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A T-cell receptor (TCR) with optimal avidity to a tumor antigen can be used to redirect T
cells to eradicate cancer cells via adoptive cell transfer. Cancer testis antigens (CTAs) are
attractive targets because they are expressed in the testis, which is immune-privileged,
and in the tumor. However, CTAs are self-antigens and natural TCRs to CTAs have low
affinity/avidity due to central tolerance. We previously described a method of directed
evolution of TCR avidity using somatic hypermutation. In this study, we made several
improvements to this method and enhanced the avidity of the hT27 TCR, which is specific
for the cancer testis antigen HLA-A2-MAGE-A1278-286. We identified eight point mutations
with varying degrees of improved avidity. Human T cells transduced with TCRs contain-
ing these mutations displayed enhanced tetramer binding, IFN-γ and IL2 production, and
cytotoxicity. Most of the mutations have retained specificity, except for one mutant with
extremely high avidity. We demonstrate that somatic hypermutation is capable of opti-
mizing avidity of clinically relevant TCRs for immunotherapy.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

T-cell receptors (TCRs) recognize specific peptides bound to the
major histocompatibility complex (MHC). CD8+ cytotoxic T cells
(CTLs) recognize peptides from degraded cellular proteins pre-
sented on MHC class I molecules, which are found on nearly
all of the cells in the body [1]. T cells can distinguish between
healthy cells and infected or cancerous cells based on the pre-
sented peptide-MHC (pMHC) complexes. A CTL that recognizes a
target cell can kill the target cell, as well as secrete cytokines such
as IFN-γ, TNF-α, and IL2. Several immunotherapies, such as adop-
tive T-cell transfer (ACT), rely on the capability of T cells to elim-
inate cancer cells. In ACT, tumor-reactive T cells are transferred
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into a patient, usually after lymphodepletion to remove cells com-
peting for cytokines and regulatory cells. TCR gene therapy, or
TCR gene transfer, is a type of ACT in which T cells from the
peripheral blood are redirected to target tumor cells via expres-
sion of an anti-tumor TCR [2,3].

One key factor to the effectiveness of TCR gene therapy is
TCR affinity/avidity. Affinity is the attraction of a single TCR to a
pMHC, and avidity is the accumulated attraction of several inter-
actions. TCR avidity depends on a number of parameters, such
as TCR affinity, flexibility, stability, pairing, clustering, and co-
receptors. TCR-pMHC avidity is a critical signal for activation, and
there is a narrow window of optimal avidity. T-cell activity is ulti-
mately determined by the balance of stimulatory and inhibitory
signals. T-cell responsiveness, or functional avidity, increases with
TCR affinity/avidity, but there is a plateau at the higher end (KD

= 1–5 μM) of the physiological range (KD = 1–100 μM) [4,5].
TCRs with affinity well above the physiological range can either
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lose specificity in CD8+ cells (where CD is cluster of differentia-
tion) [6,7] or have reduced activity [4,5].

TCR affinity also plays a major role in positive and negative
selection in the thymus. T cells with functional TCRs that inter-
act with pMHC complexes pass positive selection. T cells with
TCRs with high affinity to self-antigens presented in the thymus
do not pass negative selection [8]. This process, known as central
tolerance, prevents autoimmunity, but also presents a challenge
for TCR gene therapy. Most shared tumor antigens are tumor-
associated antigens (TAAs), which are self-antigens that are over-
expressed or aberrantly expressed on cancer cells. Thus, natural
TCRs specific for shared TAAs have low affinity and reactivity due
to central tolerance [9].

Therefore, a number of methods have been developed to
obtain TCRs with higher affinity/avidity capable of eradicating
tumors. One in vivo approach is to vaccinate mice transgenic for
a human MHC molecule with a human TAA that is not subject
to central tolerance in mice [10]. A common in vitro approach
is to perform random mutagenesis of a small region, followed
by screening in phage [11], yeast [12], or T-cell display [13].
Another common approach is to isolate allo-restricted T cells from
HLA-mismatched donors with high affinity to the target TAA on a
nonself HLA allele. We previously described an in vitro approach
for TCR avidity maturation using somatic hypermutation (SHM)
[14]. In nature, SHM optimizes affinity of antibodies in B cells.
The enzyme activation-induced cytidine deaminase (AID) initi-
ates SHM by mutating cytidine (C) to uracil (U) [15]. AID has a
hotspot-motif, WRCH (where W = A/T, R = A/G, C that is deam-
inated, and H = A/C/T), or its complement motif, DGYW [16].
Mutations can be caused if the U is unrepaired or repaired by
error-prone DNA-repair mechanisms. For any of these approaches,
cross-reactivity and recognition of low levels of antigen must be
carefully examined, because the resulting TCRs were not subject
to central tolerance to the human proteome on the target HLA
allele.

Target selection, TCR specificity, and TCR avidity are crucial
factors in the efficiency and safety of TCR gene therapy targeting a
TAA. There can be severe toxicities if a TAA is expressed on a vital
organ at sufficient levels for recognition by the transferred TCR.
Cancer testis antigens (CTAs) are attractive targets because they
are mostly or exclusively expressed on the tumor and the testis, an
immune-privileged organ. TCR gene therapy targeting NY-ESO-1,
a CTA, was both effective and safe [17,18]. However, if the CTA
is expressed in other vital tissues or there is cross-reactivity to
antigens expressed in healthy tissues, there can be severe, even
fatal, toxicities [19,20].

Previously, we enhanced the avidity of the mouse Pmel-1 TCR
using SHM in 293TREx cells [14]. We identified mutations that
improved avidity and activity in vitro and in vivo. In this study, we
sought to use SHM to enhance a clinically relevant human TCR.
Additionally, we made a number of improvements to the SHM-
based TCR avidity maturation system. The target we selected is
the MAGE-A1278-286 peptide bound to HLA-A*02:01, a common
human MHC-I molecule in the HLA-A2 family. MAGE-A1 is a can-
cer testis antigen that is expressed in a variety of malignancies,

including multiple myeloma, melanoma, lung, breast, colon, and
ovarian cancer [21]. Importantly, it has been confirmed that this is
a CTA that is indeed expressed exclusively in the testis and tumors
[10]. This target has two known TCRs. One is a low-affinity vari-
ant isolated from the human CTL27 clone [22], “hT27” [10], and
another is a high-affinity variant isolated from mice transgenic

for both human TCRαβ and HLA-A2, “T1367” [10]. In this study,
we desire to enhance the avidity of hT27 using an upgraded SHM
system in a T-cell-derived cell line, BWZ.36 cells [23]. Follow-
ing SHM-driven optimization, we can then compare our mutant
hT27 TCRs to the known high-affinity T1367 TCR. We hope to
demonstrate that SHM is an efficient and robust strategy to gener-
ate clinically relevant human TCRs with optimal avidity. Addition-
ally, enhanced hT27 TCRs can be considered for use in TCR gene
therapy.

Results

Construction of SHM-driven TCR avidity maturation
system in BWZ.36-derived cells

We previously developed a TCR-avidity maturation system using
SHM in 293TREx cells, and enhanced the mouse Pmel-1 TCR.
For enhancing the hT27 TCR, we made a number of improve-
ments to the SHM system. First, we used a T-cell line, BWZ.36-
CD8α [23,24]. These cells do not express an endogenous TCR
and express β-galactosidase upon TCR activation because they
carry an NFAT-LacZ reporter gene. This allows for expression of
a TCR of choice and detection of TCR activation by the color
change of chlorophenolred-ß-D-galactopyranoside (CPRG) from
yellow to red due to cleavage by β-galactosidase. Second, we used
a more active variant of AID, AID mut 7.3 [25]. We transduced
BWZ.36-CD8α cells with CD3 to compensate for low endoge-
nous expression. We then stably expressed tetracycline repres-
sor (TetR) and tetracycline-inducible AID mut 7.3 (Tet-AID 7.3)
using electroporation and selection. We needed to also trans-
duce the cells with TetR to ensure that AID expression was dox
dependent (Supporting Information Fig. S1). The cells ready for
SHM-driven TCR avidity maturation were designated “BWZ-8S”
(Fig. 1A).

Optimization of DNA sequence in CDR3 loops for SHM

An additional improvement for SHM is to modify the DNA
sequence of the TCR for AID-driven SHM and expression in pri-
mary T cells. For high expression in primary T cells, we used
a codon-optimized DNA sequence. In nature the DNA sequence
of antibodies, which undergo SHM in B cells, has been fine
tuned for SHM in the complementary determining regions (CDRs)
that interact with the antigen [26]. We developed an algorithm
to mimic this process for the DNA sequence of TCRs in the
CDR3 loops, which interacts with the peptide. We maximized AID
hotspots, WRCH/DGYW, and minimized AID coldspots, SYC/GRS.
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CDR3α: 
Before optimization - 3 hotspots, 6 coldspots, 2 WA hotspots 
(2 AA), 0 E-box motifs, 0 rare codons, 0.95 CAI 
tgcgccggctctggcggcggaaccgacaagctgatcttt 
C  A  G  S  G  G  G  T  D  K  L  I  F  
tgtgctggtagcgcgggcggtaccgataaacttatattt 

After optimization - 5 hotspots, 2 coldspots, 7 WA hotspots (5 
TA + 2 AA), 3 rare codons, 0 E-box motifs, 0.691 CAI 

CDR3β: 
Before optimization - 4 hotspots, 8 coldspots, 2 WA hotspots 
(2 TA), 0 E-box motifs, 0 rare codons, 0.97 CAI 
tgcagcgccagagagcccggccagggaccttacgagcagtacttt 
C  S  A  R  E  P  G  Q  G  P  Y  E  Q  Y  F 
tgtagtgcacgcgaacctgggcaaggaccttacgaacagtacttt 

After optimization - 7 hotspots, 3 coldspots, 6 WA hotspots (3 
TA + 3 AA), 0 E-box motifs, 1 rare codon, 0.768 CAI 

Figure 1. SHM-based TCR avidity maturation system in BWZ.36-drived cells. (A) Schematic representation of SHM system in “BWZ-8S” cells. Text sur-
rounded by circles represents plasmids. TetR and Tet-AID (AID under regulation by TetR) plasmids allow for inducible expression of AID. The
NFAT-LacZ reporter allows for using CPRG to detect TCR signaling, which activates the transcription factor NFAT. (B) DNA sequence for CDR3α

(upper) and CDR3β (lower) of hT27 TCR before optimization above protein sequence and after optimization below protein sequence. Amino acid
letter is at the beginning of the codon (three nucleotides) for that amino acid. “Hotspot” refers to AID hotspot WRCH/RGYW (W = A/T, R = A/G,
H = A/C/T) with the location of the deamination colored in red. “Coldspot” refers to AID coldspot SYC/GRS (S = C/G, Y = C/T) with the location
of the unlikely deamination colored in blue. “WA (W = A/T) hotspot” refers to hotspot of Pol η. E-box motif refers to CAGGTG sequences. (C) Flow
cytometry sorting strategy for TCR avidity maturation for one (h12) of four clones. Arrows above the graph in indicate that the cells in the indicated
gate were taken for an additional SHM and sorting cycle. Cells leading to below the graph indicate that 5000 cells were sorted into groups that were
taken for validation and TCR sequencing. Gated on live single cells. The set of three sorting cycles was performed once with four clones (n = 4).

Mutations initiated by AID can recruit error prone DNA machin-
ery, which can lead to additional mutations, including Pol η

[27,28]. Thus, we maximized for Pol η hotspots, WA, with pref-
erence for TA [27,28]. If possible, we would include the E-box
motif CAGGTG, important in E47-mediated recruitment of AID
[29,30]. Lastly, to maintain high expression we tried to avoid tan-
dem rare codons and maximize the codon adaptation index [31].
After applying this algorithm to the TCR sequence of the hT27
TCR, there was an improvement in a number of aspects for SHM
(Fig. 1B).

SHM of hT27 TCR and sorting cycles

We transduced BWZ-8S cells with the hT27 TCR following opti-
mization of the DNA sequence for SHM. To ensure that cells con-
tain only one TCR copy, we used a very low multiplicity of infec-
tion (MOI), resulting in about 1% TCR+ cells. We sorted these
cells, and induced SHM by adding dox to four clones (h.5, 7, 8,

and 12). After 24 days, we sorted cells with increased tetramer
binding at a given TCR expression level, indicative of enhanced
avidity. The sorted cells underwent a second SHM and sorting
cycle in which there were three distinct populations relative to the
native low-avidity TCR: no change in avidity, medium-high avidity
(“MHA”), and high-avidity (“HA”). The HA population underwent
a third SHM and sorting cycle. No further shift in tetramer/TCR
ratio was observed, but there were some high-avidity cells with
high TCR expression (“HA HiEx”). We sorted 5000 cells from each
group, MHA from the second cycle and HA, and among them
HA HiEx, from the third cycle (Fig. 1C, Supporting Information
Fig. S2). Sorted groups had considerably enhanced tetramer bind-
ing than the parental lines (Supporting Information Fig. S3). We
also performed a functional TCR activation assay using CPRG but
observed no activation, even though this assay works for other
TCRs in these cells (data not shown). Regardless, the tetramer
binding assays demonstrate that there is an increase in binding
avidity, and functional assays will be performed in primary T
cells.
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SP CβJβCDR3βCDR2βCDR1βFR1β FR2β FR3β
1 16 41 47 64 71 108 123 133 304

β S109N ("m2") from h.5 HA, h.5 HA HiEx, h.7 HA HiEx, h.8 HA, h.8 HA HiEx, h.12 MHA, h12 HA, h.12 HA HiEx:

β S32T ("m1") from h.8 HA HiEx:

SP CβJβCDR3βCDR2βCDR1βFR1β FR2β FR3β
1 16 41 47 64 71 108 123 133 304

SP CβJβCDR3βCDR2βCDR1βFR1β FR2β FR3β
1 16 41 47 64 71 108 123 133 304

β T63I ("m3") from h.8 MHA:

SP CαJαCDR3αCDR2αCDR1αFR1α FR2α FR3α
1 23 47 53 70 77 110 123 134 269

α S189G ("m4") from h.7 HA:

SP CαJαCDR3αCDR2αCDR1αFR1α FR2α FR3α
1 23 47 53 70 77 110 123 134 269

α G125A ("m7") from h.5 MHA, h.8 MHA:

SP CαJαCDR3αCDR2αCDR1αFR1α FR2α FR3α
1 23 47 53 70 77 110 123 134 269

α G125V ("m8") from h.5 MHA, h.8 MHA:

SP CαJαCDR3αCDR2αCDR1αFR1α FR2α FR3α
1 23 47 53 70 77 110 123 134 269

[α W55L+Y56F] ("m9") from h.7 HA HiEx:

Figure 2. Mutant hT27 TCRs generated by SHM. Mutant TCRs identified following SHM using SMRT high-throughput sequencing. Mutations, mutant
number designation, and sorted groups in which the mutant TCR was identified are listed above a schematic representation of the TCR sequence.
Numbers below the TCR indicate the first amino acid of the region. Length is not to scale. A star indicates the location of the mutation. Domains:
C = constant, CDR = complementary determining region, FR = framework region, J = joining. Mutations α W55L and α Y56F, which alone would be
designated m5 and m6, occurred as a double mutation designated m9. Results are from a single extraction (n = 1) for each of the 12 groups and a
single high-throughput sequencing experiment.

Identification of mutations using long-read high
throughput sequencing

To identify the mutations responsible for the shift in tetramer
binding, we used single-molecule real-time (SMRT) sequencing
with Sequel platform [32]. This technology generates long-reads
containing the entire 2 kb TCR sequence, allowing us to detect if
mutations in distant regions are on the same TCR. The sequenc-
ing results were demultiplexed and circular consensus sequences
were built from reads with >7 passes of our 2 kb sequence with a
predicted accuracy above 99.9%. We identified eight mutant TCRs
bearing eight unique missense mutations or one silent mutation,
either alone or in combination, from 11 unique DNA mutations
(Fig. 2, Supporting Information Tables S1 and S2). One sample,
h.12 HA, had few reads due to a technical problem, but Sanger
sequencing suggests that nearly all cells in this sample contain
the β G326A mutation on the DNA, which leads to β S109N (Sup-
porting Information Fig. S4). All but two mutations were within
six bases of the AID hotspot motif, WRCH/DGYW, strongly sug-
gesting that the mutations arose in SHM (Supporting Information
Table S2).

TCR expression and enhanced tetramer binding of
mutant TCRs

To analyze the effects of the mutations on TCR avidity, we per-
formed several binding and functional assays in primary T cells
transduced with the TCRs. Initial screening was performed in
primary mouse T cells due to availability. We selected β S109N
(“m2”), β T63I (“m3”), α S189G (“m4”), α G125V (“m7”), and
α W55L+Y56F (“m9”) for further analysis in human T cells from
PBMCs) based on the initial screens for IFN-γ production (Sup-
porting Information Fig. S5). The first assay in transduced PBMCs
was for binding avidity to tetramers and for TCR expression. The
transduced TCRs have a mouse TCR (mTCR) constant region,
allowing for detection and gating on transduced PBMCs. All of
the mutant hT27 TCRs displayed enhanced tetramer binding com-
pared to the wild-type (WT) TCR (Fig. 3, see also gating strat-
egy in Supporting Information Fig. S6). Mutant m2 was a sig-
nificantly stronger binder at high and low concentrations. Inter-
estingly, at higher tetramer concentrations all hT27-derived TCRs
were stronger binders than T1367. At lower concentrations, there
was a trend for m9 to have comparable binding with T1367, and
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Figure 3. Tetramer and mTCR staining of TCR-transduced human PBMCs. Human PBMCs were transduced with TCRs and stained with HLA-A2-MAGE-
A1278-286 tetramers and anti-CD4, CD8, mTCRβ. Irrelevant TCR was the Pmel-1 TCR. hT27 mutant TCRs indicated by “m” and then mutant number.
All data were collected by flow cytometry. (A) Geometric mean fluorescence (GMF) of tetramer staining. Results in are from a single donor (n =
1) and representative of one of four independent experiments. (B) Percent of tetramer positive cells. Results in are from a single donor (n = 1)
and representative of one of four independent experiments. (C–H) Fold change compared to hT27 WT from four independent experiments (n =
4). Multiple comparisons between all groups, excluding the irrelevant TCR, were performed with Tukey’s correction following one-way unpaired
ANOVA. A statistically significant result (α = 0.05) is indicated with a shorthand representation (T = T1367,WT = WT hT27, 2 = m2, 9 = m9, all = all
other TCRs) of the group with lower fold change above the bar of the group with higher fold change. (C) GMF of tetramers at a 50 nM concentration.
Statistically significant comparisons: m2 > T1367 (p = 0.0002), m2 > WT (p = 0.0144), m3 > T1367 (p = 0.0292), m4 > T1367 (p = 0.0067), and m9
> T1367 (p = 0.0221). (D) GMF of tetramers at a 50 nM concentration. Statistically significant comparisons: m2 > WT (p = 0.005) and m2 > m4 (p
= 0.0271). (E) %tetramer+ at a 50 nM concentration. Statistically significant comparisons: m2 > T1367 (p = 0.0009) and m2 > WT (p = 0.0042). (F)
%tetramer+ at a 0.01nM concentration. No comparisons were statistically significant. (G) mTCR GMF. Statistically significant comparisons: T1367
> WT (p = 0.0005), T1367 > m2 (p < 0.0001), T1367 > m3 (p = 0.0002), T1367 > m4 (p < 0.0001), T1367 > m8 (p < 0.0001), T1367 > m9 (p < 0.0001), WT
> m2 (p = 0.0009),WT > m9 (p = 0.0051), and m3 > m2 (p = 0.003). (H) %mTCR+ cells. No comparisons were statistically significant. (C–H) Error bars
represent mean ± SEM. (A–G) Gated on live CD8+mTCRβ+ cells. (H) Gated on all live CD8+ cells. Gating strategy is shown in Supporting Information
Fig. S6.

for m3, m4, and m8 to have stronger binding in between T1367
and hT27 WT (Fig. 3C–F). Interestingly, the TCR expression level
was significantly higher for T1367 compared to all hT27-derived
TCRs, and significantly lower expression for m2 and m9 compared
to the WT (Fig. 3G). There were no statistically significant dif-
ferences in the percent of mTCR positive cells (Fig. 3H). These
results show that the mutant TCRs have improved TCR binding
avidity compared to the WT, but not due to increased TCR expres-
sion levels.

Enhanced cytokine production of mutant TCRs

To begin our functional analysis in transduced human PBMCs, we
performed intracellular cytokine staining assays for IFN-γ and IL2.
The effective concentration 50% (EC50) is peptide concentration
at the halfway between maximal and minimal activity. A low EC50

indicates high functional avidity. The EC50 of the mutant hT27
TCRs was lower by approximately four orders of magnitude for
IFN-γ production (Fig. 4A, see also gating strategy in Supporting
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Information Fig. S7) and three for IL2 production compared to
the WT (Fig. 4B). The order of functional avidity of IFN-γ pro-
duction according to EC50 (Fig. 4A) was T1367 (EC50 = 0.247
pM) > m9 (0.275 pM) > m2 (0.289 pM) > m3 (0.352 pM) >

m4 (0.535 pM) > m8 (0.982 pM) >> WT hT27 (3543 pM). It
should be that although m2 did not have the lowest EC50 value,
it mediated strong cytokine production even with minute quanti-
ties of peptide. This trend was the same with IL2 (Fig. 4B). Toward
721.211-A2 cells, which express MAGE-A1 (Supporting Informa-
tion Fig. S8), the order of activity was m2 (49.7% IFN-γ+) >>

T1367 (11%) > m3 (6.9%) > m4 (5.6%) > m9 (5.4%) > m8
(3.8%) > WT (3.3%) (Fig. 4C). All TCRs except for m2 did not
show nonspecific activity toward T2 cells with an irrelevant pep-
tide, MUC113-21, or EL4-HHD cells, which do not express human
MAGE-A1 (Fig. 4C). All of the trends in cytokine production were
also observed in PBMCs from a second donor (Supporting Infor-
mation Fig. S9). In CD4+ cells, m2 had reduced nonspecific activ-
ity (Supporting Information Fig. S9D), as has been shown with
other ultra-high avidity TCRs [7].

Enhanced cytotoxicity of mutant TCRs in transduced T
cells

To further study TCR activity for all TCRs that have not lost speci-
ficity, all but m2, we performed a cytotoxicity assay. Toward T2
cells loaded with MAGE-A1278-286 peptide, the order of activity
was T1367 > m9 > m4 > m8 > m3 > hT27 WT (Fig. 5A).
No nonspecific killing above background was observed toward
T2 cells loaded with an irrelevant peptide, MUC113-21 (Fig. 5B).
These trends were similar in a second donor, except that m9 and
m4 showed higher activity than T1367 toward cells loaded with
MAGE-A1278-286, and that m9 appeared to be slightly higher than
the others toward cells loaded with MUC113-21(Supporting Infor-
mation Fig. S10). Toward 721.211-A2 cells the order of activity
was T1367, m9 > m3 > m4, m8, hT27 WT (Fig. 5C). No non-
specific killing above background was observed toward EL4-HHD
cells (Fig. 5D). Taken together with the tetramer and cytokine
results, the SHM-generated mutant TCRs display enhanced avid-
ity and activity compared to the WT, although the order among
the mutant TCRs was not always consistent.
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Figure 4. Intracellular cytokine staining assays with TCR-transduced human PBMCs. Human PBMCs were transduced with TCRs and co-cultured with
target cells for 6 h, with BFA added 2 h into the co-culture to prevent cytokine secretion. Irrelevant TCR was the Pmel-1 TCR. EC50 was calculated
with nonlinear regression (three-parameter) in GraphPad Prism. All data were collected by flow cytometry. (A) IFN-γ following stimulation with
peptide-loaded T2 cells. (B) IL2 following stimulation with peptide-loaded T2 cells. (C) IFN-γ following stimulation with T2 cells loaded with MAGE-
A1 or MUC-1 peptide, 721.211-A2 (MAGE-A1+) cells, or EL4-HHD (MAGE-A1-) cells. Gated on live CD8+mTCR+ cells (gating strategy is in Supporting
Information Fig. S7). Results are from 1 of 2 donors (n = 2, results from the second donor are in Supporting Information Fig. S9) and representative
of one of three independent experiments. All assays were performed in duplicates.
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Figure 5. Cytotoxicity of TCR-transduced human PBMCs. Human PBMCs were transduced with TCRs and co-cultured with S35-methionine labeled
target cells for 5 h at indicated E:T ratios. Cytotoxicity was detected using an S35-methionine release assay. Each graph is with a different target
cell. (A) T2 cells loaded with 10 μM MAGE-A1278-286 peptide. (B) T2 cells loaded with 10 μM MUC113-21 peptide. (C) 721.211-A2 cells (MAGE-A1+).
(D) EL4-HHD cells (MAGE-A–). Results are from one or two donors (n = 2, results for the second donor are in Supporting Information Fig. S10) and
representative of one of three independent experiments for (A) and (B). Results are from a single donor (n = 1) and representative of one of two
independent experiments for (C) and (D). Results were normalized by relative number of CD8+mTCR+ cells (determined by flow cytometry). All
assays were performed in triplicates.

TCR recognition motif and cross-reactivity of mutants
TCRs

To further understand the effects of the mutations of TCR speci-
ficity, we performed an alanine screening assay in transduced
PBMCs (Fig. 6A). A substitution that leads to a significant reduc-
tion (≥75%) can be viewed as part of the recognition motif of
the TCR. The observed recognition motif of the mutant TCRs
m3, m4, and m9 was xxLEYxxxx. For m8, the recognition motif
was xxLEYVxKx. For m2, there was a strong reaction regardless
of substitutions. For the WT hT27 TCR, it is difficult to define
a motif because there was a substantial reduction with substitu-
tions at the tested peptide concentration in all positions except
for p1 and p9. However, it should be noted that changes to the
sequence xxLEYVxKx completely abrogated activity (≥95% reduc-
tion). In the human proteome, there are 171 peptides containing
the xxLEYxxxx motif that are predicted to bind HLA-A2 (Sup-
porting Information Table S3). We screened cross-reactivity to
the three strongest predicted binders containing the xxLEYxxxx
motif (RTTN, PLOD1, and CD1E), two peptides that contained
the xxLEYVxKx sequence (ARHGAP26 and 42) and two highly
similar peptides from MAGE-B5 and B16 (Fig. 6B and C). The
WT hT27 TCR only displayed cross-reactivity toward ARHGAP42.
Mutant m2 reacted with all peptides. Mutants m3, m4, m8, and
m9 reacted strongly to 10−7M of ARHGAP42 and moderately to
ARHGAP26, MAGE-B5 and 16, and CD1E (Fig. 6B). At a peptide
concentration of 10−9 M, the cross-reactivity was less severe, but

still observed in most cases (Fig. 6C). T1367 only reacted mod-
erately to 10−7M of MAGE-B5 (Fig. 6B), however the recognition
motif of T1367 is xxxEYxIKx [10], which is not found in any of
these peptides. Mutant TCRs m3, m4, m8, and m9 are less sen-
sitive to substitutions than the WT TCR and have a degree of
increased cross-reactivity. However, they have not lost specificity
and did not respond to EL4-HHD cells (Figs. 4C and 5D), which
express numerous peptides containing the xxLEYxxxx motif [33]
(according to RNAseq data from GSM 3022105), including many
that are in the human proteome (Supporting Information Table
S4).

Structural modeling of hT27 TCR and SHM-generated
mutations

To further understand how SHM-generated mutations influence
avidity and specificity, we performed structural modeling. TCR-
model [34] was used to model the variable regions and we
simulated mutations m2, m3, m8, and m9. Mutation m2, β

S109N, is in the stem of the CDR3β loop (Fig. 7A). Mutation
m3, β T63I, is in the stem immediately before the CDR2β loop
(Fig. 7A). Mutation m8, α G125V, is in the hinge between the
CDR3α loop and strand of the joining region (Fig. 7B). Muta-
tions in m9, α W55L + α Y56F are soon after the CDR1α loop
and they also interact with the stem of the CDR3α loop and
core of the alpha chain (Fig. 7B). All of these mutations may
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Figure 6. Screening of alanine substitution and potential cross-reactive peptides with TCR-transduced human PBMCs. Human PBMCs were trans-
duced with TCRs and co-cultured with T2 cells loaded the indicated peptide. Co-culture was for 6 h, with BFA added 2 h into the co-culture to
prevent cytokine secretion. All data were collected by flow cytometry. (A) Alanine screening at a peptide concentration of 10−7M: Amino acid for
the substituted position is listed on the x-axis. Percent of activity compared to the native MAGE-A A1278-286 peptide is presented on the y-axis
(maximum activity capped at 100%). (B and C) Reactivity to MAGE-A1 or several potential cross-reactive peptides containing the xxLEYVxKx motif,
xxLEYxxxx motif, or other highly similar peptides. The peptide sequence is listed under the gene with bold letters representing amino acids share
with MAGE-A1278-286. (B) Peptide concentration of 10−7M. (C) Peptide concentration of 10−9M. Results are from a single donor (n = 1) and each library
was screened once. All assays were performed in duplicates. Gated on live CD8+mTCR+ cells (gating strategy is in Supporting Information Fig. S7).

influence the flexibility/conformation of the CDR loops, among
additional potential effects. Our TCR contains murine constant
regions, so we were able to analyze the known structure of
the mouse 2C TCR [35] and simulate the m4 mutation. Muta-
tion m4, α S189N (the equivalent of 175 on the 2C TCR), is in
the DE loop of the Cα domain (Fig. 7C), which interacts with
CD3 [36].

Discussion

In this study, we have furthered the technology of SHM-driven
evolution of TCR avidity, and successfully used it on a clinically
relevant TCR, hT27. We focused on five mutant TCRs, bearing
six of the eight identified mutations, m2 (β S109N), m3 (β T63I),
m4 (α S189G), m8 (α G125V), and m9 (α W55L+Y56F). These
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Figure 7. Structural model of the hT27 TCR with simulated mutations. (A and B) Structural model for the variable regions was built using TCR model.
Region colors: Alpha chain: red, CDR1α: pink, CDR2α: light blue, CDR3α: yellow. Beta chain: blue. CDR1β: light green, CDR2β: orange, CDR3β: purple.
MHC (green) and peptide (dark purple) are from the 2YPL (PDB) structure, which contains HLA-B*5703 MHC-I, KF11 peptide from HIV, and the AGA1
TCR. Mutations: m2 (βS102N) in green; m3 (βT63I) in cyan; m8 (αG125V) in turquoise; m9 (αW55L+Y56F) in gray and brown, respectively. (A) Rotated
to highlight m2 and m3 on the beta chain. (B) Rotated to highlight m8 and m9 on the alpha chain. (C) Constant regions of hT27 TCR are from a
mouse TCR. The structure of the 2C TCR (PDB ID: 1TCR) was used to visualize themutationm4. Colors: Alpha chain: variable region: green, constant
region: light gray, DE loop: light blue, mutation m4 (αS189G) in red. Beta chain: variable region: orange, constant region: magenta.

mutations all enhanced TCR activity compared to the WT hT27
TCR in several in vitro assays. These mutations enhanced TCR
avidity, although we did not perform an affinity test using soluble
TCRs. Thus, it is unclear if the improved avidity was due to
increased affinity or other factors. It would be valuable in future
studies to measure affinity to further understand how they
improved TCR avidity and function. Interestingly, none of the
mutations were to residues that directly interact with the antigen,
but several likely influence the flexibility or conformation of the
CDR loops or TCR. Aside from m2, the mutant TCRs did not lose
specificity.

Potential cross-reactivity toward antigens expressed on vital
tissues is a major concern with TCR gene therapy. Mutant TCRs
m3, m4, m8, and m9 were less sensitive to changes in the peptide
in an alanine screening assay and showed cross-reactivity to pep-
tides that generated no response from the WT, especially at 10−7

M (Fig. 6). On the other hand, we observed no response toward
EL4-HHD cells (Figs. 4C and 5D), which express many peptides
that contain the xxLEYxxxx motif [33] (Supporting Information
Table S4). This would seem to indicate that the cross-reactivity
to “off-target” peptides is not significant enough to lead to broad
cross-reactivity toward all cells. However, it is unclear if there are
certain healthy cells that express particular “off-target” peptides
at sufficiently high levels to generate a response from the mutant
TCRs that can lead to toxicities. It is possible that there would not
be substantial cross-reactivity to healthy cells.

It should be noted that the assays used to test specificity
and cross-reactivity in this study are quite limited. The alanine
screening and follow-up assays test peptides with sequence sim-
ilarity, not structural similarity. Also, we only tested seven such
peptides. Additionally, we only tested reactivity toward a single
MAGE-A1-negative cell line, EL4-HHD, which is a mouse cell line.
Therefore, it is critical to thoroughly examine cross-reactivity with
PBMCs from multiple donors before proceeding with the identi-
fied mutant TCRs to clinical trials. This examination can include
testing reactivity to all potential cross-reactive peptides. If there
are peptides that generate a strong response, absence of process-
ing would need to be demonstrated using an HLA-A2 positive
human cell line that overexpress the respective gene. Addition-

ally, wide panels of HLA-A2 positive human tissues and/or cell
lines from various tissues can be screened. Also, the most promis-
ing TCRs should be tested in vivo in mice before proceeding to
clinical trials. It would be recommended to test m3, m4, m8, and
m9. The TCR that is most potent and proven safe would be the
lead candidate for a clinical setting. If proven safe and effective in
vivo, the mutant TCRs generated in this study can potentially be
used for cancer immunotherapy.

The mutant TCRs generated in this study were far stronger
than the WT hT27 TCR, and were often comparable to T1367.
However, T1367 often slightly outperformed the mutant TCRs.
This highlights the advantages of the in vivo vaccination approach
used to generate T1367 [10], which is highly effective is gener-
ating TCRs with affinity in the optimal window. Still, there are
some advantages to in vitro methods to enhance TCR affinity,
such as SHM. In vitro systems are generally quicker, cheaper, less
laborious, and more flexible than in vivo vaccination. Also, with
SHM there is a possibility to generate beneficial and potentially
broadly applicable mutations in nonhypervariable regions of the
TCR. Ultimately, both in vivo and in vitro approaches are legiti-
mate methods to obtain suitable TCRs for immunotherapy.

We did not directly compare SHM to other in vitro techniques
for generating TCRs with high affinity/avidity. A detailed com-
parison of the qualities of SHM and common existing approaches
such as random mutagenesis small regions followed by screen-
ing in phage [11,37], yeast [12,38], or mammalian cell display
[13,39,40] has been discussed previously [14]. In short, some of
the key advantages of SHM are that it targets all regions of the
TCR, multiple cycles can be performed in the same cells, and it
is in a T-cell line without a limit on library size. Disadvantages
include that SHM cannot be directed toward particular regions or
amino acids if desired and is unlikely to mutate bases that are far
from AID hotspots. There are additional methods to obtain high-
avidity TCRs, however it is beyond the scope of this discussion to
address all of them. Every approach has advantages and limita-
tions, and the selection of an approach will differ according to the
goals and restrictions of a study.

All of the mutations in this study apart from m2 are in non-
hypervariable regions, which highlights the ability of SHM to
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generate widely applicable mutations. Mutant m4 (α S189G on
hT27, corresponding to position 58 on TRAC*01) is in the mouse
constant region, which is shared with many TCRs. Future studies
can test if the avidity enhancement of these mutations is specific
to the hT27 TCR or more broadly applicable to other TCRs.

In this study, we used SHM in BWZ.36-drevied cells contain-
ing mouse CD8α and the highly active AID mut7.3 [25]. We also
built parallel systems with either human CD8α, human CD4, or
without CD8 and CD4, together with either the native AID or AID
mut7.3. We have not extensively tested SHM in these systems,
however they may be suitable for some TCRs in future studies. All
of these systems are a step forwards from the previously described
293TREx system [14]. The current system was quicker and had
a much higher proportion of beneficial mutations. Additionally,
although for the hT27 TCR the functional TCR activation assay
with CPRG did not work, this assay does work with other TCRs in
BWZ.36-derived cells.

SHM in a T-cell line may be used to improve other forms of
immunotherapy aside from TCR gene therapy. Chimeric antigen
receptors (CARs) can be also be used to redirect T cells to tar-
get cancer. A CAR consists of an antibody fragment that recog-
nizes a cell-surface antigen on tumor cells, as well as T-cell co-
stimulatory and signaling domains. The affinity of a CAR can often
be optimized to enhance the therapeutic potential. For example,
lowering affinity of CARs that recognize Erbb2 or EGFR has been
shown to allow CAR-T cells to kill tumor cells that overexpress
the antigen, yet spare healthy cells with normal expression levels
[41]. SHM in BWZ.36-derived cells can both generate a library of
CARs with different affinities and test the function of the CARs.
Currently, these two processes are completely separated. Further-
more, SHM should be well suited for CARs, as it is the natural
mechanism to optimize the affinity of the antibodies from which
CARs are built. We hope that directed evolution with SHM will be
used to improve both TCRs and CARs for cancer immunotherapy.

Materials and Methods

Plasmids and cloning

The cloning of the pBABE-CD3 and pcDNA4-Tet-hAID was
described previously [14]. The pCL-Ampho vector was a kind
gift from Prof. Haim Cohen (Bar Ilan University, Ramat Gan,
Israel). The pCL-Eco and codon-optimized pMSGV1-Pmel-1 TCR
vector (codon optimized Pmel-1α and β chains separated by a
T2A segment) vector were a kind gift from Dr. Nick Restifo
(NIH, Bethesda, MD, USA), as previously described [42]. The
codon-optimized MP71-hT27 TCR and MP71-T1367 TCR vec-
tors containing mouse constant regions were a kind gift from
Prof. Thomas Blankenstein (MDC, Berlin, Germany), as previ-
ously described [10]. The mutant MP71-hT27 TCR vectors and
pcDNA4-Tet-hAID mut 7.3 vector, as previously described [25],
were generated using site-directed mutagenesis (SDM) with the
Phusion SDM Kit (Thermo-Fischer Scientific, Waltham, MA, USA)

according to the manufacturer’s protocol. The pCDNA6-TR vector,
containing the TetR (or TR), was purchased commercially (Invit-
rogen, Carlsbad, CA, USA). The pMSGV1-TetR vector was gener-
ated using restriction-free cloning, as previously described [43],
with the Phusion HSII HF polymerase (Thermo-Fischer Scientific)
according to the manufacturer’s protocol. Sequencing primers:
MP71 For: ATTTGTCTGAAAATTAGCTCGA, MP71 Rev: AGAG-
CAACTACAGCTACTGC, hT27 internal For: CATTTAAATGTATACC-
CAAATCAA, pMSGV1 For: CCTCAAAGTAGACGGCATCG (Sigma-
Aldrich, Rehovot, Israel).

Cell lines

Phoenix-ampho and Platinum-Eco (Plat-E) cells were cultured
in “cDMEM” containing DMEM (GibcoBRL, Grand Island, NY,
USA) supplemented with 10% FCS (GibcoBRL), 200 mM L-
glutamine, 100 mM sodium pyruvate, 1× nonessential amino
acids, and 50 μg/mL gentamicin (all Biological Industries, Beit
Ha-emek, Israel). 721.211-A2, BWZ.36, DLD1, EL4-HHD, and T2
cells were cultured in “cRPMI” containing RPMI 1640 (Gibco-
BRL) supplemented with 10% FCS, 200 mM L-glutamine, 100
mM sodium pyruvate, 1× nonessential amino acids, 50 μg/mL
gentamicin, and 50 μM β-mercaptoethanol. 721.221-A2 cells are
LCL-721.221 cells previously transfected with HLA-A2, because
they do not naturally express HLA-I molecules [44]. EL4-HHD
cells are EL4 cells from a mouse lymphoma that were stably trans-
fected with an β2m-HLA-A2-Db single chain molecule (HHD) [45].
Human PBMCs were cultured in cRPMI supplemented with 300
U/mL rh-IL-2 (ProSpec, Ness Tziona, Israel). Cell lines were all
checked for mycoplasma using the EZ-PCR Mycoplasma Test Kit
(Biological Industries), and were all found to be negative. Cell
lines were generally used between 1 week and 1 month after
thawing.

Flow cytometry and FACS

For flow cytometry cells were stained with antibodies for 30
min at 4°C using the dilution recommended by the manufacture,
unless indicated otherwise in parenthesis. Anti-mouse APC-CD3
and anti-human APC-IFNγ, FITC-CD8 (1:100), PE-Cy7-IL2 (1:50),
and PerCP-eFlour710-CD4 (1:100) antibodies were purchased
from eBioscience (San Jose, CA, USA), and anti-mouse PE-TCRβ

(1:333) from BioLegend (San Diego, CA, USA). Viability stain-
ing was performed with either Zombie-aqua (1:500, BioLegend)
for cells to be fixed and permeabilized, or 1 μM DAPI (BioLe-
gend) for other cells. APC-conjugated HLA-A2-MAGE-A1278-286

were prepared by combining biotinylated monomers from the
NIH tetramer facility (Bethesda, MD, USA) and APC-Streptavadin
(eBioscience) mixed at a 4:1 molar ratio. APC-Streptavadin was
added to the monomers in five portions separated by 20 min. Cells
were stained with tetramers for 1 h at 4°C using a 1:200 dilu-
tion unless otherwise noted, and then stained with antibodies.
BWZ-derived cells were sorted via FACS using a 100 μm nozzle,
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with 100 nM DAPI added immediately before running. All results
were analyzed using FlowJo software (ThreeStar, San Carlos, CA,
USA). Flow cytometry was performed in accordance with journal
guidelines [46].

Electroporations

BWZ.36-derived cells were electroporated with 5 μg of linearized
DNA for 2 ms at 400 V with the ECM 830 electroporator (BTX,
Hollistone, MA, USA) at a density of 2 × 107 cells/mL in Opti-
MEM (GibcoBRL), 250 μL (5 × 106 cells) per 4 mm cuvette. Selec-
tion of cells with stable expression of TetR (on the pCDNA6-TR
vector) was performed for 2 weeks using 6 μg/mL blastidin (Invit-
rogen). Subsequently, selection of cells with stable expression of
AID or AID mut 7.3 (on the pCDNA4 vector) was performed for
2 weeks using 600 mg/mL zeocin (Invitrogen). Cells were main-
tained in 3 μg/mL blastidin and 300 mg/mL zeocin. Following
SHM selection antibiotics were not added to the medium.

RNA extraction and reverse transcriptase (RT)-PCR

RNA was extracted from cells using the RNeasy Mini kit
(Qiagen, Hilden, Germany). RT-PCR to generate cDNA from
mRNA was performed with the Tetro RT-PCR kit (Bioline,
London, UK) using oligo-dT primers. Gene expression from
cDNA was performed using PCR with gene-specific primers.
AID For: ATGGACAGCCTCTTGATG, AID Rev: TCAAAGTCC-
CAAAGTACG, TetR For: CGTAAACTCGCCCAGAAG, TetR Rev:
AGTAAAATGCCCCACAGCG, mGAPDH For: CGTGTTCCTACC-
CCCAATGT, mGAPDH Rev: TGTCATCATACTTGGCAGGTTTCT.
MAGE-A1 For: CAACTTCACTCGACAGAGGCA, MAGE-A1 Rev:
CCTAGGCAGGTGACAAGGAC. hGAPDH For: TCACCAGGGCT-
GCTTTTAACT, hGAPDH Rev: GCCATGGGTGGAATCATATTGG. All
primers were synthesized by Sigma-Aldrich.

Retroviral transductions

Retroviruses were produced in Phoenix-ampho cells for transduc-
tion of human PBMCs or Plat-E cells for transduction of mouse
BWZ.36-derived cells. Cells were seeded on 6-well plates, 8 × 105

cells/well, grown to 70–90% confluence, and transfected with 1.5
μg of the target vector and 0.5 μg pCL-Ampho (gag/pol/ampho-
env) using Lipofectamine2000 (Invitrogen). The supernatant con-
taining viruses was harvested 42 h posttransfection and cell debris
was removed with 0.45 μm filters.

Human PBMCs were isolated from leukocyte samples from the
Magen David Adom blood bank (Ramat Gan, Israel) using Ficoll-
Paque (GE Healthcare, Chicago, IL, USA) and frozen in aliquots of
2 × 107 cells/vial. PBMCs were thawed, washed, and suspended
in cRPMI supplemented with 50 ng/mL anti-human CD3ε (eBio-
science, clone OKT-3) and 300 U/mL rh-IL2. Cells were seeded at

a density of 2 × 106 cells/mL, 1mL per well of a 24-well plate, and
incubated for 40 h at 37°C. Nontissue culture plates were coated
with retronectin (Takara Bio, Otsu, Japan), viruses were added,
2 mL per well, plates were centrifuged at 2000 g for 2 h at 32°C
without brakes, and 1.5 mL of supernatant was removed. Acti-
vated PBMCs were added, 1 × 106 cells in 1.5 mL per well, and
centrifuged at 1500 rpm for 10 min without brakes.

BWZ.36-derived cells were transduced in 24-well plates by
mixing 4 × 105 cells in 200 μL with 1 mL of viruses (undi-
luted or with the indicated dilution of viruses) in the presence
of 4 μg/mL protamine sulfate (Sigma-Aldrich). Plates were cen-
trifuged at 1000 g for 1.5 h at 32°C without brakes and incubated
overnight. Selection of cells with stable expression of CD3 (on the
pBABE-CD3 vector) was performed for 2 weeks using 0.5 μg /mL
puromycin (Invitrogen).

SHM and sorting cycles to select avidity-enhanced
hT27 TCRs

SHM-ready BWZ-derived cells were transduced with the hT27
TCR and sorted, one cell per well. SHM was initiated by adding
doxycline (“dox”; Sigma-Aldrich), an analog of tetracycline, at
a concentration of 1 μg/mL following expansion and selection
of clones based on mTCRβ expression. After 24 days cells with
an increased tetramer/TCR staining ratio were sorted. Additional
SHM cycles were 10–14 days of incubation with dox followed by
sorting, 5000 cells per well. After two or three total cycles, cells
were sorted into a number of groups for sequencing and avidity
analysis.

High-throughput SMRT sequencing with PacBio
Sequel system

Genomic DNA (gDNA) was extracted using the DNeasy Blood
& Tissue kit (Qiagen). hT27 TCR was amplified from gDNA
using the Phusion Hotstart II HF polymerase. Primers contained
a tag (underlined), 8N unique molecular identifiers (UMIs),
and an MP71 specific sequence (uppercase). For: gactgtacagtgat
cgtacgnnnnnnnnTCCAAGCTCACTTACAGGCGG, Rev: ctgatcgatc
gtcaactagcnnnnnnnnTGGCGGTAAGATGCTCGAATTC (Sigma-
Aldrich) were used for the first two PCR cycles to add UMIs.
The product was purified and amplified with primers of the
underlined tag for 35 PCR cycles. The final product was purified
with PacBio AMPure beads, library prepared with the SMRTbell
barcoded adapter kit, and samples run on a PacBio Sequel
System (Pacific Biosciences, Menlo Park, CA, USA). For analysis,
demultiplexing followed by circular consensus sequence analysis
was performed using SMRT Link v5.0, and further analysis in
UNIX using bwa and samtools, and mutations were visualized
using the Integrated Genomics Viewer.
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Peptide-loading of T2 cells for in vitro functional
assays

T2 cells were pulsed with the indicated peptides at the indi-
cated concentrations for 2 h in Opti-MEM. MAGE-A1278-286

(KVLEYVIKV) and MUC113-21(LLLTVLTVV) peptides with >99%
purity were synthesized by Sigma-Aldrich. Crude peptides for
MAGE-A1278-286 (KVLEYVIKV), alanine substitution library, and
potential cross-reactive peptides were synthesized by Genemed
Synthesis (San Antonio, TX, USA).

In vitro cytokine production assay detected by
intracellular staining

IFN-γ and IL2 production was detected by intracellular staining.
Transduced PBMCs, 1.5 × 105 per well, were co-cultured with tar-
get cells, 1 × 105 per well, for 6 h at an E:T (Effector:Target) ratio
of 1.5:1. Brefeldin A (“BFA”; eBioscience) was added 2 h into the
co-culture for prevention of cytokine secretion. Cells were then
stained for viability with Zombie-aqua, fixed, permeabilized, and
stained for hCD4, hCD8, hIL2, hIFN-γ, and mTCRβ and analyzed
by flow cytometry. Assays were performed in duplicates.

In vitro cytotoxicity assay

In vitro cytotoxicity was evaluated with a S35-methionine release
assay. Target cells were labeled with S35-methionine (PerkinElmer,
Waltham, MA, USA) overnight. Transduced PBMCs were then co-
cultured with target cells, 5 × 103 per well, for 5 h at indicated E:T
ratios. Target cells alone were used for spontaneous release, and
50mM NaOH was added for total release. Plates were then cen-
trifuged, 50 μL of the supernatant was transferred to a new plate,
and 150 μL MicroScint 40 (PerkinElmer) was added to each well.
S35-methionine released into the medium due to specific tumor
lysis was detected with a Micro β counter (PerkinElmer). Percent
specific lysis was calculated as 100 × (sample release − sponta-
neous release)/(total release − spontaneous release). If sample
release was lower than spontaneous release, it was considered
that there was no killing. Assays were performed in triplicates.

Structural modeling

The structural model for the variable regions of the hT27 TCR
was built using TCRmodel, as previously described [34]. The ori-
entation of TCR chains and MHC was derived from the AGA1
TCR (PDB ID: 2YPL) structure, which contains HLA-B*5703 MHC,
KF11 peptide from HIV, and the AGA1 TCR. The structural model
for murine constant regions of hT27 TCR was taken from the
structure of the mouse 2C TCR (PDB ID: 1TCR). Mutations were
simulated using Swiss-PDB Viewer (Swiss Institute of Bioinfor-
matics, Lausanne, Switzerland).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0. All
multiple comparisons following ANOVA used Tukey’s correction
for honest significant difference. EC50 values were calculated on
log10-transformed values with nonlinear regression of log (ago-
nist) versus response (three parameters). All p-values are two-
sided and following Tukey’s correction.
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