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Cytotoxic CD8T cells mediate immunity to pathogens and they are able to eliminate malig-
nant cells. Immunity to viruses and bacteria primarily involves CD8 T cells bearing high
affinity T cell receptors (TCRs), which are specific to pathogen-derived (non-self) antigens.
Given the thorough elimination of high affinity self/tumor-antigen reactive T cells by central
and peripheral tolerance mechanisms, anti-cancer immunity mostly depends on TCRs with
intermediate-to-low affinity for self-antigens. Because of this, a promising novel therapeu-
tic approach to increase the efficacy of tumorreactive T cells is to engineer their TCRs,
with the aim to enhance their binding kinetics to pMHC complexes, or to directly manipu-
late the TCR-signaling cascades. Such manipulations require a detailed knowledge on how
pMHC-TCR and co-receptors binding kinetics impact the T cell response. In this review, we
present the current knowledge in this field. We discuss future challenges in identifying and
targeting the molecular mechanisms to enhance the function of natural or TCR-affinity opti-
mized T cells, and we provide perspectives for the development of protective anti-tumor T
cell responses.
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QUANTITATIVE ASPECTS OF ANTIGEN RECOGNITION BY CD8
TLYMPHOCYTES
Cytotoxic CD8 T lymphocytes recognize through their T cell
receptors (TCRs) an antigenic peptide that is presented by MHC
class I molecules (peptide-MHC, pMHC) on the surface of an
infected or transformed cell. TCR triggering activates in T cells
a signaling cascade, which leads to the release of effector mole-
cules and to the cytolytic elimination of the cell that stimulated
the T cell. The efficiency of triggering a T cell response critically
depends on how well a TCR binds to a stimulating pMHC com-
plex and stronger interactions are thought to cause more vigorous
T cell activation than weaker interactions (Stone et al., 2009; Zehn
etal., 2009). The dissociation constant K is a physical parameter
that is generally used to describe the strength with which a TCR
binds to a given pMHC complex (Zehn et al., 2012) and to which
we usually refer to as the affinity of TCR and pMHC interaction.
Peripheral CD8 T cells express TCRs that only weakly react
with self-peptide presenting pMHC and the Kp values of these
interactions are in the range of 100-10 uM (Cole et al., 2007).
In contrast, TCRs that interact with foreign-peptide presenting
MHC with a Kp of up to 1uM are frequently found among
T cells that respond to pathogens (Davis et al., 1998). In fact,
it is well established that immune responses to pathogen are
dominated by cytotoxic T cells that express high affinity TCRs
(Figure 1), and these cells are thought to be superior in execut-
ing effector function than low affinity T cells (Speiser et al., 1992;
Alexander-Miller et al., 1996). Nonetheless, recent observations

indicate that also a larger number of lower affinity T cell clones
participate in immune responses. Moreover, it is well established
that anti-tumor immune responses critically rely on lower affin-
ity T cells, as most high affinity self/tumor-antigen specific T cells
are usually thoroughly eliminated by both central and peripheral
tolerance mechanisms. Within the subsequent sections, we will
present key findings regarding the biology of cytotoxic CD8 T cells
that respond with high or low affinity to antigen, we will describe
how differences in affinity impact the outcome of a T cell response,
and we will discuss several strategies to bypass the limitation that
are linked to T cell responses mediated by low affinity T cells.

EVIDENCE FOR THE PARTICIPATION OF LOW AFFINITY CD8 T

CELLS IN IMMUNE RESPONSES TO PATHOGENS

To characterize how TCR-pMHC affinity impacts T cells in an
infection, we expressed in pathogens a set of altered peptide lig-
ands that gradually differ in the strength of binding to the OT-1
TCR. By infecting mice with pathogens expressing these ligands,
we can mimic high, intermediate, or low affinity stimulation, as
it would be the case with polyclonal cytotoxic T cells of which
some respond with high and others with low affinity to pathogen-
derived antigen (Zehn et al., 2009). Unexpectedly, we found that
the OT-1 T cells initially responded similarly to pMHC complexes
that very differently stimulated the OT-1 TCR. Even very low affin-
ity complexes induced the same initial rapid T cell proliferation as
high affinity ones. Low affinity-stimulated OT-1 CD8 T cells were
early on phenotypically indistinguishable from cells stimulated by
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FIGURE 1 | Model integrating the relationship betweenT cell
responsiveness (e.g., cell signaling, gene expression, and functionality)
and TCR-affinity (in K, M) of human CD8T lymphocytes engineered
with anti-tumor TCR variants of optimized affinities (Irving et al., 2012;
Hebeisen et al., 2013; Zhong et al., 2013). Optimal/maximal T cell
effectiveness is observed with cells expressing affinities in the upper natural

limit (Kp from 5 to 1 wM; dark green). Negative regulation mechanisms may
counteract T cell responsiveness in T cells bearing very high affinities
(depicted as blue gradients) (Corse et al., 2010; Slansky and Jordan, 2010;
Hebeisen et al., 2013). Moreover, Zhong et al. (2013) recently described an
affinity threshold (K around 10 uM) for maximal anti-tumor activity and
autoreactivity (depicted as orange gradients).

high affinity complexes. Expression of effector molecules such as
granzyme B, as well as effector and memory T cell functions were
surprisingly efficient (Zehn and Bevan, 2006; Enouz et al., 2012). It
has also been shown that very low affinity stimulated T cells sup-
port pathogen elimination (Turner et al., 2008). Together, these
findings indicate that lower affinity CD8 T cells fully participate
in the immune response.

However, there is a major difference between low and high
affinity CD8 T cells. Namely, the former undergo fewer rounds
of division and decline in numbers faster than high affinity stim-
ulated T cells. Thus, while undergoing full differentiation, low
affinity primed effector T cells reach lower numbers. Therefore
the high affinity T cells dominate in numbers at the time when T
cell expansion is at its maximum.

Given their low numbers, one may question the importance
of low affinity CD8 T cells. The large numbers of high affinity T
cells at the peak of the immune response have so far distracted
from exploring the relevance of low affinity T cells during infec-
tion. Several kinetic aspects may suggest that low affinity T cells
could perhaps be more important than previously appreciated. In
the naive T cell repertoire, high affinity T cell clones specific to
any given antigen are rare. In contrast, it is likely that low affinity
T cell clones are more frequent. As low and high affinity clones
expand equally at the beginning, there should be a larger number
of low than high affinity effector T cells in the early phase of the T
cell response, as we found in our experiments. The dominance of
high affinity CD8 T cells develops later, because these cells over-
grow the lower affinity T cells in the late T cell expansion phase
(Zehn et al., 2009). Importantly, we noticed that low affinity T
cells leave secondary lymphoid organs earlier than high affinity

T cells, suggesting that the earliest wave of effector T cells that
enter peripheral organs predominately consists of low affinity T
cells. Thus, the critical early phase of pathogen elimination may
be primarily achieved by low affinity cytolytic T cells (Zehn et al.,
2009).

The number of low affinity T cells responding to one particular
epitope is perhaps small. However, there could be many unknown
epitopes recognized by low affinity T cells, which cumulatively
might result in a reasonably sized T cell population. These consid-
erations suggest that low affinity CD8 T cells play a more important
role during infection than previously anticipated, which may have
been underestimated in the past.

ANTI-SELF AND -TUMOR IMMUNE RESPONSES ARE
FREQUENTLY MEDIATED BY LOW AFFINITY CD8 T CELLS
Anti-tumor immune response targets tumor-associated anti-
gens such as cancer testis antigens (e.g., NY-ESO-1 or MAGE:s)
expressed by several tumors or differentiation antigens (e.g.,
Melan-A/MART-1, gp100, or tyrosinase) expressed in melanoma
cells (Romero etal., 2002; Van Der Bruggen et al., 2002; Boon et al.,
2006). Most of these antigens are expressed in the thymus (Kyewski
and Klein, 2006) and accordingly, T cells with high affinity become
negatively selected. As a backup, tumor-antigen reactive T cells can
be eliminated in the periphery through mechanisms of peripheral
tolerance (Kurts et al., 1997). However, it has been convincingly
shown, that these mechanisms spare cytotoxic T cells that react
with lower affinity to self- or tumor-antigens (von Herrath et al.,
1994; Zehn and Bevan, 2006; McMahan and Slansky, 2007; Turner
et al., 2008). Although, it is still often rather difficult to judge
how effectively lower affinity CD8 T cells execute effector T cell
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functions, several strong line of evidence indicate that low affin-
ity auto-reactive T cells are able to eliminate tumors and play a
critical role in autoimmunity (von Herrath et al., 1994; Zehn and
Bevan, 2006; McMahan and Slansky, 2007; Bulek et al., 2012). In
fact, it becomes more and more clear that most self/tumor-specific
cytotoxic T cells express low affinity TCRs and there is increasing
evidence that the self/tumor-specific T cells are indeed capable to
destroy cancer cells in vivo (Boon et al., 2006; Rosenberg et al.,
2008). Moreover, it has been shown that self/tumor-antigen spe-
cific CD8 T cells can undergo considerable clonal expansion in
cancer patients, differentiate to memory and effector cells, and
persist during several years at relatively high frequencies (Speiser
et al., 2011; Baitsch et al., 2012). These observations are well in
line with the aforementioned findings that low affinity CD8 T
cells participating in the response to pathogens may have great
implications for anti-cancer immunity.

However, researchers must still deal with several challenges
associated with activating low affinity CD8 T cells. For example,
these cells require higher numbers of presented pMHC complexes
than high affinity T cells before they become activated and for
mounting an effector T cell response. Also, requirements for inter-
actions with DCs by CD8 T cells of low TCR affinities are likely
higher, to achieve sufficient TCR triggering and co-stimulation
(Liechtenstein et al., 2012; Chen and Flies, 2013). Furthermore,
lower affinity CD8 T cells undergo, as mentioned above, shorter
clonal expansion following stimulation than high affinity T cells
which means that fewer of such cells will be obtained following
vaccination. Given these limitations, we need to find better ways
to more effectively activate these T cells, to enhance their function,
and to selectively interfere with the mechanisms, which prevent
these cells from responding to tumors. One possible way to do
this is to alter the kinetics with which the TCR of a tumor-specific
T cell binds to its peptide-pMHC complex. Another approach
would be to manipulate the signaling cascades downstream of
the TCR.

TCR-AFFINITY OPTIMIZATION AGAINST CANCER ANTIGENS
Immunotherapy aims at mobilizing the body’s immune cells to
fight against tumor cells in a highly specific manner. There are
two biological strategies to achieve immune activity: active immu-
nization with the use of vaccination and passive immunization.
A form of passive immunotherapy is the adoptive cell transfer
(ACT) of autologous T lymphocytes to patients with metasta-
tic cancer (Restifo et al., 2012). This approach uses autologous
TIL (tumor infiltrating lymphocytes), which are isolated from
metastatic lesions, expanded in vitro, and selected for tumor reac-
tivity. Remarkably, about 50 to 70% of patients with metastatic
melanoma experience objective clinical responses, and up to 20%
even have complete and durable responses (Rosenbergetal., 2011).
Nevertheless, further improvements are necessary.

A limiting factor is the relatively low affinity of tumor-antigen
reactive T cells. For improvement, T cells can be engineered with
TCRs of increased affinity for tumor-antigens before transfer to
patients (Figure 1). Indeed, this approach may augment the func-
tional and protective capacity of tumor-antigen reactive CD8 T
cells (Robbins et al., 2008, 2011; Bendle et al., 2009; Bowerman
et al., 2009; Chervin et al., 2009; Johnson et al., 2009). In turn,

TCR engineering also bears the risk that the normal tissue could
be harmed. It has been demonstrated that T cells, whose TCR
binds to pMHC complexes with very high affinities (Kp <1 nM)
lose antigen specificity and can become cross-reactive or allo-
reactive (Holler et al., 2003; Zhao et al., 2007; Robbins et al., 2008).
Importantly, genetically engineered T lymphocytes expressing very
high affinity self/tumor-specific TCRs also target normal tissues
expressing the cognate antigen (e.g., melanocytes in the skin, eye,
and ear for Melan-A-specific T cells and neurons for MAGE-
A3-specific T cells), and can mount harmful cytotoxic immune
responses in vivo (Johnson et al., 2009; Morgan et al., 2013). More-
over, TCR mispairing between introduced and endogenous TCR
a and B chains has also been shown to lead to off-target toxic-
ity (Bendle et al., 2010; van Loenen et al., 2010). Therefore, TCR
optimization through affinity alteration must include the evalua-
tion of optimal T cell responsiveness and lack of cross-reactivity
to ensure the safety of TCR-engineered T cells in clinical trials.
Moreover, it must further include the development of new strate-
gies to minimize the extent of mispairing (reviewed in Govers etal.,
2010; Daniel-Meshulam et al., 2012), as elegantly shown by Aggen
et al. (2012), describing the use of stabilized VaVP single-chain
TCRs (scTv; Figure 2). Unfortunately, unexpected auto-reactive
responses may never be completely excluded. In that regard, it is
important to further study the tissue distribution of self/tumor-
antigen expression, to optimize the choice of antigens targeted by
ACT therapy (e.g., cancer testis versus differentiation antigens)
(Offringa, 2009).

TCR-AFFINITY THRESHOLD FOR MAXIMAL ANTI-TUMOR CD8
T CELL RESPONSE

During recent years we established a panel of human CD8 T
cells expressing engineered TCRs of optimized affinities against
the tumor-antigen NY-ESO-1 presented in the context of HLA-
A2. They were obtained through structure-based rational pre-
dictions (Zoete and Michielin, 2007; Zoete et al., 2010). The
functional potential of these T cells (Schmid et al., 2010; Irving
et al.,, 2012) showed that T cells expressing TCRs with affini-
ties in the upper natural range (Kp from 5 to 1 wM) displayed
greater biological responses when compared to those expressing
intermediate affinity wild-type TCR (Kp at 21.4 wM) or very low
affinity (Kp > 100 wM) (Figure 1). Unexpectedly, we noticed that
T cells which express TCRs beyond the natural affinity range
(Kp <1uM) showed a severe decline in their gene expression
profile, signaling, and functionality (Irving et al., 2012; Hebeisen
et al., 2013), despite retaining their antigen specificity and show-
ing no broad cross-reactivity as observed in other studies (Holler
et al., 2003). Major findings revealed that maximal T cell effec-
tiveness was limited by at least two mechanisms (Figure 1). The
first one was characterized by the preferential expression of the
inhibitory receptor programed cell death-1 (PD-1) within T cells
of the highest TCR affinities and this correlated in those cells
with full functional recovery upon PD-1 ligand 1 (PD-L1) block-
ade (Hebeisen et al., 2013). The second one contrasted to PD-1
expression with the gradual upregulation of the Src homology 2
domain-containing phosphatase 1 (SHP-1) in CD8 T cells with
increasing TCR affinities. Consequently, pharmacological inhi-
bition allowed further incremental gaining of cell function in
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FIGURE 2 | Overview of mechanisms and potential therapeutic
targets as a strategy to improve tumor-antigen reactive T
lymphocytes. These include a large variety of receptors (e.g.,
engineered TCRs, activating/inhibitory surface receptors, cytokine
receptor) as well as TCR-downstream signaling molecules (e.g., SHP-1,
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SHP-2, PP2A) that regulate T cell activation, signaling, and function
(e.g., killing, cytokine secretion) against cancer antigens. Of note, the
scTv single VaVp chain TCRs may be linked to intracellular signaling
domains such as Lck and CD28, independently of the CD3 subunits
(Aggen et al., 2012).

all engineered T cells, according to their TCR-binding affinities
(Hebeisen et al., 2013).

Our observations provide new evidence that T cell activation
and signaling may be limited to a given affinity threshold for the
TCR-pMHC interaction and that above this threshold, T cells may
not develop productive functions. They also nicely fit with other
in vitro and in vivo studies that reported maximal T cell responses
at an optimal TCR—-pMHC off rate (ko) or Kp while functional
attenuation was observed when kinetic parameters extended above
the natural range (Kalergis et al., 2001; Gonzalez et al., 2005;
McMahan et al., 2006; Carreno et al., 2007; Corse et al., 2010;
Thomas et al., 2011). Furthermore, Krogsgaard and colleagues
(Zhong et al., 2013) recently evaluated the TCR-affinity threshold
defining the optimal balance between effective anti-tumor activity
and autoimmunity in vivo, using human melanoma gp100399-217 —
specific TCRs spanning within the physiological affinity range.
Their results show the presence of an affinity threshold (around
10 wM) for maximal anti-tumoral activity and autoreactivity, sug-
gesting that a relatively low-affinity threshold is necessary for
the immune system to avoid self-damage (Zhong et al., 2013).
Altogether, we and others propose that the rational design of
improved self-specific TCRs for adoptive T cell therapy may not
need to be optimized beyond the natural TCR-affinity range to
achieve optimal T cell function and avoidance of unpredictable

risk of cross-reactivity (Schmid et al., 2010; Slansky and Jordan,
2010).

Recently, Liddy et al. (2012) described the use of novel reagents
termed immune-mobilizing monoclonal TCRs (or ImmTACs)
against tumor-antigens including NY-ESO-1, which are fused to a
humanized CD3-specific single-chain af fragment (scFv). These
ImmTACs comprise TCRs of picomolar affinity range and allow
to effectively redirect T cells to kill in vivo cancer cells expressing
very low surface epitope densities. In line with previous studies
from the same group (Li et al., 2005; Dunn et al., 2006), soluble
monomeric TCRs possessing affinity 210°-fold higher than native
TCRs showed a remarkable high degree of specificity for the cog-
nate pMHC molecules. Possibly, soluble monomeric TCRs may
allow circumventing the two major limitations associated with
TCR engineering within CD8 T cells. First, the loss of target cell
specificity associated with T cells expressing extremely high affin-
ity TCRs (Kp < 1nM) (Zhao et al., 2007; Robbins et al., 2008).
And second, the functional defects of T cells with supraphysiolog-
ical TCR affinities (Kp <1 M) (Kalergis et al., 2001; Gonzalez
etal., 2005; McMahan et al., 2006; Corse et al., 2010; Thomas et al.,
2011).

At present, what remains intriguing is how super affine TCRs
modulate cell activation and responsiveness. One likely expla-
nation is that in contrast to soluble TCRs, the cellular TCR

Frontiers in Immunology | T Cell Biology

June 2013 | Volume 4 | Article 154 | 4


http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive

Hebeisen et al.

Optimizing T cell therapies against cancer

expression integrates and potentiates the effect of several vari-
ables/parameters including TCR density, multivalent TCR cluster-
ing, and basal cell activation state (Stone et al., 2009). Furthermore,
several observations including ours (Hebeisen et al., 2013) now
indicate that T cell activation and signaling is also finely tuned
by the proximal TCR-signaling complex as well as by activa-
tory or inhibitory co-receptors, and will be discussed in detail
below.

LOW AND HIGH AFFINITY ANTIGEN RECOGNITION DEPENDS
ON THE PROXIMAL TCR-SIGNALING COMPLEX

The TCR complex is composed of the TCR af chains, which
are directly involved in the pMHC recognition, and of the
invariant CD3 proteins, that contain in their cytosolic domains
the immunoreceptor tyrosine-based activation motifs (ITAM)
(Hedrick et al., 1984; Malissen et al., 1984; Letourneur and Klaus-
ner, 1992). TCR triggering elicits a series of membrane-associated
events, leading to the transduction of signal across the plasma
membrane and phosphorylation of key residues in the TCR-
associated CD3 ITAM domains (Stefanova et al., 2003; James and
Vale, 2012). Phosphorylation of CD3g-associated ITAM is medi-
ated by the Src family kinases Lck and Fyn (Acuto et al., 2008)
and form docking sites for several protein tyrosine kinases (PTKs)
including the Syk-family kinase g-associated protein of 70kDa,
ZAP-70. Activation of ZAP-70 by Lck in turns results in phos-
phorylation and activation of other proteins and recruitment of
adaptors (e.g., LAT and SLP-76). This initiates the formation of
multi-molecular signalosomes, leading to the subsequent gener-
ation of secondary messengers and of multiple distal signaling
cascades (Acuto et al., 2008; Smith-Garvin et al., 2009).

CD8 T cells may further adapt these signaling pathways to dif-
ferent stimulation conditions and different requirements for anti-
gen sensitivity. Several lines of evidence indicate that differential
patterns of CD3g ITAM phosphorylation directly modulate TCR-
PMHC mediated downstream signaling and that ITAMs can act as
both positive (ITAMs) and negative (inhibitory ITAMIi) cell signal-
ing regulators (Blank et al., 2009). For instance, resting peripheral
T cells have a constitutive pattern of phosphorylated ITAMs, and
incomplete CD3t ITAM phosphorylation after TCR triggering can
by itself become inhibitory depending on the nature of the TCR
ligand (Kersh et al., 1999). Thus, it is of great importance to fur-
ther explore whether distinct CD3¢ ITAM phosphorylation states
could also influence cell activation and responsiveness along the
range of TCR-affinity and particularly in engineered CD8 T cells
of supraphysiological affinity TCRs.

Lck represents another key regulatory element involved in the
modulation of proximal TCR activation and signaling, and Lck
activation stage may currently be viewed as a sensor of the strength
of TCR engagement. On the one hand, weak binding of the
TCR triggers Lck-dependent activation and recruitment of SHP-1,
which in a classical feedback loop inactivates Lck and downregu-
lates TCR signaling. On the other hand, stronger TCR activation
induces an Erk-dependent Lck phosphorylation that impairs the
inhibitory SHP-1 recruitment and in contrast reinforces TCR sig-
naling by decreasing the threshold of T cell activation (Stefanova
et al., 2003). Interestingly, as mentioned above, we recently used
a panel of CD8 T cells engineered with TCRs of incremental

affinities for an NY-ESO-1 derived peptide and saw that SHP-1
phosphatase was upregulated in a TCR-affinity-dependent man-
ner, with the highest levels in T cells of the supraphysiological
TCRs (Hebeisen et al., 2013). These observations further suggests
that SHP-1 may play a dual role and restricts not only T cell sig-
naling at the very low range of TCR stimulation (e.g., antagonist
ligands) as described by Stefanova et al. (2003), but also at the
higher range.

Other phosphatases have been shown to act on the proximal
TCR signaling such as Lyp, a PTPN22 encoded phosphatase, and
together with Csk inhibit T cell activation, likely through dephos-
phorylation of the activating tyrosine on Lckand ZAP-70 (Cloutier
and Veillette, 1999). The importance of PTPN22 is highlighted by
the observation that PTPN22 deficient mice have augmented TCR-
induced phosphorylation and activation (Hasegawa et al., 2004).
Furthermore, a point mutation in PTPN22 has been found asso-
ciated with several autoimmune diseases (Mustelin et al., 2005).
The precise role of PTPN22 in T cell activation remains unknown
and there is contradictory data on the effect of the polymorphism
found in autoimmune patients and whether or not it causes a loss
or gain of function (Vang et al., 2005).

These TCR-affinity-dependent feedback mechanisms are likely
part of a tunable instrument that enables T cells to adapt their reac-
tivity to different stimulatory conditions, and we have just began
to understand how those are achieved. For instance specific micro-
RNAs such as miR-181a are thought to be critical in augmenting
TCR-signaling sensitivity during positive selection in the thymus
(Li et al.,, 2007). The expression of miR-181a has been shown
to decrease the amount of several phosphatases, resulting in an
elevated steady-state level of phosphorylated proteins of the TCR-
signaling cascade and therefore a reduction in the TCR-signaling
threshold (Li et al., 2007; Ebert et al., 2009). TCR activation and
signaling transduction may also be negatively regulated by SHP-1
phosphatase and contributes to the settings of threshold during
thymocyte selection (Plas et al., 1996; Acuto et al., 2008). More-
over, SHP-1 and SHP-2 can be recruited by multiple inhibitory
surface receptors in T cells, and inhibit TCR signaling through
dephosphorylation of proximal targets including Lck and ZAP-70
(Lorenz, 2009). In line with this concept, Yokosuka et al. (2012)
recently showed that ITIM-containing PD-1 could directly inhibit
TCR-mediated signaling by recruiting SHP-2 phosphatase in a
TCR stimulation strength-dependent manner.

CYTOTOXIC CD8 T CELL RESPONSES ARE REGULATED BY
ACTIVATING AND INHIBITORY SURFACE RECEPTORS
Co-stimulatory and inhibitory membrane receptors have great
influence on T cell responses (Chen and Flies, 2013). T cell co-
stimulation prevents T cell anergy, a state of unresponsiveness
that is induced after TCR stimulation in absence of co-stimulation
(Figure 2). This was first observed when studying co-stimulation
via CD28 that binds to its ligands B7.1 (CD80) and B7.2 (CD86)
expressed on antigen-presenting cells (APC). This interaction also
lowers the threshold for T cell activation, thus allowing increased
IL-2 production and promoting cell proliferation and survival
(Sharpe and Freeman, 2002). CD28 ligation stimulates T cell func-
tion by activating phosphoinositol-3-kinase (PI3K) and protein
kinase C theta (PKC0), and the downstream Akt, mTOR, and Ras
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signaling pathways, which eventually synergize with TCR signaling
(Smith-Garvin et al., 2009). T cell activation also leads to surface
expression of CTLA-4, which has a much higher binding avidity to
B7.1 and B7.2, and thus outcompetes CD28 (Greene et al., 1996).
Possibly, this may be the main reason for CTLA-4 mediated T cell
inhibition. In addition, it has been shown that CTLA-4 directly
triggers inhibitory signaling by interacting with SHP-1, SHP-2,
and PP2A phosphatases, with the consequence of down-regulating
TCR-signaling pathway (Scalapino and Daikh, 2008). CTLA-4
inhibition also occurs indirectly via retro-signaling through B7.1
and B7.2 and production of IDO in APCs (Grohmann et al,
2002) or by a process of trans-endocytosis of its ligands (B7.1
and B7.2) from APC (Qureshi et al., 2011). CTLA-4 may prefer-
entially inhibit T cells with strong TCR signaling, as suggested by
observations that accumulation of CTLA-4 at the immunological
synapse depended on the strength of TCR triggering (Egen et al.,
2002).

Programed death-1 is also highly upregulated in T cells fol-
lowing TCR stimulation, similarly to CTLA-4. Expression of
PD-1 is not restricted to T cells, suggesting a broader role in
immune regulation (Greenwald et al., 2005). PD-1 interacts with
the two ligands PD-L1 and PD-L2, expressed non-redundantly
in different tissues and cell types. CTLA-4-deficient mice have
lymphoproliferative disorders and early fatal multi-organ tis-
sue destruction (Tivol et al., 1995; Waterhouse et al., 1995),
whereas PD-1-deficient mice spontaneously develop milder forms
of autoimmune diseases (Nishimura et al., 2001). Based on the
observed differential expression of CTLA-4 and PD-1 ligands,
it is assumed that CTLA-4 plays a preferential role in limit-
ing T cell function early during thymocyte development and in
secondary lymphoid structures, whereas PD-1 may mediate inhi-
bition in the periphery, for example in maintaining long-term
peripheral tolerance to self-antigens by preventing activation of
self-reactive T cells that have escaped negative selection (Fife and
Pauken, 2011). TCR down-modulation through TCR/CD28 sig-
naling transduction represents a fundamental process regulating
the initial events of T cell activation. Recently, the interaction
of PD-L1 on DCs and PD-1 on CD8 T cells has been shown to
contribute to ligand-induced TCR down-modulation (Karwacz
et al., 2011). Furthermore, interference with PD-L1/PD-1 signal-
ing inhibited TCR down-modulation, leading to hyper-activated
and proliferative CD8 T cells in an arthritis model (Karwacz et al.,
2011).

In humans, a regulatory polymorphism in PD-1 is associated
with susceptibility to systemic lupus erythematosus and multi-
ple sclerosis (Prokunina et al., 2002; Kroner et al., 2005), while
polymorphisms of the CTLA-4 have been linked to multiple
autoimmune diseases including asthma, systemic lupus erythe-
matosus, Graves’ disease, and autoimmune thyroid diseases (Kris-
tiansen et al., 2000). The induction of PD-L1 ligand expression
was observed in several tumor cells as a mechanism of cancer
immune evasion (Schreiber et al., 2011). A specific polymorphism
of CTLA-4 was found to be protective for autoimmune disease,
but associated with risk of multiple types of cancer (Sun et al.,
2009).

Members of the tumor necrosis factor receptor (TNFR) super-
family represent further important co-stimulatory molecules,

mediating survival signals to T cells after initial CD28-B7 inter-
actions (Acuto and Michel, 2003) (Figure 2). Multiple members
of TNFR/TNF ligand pairs have been shown to directly impact
T cell function following TCR activation, namely OX40/0OX40L,
4-1BB/4-1BBL, GITR/GITRL, CD27/CD70, and CD30/CD30L
(Watts, 2005). These receptors and their ligands are expressed on
a variety of immune and non-immune cells and are inducible
and non-ubiquitous, suggesting that they are involved in modu-
lating and coordinating global immune responses (Croft, 2009).
Intense translational and clinical research in this field aims at
modulating T cell function in pathological settings such as autoim-
munity and cancer (Figure 2). TNFR/TNF family member lig-
ation often induces bi-directional activating signaling pathways
in both the APC and the T cell. The recruitment of TNFR-
associated factors (TRAF) activate the NF-kB signaling path-
way and increase the expression of anti-apoptotic molecules,
thus promoting the survival of CD4 and CD8 T cells (Croft,
2009). Like CD28, TNEFR signaling can also synergize with the
TCR pathway to promote cell cycle progression and cytokine
production. Finally, ligation of OX40 and 4-1BB may con-
comitantly block the generation of inducible regulatory T cells
(Tregs), and may inhibit their suppressive activity (So et al,
2008).

A particularly unique and interesting member of the TNFR
superfamily is HVEM (Herpes virus entry molecule). It binds
to the TNEFR ligands LIGHT and lymphotoxin Lta3, which are
predominantly co-stimulatory and pro-inflammatory in T cells.
Curiously, HVEM also binds to BTLA and CD160, which are
structurally similar to PD-1 and CTLA-4 and transduce inhibitory
signals, in part through recruitment of SHP-1 and SHP-2 phos-
phatases (Watanabe et al., 2003; Sedy et al., 2005). The individ-
ual effects of HVEM interaction with its different ligands are
particularly complex to elucidate since both receptor and lig-
ands can be expressed on the same T cell, as well as on other
immune and epithelial cell types (Shui et al., 2011). Hvem ™/~
and Btla—/~ T cells were found to be hyper-responsive to TCR
stimulation in vitro. Furthermore, Hvem ™/~ and Btla—'~ knock-
out mice had enhanced susceptibility to autoimmune diseases,
suggesting a predominant inhibitory role in T cells during inflam-
matory conditions (Watanabe etal.,2003; Wangetal.,2005). BTLA
was found to inhibit tumor-antigen specific cytotoxic T cells in
melanoma patients (Derre et al., 2010). HVEM may also inter-
act in cis with BTLA expressed by the same cell, likely interfering
with HVEM activation by other ligands (Ware and Sedy, 2011).
Therefore HVEM seems to mediate immune stimulation or inhibi-
tion in a switch-like, bi-directional, and context-dependent mode,
suggesting that HVEM/LIGHT/CD160/BTLA interactions repre-
sent an important regulatory network for controlling immune
responses.

Together, combined TCR and CD28/TNFR triggering primes
CD8 T cells, followed by positive and negative regulation. The lat-
ter involves CTLA-4, PD-1,and BTLA. This highlights the intricate
regulatory network that controls the immune system in health and
disease (Figure 2). These mechanisms can be exploited therapeu-
tically in patients with infectious or malignant diseases, as well as
in autoimmunity and transplantation (Fife and Bluestone, 2008;
del Rio et al., 2010).
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ACTIVATORY OR INHIBITORY T CELL SIGNALS MAY BE
TARGETED FOR THERAPEUTIC IMPROVEMENTS OF CANCER
THERAPIES

Since cytotoxic CD8 T cells and T-helper type 1 [Th1] cells have
the potential to eliminate cancer cells and to mediate long-term
protection from disease (Sallusto et al., 2010), it is important
to increase the functions of these anti-cancer T cells in cancer
patients. As mentioned above, basic immunology characterized a
number of interesting pathways that can be targeted to enhance
the performance of tumor-specific CD8 T cells. Some approaches
have already reached clinical application, but most still need to be
tested in clinical trials. The therapy that seems most efficient for
melanoma patients is the adoptive transfer of autologous tumor-
antigen specific T cells (Rosenberg, 2011). Molecular modification
of T cells before transfer may eventually increase the clinical effi-
cacy, despite that this is currently not the case (Speiser, 2013).
Several small-scale clinical studies suggested clinical usefulness of
inserting TCRs (Rosenberg, 2011) or chimeric antigen receptors
(Porter et al., 2011; Kochenderfer and Rosenberg, 2013). Hope-
fully, larger patient numbers will soon benefit thanks to steady
improvements of these techniques (Thomas et al., 2010; Di Stasi
et al., 2011; Linnemann et al., 2011; Ochi et al., 2011).

Not only antigen receptors but also co-receptors can be targeted
therapeutically (Figure 2). Receptors that inhibit T cell functions
are particularly attractive. Ipilimumab (Yervoy ®) is a mono-
clonal antibody that blocks the inhibitory receptor CTLA-4. It was
recently approved for the treatment of metastatic melanoma, as
it improves the clinical outcome, likely due to enhanced numbers
and functions of tumor-specific T cells (Hodi et al., 2010). More
recently, remarkable benefit for patients with advanced kidney
cancer, non-small-cell lung cancer, and melanoma (Ribas, 2012)
was demonstrated due to treatment with antibodies against PD-1
(Topalian et al., 2012) or its ligand PD-L1 (Brahmer et al., 2012).
Likely, these results represent real therapeutic progress, despite sig-
nificant toxicity linked to autoimmune reactions. Also, antibodies
that block LAG-3, TIM-3, B7-H3, or B7-H4 are under develop-
ment (Pardoll, 2012). Certainly, the clinical oncology landscape
will change during the next years due to these novel approaches.

REFERENCES

Acuto, O., Di Bartolo, V., and Michel, E
(2008). Tailoring T-cell receptor sig-
nals by proximal negative feedback
mechanisms. Nat. Rev. Immunol. 8,
699-712. doi:10.1038/nri2397

Acuto, O., and Michel, E. (2003). CD28-

Selective expansion of high- or
low-avidity cytotoxic T lympho-
cytes and efficacy for adoptive
immunotherapy. ~ Proc. ~ Natl.
Acad. Sci. US.A. 93, 4102-4107.
doi:10.1073/pnas.93.9.4102
Baitsch, L., Fuertes-Marraco, S. A.,

In addition to the targeting of cell surface receptors, intracel-
lular mechanisms may be considered. In the complex signaling
network downstream of the TCR, there are several possibilities.
Interventions are for example possible at the level of E3 ligases
(Hoyne, 2011) (Figure 2). As therapeutic targets, the SHP pro-
tein tyrosine phosphatases have been proposed (Irandoust et al.,
2009). A member of a new class of SHP-1 inhibitors is the tyrosine
phosphatase inhibitor-1 (TPI-1) that has been shown to inhibit the
growth of transplanted tumor cells in mice together with enhanced
cytokine production by T cells (Kundu et al., 2010). However, opti-
mal targeting is challenged by the fact that SHP-1 and many other
signal transducers are widely expressed. For example, hematopoi-
etic tumors are suppressed by SHP-1 (Lopez-Ruizetal.,2011), thus
precluding this approach for such diseases. Therefore, novel drugs
are needed that promote TCR signaling more specifically, suggest-
ing a drug development similar to what is pursued for optimizing
the well known tyrosine kinase inhibitors (De Roock et al., 2011;
Goldstraw et al., 2011; Cascone and Heymach, 2012). In parallel
to approaches targeting TCR pathways, further immune cells and
functions can be supported therapeutically, such as e.g., B cells,
adhesion- and homing-receptors, or cytokines (Scott et al., 2010;
Miller and Rhoades, 2012; Nylander and Hafler, 2012).

Most likely, we are only at the beginning of understanding
the enormous potential that is associated with the therapeutic
approaches discussed here. Significant progress is yet to come,
despite that immunotherapy has already become standard ther-
apy for some cancer patients. Besides, antibodies blocking CTLA,
anti-PD-1, and anti-PD-L1 mAb treatments and adoptive T cell
therapy are promising. Novel therapies need to be improved and
validated. Furthermore, it is important to learn predicting which
therapy is most suitable for which patient. Potentially predictive
parameters are the frequencies of tumor-reactive T cells, their abil-
ity to migrate to tumor sites, their affinity for antigen recognition,
status of effector function, and presence of inhibitory regulatory
circuits. More precise knowledge on correlates of protection, and
immune monitoring techniques for their characterization in indi-
vidual patients will support the progress of T cell based therapy
against cancer.

M. A, Jorritsma, A., et al. (2010). et al. (2009). Engineering the
Lethal graft-versus-host disease in binding properties of the T cell
mouse models of T cell receptor receptor:peptide: MHC ternary
gene therapy. Nat. Med. 16,565-570. complex that governs T cell activity.
doi:10.1038/nm.2128 Mol.  Immunol. 46, 3000-3008.

Blank, U., Launay, P, Benhamou,
M., and Monteiro, R. C. (2009).

doi:10.1016/j.molimm.2009.06.012
Brahmer, J. R., Tykodi, S. S., Chow,

mediated co-stimulation: a quanti-
tative support for TCR signalling.
Nat. Rev. Immunol. 3, 939-951.
doi:10.1038/nri1248

Aggen, D. H., Chervin, A. S., Schmitt, T.

M., Engels, B., Stone, J. D., Richman,
S. A, et al. (2012). Single-chain Val-
phaVbeta T-cell receptors function
without mispairing with endoge-
nous TCR chains. Gene Ther. 19,
365-374. doi:10.1038/gt.2011.104

Alexander-Miller, M. A., Leggatt, G.

R., and Berzofsky, J. A. (1996).

Bendle,

Legat, A., Meyer, C., and Speiser,
D. E. (2012). The three main
stumbling blocks for anticancer T
cells. Trends Immunol. 33, 364—372.
doi:10.1016/j.it.2012.02.006

Bendle, G. M., Haanen, J. B., and

Schumacher, T. N. (2009). Pre-
clinical development of T cell
receptor gene therapy.  Curr.
Opin.  Immunol. 21, 209-214.
doi:10.1016/j.¢0i.2009.02.007

G. M., Linnemann, C,
Hooijkaas, A. 1., Bies, L., de Witte,

Inhibitory ITAMs as novel reg-
ulators of immunity. Immunol.
Rev. 232,59-71. doi:10.1111/j.1600-
065X.2009.00832.x

Boon, T., Coulie, P. G., van den Eynde,
B. J, and van der Bruggen, P.
(2006). Human T cell responses
against melanoma. Annu. Rev.
Immunol. 24, 175-208. doi:10.1146/
annurev.immunol.24.021605.090733

Bowerman, N. A., Crofts, T. S.,
Chlewicki, L., Do, P, Baker,
B. M., Christopher Garcia, K.,

L. Q., Hwu, W. ], Topalian, S.
L., Hwu, P, et al. (2012). Safety
and activity of anti-PD-L1 antibody
in patients with advanced cancer.
N. Engl. ]. Med. 366, 2455-2465.
doi:10.1056/NEJMo0al1200694

Bulek, A. M., Cole, D. K., Skowera,

A., Dolton, G., Gras, S., Madura,
E, et al. (2012). Structural basis
for the killing of human beta cells
by CD8(+) T cells in type 1 dia-
betes. Nat. Immunol. 13, 283-289.
do0i:10.1038/ni.2206

www.frontiersin.org

June 2013 | Volume 4 | Article 154 | 7


http://dx.doi.org/10.1038/nri2397
http://dx.doi.org/10.1038/nri1248
http://dx.doi.org/10.1038/gt.2011.104
http://dx.doi.org/10.1073/pnas.93.9.4102
http://dx.doi.org/10.1016/j.it.2012.02.006
http://dx.doi.org/10.1016/j.coi.2009.02.007
http://dx.doi.org/10.1038/nm.2128
http://dx.doi.org/10.1111/j.1600-065X.2009.00832.x
http://dx.doi.org/10.1111/j.1600-065X.2009.00832.x
http://dx.doi.org/10.1146/{\penalty -\@M }annurev.immunol.24.021605.090733
http://dx.doi.org/10.1146/{\penalty -\@M }annurev.immunol.24.021605.090733
http://dx.doi.org/10.1016/j.molimm.2009.06.012
http://dx.doi.org/10.1056/NEJMoa1200694
http://dx.doi.org/10.1038/ni.2206
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Hebeisen et al.

Optimizing T cell therapies against cancer

Carreno, L. J.,, Bueno, S. M., Bull,
P, Nathenson, S. G., and Kaler-
gis, A. M. (2007). The half-life
of the T-cell receptor/peptide-
major histocompatibility complex
interaction can modulate T-cell
activation in response to bacte-
rial challenge. Immunology 121,
227-237. doi:10.1111/j.1365-
2567.2007.02561.x

Cascone, T., and Heymach, J. V.
(2012). Targeting the angiopoi-
etin/Tie2 pathway: cutting tumor
vessels with a  double-edged
sword? J. Clin. Oncol. 30, 441-444.
doi:10.1200/JC0O.2011.38.7621

Chen, L., and Flies, D. B. (2013).
Molecular mechanisms of T cell
co-stimulation and co-inhibition.
Nat. Rev. Immunol. 13, 227-242.
doi:10.1038/nri3405

Chervin, A. S., Stone, J. D., Holler, P. D.,
Bai, A., Chen, J., Eisen, H. N, et al.
(2009). The impact of TCR-binding
properties and antigen presenta-
tion format on T cell responsive-
ness. J. Immunol. 183, 1166—1178.
doi:10.4049/jimmunol.0900054

Cloutier, J. E, and Veillette, A. (1999).
Cooperative inhibition of T-cell
antigen receptor signaling by a com-
plex between a kinase and a phos-
phatase. J. Exp. Med. 189, 111-121.
do0i:10.1084/jem.189.1.111

Cole, D. K., Pumphrey, N. J., Boul-
ter, J. M., Sami, M., Bell, J. L,
Gostick, E., et al. (2007). Human
TCR-binding affinity is governed by
MHC class restriction. J. Immunol.
178, 5727-5734.

Corse, E., Gottschalk, R. A., Krogs-
gaard, M., and Allison, J.
P. (2010). Attenuated T cell
responses to a high-potency ligand
in vivo. PLoS Biol. 8:e1000481.
doi:10.1371/journal.pbio.1000481

Croft, M. (2009). The role of TNF super-
family members in T-cell function
and diseases. Nat. Rev. Immunol. 9,
271-285. doi:10.1038/nri2526

Daniel-Meshulam, I, Ya’akobi, S., Ankri,
C., and Cohen, C. J. (2012). How
(specific) would like your T-cells
today? Generating T-cell thera-
peutic function through TCR-gene
transfer. Front. Immunol. 3:186.
doi:10.3389/immu.2012.00186

Davis, M. M., Boniface, J. J., Reich, Z.,
Lyons, D., Hampl, J., Arden, B., et
al. (1998). Ligand recognition by
alpha beta T cell receptors. Annu.
Rev. Immunol. 16, 523-544. doi:10.
1146/annurev.iimmunol.16.1.523

De Roock, W., De Vriendt, V., Nor-
manno, N., Ciardiello, F, and Tejpar,
S. (2011). KRAS, BRAE, PIK3CA,
and PTEN mutations: implications
for targeted therapies in metastatic

colorectal cancer. Lancet Oncol.
12, 594-603. doi:10.1016/S1470-
2045(10)70209-6

del Rio, M. L. Lucas, C. L,
Buhler, L., Rayat, G., and
Rodriguez-Barbosa, J. 1. (2010).
HVEM/LIGHT/BTLA/CD160

cosignaling  pathways as tar-
gets for immune regulation.
J.  Leukoc. Biol. 87, 223-235.

doi:10.1189/j1b.0809590

Derre, L., Rivals, J. P, Jandus, C., Pas-
tor, S., Rimoldi, D., Romero, P, et
al. (2010). BTLA mediates inhibition
of human tumor-specific CD8+ T
cells that can be partially reversed
by vaccination. J. Clin. Invest. 120,
157-167. doi:10.1172/JCI40070

Di Stasi, A., Tey, S. K., Dotti, G., Fujita,
Y., Kennedy-Nasser, A., Martinez, C.,
et al. (2011). Inducible apoptosis as
a safety switch for adoptive cell ther-
apy. N. Engl. J. Med. 365, 1673—1683.
doi:10.1056/NEJMoal106152

Dunn, S. M., Rizkallah, P. J., Bas-
ton, E.,, Mahon, T., Cameron,
B., Moysey, R., et al. (2006).
Directed evolution of human T
cell receptor CDR2 residues by
phage display dramatically enhances
affinity for cognate peptide-MHC
without increasing apparent cross-
reactivity. Protein Sci. 15, 710-721.
doi:10.1110/ps.051936406

Ebert, P. ], Jiang, S., Xie, J., Li, Q. ],
and Davis, M. M. (2009). An endoge-
nous positively selecting peptide
enhances mature T cell responses
and becomes an autoantigen in
the absence of microRNA miR-
181a. Nat. Immunol. 10, 1162-1169.
doi:10.1038/ni.1797

Egen,]. G.,Kuhns, M. S.,and Allison, J. P.
(2002). CTLA-4: new insights into its
biological function and use in tumor
immunotherapy. Nat. Immunol. 3,
611-618. doi:10.1038/ni0702-611

Enouz, S., Carrié, L., Merkler, D., Bevan,
M.]J.,and Zehn, D. (2012). Autoreac-
tive T cells bypass negative selection
and respond to self-antigen stimu-
lation during infection. J. Exp. Med.
209, 1769-1779.

Fife, B. T., and Bluestone, J. A.
(2008). Control of peripheral
T-cell tolerance and autoimmu-
nity via the CTLA-4 and PD-1

pathways. Immunol. Rev. 224,
166-182. doi:10.1111/4.1600-
065X.2008.00662.x

Fife, B. T., and Pauken, K. E. (2011).
The role of the PD-1 pathway
in autoimmunity and peripheral
tolerance. Ann. N. Y. Acad. Sci.
1217, 45-59. doi:10.1111/j.1749-
6632.2010.05919.x

Goldstraw, P, Ball, D., Jett, J. R., Le
Chevalier, T., Lim, E., Nicholson,

A. G, et al. (2011). Non-small-cell
lung cancer. Lancet 378, 1727-1740.
doi:10.1016/50140-6736(10)62
101-0

Gonzalez, P. A., Carreno, L. J., Coombs,
D., Mora, J. E., Palmieri, E., Gold-
stein, B., et al. (2005). T cell recep-
tor binding kinetics required for
T cell activation depend on the
density of cognate ligand on the
antigen-presenting cell. Proc. Natl.
Acad. Sci. US.A. 102, 4824-4829.
doi:10.1073/pnas.0500922102

Govers, C., Sebestyen, Z., Coccoris,
M., Willemsen, R. A., and Debets,
R. (2010). T cell receptor gene
therapy: strategies for optimiz-
ing transgenic TCR  pairing.
Trends. Mol. Med. 16, 77-87.
doi:10.1016/j.molmed.2009.12.004

Greene, J. L., Leytze, G. M., Emswiler,
J., Peach, R., Bajorath, J., Cosand, W.,
et al. (1996). Covalent dimerization
of CD28/CTLA-4 and oligomer-
ization of CD80/CD86 regulate
T cell costimulatory interactions.
J. Biol. Chem. 271, 26762-26771.
doi:10.1074/jbc.271.43.26762

Greenwald, R. J., Freeman, G. ],
and Sharpe, A. H. (2005). The
B7 family revisited. Amnu. Rev.
Immunol. 23, 515-548. doi:10.1146/
annurev.immunol.23.021704.115611

Grohmann, U., Orabona, C., Fallar-
ino, E, Vacca, C., Calcinaro, E,
Falorni, A., et al. (2002). CTLA-4-
Ig regulates tryptophan catabolism
in vivo. Nat. Immunol. 3,1097-1101.
doi:10.1038/ni846

Hasegawa, K., Martin, F, Huang, G.,
Tumas, D., Diehl, L., and Chan, A.
C. (2004). PEST domain-enriched

tyrosine phosphatase (PEP)
regulation of effector/memory
T cells. Science 303, 685—-689.

doi:10.1126/science.1092138

Hebeisen, M., Baitsch, L., Presotto,
D., Baumgaertner, P., Romero, P,
Michielin, O., et al. (2013). SHP-
1 phosphatase activity counteracts
increased T cell receptor affin-
ity. J. Clin. Invest. 123, 1044-1056.
doi:10.1172/JCI165325

Hedrick, S. M., Cohen, D. I., Nielsen,
E. A, and Davis, M. M. (1984).
Isolation of cDNA clones encoding
T cell-specific membrane-associated
proteins. Nature 308, 149-153.
doi:10.1038/308149a0

Hodi, E S., O’Day, S. J., McDermott, D.
F., Weber, R. W,, Sosman, J. A., Haa-
nen, J. B., et al. (2010). Improved

with  ipilimumab in
patients with metastatic melanoma.
N. Engl. J. Med. 363, 711-723.
doi:10.1056/NEJMoa1003466

Holler, P. D., Chlewicki, L. K., and
Kranz, D. M. (2003). TCRs with high

survival

affinity for foreign pMHC show self-
reactivity. Nat. Immunol. 4, 55-62.
doi:10.1038/ni863
Hoyne, G. E (2011).
that regulate peripheral immune

Mechanisms

responses to  control  organ-
specific ~ autoimmunity.  Clin.
Dev. Immunol. 2011, 294968.

doi:10.1155/2011/294968

Irandoust, M., van den Berg, T.
K., Kaspers, G. ], and Cloos, J.
(2009). Role of tyrosine phos-
phatase  inhibitors in
treatment  with  emphasis on
SH2 domain-containing tyrosine
phosphatases (SHPs). Anticancer
Agents Med. Chem. 9, 212-220.
doi:10.2174/187152009787313864

Irving, M., Zoete, V., Hebeisen, M.,
Schmid, D., Baumgartner, P., Guil-
laume, P, et al. (2012). Inter-
play between T cell receptor bind-
ing kinetics and the level of cog-
nate peptide presented by major
histocompatibility complexes gov-
erns CD8+ T cell responsiveness.
J. Biol. Chem. 287, 23068-23078.
doi:10.1074/jbc.M112.357673

James, J. R., and Vale, R. D. (2012).
Biophysical mechanism of T-cell
receptor triggering in a reconsti-
tuted system. Nature 487, 64—69.
doi:10.1038/nature11220

Johnson, L. A., Morgan, R. A., Dud-
ley, M. E., Cassard, L., Yang, J. C,,
Hughes, M. S., et al. (2009). Gene
therapy with human and mouse
T-cell receptors mediates cancer
regression and targets normal tissues
expressing cognate antigen. Blood
114, 535-546. doi:10.1182/blood-
2009-03-211714

Kalergis, A. M., Boucheron, N., Doucey,
M. A, Palmieri, E., Goyarts, E.
C., Vegh, Z., et al. (2001). Effi-
cient T cell activation requires an
optimal dwell-time of interaction
between the TCR and the pMHC
complex. Nat. Immunol. 2,229-234.
doi:10.1038/85286

Karwacz, K., Bricogne, C., MacDon-
ald, D., Arce, F, Bennett, C. L.,
Collins, M., et al. (2011). PD-L1 co-
stimulation contributes to ligand-
induced T cell receptor down-
modulation on CD8+ T cells.
EMBO Mol. Med. 3, 581-592.
do0i:10.1002/emmm.201100165

Kersh, E. N., Kersh, G. J., and Allen,
P. M. (1999). Partially phospho-
rylated T cell receptor zeta mol-
ecules can inhibit T cell activa-
tion. J. Exp. Med. 190, 1627-1636.
doi:10.1084/jem.190.11.1627

Kochenderfer, J. N., and Rosenberg,
S. A. (2013). Treating B-cell can-
cer with T cells expressing anti-
CD19 chimeric antigen receptors.

cancer

Frontiers in Immunology | T Cell Biology

June 2013 | Volume 4 | Article 154 | 8


http://dx.doi.org/10.1111/j.1365-2567.2007.02561.x
http://dx.doi.org/10.1111/j.1365-2567.2007.02561.x
http://dx.doi.org/10.1200/JCO.2011.38.7621
http://dx.doi.org/10.1038/nri3405
http://dx.doi.org/10.4049/jimmunol.0900054
http://dx.doi.org/10.1084/jem.189.1.111
http://dx.doi.org/10.1371/journal.pbio.1000481
http://dx.doi.org/10.1038/nri2526
http://dx.doi.org/10.3389/fimmu.2012.00186
http://dx.doi.org/10.{\penalty -\@M }1146/annurev.immunol.16.1.523
http://dx.doi.org/10.{\penalty -\@M }1146/annurev.immunol.16.1.523
http://dx.doi.org/10.1016/S1470-2045(10)70209-6
http://dx.doi.org/10.1016/S1470-2045(10)70209-6
http://dx.doi.org/10.1189/jlb.0809590
http://dx.doi.org/10.1172/JCI40070
http://dx.doi.org/10.1056/NEJMoa1106152
http://dx.doi.org/10.1110/ps.051936406
http://dx.doi.org/10.1038/ni.1797
http://dx.doi.org/10.1038/ni0702-611
http://dx.doi.org/10.1111/j.1600-065X.2008.00662.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00662.x
http://dx.doi.org/10.1111/j.1749-6632.2010.05919.x
http://dx.doi.org/10.1111/j.1749-6632.2010.05919.x
http://dx.doi.org/10.1016/S0140-6736(10)62{\penalty -\@M }101-0
http://dx.doi.org/10.1016/S0140-6736(10)62{\penalty -\@M }101-0
http://dx.doi.org/10.1073/pnas.0500922102
http://dx.doi.org/10.1016/j.molmed.2009.12.004
http://dx.doi.org/10.1074/jbc.271.43.26762
http://dx.doi.org/10.1146/{\penalty -\@M }annurev.immunol.23.021704.115611
http://dx.doi.org/10.1146/{\penalty -\@M }annurev.immunol.23.021704.115611
http://dx.doi.org/10.1038/ni846
http://dx.doi.org/10.1126/science.1092138
http://dx.doi.org/10.1172/JCI65325
http://dx.doi.org/10.1038/308149a0
http://dx.doi.org/10.1056/NEJMoa1003466
http://dx.doi.org/10.1038/ni863
http://dx.doi.org/10.1155/2011/294968
http://dx.doi.org/10.2174/187152009787313864
http://dx.doi.org/10.1074/jbc.M112.357673
http://dx.doi.org/10.1038/nature11220
http://dx.doi.org/10.1182/blood-2009-03-211714
http://dx.doi.org/10.1182/blood-2009-03-211714
http://dx.doi.org/10.1038/85286
http://dx.doi.org/10.1002/emmm.201100165
http://dx.doi.org/10.1084/jem.190.11.1627
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive

Hebeisen et al.

Optimizing T cell therapies against cancer

Nat. Rev. Clin. Oncol. 10, 267-276.
doi:10.1038/nrclinonc.2013.46

Kristiansen, O. P., Larsen, Z. M.,
and Pociot, F. (2000). CTLA-4 in
autoimmune diseases — a general
susceptibility gene to autoimmu-
nity? Genes Immun. 1, 170-184.
doi:10.1038/sj.gene.6363655

Kroner, A., Mehling, M., Hemmer, B,,
Rieckmann, P., Toyka, K. V., Mau-
rer, M., et al. (2005). A PD-1 poly-
morphism is associated with dis-
ease progression in multiple scle-
rosis. Ann. Neurol. 58, 50-57.
doi:10.1002/ana.20514

Kundu, S., Fan, K., Cao, M., Lindner,
D. J., Zhao, Z. J., Borden, E., et
al. (2010). Novel SHP-1 inhibitors
tyrosine phosphatase inhibitor-1
and analogs with preclinical anti-
tumor activities as tolerated oral
agents. J. Immunol. 184, 6529-6536.
doi:10.4049/jimmunol.0903562

Kurts, C., Kosaka, H., Carbone, E. R.,
Miller, J. E,, and Heath, W. R. (1997).
Class I-restricted cross-presentation
of exogenous self-antigens leads to
deletion of autoreactive CD8(+) T
cells. J. Exp. Med. 186, 239-245.
doi:10.1084/jem.186.2.239

Kyewski, B., and Klein, L. (2006). A
central role for central tolerance.
Annu. Rev. Immunol. 24, 571-606.
doi:10.1146/annurev.immunol.23.
021704.115601

Letourneur, F, and Klausner, R.
D. (1992). Activation of T cells
by a tyrosine kinase activation
domain in the cytoplasmic tail of
CD3 epsilon. Science 255, 79-82.
doi:10.1126/science.1532456

Li, Q. J, Chau, J, Ebert, P. J,
Sylvester, G., Min, H., Liu, G., et
al. (2007). miR-181a is an intrin-
sic modulator of T cell sensitivity
and selection. Cell 129, 147-161.
doi:10.1016/j.cell.2007.03.008

Li, Y., Moysey, R., Molloy, P. E., Vuide-
pot, A. L., Mahon, T., Baston, E,,
et al. (2005). Directed evolution
of human T-cell receptors with
picomolar affinities by phage dis-
play. Nat. Biotechnol. 23, 349-354.
doi:10.1038/nbt1070

Liddy, N., Bossi, G., Adams, K. J., Lissina,
A., Mahon, T. M., Hassan, N. J., et al.
(2012). Monoclonal TCR-redirected
tumor cell killing. Nat. Med. 18,
980-987. doi:10.1038/nm.2764

Liechtenstein, T., Dufait, 1., Lanna,
A., Breckpot, K., and Escors,

D. (2012). Modulating  co-
stimulation during antigen
presentation to enhance cancer

immunotherapy. Immunol. Endocr.
Metab. Agents Med. Chem. 12,
224-235. doi:10.2174/18715221280
2001875

Linnemann, C., Schumacher, T. N.,
and Bendle, G. M. (2011). T-
cell receptor gene therapy: critical
parameters for clinical success. J.
Invest. Dermatol. 131, 1806-1816.
doi:10.1038/jid.2011.160

Lopez-Ruiz, P, Rodriguez-Ubreva,
J., Cariaga, A. E., Cortes, M. A,
and Colas, B. (2011). SHP-1 in
cell-cycle regulation. Anticancer
Agents Med. Chem. 11, 89-98.
doi:10.2174/187152011794941154

Lorenz, U. (2009). SHP-1 and SHP-2 in
T cells: two phosphatases function-
ing at many levels. Iimmunol. Rev.
228, 342-359. doi:10.1111/j.1600-
065X.2008.00760.x

Malissen, M., Minard, K., Mjolsness,
S., Kronenberg, M., Goverman, ]J.,
Hunkapiller, T., et al. (1984). Mouse
T cell antigen receptor: structure and
organization of constant and join-
ing gene segments encoding the beta
polypeptide. Cell 37, 1101-1110.
doi:10.1016/0092-8674(84)90444-6

McMahan, R. H., McWilliams, J. A., Jor-
dan, K. R., Dow, S. W., Wilson, D.
B., and Slansky, J. E. (2006). Relat-
ing TCR-peptide-MHC affinity to
immunogenicity for the design of
tumor vaccines. J. Clin. Invest. 116,
2543-2551.

McMahan, R. H., and Slansky, J. E.
(2007). Mobilizing the low-avidity
T cell repertoire to kill tumors.
Semin. Cancer Biol. 17, 317-329.
doi:10.1016/j.semcancer.2007.06.006

Miller, A. E., and Rhoades, R. W.
(2012). Treatment of relapsing-
remitting multiple sclerosis: current
approaches and unmet needs. Curr.
Opin. Neurol. 25(Suppl.), S4-S10.
doi:10.1097/01.wc0.0000413319.
87092.19

Morgan, R. A., Chinnasamy, N., Abate-
Daga, D., Gros, A., Robbins, P. F,
Zheng, Z., et al. (2013). Cancer
regression and neurological toxicity
following anti-MAGE-A3 TCR gene
therapy. J. Immunother. 36,133-151.
doi:10.1097/CJ1.0b013e3182829903

Mustelin, T., Vang, T., and Bottini,
N. (2005). Protein tyrosine phos-
phatases and the immune response.
Nat. Rev. Immunol. 5, 43-57.
doi:10.1038/nri1530

Nishimura, H., Okazaki, T., Tanaka,
Y., Nakatani, K., Hara, M.,
Matsumori, A., et al. (2001).
Autoimmune  dilated cardiomy-
opathy in PD-1 receptor-deficient
mice.  Science 291, 319-322.
doi:10.1126/science.291.5502.319

Nylander, A., and Hafler, D. A. (2012).
Multiple sclerosis. J. Clin. Invest. 122,
1180-1188. doi:10.1172/JCI58649

Ochi, T., Fujiwara, H., Okamoto,
S., An, J., Nagai, K., Shirakata,

T., et al. (2011). Novel adoptive
T-cell immunotherapy using a
WT1-specific TCR vector encoding
silencers for endogenous TCRs
shows marked antileukemia reactiv-
ity and safety. Blood 118, 1495-1503.
doi:10.1182/blood-2011-02-337089
Offringa, R. (2009). Antigen choice in
adoptive T-cell therapy of cancer.
Curr. Opin. Immunol. 21, 190-199.
d0i:10.1016/j.c01.2009.02.006
Pardoll, D. M. (2012). The blockade
of immune checkpoints in cancer
immunotherapy. Nat. Rev. Cancer
12, 252-264. doi:10.1038/nrc3239
Plas, D. R., Johnson, R., Pingel, J.
T., Matthews, R. J., Dalton, M.,
Roy, G., et al. (1996). Direct
regulation of ZAP-70 by SHP-1
in T cell antigen receptor sig-
naling. Science 272, 1173-1176.
doi:10.1126/science.272.5265.1173
Porter, D. L., Levine, B. L., Kalos,

M., Bagg, A., and June, C.
H. (2011). Chimeric antigen
receptor-modified T cells in
chronic  lymphoid  leukemia.

N. Engl. J. Med. 365, 725-733.
doi:10.1056/NEJMoal103849

Prokunina, L., Castillejo-Lopez, C.,
Oberg, F.,, Gunnarsson, 1., Berg, L.,
Magnusson, V., et al. (2002). A reg-
ulatory polymorphism in PDCD1
is associated with susceptibility to
systemic lupus erythematosus in
humans. Nat. Genet. 32, 666—669.
doi:10.1038/ng1020

Qureshi, O. S., Zheng, Y., Nakamura,
K., Attridge, K., Manzotti, C,
Schmidt, E. M., (2011).
Trans-endocytosis of CD80 and
CD86: a
the cell-extrinsic function of
CTLA-4. Science 332, 600-603.
doi:10.1126/science.1202947

Restifo, N. P, Dudley, M. E., and
Rosenberg, S. A. (2012). Adop-
tive immunotherapy for cancer:
harnessing the T cell response.
Nat. Rev. Immunol. 12, 269-281.
doi:10.1038/nri3191

Ribas, A. (2012). Tumor immunother-
apy directed at PD-1. N.
Engl. J. Med. 366, 2517-2519.
doi:10.1056/NEJMe1205943

Robbins, P. E, Li, Y. E, El-Gamil,
M., Zhao, Y., Wargo, J. A., Zheng,
Z., et al. (2008). Single and dual
amino acid substitutions in TCR
CDRs can enhance antigen-specific
T cell functions. J. Immunol. 180,
6116-6131.

Robbins, P. E, Morgan, R. A., Feld-
man, S. A, Yang, J. C,, Sherry, R.
M., Dudley, M. E., et al. (2011).
Tumor regression in patients
with  metastatic  synovial  cell

and melanoma using

et al

molecular basis for

sarcoma

genetically engineered lympho-
cytes reactive with NY-ESO-1.
J. Clin. Oncol. 29, 917-924.

doi:10.1200/JC0O.2010.32.2537
Romero, P, Valmori, D., Pittet, M.
J., Zippelius, A., Rimoldi, D,
Levy, E, et al. (2002). Antigenic-
ity and immunogenicity of Melan-
A/MART-1 derived peptides as
targets for tumor reactive CTL
in human melanoma. Immunol.
Rev. 188, 81-96. doi:10.1034/j.1600-
065X.2002.18808.x
Rosenberg, S. A.

(2011).  Cell

transfer ~ immunotherapy  for
metastatic solid cancer — what
clinicians need to know. Nat.
Rev. Clin. Oncol. 8, 577-585.

doi:10.1038/nrclinonc.2011.116
Rosenberg, S. A., Dudley, M. E.,

and  Restifo, N. P (2008).
Cancer immunotherapy. N.
Engl. ] Med. 359, 1072.

doi:10.1056/NEJMc081511

Rosenberg, S. A., Yang, J. C., Sherry,
R. M., Kammula, U. S., Hughes,
M. S., Phan, G. Q. et al. (2011).
Durable complete responses in heav-
ily pretreated patients with metasta-
tic melanoma using T-cell transfer
immunotherapy. Clin. Cancer Res.
17, 4550-4557. doi:10.1158/1078-
0432.CCR-11-0116

Sallusto, F, Lanzavecchia, A., Araki,
K., and Ahmed, R. (2010).
From vaccines to memory and
back. Immunity 33, 451-463.
doi:10.1016/j.immuni.2010.10.008

Scalapino, K. J., and Daikh, D. L
(2008). CTLA-4: a key regula-
tory point in the control of
autoimmune disease. Immunol. Rev.
223, 143-155. doi:10.1111/j.1600-
065X.2008.00639.x

Schmid, D. A., Irving, M. B., Posevitz,
V., Hebeisen, M., Posevitz-
Fejfar, A., Sarria, J. C. et al
(2010). Evidence for a TCR
affinity ~ threshold  delimiting
maximal CD8 T cell function.
J. Immunol. 184, 4936-4946.
doi:10.4049/jimmunol.1000173

Schreiber, R. D., Old, L. J., and Smyth,
M. J. (2011). Cancer immunoedit-
ing: integrating immunity’s roles
in cancer suppression and pro-
motion. Science 331, 1565-1570.
doi:10.1126/science.1203486

Scott, D. L., Wolfe, E, and Huizinga,
T. W. (2010). Rheumatoid arthri-
tis. Lancet 376, 1094—1108. doi:10.
1016/50140-6736(10)60826-4

Sedy, J. R., Gavrieli, M., Potter, K.
G., Hurchla, M. A., Lindsley, R.
C., Hildner, K., et al. (2005). B
and T lymphocyte attenuator reg-
ulates T cell activation through
interaction with herpesvirus entry

www.frontiersin.org

June 2013 | Volume 4 | Article 154 | 9


http://dx.doi.org/10.1038/nrclinonc.2013.46
http://dx.doi.org/10.1038/sj.gene.6363655
http://dx.doi.org/10.1002/ana.20514
http://dx.doi.org/10.4049/jimmunol.0903562
http://dx.doi.org/10.1084/jem.186.2.239
http://dx.doi.org/10.1146/annurev.immunol.23.{\penalty -\@M }021704.115601
http://dx.doi.org/10.1146/annurev.immunol.23.{\penalty -\@M }021704.115601
http://dx.doi.org/10.1126/science.1532456
http://dx.doi.org/10.1016/j.cell.2007.03.008
http://dx.doi.org/10.1038/nbt1070
http://dx.doi.org/10.1038/nm.2764
http://dx.doi.org/10.2174/18715221280{\penalty -\@M }2001875
http://dx.doi.org/10.2174/18715221280{\penalty -\@M }2001875
http://dx.doi.org/10.1038/jid.2011.160
http://dx.doi.org/10.2174/187152011794941154
http://dx.doi.org/10.1111/j.1600-065X.2008.00760.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00760.x
http://dx.doi.org/10.1016/0092-8674(84)90444-6
http://dx.doi.org/10.1016/j.semcancer.2007.06.006
http://dx.doi.org/10.1097/01.wco.0000413319.{\penalty -\@M }87092.19
http://dx.doi.org/10.1097/01.wco.0000413319.{\penalty -\@M }87092.19
http://dx.doi.org/10.1097/CJI.0b013e3182829903
http://dx.doi.org/10.1038/nri1530
http://dx.doi.org/10.1126/science.291.5502.319
http://dx.doi.org/10.1172/JCI58649
http://dx.doi.org/10.1182/blood-2011-02-337089
http://dx.doi.org/10.1016/j.coi.2009.02.006
http://dx.doi.org/10.1038/nrc3239
http://dx.doi.org/10.1126/science.272.5265.1173
http://dx.doi.org/10.1056/NEJMoa1103849
http://dx.doi.org/10.1038/ng1020
http://dx.doi.org/10.1126/science.1202947
http://dx.doi.org/10.1038/nri3191
http://dx.doi.org/10.1056/NEJMe1205943
http://dx.doi.org/10.1200/JCO.2010.32.2537
http://dx.doi.org/10.1034/j.1600-065X.2002.18808.x
http://dx.doi.org/10.1034/j.1600-065X.2002.18808.x
http://dx.doi.org/10.1038/nrclinonc.2011.116
http://dx.doi.org/10.1056/NEJMc081511
http://dx.doi.org/10.1158/1078-0432.CCR-11-0116
http://dx.doi.org/10.1158/1078-0432.CCR-11-0116
http://dx.doi.org/10.1016/j.immuni.2010.10.008
http://dx.doi.org/10.1111/j.1600-065X.2008.00639.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00639.x
http://dx.doi.org/10.4049/jimmunol.1000173
http://dx.doi.org/10.1126/science.1203486
http://dx.doi.org/10.{\penalty -\@M }1016/S0140-6736(10)60826-4
http://dx.doi.org/10.{\penalty -\@M }1016/S0140-6736(10)60826-4
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Hebeisen et al.

Optimizing T cell therapies against cancer

mediator. Nat. Immunol. 6, 90-98.
doi:10.1038/ni1144

Sharpe, A. H., and Freeman, G. J.
(2002). The B7-CD28 superfamily.
Nat. Rev. Immunol. 2, 116-126.
doi:10.1038/nri727

Shui, J. W,, Steinberg, M. W., and Kro-
nenberg, M. (2011). Regulation of
inflammation, autoimmunity, and
infection immunity by HVEM-
BTLA signaling. J. Leukoc. Biol.

89, 517-523. doi:10.1189/j1b.091
0528

Slansky, J. E., and Jordan, K. R.
(2010). The Goldilocks model
for TCR-too much attraction
might not be best for vaccine
design. PLoS Biol. 8:e1000482.

doi:10.1371/journal.pbio.1000482

Smith-Garvin, J. E., Koretzky, G.
A., and Jordan, M. S. (2009).
T cell activation. Annu. Rev.

Immunol. 27, 591-619. doi:10.1146/
annurev.immunol.021908.132706

So, T., Lee, S. W, and Croft, M.
(2008). Immune regulation and
control of regulatory T cells
by OX40 and 4-1BB. Cytokine
Growth Factor Rev. 19, 253-262.
doi:10.1016/j.cytogfr.2008.04.003

Speiser, D. E. (2013). Hit parade
for adoptive cell transfer ther-
apy: the best T cells for supe-
rior clinical responses. Cancer Dis-
cov. 3, 379-381. doi:10.1158/2159-
8290.CD-13-0064

Speiser, D. E., Kyburz, D., Stubi, U,
Hengartner, H., and Zinkernagel,
R. M. (1992). Discrepancy between
in vitro measurable and in vivo
virus neutralizing cytotoxic T cell
reactivities. Low T cell receptor
specificity and avidity sufficient for
in vitro proliferation or cytotoxicity
to peptide-coated target cells but not
for in vivo protection. J. Immunol.
149, 972-980.

Speiser, D. E., Wieckowski, S., Gupta,
B., Iancu, E. M., Baumgaertner,
P, Baitsch, L., et al. (2011). Sin-
gle cell analysis reveals similar
functional competence of dom-
inant and nondominant CD8
T-cell clonotypes. Proc. Natl. Acad.
Sci.  US.A. 108, 15318-15323.
doi:10.1073/pnas.1105419108

Stefanova, 1., Hemmer, B., Vergelli, M.,
Martin, R., Biddison, W. E., and Ger-
main, R. N. (2003). TCR ligand dis-
crimination is enforced by compet-
ing ERK positive and SHP-1 negative
feedback pathways. Nat. Immunol. 4,
248-254. doi:10.1038/ni895

Stone, J. D., Chervin, A. S., and Kranz,

D. M. (2009). T-cell receptor
binding affinities and kinetics:
impact on T-cell activity and

specificity. Immunology 126,
165-176. doi:10.1111/j.1365-
2567.2008.03015.x

Sun, T., Hu, Z., Shen, H., and Lin, D.
(2009). Genetic polymorphisms in
cytotoxic T-lymphocyte antigen 4
and cancer: the dialectical nature
of subtle human immune dysregu-
lation. Cancer Res. 69, 6011-6014.
doi:10.1158/0008-5472.CAN-09-
0176

Thomas, S., Stauss, H. J., and Morris,
E. C. (2010). Molecular immunol-
ogy lessons from therapeutic T-cell
receptor gene transfer. Immunology
129, 170-177. doi:10.1111/j.1365-
2567.2009.03227.x

Thomas, S., Xue, S. A., Bangham, C.
R., Jakobsen, B. K., Morris, E. C.,
and Stauss, H. J. (2011). Human
T cells expressing affinity-matured
TCR display accelerated responses
but fail to recognize low den-
sity of MHC-peptide antigen. Blood
118, 319-329. doi:10.1182/blood-
2010-12-326736

Tivol, E. A., Borriello, E, Schweitzer,
A. N,, Lynch, W. P, Bluestone,
J. A, and Sharpe, A. H. (1995).
Loss of CTLA-4 leads to massive
lymphoproliferation and fatal mul-
tiorgan tissue destruction, revealing
a critical negative regulatory role of
CTLA-4. Immunity 3, 541-547.
doi:10.1016/1074-7613(95)
90125-6

Topalian, S. L., Hodi, F. S., Brahmer,
J. R., Gettinger, S. N., Smith,
D. C., McDermott, D. E, et al
(2012). Safety, activity, and immune
correlates of anti-PD-1 antibody
in cancer. N. Engl. J. Med. 366,
2443-2454.  doi:10.1056/NEJMoa
1200690

Turner, M. J., Jellison, E. R., Lingen-
held, E. G., Puddington, L., and
Lefrancois, L. (2008). Avidity mat-
uration of memory CD8 T cells
is limited by self-antigen expres-
sion. J. Exp. Med. 205, 1859-1868.
doi:10.1084/jem.20072390

Van Der Bruggen, P, Zhang, Y,
Chaux, P, Stroobant, V., Panichelli,
C., Schultz, E. S., et al. (2002).

Tumor-specific shared anti-
genic  peptides recognized by
human T cells. Immunol. Rev.
188, 51-64. doi:10.1034/j.1600-

065X.2002.18806.x

van Loenen, M. M., de Boer, R,
Amir, A. L., Hagedoorn, R. S.,
Volbeda, G. L., Willemze, R., et
al. (2010). Mixed T cell receptor
dimers harbor potentially harmful
neoreactivity. Proc. Natl. Acad.
Sci. US.A. 107, 10972-10977.
doi:10.1073/pnas.1005802107

Vang, T., Congia, M., Macis, M. D,
Musumeci, L., Orru, V., Zavattari,
P, et al. (2005). Autoimmune-
associated  lymphoid  tyrosine
phosphatase is a gain-of-function
variant. Nat. Genet. 37, 1317-1319.
doi:10.1038/ng1673

von Herrath, M. G., Dockter, J., and
Oldstone, M. B. (1994). How virus
induces a rapid or slow onset
insulin-dependent diabetes melli-
tus in a transgenic model. Immu-
nity 1, 231-242. doi:10.1016/1074-
7613(94)90101-5

Wang, Y., Subudhi, S. K. Anders,
R. A, Lo, J, Sun, Y, Blink, S,
et al. (2005). The role of her-
pesvirus entry mediator as a neg-
ative regulator of T cell-mediated
responses. J. Clin. Invest. 115,
711-717. doi:10.1172/JCI1200522982

Ware, C. E, and Sedy, J. R. (2011).

TNF superfamily networks:
bidirectional ~and interference
pathways of the herpesvirus

entry mediator (TNFSF14). Curr.
Opin.  Immunol. 23, 627-631.
doi:10.1016/j.c0i.2011.08.008
Watanabe, N., Gavrieli, M., Sedy, J. R.,
Yang, J., Fallarino, E, Loftin, S. K.,
et al. (2003). BTLA is a lymphocyte
inhibitory receptor with similarities
to CTLA-4 and PD-1. Nat. Immunol.
4,670-679. doi:10.1038/ni944
Waterhouse, P., Penninger, J. M.,
Timms, E., Wakeham, A., Shahin-
ian, A., Lee, K. P, et al. (1995).
Lymphoproliferative disorders with
early lethality in mice deficient
in Ctla-4. Science 270, 985-988.
doi:10.1126/science.270.5238.985

Watts, T. H. (2005). TNE/TNFR
family members in  costim-
ulation of T cell responses.

Annu. Rev. Immunol. 23, 23-68.
doi:10.1146/annurev.immunol.23.
021704.115839

Yokosuka, T, Takamatsu, M.,
Kobayashi-Imanishi, w.,
Hashimoto-Tane, A., Azuma, M.,
and Saito, T. (2012). Programmed
cell death 1 forms negative costim-
ulatory microclusters that directly
inhibit T cell receptor signaling
by recruiting phosphatase SHP2.
J. Exp. Med. 209, 1201-1217.
doi:10.1084/jem.20112741

Zehn, D., and Bevan, M. J. (2006).
T cells with low avidity for
a tissue-restricted antigen
tinely evade central and periph-
eral tolerance and cause autoim-
munity. Immunity 25, 261-270.
d0i:10.1016/j.immuni.2006.06.009

Zehn, D., King, C., Bevan, M. ],
and Palmer, E. (2012). TCR signal-
ing requirements for activating T

rou-

cells and for generating memory.
Cell. Mol. Life Sci. 69, 1565-1575.
doi:10.1007/s00018-012-0965-x

Zehn, D., Lee, S. Y., and Bevan,
M. J. (2009). Complete but cur-
tailed T-cell response to very
low-affinity antigen. Nature 458,
211-214. doi:10.1038/nature07657

Zhao, Y., Bennett, A. D., Zheng, Z.,
Wang, Q. J., Robbins, P.E,Yu, L. Y., et
al. (2007). High-affinity TCRs gener-
ated by phage display provide CD4+
T cells with the ability to recognize
and kill tumor cell lines. J. Immunol.
179, 5845-5854.

Zhong, S., Malecek, K., Johnson, L. A.,
Yu, Z., de Miera, E., Darvishian,
E, et al. (2013). T-cell receptor
affinity and avidity defines antitu-
mor response and autoimmunity in
T-cell immunotherapy. Proc. Natl.
Acad. Sci. US.A. 110, 6973-6978.
doi:10.1073/pnas.1221609110

Zoete, V., Irving, M. B., and Michielin,
0. (2010). MM-GBSA bind-
ing free energy decomposition
and T cell receptor engineering.
J. Mol. Recognit. 23, 142-152.
doi:10.1002/jmr.1005

Zoete, V., and Michielin, O.
Comparison  between  compu-
tational alanine scanning
per-residue binding free energy
decomposition for protein-protein
association  using MM-GBSA:
application to the TCR-p-MHC
complex. Proteins 67, 1026—1047.
doi:10.1002/prot.21395

(2007).

and

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 30 April 2013; accepted: 05 June
2013; published online: 19 June 2013.
Citation: Hebeisen M, Oberle SG, Pre-
sotto D, Speiser DE, Zehn D and Rufer
N (2013) Molecular insights for opti-
mizing T cell receptor specificity against
cancer. Front. Immunol. 4:154. doi:
10.3389/fimmu.2013.00154

This article was submitted to Frontiers in
T Cell Biology, a specialty of Frontiers in
Immunology.

Copyright © 2013 Hebeisen, Oberle, Pre-
sotto, Speiser, Zehn and Rufer. This is an
open-access article distributed under the
terms of the Creative Commons Attribu-
tion License, which permits use, distrib-
ution and reproduction in other forums,
provided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Immunology | T Cell Biology

June 2013 | Volume 4 | Article 154 | 10


http://dx.doi.org/10.1038/ni1144
http://dx.doi.org/10.1038/nri727
http://dx.doi.org/10.1189/jlb.091{\penalty -\@M }0528
http://dx.doi.org/10.1189/jlb.091{\penalty -\@M }0528
http://dx.doi.org/10.1371/journal.pbio.1000482
http://dx.doi.org/10.1146/{\penalty -\@M }annurev.immunol.021908.132706
http://dx.doi.org/10.1146/{\penalty -\@M }annurev.immunol.021908.132706
http://dx.doi.org/10.1016/j.cytogfr.2008.04.003
http://dx.doi.org/10.1158/2159-8290.CD-13-0064
http://dx.doi.org/10.1158/2159-8290.CD-13-0064
http://dx.doi.org/10.1073/pnas.1105419108
http://dx.doi.org/10.1038/ni895
http://dx.doi.org/10.1111/j.1365-2567.2008.03015.x
http://dx.doi.org/10.1111/j.1365-2567.2008.03015.x
http://dx.doi.org/10.1158/0008-5472.CAN-09-0176
http://dx.doi.org/10.1158/0008-5472.CAN-09-0176
http://dx.doi.org/10.1111/j.1365-2567.2009.03227.x
http://dx.doi.org/10.1111/j.1365-2567.2009.03227.x
http://dx.doi.org/10.1182/blood-2010-12-326736
http://dx.doi.org/10.1182/blood-2010-12-326736
http://dx.doi.org/10.1016/1074-7613(95){\penalty -\@M }90125-6
http://dx.doi.org/10.1016/1074-7613(95){\penalty -\@M }90125-6
http://dx.doi.org/10.1056/NEJMoa{\penalty -\@M }1200690
http://dx.doi.org/10.1056/NEJMoa{\penalty -\@M }1200690
http://dx.doi.org/10.1084/jem.20072390
http://dx.doi.org/10.1034/j.1600-065X.2002.18806.x
http://dx.doi.org/10.1034/j.1600-065X.2002.18806.x
http://dx.doi.org/10.1073/pnas.1005802107
http://dx.doi.org/10.1038/ng1673
http://dx.doi.org/10.1016/1074-7613(94)90101-5
http://dx.doi.org/10.1016/1074-7613(94)90101-5
http://dx.doi.org/10.1172/JCI200522982
http://dx.doi.org/10.1016/j.coi.2011.08.008
http://dx.doi.org/10.1038/ni944
http://dx.doi.org/10.1126/science.270.5238.985
http://dx.doi.org/10.1146/annurev.immunol.23.{\penalty -\@M }021704.115839
http://dx.doi.org/10.1146/annurev.immunol.23.{\penalty -\@M }021704.115839
http://dx.doi.org/10.1084/jem.20112741
http://dx.doi.org/10.1016/j.immuni.2006.06.009
http://dx.doi.org/10.1007/s00018-012-0965-x
http://dx.doi.org/10.1038/nature07657
http://dx.doi.org/10.1073/pnas.1221609110
http://dx.doi.org/10.1002/jmr.1005
http://dx.doi.org/10.1002/prot.21395
http://dx.doi.org/10.3389/fimmu.2013.00154
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive

	Molecular insights for optimizing T cell receptor specificity against cancer
	Quantitative aspects of antigen recognition by CD8 T lymphocytes
	Evidence for the participation of low affinity CD8 T cells in immune responses to pathogens
	Anti-self and -tumor immune responses are frequently mediated by low affinity CD8 T cells
	TCR-affinity optimization against cancer antigens
	TCR-Affinity threshold for maximal anti-tumor CD8 T cell response
	Low and high affinity antigen recognition depends on the proximal TCR-signaling complex
	Cytotoxic CD8 T cell responses are regulated by activating and inhibitory surface receptors
	Activatory or inhibitory T cell signals may be targeted for therapeutic improvements of cancer therapies
	References


