freeman et al. 2010). On T cells, it is expressed 
on many fully activated effector T cells and a marker of T cells undergoing exhaus-
tion. Its ligand, galectin-9, is an S-type lectin expressed on T cells including Tregs, 
B cells, and mast cells, as well as on a variety of non-immune cells. Interaction 
between TIM-3 on T effector cells and galectin-9 on Tregs results in the selective 
death of the TIM-3+ cell (Zhu et  al. 2005), thereby restraining the Th1/Th17 
response. Finally, as with the other TIM family members, TIM-3 is known to be a 
phosphatidylserine receptor, capable of mediating cross-presentation of antigens 
associated with dying cells (Nakayama et al. 2009).

Regulatory T cells play a crucial role in the induction and maintenance of donor- 
specific transplant tolerance (Wood and Sakaguchi 2003; Yeung and Sayegh 2009), 
and interaction between galectin-9 and TIM-3 appears to be key to the process. 
Blockade of the TIM-3 pathway abrogated islet allograft tolerance, induced through 
the tolerizing regimen of DST plus anti-CD40L, by dampening the immunosup-
pressive function of Tregs (Sanchez-Fueyo et  al. 2003). Furthermore, TIM-3- 
deficient mice rapidly rejected their grafts despite treatment with this tolerizing 
regimen, which in WT recipients induces indefinite graft survival.

In a cardiac allograft model, blockade of TIM-3/galectin-9 signaling using an 
anti-TIM-3 mAb (RMT 3-23) also led to accelerated rejection. This was character-
ized by an increase in Th1 and Th17 responses, suppression of Treg induction, and 
promotion of donor-specific alloantibody production (Boenisch et  al. 2010). 
Conversely, treatment with exogenous galectin-9 to promote signaling through this 
pathway promoted graft survival in both murine skin and cardiac transplant recipi-
ents through similar mechanisms (Wang et al. 2008; He et al. 2009). Additionally, 
this pathway has also been shown to negatively regulate alloreactive CD8+ T cells, 
leading to prolongation of skin allograft survival (Wang et al. 2007a).

To date, human studies in transplantation have largely focused upon using TIM-3 
as a marker of Th1 activation and rejection. TIM-3 mRNA has been detected within 
rejecting allografts at significantly higher levels than in control protocol biopsy 
samples, with strong correlations between intragraft TIM-3 and IFN-γ levels 
(Ponciano et al. 2007). Curiously, rejection episodes that were refractory to treat-
ment showed lower levels of TIM-3 than those that responded well. A subsequent 
murine study found the population of CD4+Foxp3+ TIM-3+PD-1+ Tregs increased 
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in frequency and heavily infiltrated the skin allograft as the alloimmune response 
proceeded (Gupta et al. 2012). Importantly, these Tregs possessed potent regulatory 
capacity, which may be why the intragraft expression of TIM-3 was shown to cor-
relate with treatment response.

10.5  Conclusion

Costimulation blockade continues to be a promising therapeutic strategy, capable of 
modulating alloimmune responses and promoting graft tolerance. This is evidence 
by the success of belatacept, a first-in-class CTLA-4 fusion protein now clinically 
used in the prevention of transplant rejection. However, it remains clear that we 
have only scratched the surface in understanding the complexities of how costimu-
latory pathways modulate the immune system. Our initial assumption that positive 
costimulatory molecules activate effector T cells and prevent tolerance, while nega-
tive costimulatory pathways inhibit effector T cells and promote tolerance, is clearly 
an oversimplified view. The intricate role of these molecules in controlling regula-
tory T-cell responses, their importance at various stages in the alloimmune response, 
and their potential to cross-interact with one another all require further study. 
Targeting one molecule alone is likely to be insufficient, but in the coming years, we 
may be able to selectively modulate various costimulatory pathways to achieve 
transplant tolerance in humans.
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Chapter 11
Cancer Immunotherapy Targeting 
Co-signal Molecules

Masao Nakajima and Koji Tamada

Abstract Great success of immune checkpoint blockade represented by anti-PD-1 
monoclonal antibodies (mAbs) has changed a landscape of cancer immunotherapy. 
There is no doubt about an importance of co-signal molecules as one of the most 
promising targets in anti-cancer drugs. However, it should be noted that the propor-
tion of patients who have objective and durable responses to immune checkpoint 
blockade remains less than 30% in majority of cancers. Thus, in addition to refine the 
usage of existing drugs for checkpoint blockade, identification and characterization 
of novel checkpoint molecules other than CTLA-4 and PD-1 is a highly anticipated 
research subject. In addition, agonists of stimulatory co-signal molecules have a 
potential to further improve anti-tumor effects, rendering them attractive in research 
and drug development. In this chapter, functions of co-signal molecules in anti-tumor 
immunity in terms of pre-clinical animal models as well as clinical trials are described.

Keywords Inhibitory co-signals · Immune checkpoint blockade · T cell exhaus-
tion · Stimulatory co-signals · Agonistic antibody

11.1  Introduction

In recent years, immune checkpoint blockade which interferes with inhibitory co- 
signals has demonstrated substantial advances and a striking success as a novel 
strategy in cancer immunotherapy. Anti-CTLA-4 antibody (Ab) and anti-PD-1 Ab 
represent approaches of immune checkpoint blockade, which have been approved 
by FDA as drugs for various types of cancers including melanoma, non-small cell 
lung cancer (NSCLC), renal cell carcinoma (RCC), classical Hodgkin lymphoma 
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(cHL), etc. Currently, application of immune checkpoint blockade is expanding into 
combinations with other approaches of immunotherapies, e.g., tumor vaccine using 
neo-antigens, and adoptive T cell transfer such as chimeric antigen receptor (CAR) 
T cells, as well as non-immunotherapies including chemotherapeutic drugs, kinase 
inhibitors, and irradiation. At the same time, further efforts have been made to iden-
tify novel checkpoint molecules besides CTLA-4 and PD-1 and manipulate them 
for therapeutic purposes. In addition, agonistic Abs which deliver stimulatory co- 
signals to activate anti-tumor T cell responses have been also developed and tested 
in clinical trials as novel cancer immunotherapies. In this chapter, we introduce 
inhibitory and stimulatory co-signal molecules which have been investigated to 
develop anti-tumor drugs.

11.2  Immune Checkpoint Molecules Transmitting Inhibitory 
Co-signals

As definition of immune checkpoint molecules, they typically possess unique intra-
cellular motifs, such as ITIM (immunoreceptor tyrosine-based inhibitory motif) and 
ITSM (immunoreceptor tyrosine-based switch motif), so as to deliver inhibitory 
co-signals into T cells and negatively regulate T cell responses for preventing 
immune-mediated tissue damage caused by excess amount of T cell activation. 
While they are expressed on T cells either constitutively on naïve status or inducibly 
in response to activation, the highest expression is often detected on non-functional 
status including exhausted T cells, especially at the chronic viral infection and 
tumor-bearing status. Depending on the cells expressing ligands of checkpoint mol-
ecules, its blockade mediates the effect at two potential phases of T cell response, 
i.e., priming phase and effector phase. For instance, since CD80/CD86, ligands of 
CTLA-4, are expressed on professional APC including dendritic cells (DC), block-
ade of CTLA-4 enhances initial activation of the naïve T cells at the priming phase. 
On the other hand, PD-L1 (B7-H1), a ligand of PD-1, is mainly expressed in the 
tumor microenvironment, e.g., tumor cells and tumor stromal cells, indicating that 
PD-1 blockade potentiates T cell cytotoxic functions against cancer cells at the 
effector phase. Collectively, attenuation of immune checkpoint is capable of pre-
venting and restoring the T cell unresponsiveness against tumor antigens, support-
ing the rationale for applying checkpoint blockade to cancer immunotherapy.

11.2.1  Blockade of CTLA-4 Inhibitory Co-signal

Cytotoxic T lymphocyte antigen 4 (CTLA-4) was discovered as a surface antigen on 
cytotoxic T lymphocytes (CTL) in 1987 (Brunet et al. 1987). CTLA-4 is inducibly 
and transiently expressed on the activated T cells, while it is constitutively detected 
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on regulatory T cells (Treg). The fatal autoimmune phenotype observed in CTLA-
4-deficient mice revealed its critical role in immune inhibition to induce and/or 
maintain tolerance condition (Waterhouse et al. 1995). Regarding inhibitory mecha-
nisms, CTLA-4 transmits inhibitory co-signals through its binding with CD80/86 
(Waterhouse et  al. 1995). This interaction simultaneously decreases CD28-
dependent stimulatory co-signals, as CTLA-4 binds CD80/86 at much higher affin-
ity than CD28 in a competitive manner (Collins et al. 2002). In addition, it has been 
reported that CTLA-4 interaction induces downregulation and trans- endocytosis of 
CD80/86 on APC, resulted in a decreased CD28 signal into T cells (Wing et  al. 
2008; Qureshi et al. 2011). On the other hand, CTLA-4 expressed on Treg plays a 
critical role to sustain their suppressive functions (Wing et al. 2008).

Based on discovery of CTLA-4 as immune inhibitory molecules, attenuation of 
CTLA-4 functions by antagonistic Ab has been investigated as immunotherapeutic 
approach against cancer and found to be effective in various pre-clinical animal 
models (Leach et al. 1996). Although the precise mechanisms remain to be fully 
clarified, anti-CTLA-4 Ab induces anti-tumor effects by at least several distinct 
mechanisms, i.e., blockade of inhibitory signal in T cells (Chambers and Allison 
1999), restoration of CD80/86 availability on APC (Wing et al. 2008; Qureshi et al. 
2011), and depletion of Treg in the tumor microenvironment by Fc receptor- 
mediated Ab-dependent cellular cytotoxicity (ADCC)(Selby et al. 2013).

Clinical efficacy of CTLA-4 blockade in cancer therapy was revealed by ipilim-
umab, a fully human IgG1-type anti-CTLA-4 antagonistic Ab (Keler et al. 2003). 
Two landmark studies highlighted clinical benefits of ipilimumab over vaccination 
therapy or ipilimumab plus chemotherapy over chemotherapy alone in patients with 
metastatic melanoma (Hodi et al. 2010; Robert et al. 2011). As a result, ipilimumab 
was approved for metastatic melanoma in the USA in 2011 as the first drug of 
immune checkpoint inhibitor (Table 11.1). At present, ipilimumab is also approved 
for the adjuvant treatment of patients who had resected regional lymph node- 
positive, stage III melanoma with a high risk of recurrence (Eggermont et al. 2015).

11.2.2  Blockade of PD-1 Inhibitory Co-signal

Programmed cell death-1 (PD-1) was discovered in 1992 as a protein detected in 
lymphocytes undergoing activation-induced cell death (Ishida et  al. 1992). 
Subsequent studies revealed that PD-1 is expressed on activated or exhausted T cells 
and negatively regulates the activation of T lymphocytes by dephosphorylating TCR 
or CD28 signaling molecules via association with SHP2 (Src homology 2 domain- 
containing tyrosine phosphatase 2) (Hui et  al. 2017; Yokosuka et  al. 2012). The 
non-lethal autoimmune phenotype of PD-1-deficient mice indicated that PD-1 regu-
lates peripheral tolerance in a distinct manner compared to CTLA-4 (Parry et al. 
2005; Nishimura et al. 2001). PD-1 has two ligands, programmed cell death-ligand 
1 (PD-L1, also known as B7-H1) and programmed cell death-ligand 2 (PD-L2, also 
known as B7-DC) (Latchman et al. 2001; Freeman et al. 2000). PD-L1 is widely 
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expressed in various tissues, including cancer cells and stromal cells in the tumor 
microenvironment, and upregulated in response to pro-inflammatory cytokines 
(Dong et al. 2002). PD-L2 is mainly expressed on DC and macrophages, while its 
expression in tumor tissues was also reported (Yearley et al. 2017). In addition to 
PD-1, PD-L1 has an ability to interact with CD80, which is considered to be impor-
tant for induction and maintenance of peripheral T cell tolerance (Park et al. 2010).

When PD-L1 expression is induced in the tumor microenvironment in response 
to pro-inflammatory cytokines secreted from infiltrating tumor-reactive CTL, bind-
ing of PD-L1 to PD-1 on CTL could downregulate anti-tumor immunity. Therefore, 
blockade of PD-L1/PD-1 pathway is an ideal therapeutic approach to restore and 
augment anti-tumor immune responses. In pre-clinical models, anti-PD-1 Ab and 
anti-PD-L1 Ab demonstrated anti-tumor effects in various tumor models, especially 
those using immunogenic tumors, by enhancing tumor antigen-specific T cell 
responses including cytokine production, survival, cellular motility, and glycolysis 
(Chang et al. 2015; Zinselmeyer et al. 2013; Okazaki et al. 2013).

In the clinical trials, anti-PD-1 Abs represented by nivolumab and pembroli-
zumab have been investigated for treatment of various advanced cancers. Early 
studies reported a clinical efficacy of nivolumab in metastatic melanoma, NSCLC, 
and RCC (Topalian et al. 2012). Based on this, nivolumab was first approved as a 
drug for metastatic melanoma in Japan and the USA in 2014. Based on favorable 
outcomes in subsequent clinical trials, nivolumab has been approved for NSCLC, 

Table 11.1 FDA-approved immune checkpoint inhibitors (as of the end of 2017)

Target Generic name
Trade 
name

Antibody 
class Company Indications

CTLA4 Ipilimumab Yervoy Human 
IgG1k

Bristol-Myers 
Squibb Co.

Stage III/IV melanoma

PD-1 Nivolumab Opdivo Human 
IgG4

Bristol-Myers 
Squibb Co.

Metastatic melanoma, 
NSCLC, RCC, cHL, 
SCCHN, urothelial 
carcinoma, MSI-H CRC 
and hepatocellular 
carcinoma

Pembrolizumab Keytruda Humanized 
IgG4

Merck and 
Co. Inc.

Metastatic melanoma, 
NSCLC, SCCHN, cHL, 
urothelial carcinoma, 
MSI-H cancers and gastric 
cancer

PD-L1 Atezolizumab Tecentriq Humanized 
IgG1

Genentech 
Inc.

Urothelial carcinoma and 
NSCLC

Durvalumab Imfinzi Human 
IgG1k

AstraZeneca 
UK Limited

Urothelial carcinoma

Avelumab Bavencio Human 
IgG1

EMD Serono 
Inc.

Merkel cell carcinoma and 
urothelial carcinoma

NSCLC non-small cell lung cancer, RCC renal cell carcinoma, cHL classical Hodgkin lymphoma, 
SCCHN squamous cell carcinoma of the head and neck, MSI-H CRC microsatellite instability-high 
metastatic colorectal cancer
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RCC, classical Hodgkin lymphoma (cHL), squamous cell carcinoma of the head 
and neck (SCCHN), urothelial carcinoma, microsatellite instability-high (MSI-H) 
metastatic colorectal cancer (CRC), and hepatocellular carcinoma in the USA as of 
the end of 2017 (Table 11.1). Nivolumab was also approved for gastric cancer in 
Japan. As to pembrolizumab, its clinical efficacy was demonstrated in various clini-
cal trials, resulted in FDA approval for metastatic melanoma, NSCLC, SCCHN, 
cHL, urothelial carcinoma, MSI-H cancers, and gastric cancer (Table  11.1). 
Regarding anti-PD-L1 Ab, atezolizumab, avelumab, and durvalumab have been 
developed, although they came onto the market later than anti-PD-1 Ab. As of 2017, 
atezolizumab is approved for urothelial carcinoma and NSCLC, avelumab is 
approved for Merkel cell carcinoma and urothelial carcinoma, and durvalumab is 
approved for urothelial carcinoma in the USA (Table 11.1).

11.2.3  Clinical Efficacy of Checkpoint Blockade 
and Combination Immunotherapies

It has been reported that clinical responses caused by immune checkpoint blockade 
exhibit features distinct to those observed by conventional anti-cancer drugs such as 
chemotherapy and molecular target therapy. As immunotherapy mediates anti- 
tumor effects via upregulation of tumor-reactive immunity but not direct killing of 
tumor cells, clinical responses would emerge slowly compared to the conventional 
therapies. Thus, tumor regression following a transient progression, referred to as 
pseudo-progression, is observed in some cases treated with immune checkpoint 
blockade (Chiou and Burotto 2015). In this context, novel criteria to evaluate clini-
cal efficacy of cancer immunotherapy are demanded, in which irRC, irRECIST, and 
iRECIST have been proposed (Hodi et al. 2016).

While immune checkpoint blockade could yield durable therapeutic benefits in 
various cancers, its response rate remains less than 30% when given as a mono-
therapy. To further increase the clinical efficacy, importance of combining multiple 
immune checkpoint blockades or administration together with existing anti-tumor 
therapeutic modalities has been emphasized. As CTLA-4 and PD-1 inhibit T cell 
functions in the distinct immune conditions, i.e., priming vs. effector phase, it is 
reasonable to utilize anti-CTLA-4 Ab and anti-PD-1 Ab as a combination therapy 
(Parry et al. 2005). Clinical trials using these Abs induced favorable clinical benefits 
in metastatic melanoma, which were superior to those observed by monotherapy of 
each drug (Postow et al. 2015), resulted in FDA approval of this combination ther-
apy in 2015. As of 2017, several clinical trials of anti-CTLA-4 Ab plus anti-PD-1 
Ab combination therapy are under progress in solid cancers including NSCLC and 
RCC. As for combination of immune checkpoint blockade with existing therapeutic 
modalities, such as chemotherapy, kinase inhibitors, and radiation therapy, numbers 
of clinical trials have been tested and currently under investigation. So far, FDA 
approved pembrolizumab for use in combination with pemetrexed plus carboplatin 
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as a frontline treatment for patients with metastatic or advanced NSCLC (Langer 
et  al. 2016). There is no doubt that various combination therapies together with 
immune checkpoint blockade will come onto the market in very near future.

11.2.4  Adverse Events Associated with Immune Checkpoint 
Blockade Therapy

Immune checkpoint blockade therapy could cause unique adverse effects through 
immune-mediated tissue damage by auto-reactive T cells, known as immune-related 
adverse events (irAE). irAE are defined as immunopathological features in various 
organ systems, including the gastrointestinal tract, liver, lung, endocrine glands, 
eye, nerve system, and hematopoietic systems. The incidence of irAE of any grades 
reaches around 60% of patients receiving checkpoint blockade therapy, while the 
incidence of grade 3–4 irAE were reported to be 20–30% by anti-CTLA-4 Ab, 
10–15% by anti-PD-1 Ab, and 5–10% by anti-PD-L1 Ab (Robert et  al. 2015). 
Although irAE could be severe and sometimes even fatal, the majority of patients 
are manageable with prompt recognition of irAE and precise treatments including 
discontinuation of checkpoint blockade and immunosuppression with steroid 
administration and/or anti-tumor necrosis factor Ab therapy.

11.2.5  Novel Targets of Immune Checkpoint Molecules

As the success of anti-PD-1/PD-L1 Ab and anti-CTLA-4 Ab fueled the research 
and development of cancer immunotherapy, the search for novel checkpoint mole-
cules as next targets has been accelerating. Although numbers of candidates have 
been reported, those for therapeutic targets should meet, at least in part, the follow-
ing criteria: (1) capacity of delivering inhibitory signal to cause T cell unrespon-
siveness, (2) blockade of its functions to activate T cells by abrogating 
unresponsiveness, and (3) its expression on non-functional (e.g., exhausted) T cells 
and its ligand expression on APC or in the tumor microenvironment. LAG-3, TIM-
3, and TIGIT are among the promising and novel checkpoint molecules which meet 
these criteria.

11.2.5.1  LAG-3 (Lymphocyte Activation Gene-3, CD223)

LAG-3, a molecule belonging to immunoglobulin superfamily, is structurally 
homologous to CD4 and expressed on activated T cells, B cells, NK cells, and DC 
(Huard et al. 1994; Baixeras et al. 1992). LAG-3 binds MHC class II with an affinity 
higher than that of CD4 (Huard et  al. 1994) and mediates immune-regulatory 
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functions via various mechanisms as follows: (1) transmission of inhibitory signals 
through the intracellular KIEELE motif (Workman et al. 2002), (2) enhancement of 
immunosuppressive functions of regulatory T cells (Huang et  al. 2004), and (3) 
maturation and activation of DC by signaling through MHC class II molecule 
(Andreae et al. 2002). As a cell surface marker, LAG-3 expression is associated with 
T cell exhaustion caused by chronic infection (Blackburn et al. 2009). Recent stud-
ies further indicated that functionally impaired T cells in cancer patients also express 
LAG-3 simultaneously with PD-1 (Matsuzaki et al. 2010).

Therapeutic application regulating LAG-3 functions for cancer immunotherapy 
has been attempted by LAG-3-Ig fusion proteins and anti-LAG-3 Ab. Administration 
of LAG-3-Ig induces the activation of DC via signaling through MHC class II and 
upregulates tumor-reactive immune responses, leading to growth retardation and 
regression of various types of tumor in mouse models (Prigent et  al. 1999). 
Combined usage of LAG-3-Ig with poly(I:C) as an adjuvant of tumor vaccine was 
reported to induce potent and durable anti-tumor effects (Kano et al. 2016). In clini-
cal studies, LAG-3-Ig has been developed as IMP321 and tested against several 
solid tumors as monotherapy or in combination with chemotherapy or other immu-
notherapies (Romano et al. 2014; Brignone et al. 2010; Brignone et al. 2009). As of 
2017, a clinical trial of IMP321 combined with anti-PD-1 Ab (pembrolizumab) in 
melanoma patients is ongoing, and favorable results were reported. Besides LAG- 
3- Ig, antagonistic anti-LAG-3 Ab has been shown to restore T cell exhaustion in 
mouse tumor model (Goding et al. 2013). Accordingly, several clinical trials of anti- 
LAG- 3 Ab alone or combined with anti-PD-1 Ab in solid cancers and hematological 
malignancies are in progress.

11.2.5.2  TIM-3 (T Cell Immunoglobulin and Mucin-Containing 
Protein-3, CD366)

TIM-3 is a type I transmembrane protein which is expressed on multiple T cell 
populations, NK cells, NKT cells, and APC (McIntire et al. 2001). TIM-3 binds 
multiple ligands, including galectin-9, phosphatidylserine, HMGB-1, and 
CEACAM-1 (Huang et al. 2016; Chiba et al. 2012; Freeman et al. 2010; Zhu et al. 
2005), and plays an important role in termination of inflammatory T cell responses 
and subsequent induction of T cell tolerance, while detailed mechanisms have yet 
to be fully understood (Rangachari et  al. 2012; Sánchez-Fueyo et  al. 2003; 
Monney et al. 2002).

TIM-3 would be an attractive target for cancer immunotherapy, since its expres-
sion is detected on tumor-infiltrating lymphocytes (TIL), similar to PD-1, in various 
types of cancer, and is associated with T cell exhaustion (Sakuishi et al. 2010). It 
should be noted that T cells expressing both PD-1 and TIM-3 represent the most 
deeply exhausted phenotype, in terms of proliferation and cytokine production of 
IL-2, TNF-α, and IFN-γ (Sakuishi et al. 2010). Based on this finding, combined 
blockade of TIM-3 and PD-1 was examined and found to restore T cell functions 
and to inhibit tumor growth at an efficacy superior to a single blockade of either 

11 Cancer Immunotherapy Targeting Co-signal Molecules



320

molecule (Zhou et al. 2011). Besides direct effects on anti-tumor T cells, TIM-3 has 
been reported to promote granulocytic myeloid-derived suppressor cells (MDSC) 
via cognate interaction with galectin-9, which is expressed on CD11b+ Ly6G+ cells 
(Dardalhon et  al. 2010). As MDSC expand in tumor-bearing hosts and mediate 
immunosuppression at tumor microenvironment, blockade of TIM-3 could also 
indirectly stimulate anti-tumor immunity by attenuating MDSC functions. As of 
2017, clinical trials of anti-TIM-3 Ab alone or with anti-PD-1 Ab in advanced 
malignancies are in progress.

11.2.5.3  TIGIT (T Cell Immunoreceptor with Ig and ITIM Domains)

TIGIT, a molecule belonging to the immunoglobulin superfamily, is expressed on 
activated or exhausted T cells and NK cells (Yu et al. 2009). TIGIT binds poliovi-
rus receptor (PVR, CD155) and Nectin-2 (CD112) and exerts the inhibitory func-
tion via several distinct mechanisms (Pauken and Wherry 2014; Martinet and 
Smyth 2015). First, TIGIT inhibits T cell responses directly by transmitting inhibi-
tory signals through intracellular ITIM. Second, interaction of TIGIT with CD155 
competitively inhibits CD155 binding with CD226, a receptor delivering a stimula-
tory co-signal in T cells. Third, TIGIT prevents homodimerization of CD226 and 
inhibits CD226-mediated T cell activation (Johnston et al. 2014). Finally, TIGIT 
binding with CD155 on DC induces tolerogenic conversion of DC characterized by 
promoting IL-10 production while diminishing IL-12 production (Yu et al. 2009; 
Johnston et al. 2014).

The pre-clinical models for evaluating the efficacy of anti-TIGIT Ab revealed 
that the combination therapy of anti-TIGIT Ab with anti-PD-L1 Ab showed the 
durable therapeutic effect against murine solid tumors (Johnston et  al. 2014). 
Moreover, it has been reported that PD-1 and TIGIT were highly expressed on TIL 
from patients with melanoma, while combined blockade by anti-TIGIT Ab and anti- 
PD- 1 Ab reinvigorated the function of TIL (Chauvin et al. 2015). Based on these 
findings, several clinical trials using anti-TIGIT Ab alone or with anti-PD-1/PD-L1 
Ab against solid cancers are under investigation as of 2017.

11.3  Stimulatory Co-signal Molecules as Targets for Cancer 
Immunotherapy

Quality and quantity of T cell responses are determined by a fine balance between 
stimulatory and inhibitory co-signals. When stimulatory co-signals surpass inhibi-
tory co-signals, T cells are activated and rendered to make productive responses. On 
the other hand, when inhibitory co-signals are dominant, T cells undergo dysfunc-
tional state, such as anergy and exhaustion, leading to a termination of immune 
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responses. Thus, in order to accelerate anti-tumor immunity, triggering stimulatory 
co-signals, in addition to blockade of immune checkpoint, could be an important 
strategy. Accordingly, agonistic Abs against stimulatory co-signal molecules have 
been developed, and some of them are currently under clinical investigation. Abs 
against 4-1BB, OX-40, and GITR are among the most promising and advanced 
reagents in this strategy.

11.3.1  4-1BB (CD137)

4-1BB, a molecule of TNF receptor superfamily, is inducibly expressed on T cells 
along with their activation. Interaction with its ligand, 4-1BBL, triggers 4-1BB 
stimulatory co-signal, which activates NF-κB and MAPK via recruitment of 
TRAF (Wang et al. 2009). 4-1BB signal enhances T cell activation and cytokine 
production and promotes their survival by inducing anti-apoptotic molecules such 
as Bcl- XL, especially in effector memory CD8+ T cells (Pulle et al. 2006; Lee et al. 
2002). Expression of 4-1BB is also detected on NK cells and DC, and stimulatory 
effects of 4-1BB on these cells have been also reported (Wilcox et  al. 2002a; 
Wilcox et al. 2002b).

In mouse tumor models, triggering 4-1BB stimulatory co-signal by agonistic Ab 
or 4-1BBL gene expression upregulated anti-tumor immune responses and induced 
tumor regression (Ye et al. 2002; Melero et al. 1997). Moreover, combination thera-
pies of anti-4-1BB Ab and anti-PD-1 Ab prolonged mouse survival against poorly 
immunogenic tumors (Chen et al. 2015). Based on these studies, fully human anti- 
4- 1BB Ab with agonistic capacity has been developed and tested as monotherapy or 
in combination with anti-PD-1 Ab against advanced solid cancers in clinical trials. 
While favorable safety profile and therapeutic effects were reported (Tolcher et al. 
2017), its advantage over anti-PD-1 Ab monotherapy or conventional therapies has 
yet to be established, thus requiring further clinical investigations.

11.3.2  OX-40 (CD134)

OX-40 is a member of TNF receptor superfamily and originally identified as an 
activation marker on rat CD4+ T cells (Mallett et  al. 1990). Subsequent studies 
revealed that OX-40 is expressed on both CD4+ and CD8+ T cells upon activation, 
as well as NK cells, and OX-40 signal promotes proliferation, cytokine production, 
migration, and effector functions of these cells (Gramaglia et al. 1998). Mice defi-
cient of OX-40 or OX-40 L, a ligand of OX-40, exhibited impaired T cell responses 
in vivo, indicating a role of this pathway in providing a stimulatory co-signal to T 
cells (Chen et al. 1999; Kopf et al. 1999). In animal experiments, administration of 
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OX-40 agonists prolonged the mouse survival in various tumor models (Weinberg 
et al. 2000). In addition to direct effects in stimulating T cell activation, there is also 
evidence that OX-40 agonists dampen suppressive function of Treg, thus indirectly 
facilitating anti-tumor immunity (Piconese et al. 2008; Vu et al. 2007). In cancer 
patients, the existence of OX-40-positive T cells in TIL and tumor-draining lymph 
nodes has been reported (Vetto et al. 1997). Phase I clinical trial using anti-OX-40 
Ab demonstrated a favorable safety profile, induction of T cell proliferation, and 
tumor shrinkage in some patients (Curti et al. 2013). In addition to monotherapy, 
combination therapies of anti-OX-40 Ab with immune checkpoint blockade are also 
under investigation. These studies, however, should be carefully designed and inter-
preted, since a possibility of dampening the effect of anti-OX-40 Ab by addition of 
anti-PD-1 Ab has been reported (Shrimali et al. 2017).

11.3.3  GITR (Glucocorticoid-Induced Tumor Necrosis Factor 
Receptor, CD357)

GITR is expressed on various immune cells including activated T cells. GITR signal 
delivers stimulatory co-signal into T cells and enhances their proliferation, cytokine 
production, and survival (Tone et al. 2003). In addition, it has been reported that 
GITR is constitutively expressed on Treg at high levels and that GITR signal abro-
gates the suppressive functions of Treg (Shimizu et al. 2002). Consistent with these 
studies, treatment with anti-GITR agonistic Ab caused tumor regression in pre- 
clinical mouse models through T cell activation and induction of Treg instability 
and depletion (Cohen et al. 2010). Several phase I/II clinical trials using humanized 
anti-GITR agonistic Ab alone or combination with other immunotherapies against 
solid cancers are currently under investigation.

11.4  Summary

Recent development of anti-CTLA-4 Ab and anti-PD-1 Ab represents magnificent 
success in caner immunotherapy. Accordingly, approaches to manipulate inhibitory 
or stimulatory co-signal functions are considered to be the most promising 
approaches in the field, and identification of novel targets with a potent therapeutic 
potential is eagerly anticipated. While this chapter focuses on several well-known 
molecules which are among the most explored in clinical translation, there are many 
other intriguing targets which are not described here. Development of novel reagents 
to regulate co-signal molecules as monotherapy or combined immunotherapy with 
other medical interventions including chemotherapy, kinase inhibitors, radiother-
apy, and surgery will establish next generation of cancer treatment.
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