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Abstract
T cell antigen receptors (TCR) on the surface of T cells bind specifically to particular peptide
bound major histocompatibility complexes (pMHC) presented on the surface of antigen presenting
cells (APC). This interaction is a key event in T cell antigen recognition and activation. Most
studies have used surface plasmon resonance (SPR) to measure the in vitro binding kinetics of
TCR-pMHC interactions in solution using purified proteins. However, these measurements are not
physiologically precise, as both TCRs and pMHCs are membrane-associated molecules which are
regulated by their cellular environments. Recently, single-molecule förster resonance energy
transfer (FRET) and single-molecule mechanical assays were used to measure the in situ binding
kinetics of TCR-pMHC interactions on the surface of live T cells. These studies have provided
exciting insights into the biochemical basis of T cell antigen recognition and suggest that TCRs
serially engage with a small number of antigens with very fast kinetics in order to maximize TCR
signaling and sensitivity.
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T cell antigen recognition plays an essential role in both humoral and cellular immunity. The
TCR is responsible for recognizing foreign pMHCs presented on the APC or target cell
surface. T cell antigen recognition is mediated by multiple receptor-ligand interactions
between a T cell and an APC, among which the TCR-pMHC interaction is most important.
T cell activation also requires the participation of a diverse group of accessory or co-
stimulatory molecules that interact across, within, and beneath the cell membrane to trigger
and relay signals (Fig. 1). Here we first review these molecular interactions, then present the
methods for their measurements, and finally discuss findings obtained by these new
methods.
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1. Key molecular interactions and cellular environment
The αβ TCR is a heterodimer composed of disulfide-linked α and β chains. Each TCR
chain is composed of variable and constant Ig-like domains, followed by a transmembrane
segment and a short cytoplasmic tail. The variable domain is generated from rearranging
variable (V), diversity (D) and joining (J) gene segments (D is only present in the β chain)
(Gascoigne et al., 2001; Janeway et al., 1999; Rudolph et al., 2006). This rearrangement
creates an antigen recognition surface capable of binding a tremendous range of pMHC
ligands. A TCR only recognizes a pMHC complex, but not peptide or MHC alone. TCRs on
CD8+ cells recognize pMHC-I and TCRs on CD4+ T cells recognize pMHC-II. Thus, CD8+

T cells are said to be ‘MHC-I restricted’ and CD4+ T cells are ‘MHC-II restricted’ on the
basis of the MHC class that their receptors recognize (Gascoigne et al., 2001; Janeway et al.,
1999). Surface αβ TCR is assembled with the invariant chains of CD3 that include δε and
γε heterodimers and a ζζ homodimer. The association of these three CD3 signaling dimers
with the αβ TCR is driven by highly specific polar interactions among transmembrane
domains that are uniquely favorable in the lipid environment (Call et al., 2002; Call and
Wucherpfennig, 2005). Though the structure of αβ TCR itself has no intrinsic signaling
capacity, the CD3 components have immunoreceptor tyrosine-based activation motifs
(ITAM) that become phosphorylated after TCR engagement with pMHC and recruit other
molecules to initiate a signaling cascade (Gascoigne et al., 2001; Janeway, 1992; Kersh and
Allen, 1996; Kersh et al., 1998).

In addition to the TCR-pMHC interaction, the engagement of other molecules is required for
effective T cell activation, including those of co-receptors CD4/8 and co-stimulatory
molecules. Co-receptors CD4/8 bind to the invariant domain of a pMHC away from the
TCR interacting site, and facilitate the TCR antigen recognition process. They are also
linked with Lck and associated with the TCR/CD3 complex via their cytoplasmic domain,
enabling signaling during early T cell triggering upon TCR antigen recognition (Gascoigne
et al., 2001; Turner et al., 1990; Weiss and Littman, 1994). Co-receptor binding to pMHC is
a requirement for normal T cell selection and activation (Janeway et al., 1999; Xu and
Littman, 1993). Absence or blockage of co-receptors results in poor TCR recognition
sensitivity and requires much more pMHC (10~100-fold) for T cell triggering (Davis et al.,
2003; Irvine et al., 2002; Purbhoo et al., 2004). Normal T cell activation also requires
signals provided by co-stimulatory molecule engagements including those of LFA-1, CD28,
CTLA-4, CD2 and CD45. Activation of T cells without co-stimulation may lead to T cell
anergy, T cell deletion or development of immune tolerance (Alegre et al., 2001; Davis et
al., 2003).

T cell activation and function are actively regulated by the cytoskeleton and lipid rafts. T
cell is highly mobile and dynamic, and depends on the cytoskeleton for determining its
shapes and performing its functions. A T cell must go through several cytoskeleton-
dependent processes to efficiently scan target cells and take appropriate actions to facilitate
TCR antigen recognition. T cell processes reliant on cytoskeletal motility include TCR-
pMHC interaction, immunological synapse formation, accessory receptor stimulation,
cellular polarization, receptor sequestration and signaling (Billadeau et al., 2007; Dustin,
2007; Huppa and Davis, 2003). The cytoskeleton provides the T cell with a dynamic cellular
framework to rapidly remodel itself against the target cell and reorient its cellular organelles
to the interface between the T cell and the APC (Fuller et al., 2003; Huppa and Davis, 2003).
The dynamic cytoskeleton rearrangements are crucial for T cell migration, antigen detection
and immune function execution. Treatment with inhibitors of actin polymerization abolishes
many T cell functions (Fuller et al., 2003). Lipid rafts may also play a critical role in TCR
recognition, signaling and stimulation. Lipid rafts are known as glycosphingolipid-enriched
microdomains or detergent resistant microdomains, and are formed by hydrophobic
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interactions between saturated fatty acid residues of their main lipid constituent
sphingomyelin and glycosphingolipids. TCR engagement promotes aggregation of lipid
rafts, which subsequently facilitates colocalization and interaction between TCR and
signaling proteins such as Lck, ZAP70 and LAT. This lipid raft-mediated clustering may
initiate protein tyrosine phosphorylation and amplify downstream signaling (Brdickova et
al., 2003; Harder, 2004; Harder and Engelhardt, 2004; He et al., 2005; Magee et al., 2002).

2. TCR antigen recognition characteristics
MHC molecules are continuously being loaded with peptides derived from cytosolic or
endocytosed proteins. At any given time, the vast majority of pMHCs are loaded with
endogenous self-peptides. TCRs possess a remarkable ability to quickly and specifically
recognize a small number of foreign pMHCs from this large excess of self-pMHCs
presented on the APC surface. Here we will briefly review three important characteristics of
T cell antigen recognition.

Sensitivity
T cells have extraordinary sensitivity in antigen detection (Demotz et al., 1990; Ebert et al.,
2008; Harding and Unanue, 1990; Irvine et al., 2002; Purbhoo et al., 2004; Sykulev et al.,
1996). Both CD4+ and CD8+ T cells can initiate transient intracellular calcium flux upon
recognition of as few as a single agonist pMHC. This calcium signal reaches a plateau level
once about ten agonist pMHCs are recognized (Irvine et al., 2002; Purbhoo et al., 2004).
Two agonist pMHCs can promote APC contact and subsequent apoptosis in reactive
thymocytes (Ebert et al., 2008), and cytotoxic T cells can initiate killing upon recognition of
only three pMHCs without synapse formation (Purbhoo et al., 2004).

Specificity
T cells are able to specifically recognize one foreign pMHC in the presence of a large excess
of self-pMHCs. T cells have diverse functions and degrees of responsiveness that are highly
specific to the recognized antigens. An individual T cell is capable of recognizing multiple
possible pMHCs with varying degrees of functional outcomes, each particular to a
recognized ligand. Small differences in the presented peptide may lead to large differences
in the functional outcome. TCRs can discriminate the difference of even a single amino acid
substitution and elicit distinct functional responses (Evavold and Allen, 1991; Sloan-
Lancaster et al., 1993). A given pMHC may lead to full or partial activation of the T cell—a
strong or weak agonist—or it may have no effect—a null pMHC. A single amino acid
variation in the peptide sequence can convert an agonist into an antagonist or null peptide to
shut down T cell proliferation (Kersh and Allen, 1996; Sloan-Lancaster and Allen, 1996).

Speed
CD4+ T cells signal with remarkable speed. After the TCR-pMHC engagement, Huse et al.
observed LAT phosphorylation in 4 seconds, diacylglycerol production and calcium flux in
6–7 seconds, and T cell cytoskeleton polarization within 2 min (Huse et al., 2007). Our data
also suggested that CD8+ T cell Src kinase signaling occurs ~1 second after TCR
engagement (Jiang et al., 2011).

3. Kinetic measurements of TCR-pMHC interactions
The specific interaction between TCR and pMHC triggers the initial T cell signaling that
leads to T cell activation and the cellular immune response. Upon pMHC binding to the
TCR, the T cell becomes activated with a sustained elevation of calcium and begins to form
an immunological synapse with the APC (Grakoui et al., 1999; Monks et al., 1998). Then
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the T cell will either secrete cytokines to stimulate other immune cells (CD4+ T cells) or
induce death of the target cell (CD8+ T cells) (Davis et al., 2003). T cells have a wide range
of functional capabilities; coupled with the broad range of TCR recognition capabilities that
trigger these functions, this makes the study of the dynamic binding between TCR and
pMHC a fruitful field. This has been borne out, for example, in thymocyte selection where
recognition of different peptides results in either positive or negative selection—drastically
different fates for the TCR-expressing thymocyte (Janeway et al., 1999). Extensive studies
have been undertaken to elucidate the connection between TCR-pMHC binding properties
and the resulting T cell functionality in the immune response. The binding kinetics of TCR-
pMHC interactions have been mainly measured by two methods: In vitro three-dimensional
(3D) binding kinetics in solution (Fig. 2) and in situ two-dimensional (2D) binding kinetics
at the cell membrane (Fig. 3).

3.1 In vitro 3D kinetics of TCR-pMHC interactions
Much of our early understanding of TCR-pMHC interaction kinetics came from studies
using SPR to measure binding between soluble TCR and pMHC molecules. These
experiments typically involved immobilizing either the TCR or the pMHC on a sensor chip
and flowing the other binding partner over the chip at various concentrations. SPR employs
total internal reflection to monitor binding to the sensor chip. Changes in mass due to
binding result in a change in refractive index on the chip’s surface. This changes the angle
for total internal reflection and allows quantification of binding over time from which
kinetic information is derived (Altschuh et al., 1992; Cullen et al., 1987; Stenberg et al.,
1991) (Fig. 2).

There are many variations in setting up these experiments, some of which can impact the
resulting findings. For instance, TCR can either be coupled directly to the sensor chip
surface by covalent amine linkages (Lofas and Johnsson, 1990), indirectly coupled using an
covalently linked antibody, or covalently linked using a free cysteine in the Cβ region
(Catimel et al., 1997; Klonisch et al., 1996). These variable setups can result in different
orientations of the TCR and thus variations in surface activity—the percentage of the surface
on the sensor chip that is available for binding. Lyons et al. reported that when immobilizing
the 2B4 TCR through the free Cβ cysteine, the surface activity improved and that this also
led to a concomitant increase in on-rate, which they hypothesized was due to the increase in
surface activity (as compared to immobilization by random amine linkages) (Lyons et al.,
1996). Variations such as these are important to consider when comparing SPR experiments,
since the surface activity will vary between experiments depending on the immobilization
mechanism.

Results from kinetic SPR measurements can be confirmed by reversing the binding partners,
and most SPR studies of TCR-pMHC binding employ this strategy. Competition assays can
also be performed with SPR, and these can also be used to validate values from direct
binding assays. Lyons et al. demonstrated that immobilized pMHC could bind TCR flowing
over the sensor chip, and that this binding decreased in a dose-dependent fashion when
competitor pMHC was included with the soluble TCR. Based on the variations in
concentration of the TCR and the competitor pMHC, they were able to calculate the binding
affinity, which agreed with the results without competition (Lyons et al., 1996).

Studying the kinetics of the TCR-pMHC interaction has been of interest because triggering
the TCR by different pMHC ligands can result in vastly different T cell fates. In the thymus,
recognition of certain peptides can lead to T cell deletion and negative selection, while
others lead to positive selection. For many T cell clones isolated from peripheral blood,
altered peptide ligands have been identified, including strong and weak agonists and
antagonists, which vary by a few amino acids yet lead to drastically different signaling
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outcomes. This is a unique situation in biology, in which a single receptor is able to bind
multiple, subtly different ligands, while still conveying dramatic differences in downstream
signaling. The mechanism behind the TCR’s specificity and sensitivity has been an
intriguing puzzle for some time. SPR studies of TCR interactions with a range of related
pMHCs have revealed some correlation between the binding kinetics and functional
outcome (reviewed in Davis et al., 1998; Gascoigne et al., 2001). However, results across
many studies proved inconsistent, requiring various models to explain these findings, which
are described in detail below.

Most data support a model in which kinetic differences play a role in the differentiation of
TCR activation outcome, though there has been some debates as to which aspect of the
TCR-pMHC binding kinetics plays the most important role (Davis et al., 1998; Gascoigne et
al., 2001). A more recent study attempted to reconcile these seemingly discrepant models.
By testing a larger library of pMHC ligands, a large enough data set was obtained to enable
mathematically determine a correlation between kinetic factors and stimulatory capacity. By
including parameters for the tendency of the TCR and pMHC to rebind after the initial
binding event, the authors were able to reconcile both models, making an argument for the
importance of on-rate as well as the rate at which the two molecules diffuse apart on the two
cell surfaces. This is a factor which is not accounted for in SPR, as one binding partner is
fixed and the other is constantly flowing over the surface, without any opportunity for
rebinding (Aleksic et al., 2011).

3D kinetic measurements have produced enlightening information on the dynamics and
mechanisms of TCR-pMHC interactions, and those results were summarized in two review
papers (Davis et al., 1998; Gascoigne et al., 2001). However, there are significant limitations
to this method in approximating the in vivo conditions of this interaction. Some of these
issues can be addressed by examining in situ TCR-pMHC interactions by 2D kinetic
methods at the single-molecule level.

3.2 In situ 2D kinetics of TCR-pMHC interactions
Because TCRs and pMHCs are membrane proteins associated with other signaling
molecules and the cytoskeleton, ideally their interactions should be measured in situ, in a
way that can faithfully reveal the physiological TCR antigen recognition process. Compared
to in vitro 3D measurements in solution, the in situ TCR-pMHC interactions occur in 2D, as
TCRs and pMHCs anchor to the T cell membrane and can only diffuse two dimensionally.
Recent technological developments enable us to measure cell surface molecular interactions
at the single-molecule and the single-cell level. 2D in situ kinetics of TCR-pMHC
interactions have been measured by a single-molecule FRET assay for CD4+ T cells (Huppa
et al., 2010) and by two single-molecule mechanical assays for CD8+ T cells (Huang et al.,
2010). Those measurements enable us to directly visualize or monitor in situ TCR-pMHC
interactions at the single molecule level, compared to the in vitro 3D kinetics measured at
the ensemble level (Fig. 2).

3.2.1 Single-molecule FRET—Single-molecule FRET was first introduced to study
DNA conformational changes under nonaqueous conditions (Ha et al., 1996). Single-
molecule FRET relies on the transfer of energy between donor and acceptor fluorescent tags
on different parts of the same molecule or between two different molecules to reveal
conformational changes or interactions during biological processes. FRET is observed when
these changes or interactions bring the FRET partners into close proximity. The single-
molecule FRET method has been developed to study replication, transcription, catalysis,
refolding, conformational change, signal transduction and more (Roy et al., 2008). Huppa et
al. developed a new type of single-molecule FRET to meet the challenge of measuring TCR-
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pMHC interactions on live T cell surfaces in situ (Huppa et al., 2010). This method enabled
scientists to directly visualize TCR-pMHC interactions at the single-molecule level for the
first time. According to the spatial information of the TCR-pMHC complex structure, TCR
and pMHC were site-specifically labeled with a FRET donor (Cy3) and a FRET acceptor
(Cy5) respectively or vice versa. The TCR-pMHC interaction brings the fluorescent donor
and acceptor into close proximity to enable FRET. In this method, the occurrence and
disappearance of FRET signal directly denotes the TCR-pMHC association and dissociation
(Fig. 3A). By fitting the FRET disappearance events versus time using a simple single-step
dissociation model, Huppa et al. measured the in situ TCR-pMHC off-rates. The 2D off-rate
measured in this way is significantly increased (4–12 fold) compared with the 3D off-rate
measured in solution using SPR. Based on the FRET signals and the fluorescent intensities
of donors and acceptors, the 2D affinity was estimated by calculating the concentrations of
TCR/pMHC complexes, TCRs, and pMHCs in representative synapses at different
temperatures for agonist pMHCs. Huppa et al. found that the in situ 2D TCR-pMHC affinity
was significantly elevated—roughly 100-fold—compared to the in vitro 3D affinity, and the
high 2D binding affinity is driven by the fast on-rates of TCR-pMHC interactions (Huppa et
al., 2010).

The single-molecule FRET method is elegant; however, it is relatively hard to directly apply
or tailor this method to other molecular systems. Each molecular system must have its own
unique FRET design, which requires detailed structural information of the molecules of
interest and tremendous biochemical work to make the required reagents. It also presents
technical challenges, because the onset of FRET is highly geometrically restricted. The
donor and acceptor fluorescent tags must be specifically labeled to precise sites on the two
interacting molecules so that FRET signals can faithfully reveal the in situ molecular
interactions. A fine-tuned optical system is also required to sensitively capture the weak
single-molecule FRET signals.

3.2.2 Single-molecule mechanical measurements—Single-molecule mechanical
assays have also been used to measure in situ 2D TCR-pMHC interactions. Based on early
versions of ultrasensitive force techniques (Evans et al., 1991; Evans et al., 1995), Zhu et al.
developed an adhesion frequency assay (Chesla et al., 1998) and a thermal fluctuation assay
(Chen et al., 2008a) to measure the in situ 2D kinetics of cell surface molecular interactions.
Although both assays are mechanically based, they measure force-free binding kinetics.
Detection of receptor-ligand interactions is accomplished by using a red blood cell (RBC) as
a mechanical force sensor, which can detect < 2 pN of force. The adhesion frequency assay
measures a binary score of an adhesion event between a T cell and a surrogate APC for each
test; the test is then repeated to estimate an adhesion frequency (Fig. 3B). After collecting a
series of adhesion frequencies at different contact durations and surface molecular densities,
2D kinetics are obtained by fitting the data with a probabilistic model that is valid for low
number of bonds but does not require single bond (Chesla et al., 1998).

The thermal fluctuation assay measures the TCR-pMHC bond association and dissociation
by directly monitoring the reduction and resumption of thermal fluctuation of a pMHC-
coated force probe. This directly reveals the single molecule interaction process (Fig. 3C).
On-rate information is provided by the waiting-time for bond formation, which is the period
from the instant of dissociation of an existing bond to the instant of formation of the next
bond. The bond lifetime, which is the period from the instant of bond formation to the
instant of bond dissociation, provides information about the off-rate. The on-rate or off-rate
is obtained by fitting the distribution of waiting-times or lifetimes pooled from many bond
formation or dissociation events using a single-step association or dissociation model,
respectively (Chen et al., 2008a; Chen et al., 2008b). These mechanical assays showed that a
TCR binds to its antigenic pMHC with high 2D affinities and fast kinetics, and the 2D
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affinities and on-rates of a panel of pMHC ligands possess broad dynamic ranges that match
their corresponding potencies to trigger T cell responses (Huang et al., 2010).

It is relatively easy to adapt single-molecule mechanical assays to measure other cell surface
molecular interactions with simple biochemical modifications. Indeed, these assays have
been used to measure 2D kinetics of ligand binding of TCRs, CD8, Fc receptors, selectins,
integrins and cadherin (Chen et al., 2008a; Chen et al., 2010; Chien et al., 2008; Huang et
al., 2004; Huang et al., 2007; Huang et al., 2010; Jiang et al., 2011; Sabatino et al., 2011;
Zhang et al., 2005). Another advantage is that they can be further extended to measure
mechanical regulation of TCR-pMHC interactions, e.g., force-dependent bond lifetimes and
unbinding forces. However, these are low throughput assays because measurements are
made for one pair of cells at a time. The only readout for these assays is the binding events,
making it nontrivial to simultaneously determine interactions between more than one
receptor-ligand pair on the cell surface.

3.2.3 The role of co-receptors—The co-receptor CD4 or CD8 alone binds to pMHC
with low in vitro 3D affinities (Kd of 100–200 µM for human co-receptors and 10–100 µM
for mouse co-receptors) in solution (Gao et al., 2002). 3D in vitro SPR measurements
showed that TCR and co-receptor CD4 or CD8 bind to pMHC independently and with
distinct kinetics (Wyer et al., 1999; Xiong et al., 2001).

To date there are no quantitative in situ 2D kinetic measurements for CD4-pMHC
interactions, which might be due to their weak interactions. The 2D interaction between
CD8 and pMHC is readily measurable and we have quantified the in situ binding kinetics of
this interaction using the adhesion frequency assay. We found that the CD8-pMHC
interaction has a very low 2D affinity that depends on the MHC alleles and membrane lipid
rafts, but not on the bound peptide or the composition of CD8 α and β chains (Huang et al.,
2007). Importantly, the presence of CD4 and CD8 affects the in situ TCR binding distinctly.
CD4 does not appear to affect the kinetics of in situ TCR-pMHC interactions (Huppa et al.,
2010), while CD8 greatly promotes the in situ cooperative binding of the trimolecular
interactions among TCR, pMHC, and CD8 (Jiang et al., 2011). CD4 and CD8 also play
different roles in meditating the nonstimulatory/endogenous pMHCs for helping TCR
antigen recognition (Gascoigne, 2008; Krogsgaard et al., 2005; Yachi et al., 2005). It is not
clear what causes this difference between CD4 and CD8. A possible reconciliation might be
that the main purpose of these two co-receptors is to direct Lck to the TCR, regardless of
TCR stabilization (Artyomov et al., 2010).

3.3 The gap and possible bridge between 2D and 3D measurements
3D kinetic assays of TCR-pMHC interactions measure the in vitro molecular binding
properties at the ensemble level while 2D kinetic assays quantify the physiological in situ
kinetics at the single molecule level. A TCR can recognize a specific agonist and a series of
altered peptides identified as co-agonist, weak agonist, antagonist and null according to their
potencies to activate T cells (Alam et al., 1996; Davis et al., 1998; Gascoigne et al., 2001;
Kersh et al., 1998). 3D binding assays have been used to analyze the kinetics of many such
peptide panels with little consensus and discrepant correlation with peptide biological
functions, requiring complex models to explain the mechanism of T cell recognition and
discrimination (Dustin and Depoil, 2011; Fahmy et al., 2002; Gascoigne et al., 2001; Laugel
et al., 2007; van der Merwe and Dushek, 2010). In sharp contrast, recent 2D in situ
measurements show a broad dynamic range of kinetics parameters for a panel of ligands that
correlate well with the peptide biological functions (Huang et al., 2010; Huppa et al., 2010).
For agonist peptides, 3D measurements suggest that TCR-pMHC interactions have low
binding affinities, slow off-rates and on-rates, while 2D measurements observe high binding

Huang et al. Page 7

Mol Immunol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



affinities, fast off-rates and on-rates. Such substantial differences between 3D and 2D results
are not seen in other receptor-ligand interactions such as selectins and integrins (Huang et
al., 2004; Mehta et al., 1998; Shimaoka et al., 2003; Zhang et al., 2005). The key might lie in
the special cellular microenvironment of TCRs. For 3D measurements, both TCRs and
pMHCs are truncated, recombinant purified soluble proteins isolated from this
microenvironment with a 3D diffusion freedom in solution. On the cell surface under
physiological conditions, TCRs may interact laterally with each other or other molecules to
form membrane lipid-dependent nanostructures and associate with the cytoskeleton to
restrict their 2D diffusion. It has been shown that both the cytoskeleton and membrane lipid
nanostructures play critical roles in TCR antigen recognition, signaling and triggering
(Brdickova et al., 2003; Fuller et al., 2003; Harder, 2004; Harder and Engelhardt, 2004; He
et al., 2005; Huppa and Davis, 2003; Magee et al., 2002). Recent total internal reflection
fluorescence microscopy experiments have shown that TCRs form microclusters during
antigen recognition, which mediate early T cell signaling in a cholesterol and actin
cytoskeleton dependent fashion (Campi et al., 2005; Yokosuka et al., 2005). Further studies
using super resolution electron microscopy and high-speed photoactivated localization
microscopy suggest that membrane-associated TCRs form 10–200 nm multivalent TCRs
(Kumar et al., 2011; Schamel et al., 2005) or protein islands (Lillemeier et al., 2010).
Indeed, inhibition of actin polymerization or depletion of cholesterol dramatically changed
the in situ TCR-pMHC binding kinetics in both single-molecule FRET and single-molecule
mechanical assays. In the FRET measurements, actin depolymerization produced an almost
identical 2D off-rate to that measured by the 3D SPR method; cholesterol depletion also
severely impaired the TCR-pMHC interactions (Huppa et al., 2010). Similarly, actin
polymerization inhibition and cholesterol depletion significantly affected the 2D on-rates
and dramatically reduced the effective 2D affinities in the mechanical assays (Huang et al.,
2010). The importance of the TCR cellular microenvironment has also been demonstrated
with cell-free 2D assays. By coating purified TCR and pMHC molecules onto 2D surfaces,
Robert et al. measured cell-free 2D binding kinetics using a flow chamber with single-bond
resolution. They found that cell-free 2D off-rates were comparable to 3D parameters
obtained with the same purified molecules. Additionally, there is no significant correlation
between cell-free 2D on-rates and activating potency of pMHCs (Robert et al., 2012). Thus,
the specific cellular microenvironment of the T cell may impose unique regulations on TCR
organization, orientation, and conformation, which may greatly increase TCR availability.
This may in turn promote a higher binding frequency of TCR-pMHC interactions to enable
T cells effectively scan and recognize rare antigens presented on APC surface. Therefore,
the in situ 2D measurements may represent an integration of molecular interaction, TCR
structure, membrane organization, cytoskeleton regulation, cell signaling and feedback.
Future studies are needed to further address the discrepancies between 3D and 2D
measurements.

4. Issues and models of T cell antigen recognition
The interaction of TCR-pMHC determines the fate and response of a T cell, yet much is still
unknown for this process. Mature T cells have undergone both positive and negative
selection. It has been proposed that positive selection requires TCR recognition of self-
pMHCs with low affinities to provide signals for T cell survival, while negative selection
eliminates T cells with high affinities to self-pMHCs. In physiological conditions, T cell
activation is trigged by specific TCR recognition of a very low dose of foreign pMHCs that
are randomly distributed on the APC surface and surrounded by a large excess of self-
pMHCs. The relatively small TCRs (7 nm) co-exist with other large molecules such as
CD45 (40–50 nm) on the T cell surface. However, we still do not fully understand how
TCRs overcome steric hindrance in such a dense and crowded cell surface and recognize
extremely low-density antigens from the sea of self-pMHCs with high sensitivity and
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specificity (Fahmy et al., 2002; Springer, 1990). In addition, although many studies have
highlighted the critical role of co-receptors to augment TCR signaling, the mechanism of co-
receptor communication with TCR remains elusive. Recent 2D assays suggest that CD4 and
CD8 distinctly assist TCR in antigen recognition: CD4 has a negligible role in affecting
TCR-pMHC binding (Huppa et al., 2010) while CD8 significantly promotes antigen
recognition by cooperation with the TCR in pMHC binding in a signaling-dependent fashion
(Jiang et al., 2011). Furthermore, the association of CD3δε, γε, and ζζ subunits to the TCR
is necessary for T cell intracelluar signal transduction (Call et al., 2002; Call and
Wucherpfennig, 2005; Kuhns and Davis, 2007; Kuhns et al., 2006). However, it is not fully
understood how the TCR αβ domains associate with the CD3 signaling subunits and how
the TCR-pMHC interaction affects the association, conformation and signaling of the CD3
subunits with the TCR αβ domains. Finally, T cell antigen recognition is a dynamic and
complex process that involves the cell membrane environment, cytoskeleton, molecular
orientation and organization in the cell surface nanostructure, and adhesion and co-
stimulatory/inhibitory molecular interactions (Davis et al., 2003). These fascinating
phenomena have motivated numerous studies over the past twenty years. Many models have
been proposed to explain the mechanism of T cell antigen recognition. A complete model
should be able to explain how the recognition signal is initiated, controlled, and transmitted.
Here we will review some selected models.

4.1 Kinetic proofreading and related models
The kinetic proofreading model was proposed to explain how T cells discriminate ligands
based on small differences of off-rates (McKeithan, 1995; Rabinowitz et al., 1996). It
proposes that the full activation of a T cell requires the TCR-pMHC interaction to be
sustained long enough to complete a series of necessary modification steps. Without this
long-lasting interaction, the molecules will completely revert to their unmodified forms
(McKeithan, 1995; Rabinowitz et al., 1996). These sequential modification steps
exponentially amplify minor or moderate differences in kinetics, explaining the profoundly
different biological outcomes. Some 3D measurements found positive correlations between
reciprocal off-rates and peptide potencies (Davis et al., 1998; Gascoigne et al., 2001; Kersh
et al., 1998). However, many exceptions have reported that slow off-rates do not necessarily
result in better activations (Hlavacek et al., 2001; Kalergis et al., 2001; Laugel et al., 2007;
Rosette et al., 2001). This model has been improved over the years into several modified
forms, e.g., the kinetic-segregation model (Davis and van der Merwe, 2006). Recently, it has
been further revised to an integrated TCR triggering model by summarizing and
incorporating recent data and findings (van der Merwe and Dushek, 2010).

4.2 Dimer models
The co-receptor plays a critical role in T cell activation. Based on how the co-receptor binds
to pMHC with the TCR, two dimer models have been proposed. The classic heterodimer
model postulates that the co-receptor binds a pMHC that is concurrently engaged with a
TCR. Several studies have shown that the TCR and co-receptor must bind to same pMHC in
order to fully initiate the T cell activation (Block et al., 2001; Gao et al., 2002; Gascoigne,
2008; Janeway et al., 1999; Rudolph et al., 2006). Using the 2D in situ micropipette
adhesion frequency assay, we have shown that CD8 binds to same pMHC with TCR to
further amplify the T cell response (Jiang et al., 2011). TCR and co-receptor binding to the
same pMHC can promote the signaling between the co-receptor associated Lck and the TCR
intracellular CD3 signaling module (Jiang et al., 2011; Xu and Littman, 1993). The
heterodimer model is challenged by the finding that soluble dimeric or oligomeric pMHCs,
but not monomeric pMHCs, can efficiently trigger T cell activation and signaling (Boniface
et al., 1998; Stone and Stern, 2006). Also, 2D in situ FRET measurements found that CD4
does not stabilize TCR-pMHC interactions (Huppa et al., 2010).

Huang et al. Page 9

Mol Immunol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Davis et al. proposed an alternative pseudodimer model by highlighting the role of
endogenous pMHC in a CD4+ T cell system. Based on the soluble dimeric pMHC data, this
model suggests that the interaction of one TCR with an agonist pMHC can recruit a second
TCR through an associated CD4 molecule. This recruited TCR can bind an endogenous
pMHC, thereby forming a stable pseudodimer to initiate activation using the tyrosine kinase
Lck (Davis et al., 2007; Krogsgaard et al., 2005). However, Ma et al. claimed that
endogenous pMHCs have a negligible role in triggering T cell activation (Ma et al., 2008).
Nevertheless, the pseudodimer model is attractive due to its emphasis on the role of excess
endogenous pMHCs on the cell surface (Davis et al., 2007; Gascoigne, 2008; van der Merwe
and Dushek, 2010).

Future physiological studies with detailed spatial and temporal resolution are needed to
further elucidate these models and to understand the interactions between TCRs and co-
receptors during antigen recognition. This is necessary since TCRs, co-receptors and
pMHCs are expressed on the cell surface and associated with the lipid rafts and the
cytoskeleton in physiological conditions, and are not expressed as soluble monomers or
oligomers.

4.3 Conformational model
The conformational model proposes that TCR conformational changes are necessary for
signal transmission across the cell membrane. The conformational model suggests that upon
encountering an agonist pMHC, a TCR changes its conformation to induce the T cell
activation signal. Alarcón’s group has shown that the engagement of TCR with pMHC can
cause the exposure of an epitope on CD3 revealed by a reporting antibody (Gil et al., 2002;
Gil et al., 2005; Risueno et al., 2005; Schamel et al., 2006). However, except for the LC13
TCR crystal structure, most TCR crystal structures do not show any direct evidence for
conformational changes of the TCR following binding to pMHC (Levin and Weiss, 2005;
Rudolph and Wilson, 2002). There is still a lack of direct structural evidence, partially due
to the technical challenges of understanding and solving the complex multi-unit structures of
TCR-CD3 complexes in physiological conditions.

4.4 Serial triggering model
A TCR serial triggering model was proposed based on the observation that a small number
of agonist pMHCs can achieve a high level of TCR internalization (Valitutti et al., 1995).
The serial triggering model postulates that a single pMHC can serially engage and trigger
multiple TCRs, leading to TCR down-regulation so that a T cell can sensitively detect a
small number of antigenic pMHCs through high TCR occupancy. Serial engagement was
originally proposed to explain TCR recognition for low affinity and fast off-rate ligands, and
suggested that the high affinity and slow off-rate of the TCR-pMHC interaction will prevent
T cell antigen recognition by reducing or preventing TCR usage. A drawback of this serial
triggering model is that it is based on the assumption that TCR internalization is triggered by
TCR-pMHC engagements and correlated with T cell activation. However, simple CD3
surface staining experiments after hours of T cell/APC binding could not provide any direct
information of initial dynamic TCR-pMHC engagements (Valitutti et al., 1995). It has been
shown that TCRs can be down-regulated either by other ligand engagements or cell
signaling (Niedergang et al., 1997; San Jose et al., 2000). On the other hand, Evavold et al.
found that a 90% reduction in TCR level did not affect the ability for the T cell to be
stimulated by agonist pMHCs (McNeil and Evavold, 2002; McNeil and Evavold, 2003). In
other words, the number of internalized TCRs may not correlate with the number of engaged
receptors and the T cell activation.
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Recent 2D in situ kinetic measurements provide new appealing features and important
information for TCR antigen recognition, and we have accordingly proposed a fast kinetics
based serial triggering model (Fig. 4). Both single-molecule FRET and single-molecule
mechanical based 2D measurements found that the TCR-pMHC interaction has a high
affinity, fast on-rate and off-rate for antigen recognition. Although the off-rate of the TCR-
pMHC interaction is very fast, the extremely fast on-rate promotes bond re-formation with
high frequency and generates high binding affinity. Furthermore, the formation of TCR
clusters/protein islands provides a high local TCR concentration to facilitate TCR antigen
recognition and amplify the T cell antigen recognition signal (Campi et al., 2005; Kumar et
al., 2011; Lillemeier et al., 2010; Schamel et al., 2005; Yokosuka et al., 2005). Fast kinetics
and serial TCR triggering enables a T cell to efficiently scan, detect and engage rare
antigens presented on the APC surfaces. This fast kinetics based serial triggering model can
also explain how TCRs discriminate pMHC ligands with very different kinetic rates that will
lead to distinct TCR occupancy rates. This model reconciles the paradox of high sensitivity
and specificity of T cell antigen recognition and allows both the quality and quantity of
pMHCs to be measured by the frequency of bond formation.

5. Conclusion and Future directions
Recent advances in the study of T cell antigen recognition have provided new excitement to
T cell biology. Along with the discoveries of TCR clusters and/or TCR-enriched protein
islands, the in situ 2D kinetics measurements suggest a fast kinetics based serial triggering
model (Fig. 4). This model can explain how T cells efficiently scan and sensitively
recognize a very low number of antigens on APCs and maximize the T cell response.
However, direct verification of TCR serial engagement is technically challenging. Current
studies are unable to resolve whether the TCR clusters are formed before or after TCR
engagement, and cannot reveal the dynamic TCR nanostructures on live cell membrane
during TCR triggering. The roles of the cytoskeleton and lipid rafts in dynamic TCR antigen
recognition remain unclear, and there is a lack of direct information about aspects of T cell
surface nanostructures such as their composition, size, heterogeneity, and dynamics in
physiological condition. Developing a new imaging technique that can reliably and
continuously detect serial interactions of a single antigen with an array of TCRs would
provide direct evidence to prove or disprove this revised serial triggering model. It is still
unclear whether a T cell is triggered by the accumulated high frequency of serial
engagements, a high quality single ligand binding, or a combination of both. Future
advances and breakthroughs will probably rely on the development and combination of
super resolution fluorescent microcopy, novel biochemistry and single-molecule kinetic
measurements in the coming years.
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Abbreviations

TCR T cell receptor

pMHC peptide bound major histocompatibility complex

APC antigen presenting cell

SPR surface plasmon resonance
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FRET förster resonance energy transfer

ITAM immunoreceptor tyrosine-based activation motif

3D three-dimensional

2D two-dimensional

RBC red blood cell
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Highlights

• The TCR-pMHC interaction determines T cell fate and responsiveness.

• Single molecule assays measure the in situ binding kinetics of TCR-pMHC
interactions.

• We propose a fast kinetics based TCR serial triggering model for T cell
activation
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Figure 1. Important molecules on and underneath either the T cell or APC surface
TCRs recognize antigen pMHCs on the cell membrane with the help of co-receptors and
accessory molecules. These molecules play critical roles in the T cell recognition and the
function of each of which is discussed in the text. Also depicted are possible regulatory
mechanisms of TCR-pMHC interaction by the T cell membrane and intracellular structures.
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Figure 2. Schematic of SPR for measuring the in vitro 3D kinetics of TCR-pMHC interactions
Interaction between purified soluble TCRs in solution and immobilized pMHCs on a sensor
chip is measured by SPR angle shifts when the mass of the surface layer changes.
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Figure 3. 2D methods for measuring in situ TCR-pMHC interactions
(A) Single-molecule FRET. A TCR on the T cell membrane is labeled with a single chain
antibody fragment conjugated with a FRET acceptor, and the peptide on a pMHC anchored
to the lipid bilayer is labeled with a FRET donor. The TCR-pMHC interaction brings the
donor and acceptor into close distance to trigger FRET. (B) Adhesion frequency assay. A T
cell (right) is brought in and out of contact with a pMHC coated RBC (left) to estimate an
adhesion frequency using micropipette manipulation. The presence or absence of RBC
deformation signifies whether a TCR-pMHC bond is present on T cell retraction. (C)
Thermal fluctuation assay. A T cell (right) is brought into close proximity to a pMHC coated
bead attached to a RBC (left). Single bond association and dissociation events are detected
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by monitoring the thermal fluctuation amplitude of the bead that is either restrained by only
the RBC or the combination of the RBC and the single TCR-pMHC bond.
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Figure 4. A fast kinetics based serial triggering model
TCR recognition of an antigenic pMHC leads to CD3 ITAM phosphorylation and signaling.
The TCR ligation signal promotes the formation of TCR protein islands/clusters on the T
cell membrane. The fast kinetics of TCR-pMHC interaction allows the TCRs in the cluster
to serially engage with a small number of antigens on the APC surface and maximize T cell
signaling and activation.
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