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Key Points

• High-affinity tumor/self
antigen-specific TCRs that
surpass the threshold for
normal thymic selection
can be safe for TCR
gene therapy.

• T cells that express
endogenous TCRs that
are self-reactive can
survive in the periphery
with diminished TCR
expression levels.

Many of the most promising tumor antigens for T-cell-based cancer immunotherapies

are unmodified self-antigens. Unfortunately, the avidity of T cells specific for these

antigens is limited by central tolerance during T-cell development in the thymus,

resulting in decreased anti-tumor efficacy of these T cells. One approach to overcoming

this obstacle is to mutate T-cell receptor (TCR) genes from naturally occurring T cells to

enhance the affinity for the target antigen. These enhanced-affinity TCRs can then be

developed for use in TCR gene therapy. Although TCRs with significantly enhanced

affinity have been generated using this approach, it is not clear whether these TCRs,

which bypass the affinity limits imposed by negative selection, remain unresponsive to

the low levels of self-antigen generally expressed by some normal tissues. Here we

show that 2 variants of a high-affinity WT1-specific TCR with enhanced affinity for WT1

are safe and do not mediate autoimmune tissue infiltration or damage when transduced

into peripheral CD8 T cells and transferred in vivo. However, if expressed in developing

T cells and subjected to thymic selection, the same enhanced-affinity TCRs signal

tolerance mechanisms in the thymus, resulting in T cells with attenuated antigen

sensitivity in the periphery. (Blood. 2013;122(3):348-356)

Introduction

T-cell receptor (TCR) gene transfer as a strategy to create tumor-
reactive T cells is an emerging approach with the potential to
overcome many of the obstacles associated with conventional T-cell
adoptive immunotherapy.1 With TCR gene therapy, a single, well-
characterized, high-affinity TCR can be used as an “off the shelf”
reagent for treatment of all patients with tumors expressing the target
antigen, so long as the patient expresses the appropriate HLA
allele. However, many promising tumor antigens are overexpressed
self proteins, and when targeting these antigens, even the highest-
affinity naturally occurring TCRsmay not possess adequate affinity to
efficiently lyse target cells because of the elimination of self-reactive
T cells by negative selection in the thymus.2 In these cases, the affinity
of such naturally occurring TCRs can be enhanced through in vitro
directed evolution strategies as a means to increase the anti-tumor
efficacy of the gene-therapy treatment.3-5

Approaches to increase the affinity of tumor-reactive TCRs are
predicated on the assumption that the thymus to some degree over-
protects against self-reactivity, such that T cells expressing higher-
affinity variants will be tolerated when transferred in vivo or that the
extent of tissue injury or T-cell dysfunction resulting from recognition
of normal tissues will be acceptable. Many tumor antigens that are
candidates for therapeutic targeting are expressed at high levels during

embryogenesis, but very low levels in adult tissues.6-8 In this study,
we test the hypothesis that thymic selection may frequently be over-
protective for such tumor antigens and that increasing the affinity of
TCRs specific for naturally occurring tumor/self antigens beyond the
affinity threshold necessary for negative selection or other tolerance
mechanisms operative during development in the thymus does not
necessarily lead to autoimmunity in the periphery. We assessed the
safety and efficacy of a TCR specific for a self/tumor antigen currently
being evaluated as a target in humans, WT1, in the context of H-2Db

(Db), as well as 2 variants of this TCR that we modified to have an
enhanced affinity for WT1-Db. Peripheral T cells transduced in vitro
with any of the 3 TCRs failed to induce self-reactivity against their
cognate self-antigen in vivo, even when the TCR gene-modified
T cells were stimulated and expanded in vivo in response to infection
with recombinant Listeria monocytogenes (LMWT1) to form effector
cells. In contrast, T cells from retrogenic mice9 expressing the higher-
affinity variants showed attenuation of antigen sensitivity when
subjected to thymic selection. Similar findings were observed for a
high-affinity Mesothelin (MSLN)-specific TCR. These data support
the notion that T-cell selection events in the thymus may overprotect
against responses to tumor/self-antigens that are expressed at low
levels in normal adult tissues. If the extent of overprotection can be
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defined for an antigen, bypassing such thymic selection could
provide a window of opportunity and allow the use of enhanced-
affinity TCRs that safely enhance the anti-tumor response of TCR
gene-modified T cells.

Material and methods

Mice

C57BL/6 (B6), Thy1.1 congenic B6, and B6 Rag22/2 mice were purchased
from the Jackson Laboratory. P14 TCR transgenic mice bred on the B6
background were a kind gift from Dr Murali Krishna-Kaja and were bred
with Thy1.1 B6 mice to generate P14/Thy1.1 mice. All animal research
performed for this study was approved under University of Washington
Institutional Animal Care and Use Committee protocol 2013-01.

Retroviral TCR expression construct

The retroviral expression constructs Mig-3Dab consist of TCRa and TCRb
genes cloned from the high-affinity WT1-specific T-cell clone 3D (supple-
mental Methods, available on the Blood Web site). These genes were codon-
optimized, linked by a porcine teschovirus-1 2A element, and cloned into
a variant of the retroviral vector MigR1 that lacks green fluorescent protein.10

Enhanced-affinity mutations (supplemental Methods) were incorporated
into this codon-optimized construct, using the Quikchange II site-directed
mutagenesis kit (Agilent Technologies).

Retroviral transduction

The retroviral packaging cell line Plat-Ewas transduced with retroviral vector,
using effectene transduction reagent (Qiagen), and virus-containing superna-
tant was collected on days 2 and 3. Retroviral transduction of T cells was
performed in 24-well plates precoated with retronectin (Takara). Virus was
bound to the retronectin-coated plates by centrifuging the virus-containing
supernatant for 90 minutes at 1000 g. The supernatant was then removed, the
wells were washed once with PBS, and anti-CD3/CD28-stimulated P14
splenocytes (24 hours poststimulation) were added to the wells at 3 3 106

cells/well, with interleukin 2 (IL-2; 50 IU), followed by centrifugation for
10 minutes to facilitate contact with the retronectin-bound virus.

Transfer of TCR-transduced T cells into mice and LM challenge

On day 7 after retroviral transduction, T cells were restimulatedwith irradiated
splenocytes pulsed with the WT1 peptide RMFPNAPYL (WT1126-134). On
day 5 after this second stimulation, cells were injected into Thy-1 congenic
B6 hosts. At this point, cell cultures generally consisted of more than 90%
tetramer-positive T cells. Host mice were injected 1:1 (1 3 107 each) with
TCR-transduced T cells and irradiated (3000 rad) peptide-pulsed splenocytes
as stimulators andwere given IL-2 (104 units/mouse) for 10 days postinjection.
Cohorts of T-cell-treated mice were boosted with wild-type LM or LM
expressing the WT1 RMFPNAPYL epitope within a piece of the ovalbumin
gene (LMWT1; provided byAduro BioTech) 2 to 3 weeks after T-cell injection.
The blood of LM/LMWT1-treated animals was analyzed on day 6 post-
challenge, and mice were monitored for signs of possible autoimmune
disease. After 2 to 3 weeks, animals were killed and tissues, including bone
marrow (BM) cells, kidney, and lung, were collected and analyzed for
evidence of T-cell infiltration and/or autoimmune pathology. Microscopy was
done using a Nikon E800 with a 103 0.45 N.A. aperture Plan Apo objective,
a Photometrics CF camera, and MetaMorph analysis software.

Generation of retrogenic mice

BM cells were isolated from the leg bones of B6/Rag22/2 mice, and
hematopoietic stem and progenitor cells were enriched by magnetic cell
sorting, using the mouse lineage cell depletion kit from Miltenyi. BM
collected from a single donor mouse was used for 2 recipients. BM was
cultured in media containing IL-3 (20 ng/mL), IL-6 (50 ng/mL), stem cell
factor (50 ng/mL), and Fms-related tyrosine kinase 3 ligand (FLT-3L)

(5 ng/mL) for 3 days. On the first 2 days after BM isolation, the purified
progenitor cells were centrifuged for 10 minutes onto plates containing
retronectin-bound retroviral particles, as described earlier. On the third day,
the transduced hematopoietic stem and progenitor cells were injected into
sublethally irradiated B6 host mice.

Results

Generation of high-affinity WT1-specific TCRs

The 3D clone (3D-wt) was the highest-affinity clone isolated from
wild-type B6 mice, responding to target cells pulsed with peptide at
a concentration of 100 ng/mL or lower. Enhanced-affinity variants
of the 3D TCR were generated using a T-cell display system, as has
been previously described,3 and selection was made with WT1/Db Ig
DimerX (BD Biosciences) (supplemental Methods). Two enhanced-
affinity complementarity determining region (CDR) 3a mutants
were identified that bound the peptide/major histocompatibility
complex (MHC) dimer independent of CD8: the Q103H mutant
(3D-NYH) and the N101P, Q103Y mutant (3D-PYY) (Figure 1A-B).
The 3D-wt TCR and its higher-affinity variants were transduced
into the TCRab-deficient, CD8-negative T-cell line 582/2.11 Both
the 3D-NYH and 3D-PYY mutants bound peptide/MHC dimer
with enhanced equilibrium-binding kinetics compared with 3D-wt,
and both mutants bound peptide/MHC dimer independent of CD8
(Figure 1C). In contrast, the wild-type TCR (3D-wt) in the absence
of CD8 exhibited negligible binding of peptide/MHC dimer and
displayed a significantly lower affinity for peptide/MHC dimer than
the 2 enhanced affinity variants, even in the presence of CD8 (data
not shown). The highest-affinity variant also exhibited enhanced
functional avidity, as measured by cytokine release (IL-2) in response
to peptide-pulsed target cells, with the 582/2 cells expressing the
3D-PYY variant showing ;100-fold increase in antigen sen-
sitivity (Figure 1D). The NYH mutant did not show an increase in
functional avidity in the absence of CD8, likely reflecting the
sharp affinity threshold previously observed for IL-2 production
by 582/2 cells expressing MHC-I restricted TCRs.12 The affinity
threshold for CD8-independent peptide/MHC multimer binding
occurs at KD values less than ;5 mM13,14; thus, the 3D-NYH and
3D-PYY TCRs likely have affinity values at least in this range.

In vivo safety of peripheral T cells expressing high-affinity

WT1-specific TCRs

To test safety in vivo, P14 splenocytes were retrovirally transduced
with either 3D-wt or the enhanced-affinity 3D mutants, and similar
to how human TCR gene therapy is being pursued, the in vivo
biology of transduced peripheral CD8 T cells was assessed. T cells
were stimulated with anti-CD3 and anti-CD28 antibodies, trans-
duced, and cultured with IL-2 for 7 days. On day 7, T cells were
restimulated with irradiated RMFPNAPYL peptide-pulsed (10 mg/mL)
splenocytes to expand WT1-specific T cells. On day 12, similar
proportions of CD81 T cells expressing the transduced TCR from
each of the 3 constructs were detected by flow cytometry, and the
cells exhibited similar levels of TCR expression (Figure 2A). Dif-
ferences in affinity between the constructs could not be observed by
tetramer staining because of the relatively high contribution of CD8
to tetramer staining on murine CD81 T cells.15

Transduced T cells (1 3 107/mouse) were then injected into
recipient Thy-1 congenic B6 mice and immunized with irradiated,
WT1 peptide-pulsed (10 mg/mL) splenocytes to promote in vivo
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activation and expansion. After 7 days, blood was collected from
recipient mice and assessed for donor cell engraftment and persis-
tence, as well as for persistent activation of T cells expressing an
enhanced-affinity TCR from recognition of normal host cells
expressing low levels of the self-antigen (Figure 2B). A similar
percentage of donor TCR-transduced T cells was detected (;17%),
regardless of the TCR construct expressed, and analysis of surface
TCR expression levels did not reveal activation-induced down-
regulation of the TCR on the TCR-transduced T cells. Transferred
T cells were also assessed for other evidence of persistent activation,
including CD25 expression or the presence of larger blast cells that
might be indicative of autoimmune activation. The 3D-wt as well as
the PYY and NYH enhanced-affinity mutants were all CD252/lo, and
all had similar forward scatter (FSC) profiles. When T cells expressing
3D-wt and 3D-PYY TCRs were analyzed beyond day 7 post-T-cell
transfer, both were found to contract to less than 1% of CD81
T cells by day 14 posttransfer, but showed stable persistence and were
detectable at similar levels at day 28, with CD44hi CD62L1 mem-
ory T cells present at similar frequencies (supplemental Figure 2A).

The lack of preferential expansion or deletion of T cells expressing
enhanced-affinity TCRs, the maintenance of TCR expression levels,
and the lack of CD25 expression suggests the enhanced affinity TCRs
are not responding to WT1 or other self-antigens in vivo.

To further assess potential self-reactivity, mice that received either
the 3D-wt TCR or its high-affinity variants were boosted on day 18
after cell transfer with either wild-type LM or LMWT1, as LM induces
effector CD8T cells in vivo. Six days after boosting with LM, analysis
of blood revealed activation of all 3 groups of T cells expressing 3D
TCRs, as indicated by the expansion of donor T cells after infection
with LMWT1 but not LM (Figure 3A). Although expansion of donor
T cells was observed for all TCR variants, the high-affinity variants
exhibited somewhat greater expansion (4.6% and 4.2% of total CD8s
in blood, as opposed to 2.8% for 3D-wt), potentially reflecting en-
hanced responsiveness to the LMWT1-encoded antigen. TCR-
transferred T cells can be detected in the spleen of LMWT1-treated
mice that received T cells expressing either the 3D-wt or 3D-PYY
TCR on day 21 postchallenge, and;30% of persisting cells express
high levels of CD44 and CD62L, indicative of persistent memory

Figure 1. Generation of enhanced affinity variants of the 3D TCR. (A) Schematic of the 3D TCRa chain CDR3 region showing the location of the mutations that confer

higher affinity for WT1 peptide/MHC. (B) 582/2 T cells (CD8-negative) transduced to express 3D-wt, 3D-NYH, or 3D-PYY TCRs (black line) and the 582/2 parental line as

a control (gray histograms) stained with WT-1/Db DimerX at 125 nM. (C) WT-1/Db DimerX titration analysis by flow cytometry at 4°C and relative mean fluorescence intensity

values were used to generate equilibrium-binding curves. (D) T-cell activation in the presence of WT-1 peptide titrated on T2-Db cells with 3D-wt, 3D-NYH, and 3D-PYY.
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cells (supplemental Figure 3B). Importantly, all the mice remained
healthy and did not show any evidence of autoimmunity, even when
the mice were immune-depleted by sublethal irradiation before T-cell
transfer (supplemental Figure 2B). Furthermore, chronically activated
T cells could again not be detected by increased size or expression of
PD-1 (Figure 3A), which is often associated with chronically stim-
ulated T cells.

To more directly assess autoimmune pathology, mice receiving
TCR gene-modified T cells were killed 2 to 3 weeks after LM
challenge, and normal tissues known to express WT1 in mice and
humans were analyzed for T-cell-mediated tissue injury (Figure 3B).
WT1 is expressed at low levels in the kidney, lung pleura, and
hematopoietic stem cells (HSCs).16 Tissue sections from lung and
kidney of mice treated with transduced T cells were analyzed for T-cell
infiltration and/or tissue damage after LM or LMWT1 challenge
(Figure 3B). No evidence of pathologic injury or significant T-cell
infiltration with the wild-type or higher-affinity 3D mutants was
detected. As HSCs also express low levels of WT1, BM cells were
purified from the challenged mice. The BMwas assessed for depletion
of early long-term reconstituting HSCs or more differentiated HSCs,
which are enrichedwithin the lineagemarker negative CD1171 sca-1hi

and CD1171 sca-1int populations, respectively.17 The percentage of
CD1171 sca-1int and sca-1hi cells in the BM varied between different
mice, but there was no statistical evidence of HSC depletion
(Figure 3C). These data, in addition to the absence of any other
evidence of autoimmunity, suggest that the 2 enhanced-affinity TCRs,
despite having an affinity forWT1 that is likely in the lowmicromolar
range, do not cause autoimmune pathology in this model system.

Thymic selection and peripheral function of enhanced-affinity

WT1-specific TCRs in retrogenic mice

Because the NYH and PYY variants were substantially higher
affinity than the highest-affinity clones we could isolate from the
normal immune repertoire of B6 mice, we wanted to determine
whether our inability to isolate such TCRs reflected deletion of
T cells with such receptors by negative selection in the thymus.

Therefore, retrogenic mice expressing the 3D TCR or its higher-
affinity variants were generated by retroviral transduction of Rag22/2

BM-derived HSC with the TCR constructs followed by BM recon-
stitution of irradiated B6 host animals, as described by Holst et al.9

Six to 8 weeks after BM transfer, the spleen and thymus from these
retrogenic mice were analyzed by flow cytometry (Figure 4).

Rag22/2HSC transduced with each of the 3D TCR constructs all
reconstituted peripheral T cells (Figure 4A). For each construct,
TCR-transduced peripheral T cells were skewed to the CD8 lineage,
with almost complete absence of CD41 T cells. This is consistent
with 3D TCR being a CD8-restricted receptor. Significantly fewer
T cells were consistently observed in spleens of mice expressing the
3D-wt construct. This could be the result of either negative selection
or inefficient positive selection. CD5 expression levels have been
shown to correlate with the strength of the TCR signals thymocytes
receive during thymic selection.18 Therefore, CD5 expression levels
on thymocytes have been used to differentiate intrathymic events,
with negative selection associated with high levels of CD5 and
inefficient positive selection associated with low CD5 expression
levels. We consistently observed low CD5 expression in 3D-wt
retrogenic mice in both the thymic double-positive population
(Figure 4B) and peripheral T cells (data not shown). This suggests
that thymocytes developing in these retrogenic mice are receiving
a suboptimal positive selection signal that contributes to the lower
T-cell numbers detected in mice expressing the 3D-wt TCR.
However, the mature CD81 T cells that do develop appear to be
otherwise phenotypically and functionally normal. A population of
TCR1CD4 CD8 double-negative cells is evident in both the thymus
and spleen of all retrogenic mice: These cells develop in many TCR
transgenic and retrogenic mice because of early expression of
a mature abTCR before b-selection.19 This population is likely
more pronounced in 3D-wt retrogenic mice because conventional
CD8 T cells are less abundant.

In male transgenic and retrogenic mice that express the male-
reactive HY TCR in developing T cells, thymocyte selection was
also altered because of self-reactivity of the TCR.9,20 A fraction
of the self-reactive T cells was eliminated in males by negative

Figure 2. Analysis of TCR-transduced T cells in vivo. (A) P14 splenocytes were stimulated in vitro with gp33 peptide and transduced with the indicated 3D TCR construct,

restimulated with splenocytes pulsed with the WT1 peptide after 7 days, and analyzed by flow cytometry on day 5 postrestimulation. (B and C) 103 106 TCR-transduced P14

T cells were transferred into irradiated B6 mice along with 10 3 106 irradiated B6 splenocytes pulsed with the WT1 peptide. Blood from treated mice (solid line) was analyzed

by flow cytometry on day 7 after T-cell transfer for relative size (FSC) and CD25 expression compared with a Thy1.11 control (shaded histogram).
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Figure 3. Safety of T cells expressing enhanced affinity WT1-specific TCRs in mice infected with LMWT1. (A) TCR-transduced P14 T cells were transferred into B6 mice

and, after 18 days, challenged with LM or LMWT1. After 6 days, blood from treated mice was analyzed by flow cytometry. Data are representative of 3 independent

experiments with at least 1 LM and 2 LMWT1 mice per experiment. (B) BM cells were purified from treated mice, and the percentage of CD1171 Sca-1int and Sca-1hi cells was

determined. Data shown are from an experiment in which a single mouse per TCR construct was immunized with control LM and 2 mice were challenged with recombinant

LMWT1. (C) Kidney and lung were also collected from these animals and analyzed by hematoxylin and eosin staining for T-cell infiltration and/or tissue damage.
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selection, but a substantial proportion of thymocytes developed into
CD8 single positive (SP) cells with decreased antigen sensitivity
because of reduced TCR surface expression and downregulation of
CD8 expression. To assess whether the enhanced-affinity TCRs
exhibited similar aberrant maturation because of increased self-
reactivity during selection, TCR and CD8 expression on retrogenic
thymocytes was analyzed by flow cytometry (Figure 4A). Signifi-
cantly decreased TCR expression was consistently observed in the
CD8 SP population of 3D-PYY retrogenic mice, and variable reduction
in TCR surface expression was observed in mice expressing the NYH
variant, consistent with TCR signaling above the normal threshold
during thymic selection. However, such TCR downregulation was not
observed in CD8 SP thymocytes from mice expressing the 3D-wt
TCR, suggesting that T cells that are successfully positively selected in
these mice are able to then develop normally.

TCRb variable region 10 (Vb10) staining was used to compare
TCR surface expression by the 3DTCR retrogenic T cells withWT1-
specific TCR expression by mature P14 T cells transduced with the
various 3D TCRs, as the latter is analogous to transduced patient
T cells used for TCR gene therapy (Figure 5A). The level of Vb10
staining was slightly higher on the transduced P14 T cells than on
retrogenic T cells, perhaps reflecting activation during the trans-
duction process. Although this difference in TCR levels was minimal
between the 3D-wt retrogenics and transduced peripheral T cells, the

enhanced affinity retrogenic T cells isolated from the periphery had
substantially lower levels of TCR expression than transduced
peripheral T cells. As a fraction of the TCRs expressed by the
transduced peripheral T cells could constitute mispaired TCRs in
which the introduced Vb10 chain paired with the endogenous P14
TCRa chain, it was formally possible that transduced P14 T cells
actually expressed similar or lower levels of the WT1-specific TCR
than the retrogenic T cells. Therefore, both the retrogenic T cells and
transduced peripheral T cells were stained with tetramer to assess the
level of antigen-specific TCR on the surface of each. Tetramer
staining matched the results with Vb10 staining, with transduced
peripheral T cells binding the highest level of tetramer, 3D-wt and
-NYH retrogenic T cells binding only slightly less tetramer, and the
highest-affinity 3D-PYY variant binding significantly lower tetramer.

The decreased level of TCR surface expression and tetramer
staining by the highest-affinity 3D-PYY TCR variants suggested
that T cells in retrogenic mice expressing this TCR might have
a similar or lower avidity for APC/targets expressing the WT1
antigen than cells from mice expressing the wt TCR, even though
the TCR itself has substantially higher affinity for WT1 antigen.
To compare the functional avidity of the mature CD81 T cells, antigen-
specific splenic T cells were expanded by a single peptide stimulation
in vitro and analyzed for responsiveness to APCs (splenocytes)
pulsed with decreasing concentrations of WT1 peptide on day 6

Figure 4. Analysis of retrogenic mice. 3D TCR-transduced Rag22/2 BM cells (Thy1.2) were transferred into irradiated Thy1.1 B6 recipients and analyzed more than

5 weeks posttransfer. (A) Splenocytes were analyzed for Thy1.2 expression by flow cytometry as a marker of donor-derived cells, which were gated and analyzed for CD4, CD8,

and TCRb expression. (B) Thymocytes from retrogenic mice were analyzed for Thy1.2 expression, and donor cells were then analyzed for CD4 and CD8 expression. Because

the only marker of successful transduction was retrogenic TCR expression by the Rag22/2 cells, TCRb1 cells were gated and analyzed for CD8, CD69, and CD5 expression.
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(Figure 5B). Retrogenic T cells expressing the 3D-wt and 3D-NYH
variants had similar functional avidities (a similar proportion of
T cells produced cytokines in response to each concentration of
peptide), whereas retrogenics expressing the 3D-PYY variant demon-
strated a lower avidity for WT1 peptide-pulsed target cells, requiring
higher peptide concentrations to induce similar responses. In contrast,
P14 peripheral CD81 T cells transduced with the 3D-PYY TCR
displayed a ;10-fold increase in antigen sensitivity compared with
the 3D-wt or 3D-NYH TCR constructs. To affirm that peripheral
TCR downregulation observed in retrogenic mice expressing the
enhanced-affinity 3D-PYY TCR is not unique to the 3D TCR and its
variants, but rather reflects a more general property of enhanced
affinity TCRs to self-antigens, we repeated these analyses with wild-
type and enhanced-affinity TCRs specific for MSLN, another prom-
ising tumor-associated antigen (supplemental Figure 1), and obtained
similar results.

Discussion

Many of the most promising tumor-associated antigens currently
being targeted by adoptive T-cell therapy or TCR gene therapy
trials are overexpressed, unmodified self-antigens.21 Because the
T cells/TCRs being evaluated are generally derived from the
peripheral T-cell pool of individuals who express these target
molecules as self-antigens in normal tissues and the thymus, many
have a relatively low affinity for the target antigen. Because T cells

that express higher-affinity TCRs are generally more effective at
eliminating tumor cells than T cells expressing lower-affinity TCRs
for the same antigen,12,22,23 strategies to enhance the affinity of
tumor-antigen-specific TCRs are being pursued to increase the
activity of transduced T cells for tumor cells expressing the target
antigen.4,5,24,25

WT1 is expressed at high levels by many solid and hematological
tumors and is detected at low levels by a few normal cell types.26,27We
isolated 2 variants of a murine WT1-specific TCR from a saturation
mutagenesis screen that have enhanced affinity for WT1, resulting in
CD8-independent binding of these TCRs to peptide/MHC multimers.
These modified WT1-specific TCRs confer a significantly enhanced
functional avidity to TCR-transduced peripheral T cells comparedwith
the parental 3D TCR. However, when transferred in vivo intowtmice,
T cells transduced with these enhanced-affinity TCRs did not undergo
autoimmune activation and did not mediate overt autoimmune
pathology.

Potentially autoreactive T cells may remain ignorant of peripheral
tissue expression of the self-antigen and only became dangerous
when activated in themore immunogenic context of a robust immune
response against an external pathogen.28-30 However, we tested
whether tissue damage could be induced by immunizing mice that
received transferred high-affinity TCR-transduced T cells with a
recombinant strain of LM expressing the target WT1 antigen and
found that even after expanding in response to such inflammatory in
vivo stimulation, treated mice did not display T-cell-mediated tissue
damage or T-cell infiltration in organs known to normally express
WT1. The lack of T-cell-mediated autoimmunity after transfer of

Figure 5. Functional analysis of retrogenic and

transduced peripheral T cells. (A) Retrogenic sple-

nocytes expressing each of the TCRs gated on donor

Thy1.21CD81 cells, and TCR-transduced P14 spleno-

cytes gated on transduced (Vb101) CD81 T cells,

were analyzed for expression levels of the retrogenic

TCRb chain, Vb10, and for tetramer binding. Data are

representative of at least 16 mice per TCR. Two

samples for each enhanced affinity receptor are

included to show the typical range of variation between

mice. (B) Retrogenic T cells and TCR-transduced P14

T cells were stimulated with WT1 peptide and ex-

panded for 1 week in vitro and then assayed for

functional avidity by measuring interferon g production

in response to Ag-presenting cells pulsed with de-

creasing concentrations of WT1 peptide. TCR surface

expression is shown for each T-cell population at the

time the functional assay was performed.
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T cells expressing a high-affinity WT1-specific TCR, even in the
inflammatory setting of LMWT1, likely reflects the limited tissue
distribution of WT1 in normal hosts and the relatively low-level
expression of this self-antigen by normal tissues,27 particularly as
compared with the transgenic antigens that have been studied.28-30

The finding that T cells expressing enhanced-affinity WT1-
specific TCRs can respond to highly immunogenic infected targets
in vivo without causing autoimmunity to normal tissue targets
expands on observations that WT1-specific CD81 T cells from the
normal repertoire can differentiate between the low levels of WT1
expressed by normal self-tissue and the higher levels expressed by
tumor cells.31-34 Importantly, T cells expressing enhanced-affinity
WT1-specific TCRs in our studies did not mediate on-target
autoimmune reactivity against normal tissues that express low
levels of WT1, nor did the enhanced-affinity TCRs mediate any
detectable off-target effects resulting from cross-reactivity with
other self-antigens. The absence of cross-reactivity from either of
the enhanced affinity variants may in part reflect our restriction of
modifications to the a chain CDR3, precluding changes to the
CDR1 and CDR2 domains that interact primarily with the MHC
helices.35 These results support the potential safety of this ap-
proach for increasing the affinity of tumor-reactive TCRs.

The generation of retrogenic mice has proven useful for
quickly analyzing the in vivo function and thymic selection of
TCRs from antigen-specific T-cell clones.36,37 One caveat of this
approach is that, as T cells are positively selected with different
levels of efficiency in the thymus, it is difficult to predict how well
any TCR will be selected, as this requires low-affinity interactions
with unknown self-peptides in the thymic cortex. This may be
particularly problematic for enhanced-affinity TCRs, which are not
selected on the basis of secondary interactions with low-affinity self-
peptides, and thus may not have sufficiently high affinity for any self-
antigen in the thymus to adequately drive positive selection, despite
having enhanced affinity for the cognate antigen.

We observed substantial variation in the efficiency of positive
selection between the TCRs employed in this study, as also reported
in other retrogenic mice.36,37 For the 3D TCR, the capacity of the
parental 3D-wt to support positive selection appeared quite low.
Such positive-selecting ligands are also responsible for mainte-
nance, survival, and homeostatic proliferation of naive T cells in the
periphery.38-40 In the case of the 3D-NYH and 3D-PYY TCRs,
modifications to the 3D CDR3a appear to have increased the
affinity for positive selecting ligand(s) compared with the 3D-wt
TCR, However saturation mutagenesis of CDR3 regions is just as
likely to decrease the efficacy of these interactions. This would
represent another situation in which TCR gene therapy provides an
opportunity to use a high-affinity TCR that might otherwise be
unavailable in the normal repertoire not because of problematic self-
reactivity but, rather, because of an inability to be positively selected
and/or to persist in the periphery. Because only naive T cells are
dependent on low-affinity interactions for survival, an affinity-
enhanced TCR that does not have an adequate affinity for a positively
selecting ligand could still mediate effective anti-tumor activity when
transduced into activated peripheral T cells. These observations serve
to highlight the fact that retrogenic mice generated with affinity-
modified TCRs can provide unique insights into the biology of the
TCR in the context of both positive and negative selection during
normal T-cell development.

We have found that for both WT1- and MSLN-specific TCRs,
high-affinity retrogenic T cells in the periphery can respond to antigen,
but with a functional avidity reduced at or below the threshold level of
the highest-avidity naturally occurring T cells in the normal repertoire

(Figure 5 and supplemental Figure 1). This retention of function, and
evidence that the cells retain a naive phenotype (data not shown),
supports the notion that the TCR down-modulation observed with
TCRs specific for WT1 occurs during antigen exposure in the thymus
and is not the result of antigen recognition in the periphery. This
finding has implications for clinical strategies based on TCR gene
transfer to HSCs, suggesting that peripheral T cells generated through
this approach could potentially be deleted or exhibit attenuated antigen
sensitivity if the antigen being targeted is expressed at high levels in
the thymus. Indeed, TCR down-modulation by surviving thymocytes
that emigrate to the periphery appears to be a common feature in both
transgenic and retrogenic mice expressing a TCR that surpasses an
affinity threshold set during thymic selection.9,34,37,41,42 In this
regard, it might prove useful to isolate naive T cells from the
repertoire based on expression of lower surface levels of TCR, as
generating antigen-reactive cells from this population might yield
naturally occurring TCRs that have a higher affinity for tumor/self-
antigens, which could then be harnessed for TCR gene therapy in
transduced peripheral T cells. Such a strategy has the potential to
circumvent the risks and technologies associated with generating
modified TCRs for expression in T cells.

These studies suggest that TCR gene therapy with enhanced-
affinity TCRs can be a safe and effective approach for increasing the
efficacy of anti-tumor adoptive T-cell therapies that are currently
being developed to treat human malignancies. TCRs that are affinity-
enhanced sufficiently to become CD8-independent may also be used
to recruit the activity of CD41 T cells against class 1 HLA-restricted
tumor antigens. This approach can further increase anti-tumor activity
by enhancing the survival and long-term persistence of tumor-reactive
effector T cells.43 These murine studies provide insights into the
biology of enhanced-affinity TCRs targeting antigens such as WT1.
However, human clinical trials will need to be done to fully define the
safety and efficacy of this approach.
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