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T cells expressing antigen-specific T-cell receptors (TCRs) can medi-
ate effective tumor regression, but they often also are accompanied
by autoimmune responses. To determine the TCR affinity threshold
defining the optimal balance between effective antitumor activity
and autoimmunity in vivo, we used a unique self-antigen system
comprising seven human melanoma gp100(209–217)-specific TCRs
spanning physiological affinities (1–100 μM). We found that in vitro
and in vivo T-cell responses are determined by TCR affinity, except
in one case that was compensated by substantial CD8 involvement.
Strikingly, we found that T-cell antitumor activity and autoimmunity
are closely coupled but plateau at a defined TCR affinity of 10 μM,
likely due to diminished contribution of TCR affinity to avidity
above the threshold. Together, these results suggest that a rela-
tively low-affinity threshold is necessary for the immune system to
avoid self-damage, given the close relationship between antitumor
activity and autoimmunity. The low threshold, in turn, indicates
that adoptive T-cell therapy treatment strategies using in vitro-gen-
erated high-affinity TCRs do not necessarily improve efficacy.
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Adoptive cell therapy (ACT) has shown efficacy in tumor
treatment (1–3), particularly in metastatic melanoma (4–6),

achieving up to 72% objective response rates (7, 8) in patients
with autologous tumor-infiltrating lymphocytes (TILs). Geneti-
cally modified lymphocytes expressing antigen-specific T-cell
receptors (TCRs) (6, 9) are applicable to a wider range of patients
when suitable TILs cannot be isolated (9), but they are less ef-
fective than TILs (6, 9). Therefore, it is necessary to enhance the
effectiveness of gene-modified lymphocytes by using TCRs with
optimal antitumor activity (10, 11). To this end, it is critical to
determine what TCR properties correlate to antitumor activity.
Substantial evidence indicates a correlation between T-cell func-
tional activity and TCR affinity (12–18). Subsequently, efforts have
been taken to generate modified high-affinity TCRs for clinical
studies (19–21). However, this correlation remains controversial:
high-affinity TCRs have been shown to lead to stronger (22),
plateaued (12, 17), or even attenuated (23–25) T-cell re-
sponses. Underlying reasons for this controversy could be that
antigens previously analyzed were derived from models that in-
duce unusually strong T-cell responses that do not reflect immune
responses against true self-antigens, which tend to be less robust.
Other studies have used a panel of altered peptide ligands in
which the lack of correlation between TCR affinity and T-cell
activation observed for some peptides could be a result of re-
duced stability of the peptide–major histocompatibility complexes
(pMHCs) over the course of the activation assay (18). Recent
work by Rufer and colleagues (17, 24) studying T-cell responses
and in vitro tumor reactivity to the cancer/testis antigen 1 (NY-
ESO-1) showed a plateau of maximal T-cell function at a KD of
∼5 μM but did not determine how the plateau relates to tumor

rejection in vivo. Therefore, quantitative analysis of TCR affinity
and how it relates to in vivo antitumor activity in ACT is im-
portant because it remains unclear whether higher-affinity TCRs
can render ACT more effective.
ACT is often associated with autoimmunity in mouse (26) and

human (6, 27) melanoma due to the expression of tumor-associated
antigens (TAAs) in normal tissues. One study of a diabetic mouse
model using peptide vaccination indicated a correlation between
ligand affinity and autoimmune response (28). However, it has not
previously been determined whether T cells expressing higher-
affinity TCRs lead to more severe autoimmunity in ACT or the
kinetic threshold that sets this fine balance. Here we use a “true”
self-antigen system, which allows us to systematically and directly
investigate the interplay between TCR biophysical properties,
antitumor activities, and autoimmune responses to solve this im-
portant basic immunological question.
The strength of the TCR/pMHC interaction on the cell surface

is determined not only by TCR affinity, but also by other factors,
such as TCR clustering and coreceptors (29). Coreceptors stabi-
lize TCR/pMHC interactions and are required for functionality of
low-affinity TCRs (16). pMHC tetramers (6, 14, 16, 30) have been
used to measure the combined effects, which is referred to as
avidity (29). Tetramer-based avidity measurements should not be
confused with T-cell functional avidity (10, 11, 31), which refers to
cellular responses in addition to binding. Here we use the term
functional activity to describe T-cell functional outcomes, such as
cytokine release, cytotoxicity, and antitumor response.
To understand the interplay between TCR affinity/avidity, anti-

tumor activity, and autoimmune response, we studied gp100209–217
(gp209), a melanoma differentiation TAA presented by human
leukocyte antigen (HLA)-A*0201 (HLA-A2) and abundantly
expressed in metastatic melanomas (32). A modified epitope,
gp209–2M (33), which enhances peptide stability ninefold while
not altering pMHC structure (34), is significantly more immuno-
genic (35) and has been widely used in clinical studies (36, 37).
Therefore, to closely mimic the clinical situation, we used this
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modified epitope in all subsequent in vitro and in vivo experi-
ments. We established a unique system of seven gp209-specific
TCRs isolated from melanoma patients immunized with gp209–
2M, covering the physiological affinity range (1–100 μM). Our
results demonstrate an affinity threshold (∼10 μM) for maxi-
mal antitumor activity and autoreactivity. We propose that such
a threshold is necessary for the immune system to prevent self-
destruction due to the close relationship between in vivo auto-
immunity and antitumor response.

Results
Panel of gp209-Specific TCRs Shows Different Avidity and Functional
Activities on Primary T Cells.We selected seven gp209-specific TCRs
isolated from melanoma patients previously vaccinated with
gp209–2M (Table 1). The affinities of the TCRs, as measured the
by surface plasmon resonance (SPR) (Table 1 and Fig. S1), span the
entire affinity range of naturally selected TCRs (KD, ∼1–100 μM)
(29) and thus provide a suitable system for studying the correla-
tion between TCR affinity and functional activities. To investigate
the antitumor activities of the TCRs, we characterized them in
primary splenocytes isolated from A2–Kb transgenic mice (38),
a model for studying HLA-A2–restricted TCRs (35, 39). The re-
trovirally transduced (40) T cells showed comparable TCR sur-
face expression (Fig. 1A; Fig. S2G). Next, we determined the
avidities of the TCRs using gp209–2M HLA-A2 tetramer stain-
ing. The avidity, which is estimated by the mean fluorescent
intensity (MFI) of tetramer binding, although not a direct mea-
surement of monomeric TCR/pMHC interaction, usually corre-
lates with TCR affinity (14, 16, 30). In CD8− splenocytes, only
cells transduced with the two highest-affinity TCRs, 16LD6
(KD, ∼2.6 μM) and 19LF6 (KD, ∼1.4 μM), bind tetramer (Fig. S2B),
consistent with previous studies showing that tetramer binding
independent of CD8 is governed by TCR affinity (16). We further
analyzed the functional activities of the TCRs by measuring IL-2
secretion in response to gp209–2M antigen (Fig. S2C). Only
19LF6-transduced CD8− splenocytes secrete significant amounts
of IFN-γ (Fig. S2C), suggesting an affinity threshold (1.4–2.6 μM)
for TCR function independent of CD8. This threshold is com-
parable to the 2C TCR system (3 μM) (18), but quite different
from the ILA1 TCR system (200 μM) (16).
In the presence of CD8, the avidity of the TCRs is significantly

enhanced (Fig. S2D). Interestingly, L2G2 becomes the highest-
avidity TCR when expressed in CD8+ splenocytes (Fig. S2E),

although the affinity of L2G2 is low (KD, ∼60 μM; Table 1). One
possible explanation is that the contribution of CD8 in stabilizing
TCR/pMHC is TCR-dependent: CD8 could more significantly
enhance the L2G2/pMHC interaction. Indeed, L2G2 alone does
not bind tetramer (Fig. S2B); however, in the presence of CD8,
the tetramer-binding intensity is the highest of the panel of TCRs
analyzed (Fig. S2E). The avidities of other TCRs in the panel are
also enhanced by CD8, but to a lesser extent than L2G2. For
comparison, 5CE2 (KD, ∼46 μM) has a comparable affinity to
L2G2 but far lower avidity in the presence of CD8 (Fig. S2E). It is
possible that the L2G2/pMHC binding is more dramatically en-
hanced by CD8 in the second stage than the rest of the TCRs. This
hypothesis is based on the two-stage mode of CD8/TCR/pMHC
interaction (41) observed in 2D affinity measurements (42). To-
gether, these results highlight the contribution of CD8 to the
TCR/pMHC interaction, which in some cases can be dependent
on individual TCR structure. TCR avidity is affected by cellular
environments and coreceptors in addition to TCR affinity (29).
By comparing TCR avidity and affinity, we found that TCR af-

finity correlates with avidity (except for L2G2; Fig. 1B). However,
the contribution of affinity to avidity shows a diminishing return: The
avidity does not improve significantly for TCRs with higher affinity
than R6C12 (KD, ∼9 μM). Our observation parallels a previous
study (16) using a panel of pMHC ligands that shows minimal
avidity increase for high-affinity ligands. In summary, we have
generated and characterized a panel of gp209-specific TCRs
spanning the physiological affinity range. We showed that the
avidity of the TCRs results from synergy between TCR, pMHC,
and CD8, and that the contribution of CD8 is TCR-dependent.

Strength of T-Cell Response Correlates with TCR Avidities and
Affinities. To define how the functional activities of the TCRs
expressed on CD8+ splenocytes correlate with TCR avidity and
affinity, we measured key proximal and distal T-cell activation
events. The phosphorylation of extracellular signal-regulated ki-
nase 1 (ERK-1; Figs. S3A and S4 A and B) and calcium elevation
(Fig. S3B) are two proximal signaling events that occur seconds
after T-cell/antigen-presenting cell (APC) engagement (43). There
is a linear correlation between TCR avidity and the strength of
proximal activation (Fig. 2 A and C). Because the contribution of
TCR affinity to avidity is diminished above ∼10 μM (Fig. 1B), it is
not surprising that the strength of T-cell response plateaus above
this threshold (Fig. 2 B and D). Consistent with proximal T-cell

Table 1. Panel of gp100-specific TCRs isolated from melanoma patients

TCR

TCR gene*
Antibody specific

for Vβ chain

Functional
activity† on

primary T cells SPR measurement of soluble TCRs at 25 °C‡

α β CD8− CD8+ ka, M
-1s−1 × 104 kd, s

−1 KD, μM KD, steady state, μM

19LF6§ 19 19 vβ17 + ++ 0.14 0.002 1.4 n.d.{

16LD6§ 3 19 vβ17 − ++ 4.2 (4.3) 0.1 (0.1) 2.6 (2.6) 2.3 (1.8)
R6C12jj 41 12-3 vβ8 − ++ 1.9 0.2 9.3 9.0
K4H5jj 17 27 vβ14 − + 8.9 ≥1** 12.8 18.9
5CE2jj 12-1 27 vβ14 − + 0.43 0.2 47.4 45.7
L2G2§ 12-2 7-9 n.a. − ++/+++ 1.6 (1.0) ≥1** (0.65) 60.0 (62.9) 61.2 (62.6)
W2C8jj 2 6-2 vβ13 − −/+ Fast Fast n.d. 99.0

n.a., not available; n.d., not determined due to low affinity.
*TCR gene names are based on International ImMunoGeneTics Information System nomenclature (www.imgt.org).
†Functional activities include cytokine release, calcium release, ERK phosphorylation, antitumor response, and autoimmune response.
‡Kinetic measurements are based on TCR immobilization (Fig. S1E); values in parentheses are data based on pMHC immobilization.
§Peripheral blood lymphocytes of a patient previously vaccinated against gp209-2M, who had a gp100-downregularted melanoma reoccur following
vaccination.
{Steady-state fitting of 19LF6 was not performed because the binding at the tested concentration did not reach equilibrium.
jjPeripheral blood mononuclear cells (PBMCs) from different melanoma patients vaccinated with gp209-2M.
**Too fast to be determined with confidence.
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responses, we observed that cytokine production (Fig. S3C), which
occurs much later after T-cell/APC engagement, is linearly
correlated with avidity (Fig. 2E) and plateaus above ∼10 μM
affinity (Fig. 2F). Similar correlations between TCR avidity/affinity
and the strength of T-cell responses were observed when the mel-
anoma cell line B16/A2–Kb (44) was used as APCs (Fig. S4 C–K).
Collectively, our data suggest a connection between TCR affinity,
avidity, and functional activity. T-cell functional activity is de-
termined by avidity, which is mainly determined by TCR affinity. A
plateau of T-cell functional activity above a defined affinity
threshold has been reported (12, 17). Here we show that one
possible explanation for this phenomenon is the diminishing
contribution of TCR affinity to avidity on the cell surface above
a defined threshold. Interestingly, the avidity and functional ac-
tivities of L2G2 are above the plateau, which we attributed to the
strong stabilization of L2G2/pMHC complex by CD8.

Strength of in Vitro and in Vivo Antitumor Activity Plateaus Above a
Defined Avidity and Affinity Threshold. To further characterize the
antitumor activity of the panel of TCRs, we assessed their in vitro
antigen-specific lysing of the B16/A2–Kb tumor cell line (Fig. 3A).
The endogenous gp209 antigen expressed on this tumor line
only elicits weak T-cell responses (Fig. S4L), and therefore

B16/A2–Kb tumor cells were loaded with exogenous peptide
ligand to more closely resemble in vivo tumor lysis conditions,
because peptide vaccination is required for effective tumor re-
gression in vivo both in mice (45) and human clinical studies (46).
Consistent with T-cell responses (Fig. 2), the in vitro antitumor
activity also plateaus above the ∼10-μM affinity threshold (Fig.
3C). Interestingly, T cells transduced with the highest-avidity TCR
L2G2 exhibit similar level of cytotoxicity as lower-avidity TCRs,
16LD6, 19LF6, and R6C12 (Fig. 3 A and B), despite their higher
strength of T-cell response (Fig. 2). Our data demonstrated
a maximal antitumor activity for TCRs above a defined avidity
(Fig. 3B) or affinity threshold (∼10μM) (Fig. 3C). The maximal
activity is in contrast to stronger T-cell responses, such as calcium
release and cytokine production, with higher-avidity TCRs (Fig. 2).
To assess whether a threshold for maximal antitumor activity

also exists in vivo in the ACT setting (35, 39, 47, 48), we treated
A2–Kb transgenic mice bearing B16/A2–Kb melanoma by a com-
bination of vaccination with gp209–2M fowlpox virus (49) and
with CD8+ T cells transduced with selected TCRs (16LD6,
R6C12, 5CE2, K4H5, L2G2, and W2C8) representing the entire
avidity/affinity range. Treatment with CD8+ splenocytes expressing
the low-affinity/-avidity TCRW2C8 did not result in differences
in tumor growth compared with the untreated group (Fig. 3D),
indicating that T cells, vaccine, and IL-2 alone have no effect on
tumor growth in A2–Kb mice, consistent with previous studies
(39). In contrast, treatment with three high-avidity TCRs, 16LD6,
R6C12, and L2G2, resulted in significant delay in tumor growth
(P < 0.01; Fig. 3D Left). In addition, tumor growth after L2G2
treatment showed no differences compared with 16LD6 or
R6C12, suggesting a maximal in vivo antitumor activity, consis-
tent with the in vitro cytotoxicity data (Fig. 3A). Treatment with
intermediate avidity/affinity TCRs, K4H5, and 5CE2, mediated
moderate delay in tumor growth (Fig. 3D Right); however, it is not
statistically significant (P > 0.5) compared with the untreated
group. The antitumor activity of the TCRs plateaus above an
avidity (Fig. 3E) and affinity threshold (KD, ∼10 μM; Fig. 3F),
similar to the in vitro cytotoxicity (Fig. 3A). In summary, both in
vitro and the in vivo antitumor activities of gp209-specific TCRs
reach a maximum at a defined avidity and affinity threshold
(KD, ∼10μM). Previous studies of the relationship between TCR
affinity and T-cell function have led to controversial conclusions
(12, 17, 22–25). Here, we demonstrated a plateaued correlation in
a self-antigen system in both in vivo and in vitro settings, which
has far broader implications for clinical applications.

Autoimmunity Is Correlated with TCR Antitumor Activities. Next, we
investigated the possible biological significance of the observed
plateaued correlation between TCR affinity and antitumor ac-
tivity. This issue has not been addressed in previous studies, and
we hypothesized that it could be attributed to autoimmunity.

16LD6 19LF6 R6C12

K4H5 W2C8 5CE2
Non-
transduced

0

50

100

0

50

100

%
 o

f M
ax

100 102 104 102 104 102 104

100 102 104 102 104 102 104 102 104

69.48%

54.80% 68.59% 76.34%

68.97% 77.37% 0.55%

anti Vβ17

anti Vβ14 anti Vβ13 anti Vβ14 Antibody Mix

anti Vβ17 anti Vβ8

BA

50

500

1 10 100Te
tr

am
er

 M
FI

 

KD (μM)

 16LD6
 19LF6
 R6C12

 L2G2
 K4H5
 W2C8
 5CE2

Fig. 1. A panel of gp209-specific TCRs shows distinct avidities and affinities.
(A) The gp209-specific TCRs were retrovirally transduced into splenocytes
isolated from A2–Kb transgenic mice, and expression of TCRs was quantified
by antibodies specific for the TCR Vβ chains. No commercial antibody is
available for L2G2. However, splenocytes transduced with L2G2 showed
strong gp209–2M–HLA-A2–Kb tetramer staining (Fig. S2D), which allowed us
to use tetramer for quantification of the percentage of TCR expression. The
expression level of L2G2 is comparable to other TCRs as demonstrated by
intracellular staining of cMyc-tagged TCRs (Fig. S2 F and G and SI Methods).
(B) The affinities of the soluble TCRs were measured by SPR (Fig. S1 and
Table 1) and compared with the avidities estimated by the MFI of gp209–
2M–HLA-A2–Kb tetramer staining (Fig. S2E) on CD8+ splenocytes. Data are
representative of three or more experiments.
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T-cell response is correlated with TCR avidity and
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ylation of CD8+ splenocytes mixed with T2/A2–Kb

cells loaded with gp209–2M peptide (Fig. S3A) was
correlated with TCR avidity (A) or affinity (B) at a
representative gp209–2M concentration (10 μM).
(C and D) The average calcium signal of transduced
CD8+ splenocytes mixed with T2/A2–Kb cells loaded
with 10 μM gp209–2M peptide (Fig. S3B) was cor-
related with TCR avidity (C) or affinity (D). (E and F)
The maximal amounts of IFN-γ secretion of trans-
duced CD8+ splenocytes mixed with T2/A2–Kb cells
loaded with gp209–2M peptide (Fig. S3C) were
correlated with TCR avidity (E) or affinity (F).
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Autoimmune destruction of melanocytes in the eye (ocular
autoimmunity) has been observed both in human (6, 27) and
mouse (26) melanoma ACT. To determine whether autoimmu-
nity correlates with TCR antitumor activities, we selected five
TCRs showing various antitumor activities (high, L2G2 and
R6C12; intermediate, K4H5 and 5CE2; and low, W2C8; Fig. 3D)
and evaluated ocular autoimmunity 5 d after treatment (26). No
signs of autoimmunity were observed for the low-avidity/-affinity
TCR W2C8; in contrast, the two TCRs that mediate the most
effective antitumor responses (R6C12 and L2G2; Fig. 3D) also
showed the highest average ocular autoimmunity scores (26) (P <
0.01 vs. control; Fig. 4A). The average score of the highest-avidity
TCR (L2G2) was similar to that of the lower-avidity TCR (R6C12;
Fig. 4B), indicating a maximum avidity threshold for ocular auto-
immunity. Consistent with previous observations in the pmel
mouse model (26), we observed that tumor size is correlated
with the severity of ocular autoimmunity (Fig. 4C) in our A2–Kb

model. Histological examination of eye samples from mice re-
ceiving ACT revealed destruction of the choroid and iris and
infiltration of T cells in mice treated with high-affinity or -avidity
TCRs (R6C12 and L2G2), but not with low-affinity/-avidity TCR
(W2C8; Fig. 4D). Conversely, T cells expressing both high- and low-
avidity TCRs were able to traffic to the tumor and spleen (Fig. S5).
Our data suggest that high-affinity/-avidity TCRs are required to
compromise the immune privilege of the eyes. Together, our
data indicate that, although ACT with higher-affinity/-avidity
TCRs can lead to more efficient tumor regression, it is also ac-
companied by more severe autoimmunity. Therefore, we suggest
that the plateaued correlation between affinity/avidity and tumor
rejection observed for high-affinity/-avidity TCRs could be due to
an internal protection mechanism in the immune system to pre-
vent overt self-damage.

Discussion
Using seven gp209-specific TCRs spanning the physiological af-
finity range, we have delineated the relationship between TCR
affinity, avidity, and functional potency (Fig. 5). TCR potency is
determined by TCR avidity, which is contributed both by TCR
affinity and CD8, rather than affinity alone. Although in vitro
T-cell responses, such as cytokine and calcium release, linearly
correlate with TCR avidity, the killing of target cells, including in
vitro/in vivo lysing of tumor cells and autoimmunity, plateau at
an affinity threshold of ∼10 μM. Our results suggest that there
can be a discrepancy between in vitro and in vivo TCR potency.
Therefore, previous in vitro studies (17, 24) may not necessarily

translate to clinical settings. In contrast, our studies have direct
implication to human T-cell immunotherapy: Recent ACT clin-
ical trials (6, 9) demonstrated a trend of improved efficacy for
higher-affinity TCR DMF5 (KD = 5.6 μM) (50) compared with
the lower-affinity TCR DMF4 (KD = 29 μM; ref. 50) (Table S1).
However, it is unclear whether this trend is significant because of
low patient sample size. Further studies are warranted to draw
conclusions about the correlation of affinity and clinical efficacy.
Our data clearly demonstrate that functional activities are not

determined by TCR affinity alone, but by avidity determined by
the combined contribution of TCR and CD8. The combined
contribution is supported by the observation that the low-affinity
TCR L2G2 showed the highest avidity and functional activity in
our system. Previous studies (16, 41) indicate that the contribu-
tion of CD8 to TCR/pMHC interaction is dependent on ligand
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affinity. However, it is unknown whether the properties of TCRs
can determine the magnitude of CD8 contribution (29). It has
been demonstrated that CD8 engages in the TCR/pMHC in-
teraction in the second stage after the TCR/pMHC complex is
formed (41). Previous studies were not able to look into this
phenomena; however, here, by using seven unique TCRs, we show
that the CD8 contribution to TCR/pMHC interaction might be
dependent on individual TCRs, because we have clearly demon-
strated that CD8 stabilizes L2G2/pMHC interaction more pro-
foundly than any of the other TCRs. However, further
investigation using 2D measurements (42) is needed to dissect the
underlying mechanism of TCR-dependent CD8 contribution.
It is unclear how high-avidity TCRs (such as L2G2) can lead to

stronger T-cell response (Fig. 2) but not stronger cytotoxicity
(Figs. 3 and 4). One possible explanation is that T-cell response
and cytotoxicity are mediated by different mechanisms. The
affinity-based model (12–14, 16–18, 29) suggests that the strength
of T-cell signaling is determined by the number of TCR/pMHC
complexes formed at the synapse. In addition, distal events, such
as cytokine production, require maintenance of T-cell/APC syn-
apse for maximum effect (51). High-avidity TCRs can potentially
engage more pMHC ligands and maintain such engagement
longer, resulting in stronger responses. Conversely, T-cell killing
of target cells only requires three pMHC complexes (52), and the
delivery of lytic granules to target cells is rapid and insensitive to
antigen density (53). Therefore, above a defined threshold, higher-
avidity TCRs may not be at an advantage over lower-avidity TCRs
in the exertion of cytotoxic function.
It is intriguing that TCRs with affinity higher than the 10-μM

threshold do not lead to more potent antitumor activities. There
are a number of reasons that could explain this observation. Our
binding data demonstrate that TCR affinity contributes to avidity
up to the 10-μM threshold (Fig. 1B), after which further increase
does not lead to higher avidity and consequent stronger T-cell
functions. We propose that the observed plateaued avidity is due
to the fact that TCR clustering is required both for multivalent
tetramer binding and T-cell activation (29, 54). At the 10-μM
threshold, all clustered TCRs may be occupied; further increase in
affinity only leads to monovalent TCR/pMHC interaction, which
does not contribute to tetramer binding or T-cell functions (29,
55). Furthermore, the high sensitivity of T-cell killing discussed
above could be responsible for the observed plateau in vivo. Fi-
nally, we and others have proposed a negative regulation mech-
anism for T cells in response to high-avidity antigen stimulation in
vivo, where the potency of high-avidity TCRs could be further
curtailed due to negative feedback mechanisms (25, 56, 57).
Consequently, it is likely that several mechanisms are involved that
influence the T-cell response to high-avidity ligands in vivo.
One requirement for T-cell immunotherapy to be effective

and safe for patients is the identification of an optimal TCR af-
finity range that leads to efficient tumor regression while inducing
minimal autoimmune response. Tumor regression without induc-
tion of autoimmunity has been reported (9, 58, 59) using T cells
with relatively low reactivity against tumor antigens; high-avidity
T cells are often associated with autoimmunity (6, 27, 45, 59). Our
results showed that antitumor activity and autoimmunity are cou-
pled and have a similar kinetic threshold; reducing autoimmunity

cannot be accomplished without sacrificing efficacy of tumor
killing. The coupled relationship is supported by recent ACT
clinical trials showing that the treatment with the higher-affinity
TCR DMF5, but not with the lower-affinity TCR DMF4, leads to
autoimmunity in patients (Table S1) (6). However, the severity
of autoimmune response is not likely to increase further because
it is also plateaued similar to what was observed for antitumor
activity. In light of the close relationship we observed between
tumor reactivity and autoimmunity, we propose that the rele-
vance of the kinetic threshold as defined by our studies is a
mechanism that could control for T-cell sensitivity in vivo to
balance beneficial tumor immunity with overt reactivity.

Methods
DNA Constructs. TCR genes were isolated from PBMCs as described (31) by
using 5′ RACE–PCR (SMART RACE cDNA Amplification Kit; Clontech). Human/
mouse chimeric TCR constructs were generated by PCRs as described (60) and
subcloned into retroviral vector pMSGV [murine stem cell virus (MSCV)-
based splice-gag vector] (61).

Transduction. Retroviral transduction of splenocytes were performed as de-
scribed (40, 62) (SI Methods).

Tetramer Staining. Cells were stained with gp209–HLA-A2–Kb tetramer for 2 h
at room temperature in PBS with 5% (vol/vol) FBS and 0.2% fresh sodium
azide as described (14). The tetramer was titrated to obtain a selected
concentration at which the highest-avidity TCR did not reach saturation.

Cytotoxicity Assays and ERK Phosphorylation Assays. Cytotoxicity assays were
performed as described (31) with modification (SI Methods), and ERK
phosphorylation assays were performed as described (63) with modifications
(SI Methods).

Fluorescent Imaging. Imaging acquisition and data analysis were performed
as described (55) (SI Methods).

Cytokine ELISA. For cytokine ELISA, 1 × 105 T cells and 1 × 105 APCs (T2/A2–Kb

or B16/A2–Kb) were mixed with various concentrations of gp209–2M and
incubated overnight at 37 °C and 5% CO2. IL-2 or IFN-γ production was
measured by standard sandwich ELISA. All antibodies and cytokine stand-
ards were from eBioscience. Streptavidin–HRP was from BD Biosciences and
tetramethylbenzidine ELISA substrate was from Sigma.

ACT. The experiments were performed as described (35, 39, 47).

Immunohistochemistry. A2–Kb transgenic mice bearing B16/A2–Kb tumor
were killed 5 d after receiving ACT, and tissues (eyes, spleen, and tumor)
were harvested, fixed in 4% paraformaldehyde, washed twice in PBS, em-
bedded in paraffin, sectioned, and mounted on slides at the New York
University (NYU) Immunohistochemistry Core. For ocular autoimmunity, the
eyes were H&E stained and evaluated in a masked fashion as described (26).
For immunohistochemistry, tissues slides were stained with anti-2A antibody
(Millipore, 1:5,000 dilution) and developed with the VECTASTAIN Elite ABC
system (Rabbit IgG; Vector Laboratories) according to the manufacturer’s
instructions. Images were obtained on a Zeiss Axiophot microscope at 20×
magnification and analyzed in the AxioVision software (Zeiss).

Statistics. Tumor growth curves between different treatment groups were
compared by using the repeated-measure ANOVA test. Correction for mul-
tiple testing was made by using Tukey’s method. Statistical analyses were
conducted by using SAS (Version 9.20. Student t test was used to compare
two samples. A P value of 0.05 or lower is considered statistically significant.
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