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Abstract

The co-receptors CD4 and CD8 are important in the activation of T cells, primarily because of 

their ability to interact with the proteins of the MHC, enhancing recognition of the MHC–peptide 

complex by the T cell receptor (TCR). An antigen-presenting cell presents a small number of 

antigenic peptides on its MHC molecules, in the presence of a much larger number of endogenous, 

mostly nonstimulatory, peptides. Recent work has demonstrated that these endogenous MHC–

peptide complexes have an important role in modulating the sensitivity of the TCR. But the role of 

the endogenous nonstimulatory MHC–peptide complexes differs in MHC class I and class II-

restricted T cells. This chapter discusses the data on the role of CD4 or CD8 co-receptors in T cell 

activation at the immunological synapse, and the role of non stimulatory MHC–peptide complexes 

in aiding antigen recognition.

1 Introduction

The CD4 and CD8 proteins have long been known to be important in antigen recognition, 

and in the discrimination between antigens presented by MHC class I or class II molecules. 

Their precise role has been more difficult to elucidate. Recent data suggest that endogenous 

MHC–peptide complexes are involved in the activation of T cells by antigen, making the T 

cells more sensitive to low quantities of the antigen. The means by which these endogenous 

peptides aid in antigen recognition appear to be different in MHC class I and class II-

restricted T cells. In this chapter, we review the data on CD4 and CD8 in the immunological 

synapse, and their apparently different modes of action in aiding TCR activation by limited 

antigen quantity in the presence of endogenous, nonstimulatory, MHC–peptide complexes.

2 Co-Receptors in the Immunological Synapse

2.1 MHC Recognition by Co-Receptors

CD4 and CD8 can bind to MHC class II or class I respectively, and over-expression of CD4 

or CD8 on one cell type allows cell–cell binding to another cell type that overexpresses the 

relevant MHC molecule (Doyle and Strominger 1987; Norment et al. 1988). However, CD4 

and CD8 are not usually thought to have an important role in adhesion in the absence of 
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overexpression. Their main role is believed to be in their ability to act as co-receptors, to 

bind the MHC at the same time as TCR, and thus stabilize the TCR–MHCp complex. 

However, while there is clear evidence of this role for CD8, there is no similar evidence for 

CD4.

Because both CD4 and CD8 bind to the Src-family kinase Lck through their intracellular 

tails, this causes Lck to be brought into proximity with a TCR that is recognizing antigen, 

where it kick-starts the signaling cascade. CD4 is believed to be much more efficient at this 

function by virtue of a stronger interaction with Lck (Hurley et al. 1989).

Although both CD4 and CD8 interact with nonpolymorphic parts of the different MHC 

molecule classes (König et al. 1992; Moebius et al. 1993; Potter et al. 1989; Salter et al. 

1990), they are radically divergent in structure: CD4 has a single polypeptide chain 

consisting of four immunoglobulin-like domains, of which the most amino-terminal 

membrane distal domain binds to MHC class II (Wang et al. 2001; Wu et al. 1997). There is 

some evidence that CD4 molecules can form noncovalent dimers through their membrane-

proximal domains, which would result in a protein with the predicted ability to bind and 

therefore to cross-link two MHC class II proteins (Moldovan et al. 2002; Wu et al. 1997). In 

contrast, CD8 is an obligate dimer that can consist of ααζor αβζchains, covalently bound to 

each other. These dimers form a binding site for a single MHC class I protein (Gao et al. 

1997; Kern et al. 1998). It is commonly believed that a co-receptor and TCR interact with 

the same MHC–peptide molecule, but as yet no structure of a complete TCR–MHC–

peptide–co-receptor complex has been obtained. The X-ray crystal structures of TCR–

MHC–peptide leave room for the TCR to bind; similarly, CD4–MHC–peptide and CD8–

MHC–peptide structures also leave room for TCR binding.

The cytoplasmic domain of CD4 has a site for palmitoylation (Crise and Rose 1992), which 

allows it to associate with lipid microdomains (Balamuth et al. 2004), where Lck is 

preferentially found. CD8βζalso has a palmitoylation site, but CD8αζdoes not, so the 

CD8ααζdimer is less likely to associate with lipid microdomains and therefore come into 

contact with Lck than CD8αβζ(Arcaro et al. 2001). This combination of motif and 

opportunity may partially explain why CD8αβζis a stronger co-receptor than CD8αα, even 

though they bind equally well to MHC class I (Garcia et al. 1996).

2.2 Co-Receptor Recruitment to the Immunological Synapse

CD4 and CD8 are recruited to the immunological synapse during antigen recognition 

(Krummel et al. 2000; Kupfer et al. 1987; Zal et al. 2002) (Fig. 1). This recruitment occurs 

very fast – within seconds – during antigen recognition, and the movement of co-receptor 

within the T-cell–APC contact area can be very dynamic (Zal et al. 2002). There is evidence 

of the co-receptor leaving the synapse while TCR accumulates (Krummel et al. 2000). 

Although the recruitment of Lck to the synapse requires its interaction with CD4 or CD8, 

activation of Lck as measured by phosphorylation occurs predominantly at the periphery of 

the synapse, rather than in the central region (Lee et al. 2002). There is strong evidence that 

during recognition of strong antigens, TCR forms microclusters in the peripheral synapse. 

This is where signaling is initiated, with TCR being endocytosed in the central synapse 
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(Varma et al. 2006). However, with weaker stimulation, activated Lck is found in the central 

regions of the synapse (Cemerski et al. 2008).

In our early experiments on CD4 and TCR movement, we found that CD4 could move to the 

synapse between a T cell and an antigen presenting cell even when antigen was not available 

(Fig. 1d) (Zal et al. 2002). Thus the CD4 concentration in the synapse must have been due to 

the CD4 interaction with class II, irrespective of the peptide presented. This is referred to as 

noncognate MHC recognition, in contrast to the cognate recognition that is found between 

TCR and its specific MHC–peptide complex. The noncognate recruitment of CD4 was 

considerably slower than CD4 recruitment in the presence of antigen (Fig. 1b, d), and did 

not occur with all antigen-presenting cell types (Gascoigne and Zal 2004; Zal et al. 2002). In 

contrast, the noncognate recruitment of CD8 showed little difference between the presence 

and absence of specific antigen (Yachi et al. 2005). This indicated that the noncognate CD8–

MHC class I interaction was sufficient to recruit CD8 and presumably MHC class I to the 

synapse.

3 Co-Receptor Interaction with NonCognate MHC Class I in Antigen 

Recognition

3.1 NonStimulatory Peptides Aid MHC Class I-Restricted Antigen Recognition by T Cells

Several studies have demonstrated that endogenous nonstimulatory peptides can enhance 

recognition of antigenic peptides (Krogsgaard et al. 2005; Yachi et al. 2005, 2007). This is 

particularly noticeable when the antigen is in limiting quantity, and in fact can explain why 

T cells are sensitive to tiny amounts of antigen – T cells have been reported to respond to a 

single antigenic peptide (Irvine et al. 2002; Sykulev et al. 1996), with full activation with as 

little as three (Purbhoo et al. 2004). The mechanism by which the endogenous peptides aid 

recognition appears to differ between MHC class I and class II-restricted T cells (Gascoigne 

2008; Yachi et al. 2005, 2007). Here we will first deal with class I-restricted cells.

The RMA-S cell line is deficient in the Tap2 gene so peptides are not loaded into the MHC 

class I molecule as it is folded. In the presence of exogenously added peptides, though, the 

class I is correctly folded (Ljunggren et al. 1989; Townsend et al. 1989), and at low 

temperature (~30°C) the class I molecules are folded and expressed at the cell surface 

without peptide. If the temperature is raised to 37°C, they fall apart (Ljunggren et al. 1990). 

This phenomenon has been used to load specific peptides onto class I molecules in the 

presence of very few other peptides –the RMA-S cells are cultured for a period at 30°C, the 

peptide of interest is added, and culture continued. This allows the peptide to associate with 

the class I molecule. The temperature is then raised to 37°C to destroy the class I molecules 

that have not bound peptide. We used this method to load RMA-S cells with titrated amounts 

of an antigenic peptide. We were able to measure the amount of antigenic class I–peptide 

complexes by using a specific antibody recognizing this complex (Porgador et al. 1997).

We found that the ability to stimulate T cells, as measured by a number of different 

parameters, declined steeply as the amount of antigen was reduced (Yachi et al. 2005, 2007). 

When the titration of antigen was performed in the presence of excess nonstimulatory 
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peptides, the curve was shifted substantially, such that stimulation occurred at much lower 

concentrations of antigen than in the absence of the nonstimulatory peptides (Fig. 2). Using 

T hybridoma cells, this was true for the formation of conjugates between the T cells and 

antigen presenting cells (APCs), for TCR downregulation, and for the induction of close 

interactions between the TCR–CD3 complex and the co-receptor CD8 using Foerster 

Resonance Energy Transfer (FRET) microscopy (Yachi et al. 2005). Immature prepositive 

selection thymocytes and naïve primary CD8+ T cells also showed lower activation by a 

given amount of antigen on its own, compared to activation in the presence of 

nonstimulatory peptides (Yachi et al. 2007). We tested a number of different peptides that 

are known to bind to the MHC class I molecule (H2–Kb), including a peptide from a virus 

that does not stimulate the TCR that we tested, and several that are natural endogenously 

produced Kb–binding peptides that do not stimulate T cells or thymocytes bearing this TCR 

(Santori et al. 2002). Remarkably, each of the ~10 different peptides that we tested showed 

roughly equivalent ability to aid in antigen recognition (Yachi et al. 2005, 2007). This ability 

was demonstrated most strikingly when we loaded the RMA-S cells with a very small 

amount of antigen and then titrated in the nonstimulatory peptides: the stimulation of the 

responding T cells correlated with the amount of MHC class I expressed on the RMA-S cell 

surface (Fig. 3). Indeed, all our data led to the conclusion that the important factor in the role 

of the endogenous/nonstimulatory peptides in aiding antigen recognition is in fact due to the 

expression of the MHC class I protein, rather than to the specific peptide that it presents.

Evidence from other labs also supports these findings. Early data showed an adhesion 

function of mouse CD8 in binding to noncognate MHC class I, after antigenic stimulation 

(O’Rourke et al. 1990), and this was recently confirmed for human CD8–MHC class I 

interactions (Varghese and Kane 2008). Interestingly, the effector memory cells and 

activated CTL, but not the naïve CD8+ T cells, showed this antigen-enhancement of CD8–

class I binding (Varghese and Kane 2008).

In a different experimental system, MHC class I–peptide complexes were bound as arrays of 

about ten molecules to quantum dots (Anikeeva et al. 2006). These were able to activate 

CTL as long as at least one of the class I molecules presented the antigenic peptide. If all ten 

had a nonstimulatory peptide, then there was no activation. The role of the nonstimulatory 

MHC–peptide complexes was to bind to CD8, as they did not promote recognition of a 

single antigenic MHC–peptide if they were mutated at the CD8 binding site (Anikeeva et al. 

2006).

It must be noted that there are some reports that failed to show an effect of the endogenous 

MHC class I in aiding T-cell activation by antigen. In an experiment similar to our own, 

Sporri and Reis e Sousa (2002) compared T-cell activation by the Tap-sufficient RMA 

parental line with Tap-deficient RMA-S. The responses to RMA-S were strong enough and 

the authors concluded that the lack of endogenous peptides on the RMA-S cells did not 

affect stimulation by antigenic peptide (Sporri and Reis e Sousa 2002). When we performed 

the same experiment, we found significant difference between activation by RMA-S and 

RMA – the RMA cells induced stronger activation of T cells than did the RMA-S cells for 

the same amount of antigenic peptide presented (Fig. 4) (Yachi et al. 2007). Our main set of 

experiments, however, was to compare RMA-S cells with antigen plus or minus 
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nonstimulatory peptides. Thus we were comparing the same cells, using the anti-Kb–peptide 

antibody (Porgador et al. 1997) to measure the amount of antigenic MHC–peptide on the 

cell surface, comparing the response to the same amount of antigen in the presence or 

absence of other exogenously added nonstimulatory peptides. This is probably a better way 

to assay the role of the nonstimulatory peptides than relying on the endogenously produced 

peptides of the RMA cells. Also, the RMA and RMA-S cells have been separated for over 

20 years and may have other, more subtle, differences.

We conclude that the nonstimulatory peptides have a real effect on MHC class I-antigen 

recognition. It may have been overlooked in some studies because of the high sensitivity of 

the responding T cells which can show a response to small quantities of antigenic peptide 

alone. This may be because of the small but real number of endogenous peptides – derived 

from signal peptidase activity on nascent transmembrane and secreted proteins – that are 

expressed on the RMA-S cells.

3.2 The FRET Response Between CD8 and TCR–CD3, and What It Tells Us About the Role 
of Endogenous Peptides in T-Cell Activation

Our studies on T-cell activation by low amounts of antigen in the presence or absence of 

endogenous/nonstimulatory peptides included the rather surprising result that FRET between 

the fluorescently labeled CD3ζ–CFP and CD8β–YFP was enhanced by the presence of 

these nonstimulatory peptides (Fig. 2) (Yachi et al. 2005). This FRET response, like that 

between CD3ζ–CFP and CD4–YFP in an MHC class II-restricted T cell, is a measure of the 

close apposition of the CD4 or CD8 co-receptor to the TCR/CD3 complex – presumably the 

TCR that is interacting with the antigenic MHC–peptide complex (Gascoigne and Zal 2004; 

Yachi et al. 2005, 2006; Zal and Gascoigne 2004a,b; Zal et al. 2002). This means that the 

noncognate CD8–MHC class I interaction was somehow enhancing the cognate TCR–CD8 

interaction induced by antigen (Fig. 2) (Yachi et al. 2005).

This suggested to us that the role of the noncognate CD8–MHC class I interaction is to 

concentrate the MHC class I and the CD8 (and therefore also Lck) proteins (“Pre-

concentration model,” Fig. 5). Either of these would have the overall effect of increasing 

antigen recognition and the cognate TCR–CD3–CD8 interaction. Concentration of MHC 

class I molecules would make it quicker and more efficient for the TCR to “find” the 

antigenic MHC class I–peptide amongst the mass of the nonstimulatory class I proteins. The 

on rate of the interaction is concentration- dependent, and the kon of a TCR–MHC–peptide 

interaction (as measured in solution) can have a significant effect on the biological outcome 

of TCR recognition, even if the koff has a larger influence overall (Alam et al. 1996, 1999; 

Gascoigne et al. 2001; Rosette et al. 2001; Stone et al. 2009). Thus the TCR would bind to 

MHC–peptide at a faster rate, the off rate remaining unchanged, so the TCR would sort 

through the available MHC–peptide complexes until it associates with one to which it binds 

more strongly. Looking at this pre-concentration model from the point of view of 

concentration of the CD8–Lck, the CD8 is more available to stabilize the TCR interaction 

with antigenic MHC–peptide, and the Lck similarly is more available to start the signaling 

cascade. Obviously, these two mechanisms are not mutually exclusive. We have some 
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preliminary data indicating that the concentration of CD8/Lck is the more important aspect 

(JH, PPY and NRJG, unpublished).

We believe that this pre-concentration model (Fig. 5) is sufficient to explain our data on 

endogenous/nonstimulatory peptides in helping T-cell activation by small amounts of 

peptide. However, the situation with MHC class II-restricted cells is different, as described 

in the following sections.

4 Differing Co-Receptor Roles in Recognition of Endogenous MHC Class I– 

and II–Peptide?

4.1 NonStimulatory Peptides Aid MHC Class II-Restricted Antigen Recognition by T Cells

The initial idea of aid for antigen recognition caused by endogenous peptides came from 

studies showing that freshly isolated T cells show partial phosphorylation of the CD3ζchain 

(Van Oers et al. 1994). This is caused by interactions with endogenous MHC–peptide 

complexes (Witherden et al. 2000), and enhances recognition of antigen (Stefanova et al. 

2002). A study of the immunological synapse found that during antigen recognition, 

endogenous as well as antigenic MHC class II–peptide complexes became concentrated at 

the synapse (Wulfing et al. 2002).

This finding was greatly extended by showing that a set of endogenous non-stimulatory 

peptides were concentrated to the synapse during antigen recognition (Krogsgaard et al. 

2005). Soluble dimers of MHC class II molecules bound to these endogenous peptides did 

not stimulate the T cells to flux Ca2+, whereas dimers of the antigenic peptide did stimulate 

the T cells. When mixed MHC class II dimers were made with one antigenic peptide and 

one endogenous peptide, stimulation was achieved by a subset of the endogenous peptides, 

indicating that these endogenous peptides were able to enhance recognition of the antigen. 

Similar results were obtained with peptides added to cells expressing “empty” MHC class II 

molecules, to which peptides were added in a manner analogous to the RMA-S experiments 

described for class I experiments above (Krogsgaard et al. 2005). These data, like those 

obtained for the MHC class I-restricted response, indicated that recognition of endogenous 

nonstimulatory peptides aids antigen recognition. However, there is a fundamental difference 

in that only a subset of the endogenous nonstimulatory MHC class II–peptide complexes 

worked in this way (Krogsgaard et al. 2005), whereas all of the tested endogenous 

nonstimulatory MHC class I–peptide complexes functioned to help antigen recognition 

(Yachi et al. 2005; Yachi et al. 2007). There synapse-recruitment of the endogenous 

nonstimulatory MHC class II–peptide complexes was TCR rather than CD4-dependent 

(Wulfing et al. 2002), whereas our data show it to be CD8 rather than TCR-dependent for 

the class I system.

Krogsgaard also tested the importance of the CD4–MHC class II interaction in stimulation 

by antigen plus endogenous peptide, finding that when they mutated the CD4-binding site of 

MHC class II for the molecule presenting antigen, stimulation was abolished. When they 

mutated this site on the endogenous peptide-presenting molecule, stimulation was not 

abolished. Taking account of these data and the finding that a single antigenic peptide can 
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stimulate T cells (in the presence of endogenous peptides on an APC) (Irvine et al. 2002), 

these authors proposed a “pseudodimer” model for T-cell activation (Fig. 5). In this model, 

the extracellular, membrane-distal, domains of CD4 bind to the antigenic MHC peptide 

complex, which is bound by a TCR. The intracellular region of CD4, with Lck, is associated 

with the intracellular portion of another TCR molecule, in this case interacting with the 

nonstimulatory endogenous MHC–peptide complex. Thus the CD4 bridges two TCRs bound 

to two different species of MHC class II–peptide complexes. This model suggests that the 

TCR that is bound to the endogenous MHC–peptide, rather than the one bound to the 

antigenic MHC–peptide, is the one that will be phosphorylated.

4.2 Predictions and Tests of the Pseudodimer and Pre-Concentration Models

The pseudodimer model of T-cell activation predicts that the strength of agonist affects the 

ability of the endogenous nonstimulatory peptides to aid its recognition. Thus, the weaker 

the agonist (i.e., the faster the off rate of the TCR–MHC–peptide interaction), the smaller the 

proportion of the different endogenous peptides that would be able to act as co-agonists 

(Krogsgaard et al. 2005; Li et al. 2004). In contrast, the pre-concentration model predicts 

that the ability of the endogenous nonstimulatory peptides to aid recognition will not be 

reduced as the agonist strength decreases, as pre-concentration requires only that the co-

receptor–MHC–peptide interaction be active.

Evidence has been forthcoming to support the prediction of the pseudodimer model in an 

MHC class II-restricted system. More of the tested endogenous peptides were able to help 

recognition of a strong agonist than were able to help recognition of a weaker agonist 

(Krogsgaard et al. 2005; Li et al. 2004). We performed a similar experiment in our MHC 

class I-restricted system. Recognition of the original antigen (as the strong agonist) was 

compared to three weaker agonists of varying strengths. We found that the recognition of 

each of the weaker agonists was aided by all of the different nonstimulatory peptides that we 

tested (Fig. 6) (Yachi et al. 2007). Indeed, we found that recognition of weak ligands was 

more reliant on recognition of the nonstimulatory MHC–peptides. These data indicate that 

for CD8+ cells, the role of the endogenous nonstimulatory peptides is not through formation 

of a TCR pseudodimer, although we have not formally ruled out any contribution from the 

TCR interaction with the nonstimulatory MHC–peptide complexes. As noted above (Fig. 3), 

the endogenous nonstimulatory peptides seem to work in RMA-S cells by their ability to 

stabilize expression of MHC class I proteins.

We are now taking an approach to studying the nonstimulatory peptides where single-chain 

MHC class I–peptide complexes (Yu et al. 2002) are used in the absence of other class I 

molecules. This allows us to mutate the CD8-binding site or a TCR-binding site in the 

antigenic or the nonstimulatory MHC class I–peptide complex. Our preliminary data 

indicate that the nonstimulatory MHC class I–peptide complex must be able to interact with 

CD8 for it to aid in antigen recognition, and also that reactivity to antigenic peptide on a 

nonCD8–binding MHC class I molecule can occur with high expression of a nonstimulatory 

CD8–binding class I–peptide complex (JH, PPY, NRJG, in progress).

This information leads us to the conclusion that for MHC class I-restricted T cells, at least, 

the data are adequately explained by the pre-concentration model (Yachi et al. 2005, 2007). 
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As this is simpler than the pseudodimer model, Ockham’s razor causes us to prefer the pre-

concentration model. In any event, data from the MHC class I-restricted system do not 

follow the predictions of the pseudodimer model. Results from an MHC class II system 

seem to support the pseudodimer model, however. This suggests a fundamental difference 

between the role of the co-receptors in the MHC class I and class II-restricted cells.

4.3 Different Roles for CD4 and CD8 Co-Receptors in Endogenous Peptide Recognition

CD8 has a higher affinity for MHC class I than CD4 has for MHC class II. Most workers 

have been unable to measure the CD4–class II interaction, while that of CD8–class I is 

relatively well defined (Gao et al. 1997; Garcia et al. 1996; Kern et al. 1998; van der Merwe 

and Davis 2003). Experiments on binding of MHC tetramers to T cells find that the CD8–

MHC class I interaction enhances tetramer-binding, but no CD4–class II interaction is 

detectable in this manner (Boniface et al. 1998; Bosselut et al. 2000; Crawford et al. 1998; 

Daniels and Jameson 2000; Kerry et al. 2003). Can this explain the difference in the role of 

the endogenous non-stimulatory peptides?

In thymocyte development, the tipping-point of affinity where the weakest negative-selecting 

ligands turn into positive selecting ligands (Alam et al. 1996) appears to be similar to the 

affinity of the CD8–MHC class I interaction (Daniels et al. 2006; Naeher et al. 2007). This 

has led to the suggestion that the affinity of the CD8–MHC class I interaction, being higher 

than that of the TCR interaction with nonstimulatory endogenous ligands, is the “affinity 

driver” for the molecular interactions in the synapse, with the implication that it occurs 

before the TCR–class I interaction (Gascoigne 2008). In contrast, the affinity of the class II-

restricted TCR for the nonstimulatory MHC class II–peptide (being stronger than the CD4–

class II interaction) is the affinity driver, implying that the TCR–class II interaction would 

occur before CD4–class II. Certainly, the TCR has some affinity for MHC proteins that is 

encoded in the CDR1 and CDR2 of the α- and β-chains (Dai et al. 2008; Sim et al. 1996, 

1998; Zerrahn et al. 1997).

4.4 Does Co-Receptor–MHC Interaction Precede or Follow TCR Recognition of pMHC?

The noncognate CD8–MHC class I interaction has been shown to be enhanced by initial 

recognition of cognate antigen-MHC by the TCR (O’Rourke et al. 1990; Varghese and Kane 

2008). However, we found that CD8 became concentrated at the synapse between a T cell 

and an APC in the absence of any antigenic stimulation (Yachi et al. 2005, 2006). We could 

even find CD8 recruitment to the synapse when we used a T-cell hybridoma lacking TCR 

(P.P.Y., unpublished). When we titrated the amount of peptide on the RMA-S cells - whether 

antigenic or non-stimulatory - we found that the amount of CD8 concentrated to the synapse 

correlated with the number of MHC class I molecules (Yachi et al. 2005). This data 

suggested that the CD8 interaction with MHC class I occurs independently of TCR 

recognition of antigen. Structural data (Gao et al. 1997; Kern et al. 1998) and the fact that 

noncognate MHC class I tetramers can bind to T cells, albeit weakly (Bosselut et al. 2000; 

Daniels et al. 2006), support this idea. Recent fluorescence correlation measurements of 

lateral diffusion rates indicate that the TCR interaction with antigenic MHC class I–peptide 

is preceded by the CD8–MHC class I interaction and that this aids in binding of MHC class 

I–peptide to TCR (Gakamsky et al. 2005).

Gascoigne et al. Page 8

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2018 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the case of the CD4 class II interaction, we also demonstrated that CD4 becomes 

concentrated at the immunological synapse and that this occurred without the presence of 

antigen, although its recruitment was more efficient when antigen was present (Fig. 1b, d) 

(Zal et al. 2002).

It is possible that recognition of antigen causes a qualitatively different interaction between 

CD8 and MHC class I to occur. In the past we suggested that the CD4–MHC class II 

interaction could set up an energetic barrier to TCR interaction with the class II molecule, 

such that only a TCR with a higher affinity than the CD4–class II interaction would be able 

to displace CD4 and therefore make the antigen-specific interaction (Gascoigne and Zal 

2004; Zal et al. 2002). This could explain data showing that CD4 becomes excluded from 

the synapse even while TCR becomes concentrated within the synapse (Krummel et al. 

2000).

4.5 Adhesion and TCR Cross-Linking in T-Cell Activation

There are several studies that showed that T cells could be activated by monomeric antigenic 

MHC–peptide complexes (Delon et al. 1998; Doucey et al. 2003; Ma et al. 2008; 

Randriamampita et al. 2003), in marked contrast to other studies showing that cross-linking 

was necessary (Boniface et al. 1998; Cochran et al. 2000). These data can be reconciled by 

the observation that all studies showing activation by monomeric MHC–peptide used 

systems where the T cells were stimulated on immobilized substrates, whereas the studies 

demonstrating a requirement for cross-linking all used soluble MHC–peptide complexes 

(Randriamampita et al. 2003). The mechanism by which this works is that adhesion leads to 

a transient increase in cyclic AMP, which in turn leads to Erk activation, sensitizing the T 

cell for the monomeric MHC–peptide stimulation (Conche et al. 2009). Immobilization of 

MHC–peptide has also been shown to occur as a result of an interaction between MHC class 

I molecules and ICAM1, causing concentration of both antigenic and nonstimulatory MHC 

class I–peptide complexes in the immunological synapse, and leading to increased T cell 

activation (Segura et al. 2008). These data suggest that part of the role of the nonstimulatory 

MHC–peptide complexes is to aid in the cell adhesion, which in turn aids the priming of the 

T cells.

5 Concluding Remarks

The emergence of T-cell recognition of endogenous peptides in the activation of T cells by 

antigen is a fascinating aspect of the immune system’s importance in distinguishing self 

from nonself. In the old “needle in the haystack” metaphor, it shows the importance of the 

haystack in the search for the needle, in that the individual straws of hay appear to enhance 

the ability of the T cell to be stimulated by the needle, when it is finally encountered. The 

mechanism by which this occurs appears to be different in MHC class I and class II-

restricted T cells. In the former, the CD8–MHC interaction appears to drive the formation of 

complexes that allow faster scanning through the MHC–peptide complexes by the TCR, or 

better concentration of co-receptor and Lck, or both. In the latter, the TCR–MHC–peptide 

interaction seems to be stable enough to drive cross-linking of TCRs by CD4 in a 

pseudodimer.
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Fig. 1. 
CD4 co-receptor recruitment to the immunological synapse and FRET between TCR and 

CD4. (a), (b) show a time course of interaction between T cell and an APC presenting 

antigenic peptide. (c), (d) show the same with an APC that does not present the antigenic 

peptide. (a), (c) show the FRET response between CD3ζ–CFP and CD4–YFP, using a heat 

scale (Zal et al. 2002). (b), (d) show the fluorescence of the CD3ζ–CFP (green) and CD4–

YFP (red). Only the antigenic stimulation causes close interaction between TCR and CD4, 

as reported by FRET between CD3ζ–CFP and CD4–YFP (a versus c), though both APCs 

recruited CD4 to the immunological synapse (b and d). Recruitment was much slower in the 

absence (d) versus the presence (d) of antigen. Reproduced with permission from Zal et al. 

(2002)
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Fig. 2. 
Increased T-cell activation by endogenous nonstimulatory peptides at limiting antigen 

quantities. (a) shows the amount of TCR endocytosis at differing quantities of antigen OVA–

Kb expressed on the cell surface of RMA-S cells, either alone or with added nonstimulatory 

peptides derived from VSV, Erk, or the P815 tumor antigen. Erk and P815 are natural 

endogenous Kb–binding peptides (Santori et al. 2002). (b) shows the percentage of T cells in 

conjugates with RMA-S cells treated as in (a). (c) shows the interaction between TCR and 

CD8 by the FRET signal between CD3ζ–CFP and CD8β–YFP. Used with permission from 

Yachi et al. (2005)
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Fig. 3. 
The ability of nonstimulatory MHC–peptide ligands to enhance antigen recognition depends 

on their quantity rather than their sequence. A small amount of antigen was added to RMA-

S cells (OVA). This resulted in very low expression of the epitope for the anti-OVA–Kb. 

Other nonstimulatory peptides were titrated in to increase the overall amount of Kb 

expression. This increased expression of Kb correlated with increased activation of 

thymocytes. Used with permission from Yachi et al. (2007)
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Fig. 4. 
Endogenous peptides on RMA cells support antigen recognition. RMA and RMA-S cells 

were incubated with titrated amounts of antigen (OVA peptide) and used to stimulate naïve 

CD8+ T cells expressing the OT-I anti-OVA–Kb TCR. CD69 upregulation was assessed as a 

function of expression of the OVA–Kb epitope recognized by the 25-D1.16 mAb (Porgador 

et al. 1997). Used with permission from Yachi et al. (2007)
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Fig. 5. 
Models of co-receptor function in T-cell activation. For consistency, these are all drawn 

using CD8 as the co-receptor. However, the pseudodimer model (b) is derived from studies 

of CD4+ MHC class II-restricted T cells (Krogsgaard et al. 2005). (a) The “classical” model 

where the co-receptor stabilizes the interaction between TCR and antigenic MHC–peptide. 

(b) The “pseudodimer” model, where co-receptor cross-links two TCRs, one interacting 

with antigenic MHC–peptide, and the other interacting with endogenous MHC–peptide. (c) 

The “pre-concentration” model, where the co-receptor interaction with antigenic or 

nonstimulatory MHC–peptide causes concentration of MHC–peptide, co-receptor, and Lck 

to the synapse
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Fig. 6. 
The ability of nonstimulatory peptides to enhance antigen-recognition is independent of 

agonist strength. RMA-S cells were loaded with titrated amounts of antigen (OVA; a), a 

weaker agonist (Q4; b) or a very weak agonist (T4; c) in the absence or presence of various 

endogenous Kb-binding, OT-I nonstimulatory peptides (Santori et al. 2002). The 

upregulation of CD69 on prepositive selection thymocytes from OT-I transgenic Tap−/− mice 

was assessed and expressed in relation to the expression of the OVA–Kb epitope of mAb 25-

D1.16 mAb (Porgador et al. 1997). Used with permission from Yachi et al. (2007)
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