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Abstract

MAGE A3, which belongs to the family of cancer-testis antigens, is an attractive target for 

adoptive therapy given its reactivation in various tumors and limited expression in normal tissues. 

We developed an affinity-enhanced T cell receptor (TCR) directed to a human leukocyte antigen 

(HLA)–A*01–restricted MAGE A3 antigen (EVDPIGHLY) for use in adoptive therapy. Extensive 

preclinical investigations revealed no off-target antigen recognition concerns; nonetheless, 

administration to patients of T cells expressing the affinity-enhanced MAGE A3 TCR resulted in a 

serious adverse event (SAE) and fatal toxicity against cardiac tissue. We present a description of 
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the preclinical in vitro functional analysis of the MAGE A3 TCR, which failed to reveal any 

evidence of off-target activity, and a full analysis of the post-SAE in vitro investigations, which 

reveal cross-recognition of an off-target peptide. Using an amino acid scanning approach, a 

peptide from the muscle protein Titin (ESDPIVAQY) was identified as an alternative target for the 

MAGE A3 TCR and the most likely cause of in vivo toxicity. These results demonstrate that 

affinity-enhanced TCRs have considerable effector functions in vivo and highlight the potential 

safety concerns for TCR-engineered T cells. Strategies such as peptide scanning and the use of 

more complex cell cultures are recommended in preclinical studies to mitigate the risk of off-target 

toxicity in future clinical investigations.

INTRODUCTION

Adoptive transfer of T lymphocytes with engineered specificity for tumor antigens is a 

promising approach to target cancer (1). Recent and emerging clinical data reveal potent 

antitumor activity in patients receiving such treatment (2–5). However, because most tumor 

antigens are derived from self-proteins, the isolation of high-affinity tumor-specific T cells is 

effectively precluded by thymic selection. Where such T cells have been isolated, their T cell 

receptors (TCRs) typically have a weaker affinity for peptide–MHC (major 

histocompatibility complex) complex compared to virus-specific counterparts (6). TCR 

affinity can be modulated through mutation of specific residues within the complementarity-

determining regions (CDRs) (7, 8) to generate TCR complexes with substantially enhanced 

affinity for specific peptide-MHC complexes. Substitution of only one or two amino acids 

within the CDRs can substantially enhance the affinity of TCRs to recognize target antigens 

(9). Considerable increases in TCR antigen affinity have been reported (10, 11), even down 

to picomolar range (12). Accordingly, the development of engineered, affinity-enhanced 

TCRs is emerging as a powerful strategy to effectively target tumors and expands the 

opportunities for TCR-based adoptive T cell therapies (12–14).

Perhaps the most critical challenge for adoptive T cell therapy is the risk of treatment-

induced toxicity. Such a situation might arise through mispairing of the introduced TCR 

chains with endogenous TCRs, leading to the generation of T cells with new, unpredictable 

specificities (15). An additional safety concern is the potential for TCR-engineered T cells to 

target normal tissue, as a consequence of alloreactivity or, because most of the known tumor 

antigens are not exclusive to tumors, expression of the antigen on nontumor tissue [reviewed 

in (16)]. Such “on-target” toxicity has been reported in recent studies; for example, T cells 

engineered with a TCR specific for the carcinoembryonic antigen induced severe 

inflammatory colitis (3), whereas T cells targeting melanoma antigens brought about 

destruction of normal melanocytes in the skin, ears, and eyes (17). Some tumor antigens are 

thought to be absent from normal tissues or have a limited expression profile. For example, 

members of the family of cancer-testis (CT) antigens are expressed by a number of tumors, 

but their expression in normal tissue is generally restricted to the adult testes (and the 

developing fetus); this makes the CT antigens particularly interesting targets for 

immunotherapy (18).
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MAGE A3 belongs to the well-studied family of MAGE CT antigens (19), and a number of 

MAGE A3–derived peptide epitopes have been shown to be presented by various tumor cell 

types in the context of multiple class I alleles (20–22). Immunotherapeutic strategies based 

on MAGE A3 peptide vaccines have been developed but with limited success (23, 24). 

Because there is some evidence that MAGE A3 peptides are presented in the thymus, it 

seems likely that high-affinity MAGE A3–specific T cells are limited by thymic selection 

(25). Indeed, although MAGE A3–specific T cell clones were isolated from the peripheral 

blood of a melanoma patient vaccinated with a recombinant canarypox virus encoding 

human leukocyte antigen (HLA)–A*01–restricted MAGE A1 and A3 epitopes (23), these T 

cells showed low functional avidity (26). Adoptive therapy with TCR gene–modified T cells 

could therefore provide a more rational approach to target MAGE A3–expressing tumors.

To produce MAGE A3–specific T cells with enhanced function suitable for adoptive therapy, 

we used the TCR α/β sequences from T cell clone 103, isolated from patient EB81 (23), as a 

template to construct a panel of TCRs with a wide range of enhanced affinities for the HLA-

A*01–restricted MAGE A3 peptide EVDPIGHLY. Extensive in vitro characterization of T 

cells transduced with these affinity-enhanced TCRs resulted in the identification of an 

affinity-enhanced TCR, termed a3a, for clinical testing. Unexpectedly, two patients treated 

with T cells engineered to express the a3a TCR died because of acute cardiac failure within 

5 days of T cell administration (27). Here, we describe the full in vitro studies to 

characterize the specificity and function of the a3a affinity-enhanced TCR, and the post-

clinical trial analyses that identify a Titin-derived peptide presented by HLA-A*01 as the 

likely cause of the in vivo toxicity. These findings illustrate a pertinent safety concern for the 

use of TCR-engineered T cells, and we present additional preclinical screening assays that 

can be used to potentially mitigate the risk of unexpected toxicities in the future.

RESULTS

Affinity-enhanced MAGE A3 TCRs demonstrate potent antitumor activity

To obtain TCRs with enhanced affinity for the HLA-A*01–restricted MAGE A3 peptide 

(referred to herein as MAGE A3), we subjected the wild-type MAGE A3 TCR to phage 

display, as previously described (12). A panel of 12 TCRs was obtained with mutations in 

either the α or the β chain. Biophysical analyses showed that the TCRs span a range of 

binding parameters and cover KD values typically reported for effective engagement of 

peptide-MHC (between 1 and 50 μM) (Fig. 1A). To evaluate the functionality and 

characterize the specificity of the affinity-enhanced receptors, we prepared primary human T 

cells expressing each TCR, including wild type, using lentivirus-mediated transduction.

To evaluate the functional avidity and potency of the affinity-enhanced TCRs, we 

determined the responsiveness of each engineered T cell line to HEP2 cells (HLA-A*01+, 

primary human hepatocytes) pulsed with a range of MAGE A3 peptide (EVDPIGHLY) 

concentrations using interferon-γ (IFN-γ) release as a measure of T cell activation. T cells 

having affinity-enhanced TCRs, with mutations in either the α (Fig. 1B, upper panel) or the 

β (Fig. 1B, lower panel) chain, had a considerably greater ability to recognize pulsed cells 

compared to those with the wild-type TCR. This effect was evident in terms of both the 

minimal peptide concentration required for triggering and the total number of spots 
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produced. T cells with the highest-affinity TCRs (a3 and b2) did not produce the most potent 

response. Indeed, although affinity-enhanced MAGE A3 TCRs were able to generate a more 

potent response to antigen than did the wild-type TCR, a correlation between affinity and 

potency was apparent only to a certain level of affinity. Beyond this threshold level, further 

increases in TCR affinity led to a reduction in potency.

We next examined activation of each transduced T cell line in response to cells that naturally 

process and present MAGE A3. Enzyme-linked immunospot (ELISpot) assays were used to 

determine IFN-γ release (Fig. 2A, left panel), and the IncuCyte platform was used to 

measure tumor cell killing (Fig. 2A, right panel), against various well-characterized tumor 

cell lines. Expression of MAGE A3 in the tumor lines was confirmed by quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) (table S1). Affinity-enhanced T cells 

specifically recognized MAGE A3+/HLA-A*01+ cell lines (A375, HCT-116, and OV79), 

leading to T cell activation and target cell killing. T cell activation correlated with the 

relative expression levels of MAGE A3. Again, the highest-affinity TCRs did not show the 

greatest functional effects.

These initial analyses identified two affinity-enhanced receptors, a3a and b2a, which 

conferred potent MAGE A3 peptide–specific activity and no evidence of degenerate 

specificity; these receptors were selected for further study. Surface accumulation of CD107a 

molecules was used as a measure of cytotoxic granule exocytosis. For these analyses, the 

OV79 ovarian cancer cell line (HLA-A*01+, MAGE A3+) and the M108 mesothelioma cell 

line (HLA-A*01+, MAGE A3−) were used as targets; T cells engineered to express either 

b2a or a3a TCR, but not the wild-type TCR, demonstrated specific degranulation in response 

to OV79 (Fig. 2B, first column) but not M108 (Fig. 2B, second column) targets. 

Pharmacologic stimulation of T cells with phorbol 12-myristate 13-acetate (PMA) and 

ionomycin demonstrated robust intrinsic degranulation potential by all effectors (Fig. 2B, 

third column), whereas control measurements using unstimulated T cells gave no activity 

(Fig. 2B, fourth column).

The potency of a3a-engineered T cells in vivo was confirmed using a mouse model of 

ovarian cancer (fig. S1).

a3a-engineered T cells have a high level of specificity in vitro

In the initial tests, a3a and b2a TCRs demonstrated potent activity and specificity; however, 

upon further analysis, b2a showed some nonspecific activation to the MAGE-negative 

colorectal cell line colo205 (Fig. 3A). On this basis, the a3a TCR was chosen for further 

study. To more rigorously characterize the specificity of the a3a affinity-enhanced receptor, 

we performed additional in vitro analyses and evaluated the ability of a3a-engineered T cells 

to recognize a large range of primary cells, including HLA-A*01+ melanocytes, hepatocytes, 

and epithelial cells. No evidence of T cell activation was detected in the presence of any of 

these cells (Fig. 3B). These data indicated that off-target activation of a3a-engineered T cells 

against normal tissues was not a cause for concern and agreed with the well-characterized 

restricted expression of MAGE A3 to male germline cells and certain cancers. Because 

MAGE family members show considerable homology across the sequence that includes the 

EVDPIGHLY epitope, we evaluated potential cross-recognition by the a3a receptor of 
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related peptides derived from MAGE protein family members (table S2). These results 

demonstrated that a3a-engineered T cells could also recognize cells that presented similar 

peptides derived from MAGE A6 and MAGE B18 in addition to MAGE A3. Surface 

plasmon resonance (SPR) measurements, using a soluble version of a3a TCR, showed that 

the affinity (KD) to MAGE A6 was similar to MAGE A3 (~2 μM), whereas the affinity for 

MAGE B18 was considerably weaker (~100 μM). Both MAGE A6 and MAGE B18 have a 

similar expression profile to MAGE A3 with restricted expression in normal tissue.

Differentiated cardiac cells are targeted by a3a-engineered T cells

On the basis of the preclinical data described above, two phase 1 clinical trials were initiated 

to evaluate the ability of a3a-engineered T cells to treat MAGE A3+ and HLA-A*01+ 

melanoma (NCT01350401, UPCC-01611) and multiple myeloma (NCT01352286, 

UPCC-01411). We recently reported two deaths from cardiac toxicity on these trials (27). In 

brief, the first patient (melanoma) died of myocardial infarction 4 days after T cell 

administration. Subsequent analyses revealed underlying pathology and did not indicate T 

cell involvement; the treatment was therefore considered safe for administration to a second 

patient (multiple myeloma). Again, cardiac-related problems were observed, and the second 

patient died 5 days after administration of a3a-engineered T cells; a marked T cell infiltrate 

was observed in the myocardium. In light of this, reexamination of the data from the first 

patient was undertaken and indicated that both events could be ascribed to T cell–mediated 

acute cardiac injury. T cell–mediated toxicity could not be explained by expression of 

MAGE antigens in patient heart tissue, as determined by qRT-PCR analysis of autopsy 

samples taken from both patients (table S3), ruling out on-target off-tissue activation of a3a-

engineered T cells. Furthermore, comparison of the frequency of T cells expressing the a3a 

TCR heterodimer relative to T cells expressing the V 5.1 β chain (used by the a3a TCR) 

provided no indication of TCR mispairing. In further in vitro investigations, a3a-engineered 

T cells prepared from a healthy donor were tested against a cell panel designed to evaluate 

alloreactivity, encompassing more than 95% of the HLA serotype population and compiled 

from internal and external sources (15). Relatively low activity was observed against one 

HLA-A*01 Epstein-Barr virus (EBV)–transformed B cell line in comparison to the positive 

control. However, there was no evidence of a notable response to alternative HLA molecules 

(Fig. 4). Thus, these data did not provide an explanation for the clinical events.

To investigate whether a3a-engineered T cells have the potential to recognize cardiac tissue, 

we evaluated the ability of a3a-engineered T cells to recognize a set of 38 normal cardiac-

derived primary cells (10 of which were confirmed as HLA-A*01). Using IFN-γ ELISpot 

assays as a readout for T cell activation, no activity was observed against any of these 

cardiac cells (table S4). We then investigated whether recognition of cardiac tissues by a3a-

engineered T cells might require a more biologically relevant cell culture that could not be 

reproduced using standard cardiac cells cultured in vitro. For these analyses, we used iCell 

cardiomyocytes, which are highly purified, human cardio-myocytes derived from induced 

pluripotent stem cells (28). iCell-derived cultures are a mixture of spontaneously electrically 

active atrial, nodal, and ventricular-like myocytes with typical cardiac biochemical, 

electrophysiological, and mechanical characteristics; as a consequence, they may be 

considered more representative of heart tissue than standard myocyte cell cultures. Video S1 
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shows iCells beating in culture before inclusion in the assay. Despite absence of detectable 

MAGE A3 by qRT-PCR (table S5), iCell cardiomyocytes were robustly targeted by a3a-

engineered T cells. Phase-contrast images, obtained using the IncuCyte platform, showed 

that a3a-engineered T cells mediated potent killing of iCells over a 24-hour period (Fig. 5A). 

The release of pro-inflammatory cytokines further confirmed recognition and targeting of 

iCells by a3a-engineered T cells (Fig. 5B). T cells transduced with the wild-type MAGE A3 

TCR did not respond to iCells, unless the iCells were pulsed with 10 μM Titin peptide (Fig. 

5B and fig. S4).

a3a-transduced T cells recognize an alternative target

The iCell targeting and expression data suggested that a likely cause for the clinical toxicity 

of the a3a-engineered T cells was off-target recognition of an HLA-A*01–restricted non–

MAGE A3–derived peptide. Accordingly, alternative candidate molecular targets for the a3a 

TCR were sought. To identify candidate molecular targets, we pursued an in silico strategy. 

First, non-MAGE peptides with a similar sequence to MAGE A3 were identified from the 

human genome using the BLAST search tool. From an excess of 100 peptides, 15 candidates 

were selected for further analysis on the basis of a high level of sequence homology to 

MAGE A3 and ubiquitous expression. None of the 15 candidate peptides were recognized 

by a3a-engineered cells when pulsed onto HLA-A*01+ HEP2 cells (table S6). Because 

peptides with a high level of similarity were not recognized by a3a-engineered T cells, we 

pursued an alternative strategy to identify other targets recognized by these T cells.

Since each amino acid within the MAGE A3 peptide sequence is unlikely to contribute 

equally to TCR binding, the peptide residues critical for recognition by the a3a TCR were 

identified. Two sets of synthetic peptides were produced in which each amino acid of the 

MAGE A3 9-mer was sequentially replaced by alanine or glycine, respectively. The ability 

of a3a-engineered T cells to recognize HEP2 cells pulsed with each of these alanine- or 

glycine-substituted peptides was determined by monitoring IFN-γ release and comparing 

the results to those obtained using the nonmutated peptide. Where alanine or glycine 

substitution resulted in a large decrease in activation compared to the nonmutated peptide, 

the residue at this position was considered essential. These investigations implicated 

positions 1, 3, 4, 5, and 9 as critical for MAGE A3 binding by a3a-engineered T cells (Fig. 

6, A and B). A directed in silico search was then carried out to identify protein sequences 

that contained the “EXDPIXXXY” motif using the ScanProsite tool. Three proteins that 

have potential clinical relevance were identified: the human protein Titin, which has a 

significant role in the contraction of cardiac and skeletal muscle, a nuclease protein from 

EBV (slight T cell activity against EBV-transformed B cells was observed in the 

alloreactivity assay), and a ribosomal maturation protein from Clostridium difficile (one of 

the patients tested positive for C. difficile). The three motif-containing peptides were 

produced synthetically and used to pulse HLA-A*01+ HEP2 cells, and the ability of a3a-

engineered T cells (including patient product and a3a-engineered T cells prepared from a 

healthy donor) to recognize these targets was determined by IFN-γ release. MAGE A3– and 

MAGE B18–pulsed cells were included for comparison. a3a-engineered T cells potently 

recognized and were activated by target cells pulsed with the Titin-derived peptide 

(ESDPIVAQY), whereas EBV and C. difficile peptides were not recognized (Fig. 6C). The 

Cameron et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



binding affinity (KD) of a3a-engineered T cells for Titin was determined by SPR as ~100 

μM. This is similar to the affinity for MAGE B18 and consistent with levels of activation 

shown in Fig. 6C.

In a further experiment using the equivalent mouse Titin peptide, no activation of a3a-

engineered T cells was evident (Fig. 6D). This indicated that preclinical toxicity testing in an 

HLA-A1 transgenic mouse model would not have revealed potential off-target binding of 

a3a-engineered T cells.

Titin peptide is presented and expression is detected in normal heart tissue

To associate Titin recognition with cardiac toxicity, we demonstrated the expression of Titin 

in iCell cardiomyocytes using RT-PCR (Fig. 7A). Using the same technique, primary cardiac 

myocytes cultured under standard conditions were found to be negative for Titin unless 

maintained at confluence for 32 days. Two additional cell types, differentiated human 

skeletal muscle myoblasts and the B cell lymphoma line NALM/6, also express Titin and not 

MAGE A3/A6 (table S5); both of these cultured cells were effectively recognized by a3a-

engineered T cells (fig. S2).

To strengthen the evidence that Titin is responsible for the off-target activity of a3a-

engineered T cells, we sought direct mass spectrometric (MS) evidence that the Titin peptide 

(ESDPIVAQY) is presented on the cell surface in the context of class I HLA. Because 

peptide identification by MS requires cell numbers greater than could be provided using 

iCell cardiomyocytes, we adopted a proteomic approach to identify a cell line positive for 

Titin that would be amenable for this analysis. To achieve this, we used an in-house–

generated database of HLA peptides. These peptides have been purified from a wide variety 

of tumor cell lines and have been sequenced by MS. The database was screened for the 

presence of Titin peptides and identified the B cell lymphoma cell line NALM/6 as 

presenting Titin peptides in the context of HLA-A*01. As described earlier, NALM/6 cells 

are positive for Titin expression (Fig. 7A) and can activate a3a-engineered T cells. HLA 

peptides eluted from the surface of NALM/6 cells were subjected to liquid chromatography–

tandem MS (LC-MS/MS) analysis, to search for evidence of the presence of the Titin 

peptide. Extracted ion chromatograms (Fig. 7B) and fragmentation spectra (fig. S3) from 

this experiment provide significant evidence to suggest the presence of low levels of the 

Titin peptide in the peptide eluate.

To examine the potential relevance of Titin in vivo, we evaluated the expression of Titin 

transcript in five independent cardiac tissues obtained from tissue banks and in patient heart 

tissue samples obtained during autopsy. Robust expression of Titin was observed in all 

normal cardiac tissues tested and patient autopsy samples. Titin levels in primary heart tissue 

were, in general, higher than those in iCells, and substantially higher than the level detected 

in human skeletal muscle myoblasts (HSMM) and NALM/6 cells (Fig. 7C). On the basis 

that transcript levels correlate with the number of epitopes presented, high Titin expression 

in heart tissue would suggest a level of epitope presentation that is likely to result in potent 

activation of a3a-engineered T cells and cardiac toxicity.
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DISCUSSION

T cell adoptive therapy carries with it two main toxicity risks: on-target and off-target 

reactivity against healthy tissues. A report of fatal on-target toxicity associated with the 

HLA-A*02–presented MAGE A3/A9/A12 antigens was recently published, demonstrating 

the paramount importance of understanding fully the presentation profile of the target 

epitope(s) on normal tissues (29).

As reported here, T cells expressing affinity-enhanced TCRs directed to the HLA-A*01–

presented MAGE A3 antigen (EVDPIGHLY) have potent antitumor activity in vitro and in 

vivo, as long as improvements in affinity are contained within an appropriate window; above 

this threshold level, efficacy and specificity are compromised. Despite careful preclinical 

assessment, the a3a TCR selected as a result of these studies gave rise to serious adverse 

events. These results highlight both the potential potency and the dangers of immune 

toxicities arising from the use of TCR gene–modified T cells in adoptive therapy. Through 

the in vitro investigations presented here, we have demonstrated that a3a-engineered T cells 

recognize an alternative HLA-A*01 peptide derived from the muscle protein Titin; the sum 

of the investigations points to this being the most likely cause of the in vivo toxicity. No 

evidence was found for alloreactivity or expression of MAGE antigens in heart tissue. 

Although off-target binding has been raised as a potential issue in T cell–based 

immunotherapy, the molecular mechanisms that cause such an event are less well defined. 

New, unexpected specificities have been proposed to arise from mispairing of the introduced 

TCR chains with those of the endogenous TCRs (15). However, as yet, the evidence only 

shows that this phenomenon can occur in mice (30), and it is not clear yet whether these 

results can be directly translated to humans (31). The data presented here suggest that the 

most salient danger with T cell adoptive therapy comes from recognition of peptide antigens 

that share a degree of sequence similarity with the intended target.

The degeneracy of TCR antigen recognition has recently been estimated, suggesting that a 

single TCR can recognize more than 106 HLA-presented peptide antigens (32). This level of 

plasticity ensures that, despite the limitations imposed by thymic selection, an individual’s T 

cell repertoire can generate an effective immune response to a large number of peptide 

antigens. However, TCR plasticity carries with it the risk that a TCR, particularly when used 

in the context of adoptive therapy, might recognize other peptide antigens presented on 

normal tissue.

Although a number of strategies are available to predict off-target toxicity, they did not and, 

in most cases, would not have identified Titin cross-reactivity with a3a-engineered T cells. 

Titin is not expressed, or is at least undetectable, in standard tissue culture systems but can 

be up-regulated in certain cell lines, differentiated cells (33), and more elaborate culture 

systems. Indeed, using RT-PCR, Titin could only be detected in cardiac myocytes in 

standard cultures after extended culture periods at confluence (more than 4 weeks). Using 

the more complex iCell cardiomyocyte culture demonstrated the potent effect a3a-

engineered T cells could have on Titin-expressing cells. This suggests that, in future, 

specificity testing to determine clinical suitability should incorporate more biologically 

relevant culture systems. The use of animal models, however, is in many cases unlikely to be 
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suitable for predicting toxicity because of not only the differences in gene expression but 

also, as shown here, the critical differences in the amino acid sequences of peptides derived 

from homologous proteins.

Searching for peptides with a similar sequence to the target peptide is probably the strategy 

nearest at hand for predicting alternative specificities; however, there are limitations to this 

approach. Not least is deciding the level of homology required; if set too high, cross-reactive 

peptides could be missed. On the other hand, if stringency is set too low, the number of 

peptides identified could become too onerous to test. We show here that by using an amino 

acid scanning approach, the peptide residues critical for TCR engagement could be 

determined. Searching for peptides containing this motif resulted in a more focused search 

and identified Titin as a potentially cross-reactive peptide. Because peptide antigen 

recognition by TCRs does not involve all peptide residues to the same degree, identification 

of the critical residues focuses the search for potential cross-reactive, but otherwise 

unrelated, peptides from genome databases.

In situations where cross-reactive peptides are found and have been shown to generate a T 

cell response against peptide-pulsed cells, follow-up investigations are necessary to confirm 

the biological relevance of the peptide. Most peptides generated from in silico investigations 

will not be presented by HLA complex. As shown here, MS provided direct evidence that 

Titin peptide was naturally processed and presented and is the most suitable tool to confirm 

peptide presentation. Where MS is not available, natural peptide presentation can be 

suggested by testing TCR-engineered T cells against cell lines that express the antigen from 

which the cross-reactive peptide originates.

Despite strong evidence that recognition of iCells is mediated by Titin presentation, it is 

remotely possible that a3a-engineered T cells recognize an alternative antigen on cardiac 

cells. To provide direct confirmation that a3a T cells bind Titin would require recombinant 

expression of Titin in a Titin-negative cell line and/or knockdown of Titin expression in 

iCells, both of which carry various technical challenges, not least being the size of the Titin 

protein (3 MD). MAGE A3, as a CT antigen, has an attractive expression profile in several 

types of cancer versus normal tissue. However, as has been demonstrated here, an unrelated 

peptide that shares similarity with the HLA-A*01–presented peptide from MAGE A3 

caused unexpected and fatal reactivity by affinity-enhanced TCR-transduced T cells. 

Because the motif shared by the HLA-A*01–presented MAGE A3 and Titin peptides 

comprises the central part of the epitope, which in most cases is the core element for TCR 

recognition, it is likely that most TCRs with HLA-A*01–MAGE A3 specificity will also 

exhibit a degree of recognition toward the Titin epitope. This type of cross-reactivity, that is, 

peptide homologs, may more generally constitute a veiled danger for using TCR-transduced 

adoptive therapy in the clinic. Therefore, in addition to assessing the potency of on-target 

off-tissue activation, the presence of non-obvious peptide homologs must also be considered.
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MATERIALS AND METHODS

Cell lines and normal primary cells

Tumor cell lines A375, HCT-116, and colo205 were obtained from the American Type 

Culture Collection, and Mel526 was from Thymed. M108 (34) and OV79 (35) cell lines 

were generated at the University of Pennsylvania. Tumor cell lines were maintained in R10 

[RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (100 

μg/ml), and streptomycin (100 μg/ml)]. NALM/6 and EJM cell lines were provided by 

Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) and cultured under 

standard conditions. HEP2 cells were obtained from ScienCell and maintained in hepatocyte 

medium (ScienCell). Flash-frozen normal heart tissue material (28043A, 28052A, 28057A, 

28030A, 28056A) was purchased from ProteoGenex. iCell cardiomyocytes were obtained 

from Cellular Dynamics International and maintained as described by the manufacturer. 

Peripheral blood mononuclear cells (PBMCs) and platelets were obtained from healthy 

volunteers. Normal melanocytes (lots N3 and N5) and cardiac cells were obtained from 

PromoCell. Dermal micro-vascular endothelial cells, colonic smooth muscle cells, and 

ciliary epithelial cells were obtained from ScienCell. Normal melanocytes (lot N10) and 

skeletal muscle myoblasts were obtained from Lonza.

The alloreactivity panel was composed of the following cell lines: LMB5835, GGT4991, 

IZA3089, MHX1761, AAS125, FAQ3528, MBX2763, AHT192, LSR5702, CVI6184, 

MWX3891, and MSV4803, as described in (15); EBV-transformed B cells produced from 

nine independent donors; and commercially available cell lines [NCI-H345, MDA-MB-231, 

HCT-116, IM-9 (American Type Culture Collection), and TISI (European Collection of Cell 

Cultures)].

Preparation of affinity-enhanced MAGE A3 TCRs and T cell transduction

Affinity-enhanced MAGE A3 TCRs were obtained by phage display as previously described 

(12). TCR-modified T cells were prepared by lentiviral-mediated transduction. PBMCs were 

isolated from fresh venous blood from healthy human volunteers. CD8+ and CD4+ T cells 

were isolated from PBMCs with CD8+ and CD4+ isolation kits (Invitrogen) as described in 

the manufacturer’s instructions and incubated overnight in R10 culture medium containing 

human IL-2 (50 U/ml) (PeproTech) and Dynabeads CTS anti-CD3/CD28 beads (Invitrogen), 

at 3 beads per cell (1 × 106 cells/ml, 1 ml per well of a 24-well plate). After overnight 

stimulation, T cells were transduced by addition of 1 ml of crude lentiviral supernatant as 

described in (36). Briefly, semiconfluent human embryonic kidney (HEK) 293 T cells were 

transfected with 15 μg of lentivector encoding the TCR of interest, along with a total of 43 

μg of three packaging plasmids (37) using Express-In transfection reagent (Open 

Biosystems). Supernatants collected at 24 and 48 hours were concentrated by centrifugation 

at 10,000g for 16 hours at 4°C. Cell pellets were resuspended in 2 ml of R10 and stored at 

−70°C until required. T cells were then fed by addition of fresh medium (with IL-2) every 

other day, and the beads were removed at day 5. After 12 days, cells were cryopreserved at 

2.5 × 106 cells/ml until required. T cell transduction efficiency was confirmed at between 30 

and 60% for all transductants.
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Surface plasmon resonance

Equilibrium dissociation constant (KD) was determined by SPR with a Biacore 3000 or 

T200 instrument. A soluble version of the a3a TCR was prepared as described (38). 

Biotinylated pMHC monomers were prepared as described in (39, 40) and immobilized onto 

a streptavidin-coupled CM-5 sensor chips. All measurements were performed at 25°C in 

phosphate-buffered saline buffer (Sigma), supplemented with 0.005% Tween (Sigma), as 

previously described (41).

IFN-γ ELISpot

All assays were carried out with an IFN-γ ELISpot kit (BD Pharmingen) according to the 

manufacturer’s instructions. For peptide-pulsing assays, HLA-A*01+ hepatocyte cells were 

used as target cells. Target cells were washed in R10 and, unless indicated, were pulsed with 

10 μM peptide. Peptides were obtained from Peptide Protein Research Limited. Transduced 

T cells were defrosted and rested in R10 medium for 2 hours before washing and plating out. 

Plates were incubated overnight (37°C/5% CO2), developed according to the manufacturer’s 

instructions, and evaluated on a CTL Immunospot Series 4 ELISpot Analyzer. All assays 

were carried out in triplicate.

Cytotoxicity

Killing assays were carried out with the IncuCyte FLR-Platform (Essen BioScience), as 

described in (42). HLA-A*01+ hepatocyte cells were plated at 10,000 cells per well and 

incubated overnight at 37°C/5% CO2 in R10 (without phenol red). The following day, cells 

were washed twice and incubated in R10 (without phenol red) in the presence of 20,000 

TCR-transduced T cells per well and 5 μM NucView (Essen BioScience).

Degranulation

Degranulation was monitored by CD107 degranulation assays. Effector cells were thawed 

and rested overnight at 2 × 106 cells/ml in T cell medium (X-VIVO 15 supplemented with 

10% human AB serum, 1% Glutamax, 1% N-acetylcysteine, penicillin-streptomycin) before 

counting and addition to assays. Target cells were passaged in T cell medium and 

maintained at 0.5 × 106 to 1 × 106 cells/ml before use in assays. Effectors and targets were 

coincubated at 0.5:1 effector/target ratios (0.5 × 106 targets per condition) in individual wells 

of 48-well tissue culture plates in the presence of monensin (eBioscience), anti–CD107–

Alexa Fluor 647 (eBioscience), anti-CD28 (BD Pharmingen), and anti-CD49 (Becton 

Dickinson) antibodies. After 4 hours of incubation, the contents of each well were harvested, 

and cells were stained for CD8a–phycoerythrin (PE)–Cy7 (eBioscience), CD4–Pacific Blue 

(Becton Dickinson), and anti-TCR Vb5.1-PE IOTest (Beckman Coulter) as per the 

manufacturer’s instructions. Samples were resuspended in 0.5% paraformaldehyde and 

analyzed immediately. Flow cytometric analysis was performed with a modified LSRII (BD 

Immunocytometry Systems). Data were analyzed with FlowJo software (version 8.8.4, 

TreeStar). The gating strategy included an initial gate on lymphocytes followed by gating on 

CD8+ and CD4+ events and finally a gate on Vβ5.1 cells.
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Cytokine analysis and iCell killing

iCell cardiomyocytes were revived from liquid nitrogen and plated at 50,000 cells per well 4 

days before the assay and treated as per the manufacturer’s instructions. The iCell 

cardiomyocytes were virally transduced with HLA-A*01. EJM and colo205 (positive and 

negative controls, respectively) were plated at 50,000 cells per well on the day of assay. iCell 

cardiomyocytes were washed once with R10 (RPMI + 10% fetal calf serum + 1% penicillin/

streptomycin + 1% Glutamax) and then incubated in R10 for the assay. a3a and wild-type 

transduced T cells and corresponding nontransduced cells were taken from culture and 

plated at 50,000 cells per well. The cells were cultured for 24 hours and then centrifuged at 

800g for 4 min, and 100 μl of supernatant was then removed and placed in a clean plate. The 

plates were stored at −70°C before thawing and developing to measure multiple cytokine 

release by Luminex (multiplex kit, Millipore), in accordance with the manufacturer’s 

instructions. Phase-contrast images were obtained after 24 hours on the IncuCyte FLR-

Platform (Essen BioScience).

In silico sequence analysis

The RefSeq database was searched for human peptides with a similar sequence to MAGE 

A3 using protein BLAST (Basic Local Alignment Search Tool) version 2.2.27 (43). 

Algorithm parameters were adjusted automatically for a short protein. General parameters 

are as follows: expect threshold, 200,000; word size, 2. Scoring parameters are as follows: 

matrix, PAM30; gap costs, existence 9 extension 1; no compositional adjustments. The 

ScanProsite tool was used to search all UniProtKB/Swiss-Prot (release 2012_10 of 31-

Oct-12: 538,259 entries) database sequences for proteins that contain the motif identified 

above (entered as E-X-D-P-I-X-X-X-Y). No filters were used. Pattern options were set to 

allow at most 1× sequence characters to match a conserved position in the pattern, and the 

match mode was set to “greedy, overlaps, no includes.”

Mass spectrometry

Class I HLA peptides were isolated from NALM/6 cells by mild acid elution with a 

modification of previously described methods (44). Briefly, cells (1.5 × 109) were incubated 

at room temperature for 3 min in citrate-phosphate buffer (0.131 M citric acid/0.066 M 

Na2HPO4) to disrupt HLA complexes. Cells were separated by centrifugation (1500g for 5 

min), and supernatant was removed. Cellular debris was removed from the supernatant by 

centrifugation at 15,000g for 20 min, and the material was passed through an 

ultracentrifugation filter (Amicon Ultracel-3K, Millipore) to isolate peptides of less than 

3000 daltons. The peptide extract was desalted with a Strata-X polymer-based reverse-phase 

cartridge (100-mg sorbent mass, Phenomenex). Bound material was eluted from the column 

in 40% acetonitrile/0.1% formic acid and reduced in volume by vacuum centrifugation 

followed by lyophilization.

Peptides were separated by high-performance liquid chromatography on an Agilent 1100 

system with a Luna C18(2) column (150 × 4.6 mm, Phenomenex). Peptides were loaded in 

98% buffer A [0.1% aqueous trifluoroacetic acid (TFA)] and 2% buffer B (0.1% TFA in 

acetonitrile). Peptides were eluted with a gradient of 2 to 60% B over 12 min at a flow rate 

of 1 ml/min, with fractions collected at 1-min intervals. Fractions were reduced to minimal 
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volume (10 to 20 μl) by vacuum centrifugation followed by lyophilization, before loading 

onto the nano-LC column.

Peptides were analyzed by nano-LC–MS/MS with a Dionex UltiMate 3000 Nano LC, 

coupled with an AB Sciex TripleTOF 5600 mass spectrometer equipped with a 

nanoelectrospray ion source. Peptides were loaded onto an Acclaim PepMap 100 trap 

column (75 μm × 20 mm, Dionex) and separated with an Acclaim PepMap RSLC column 

(75 μm × 250 mm, Dionex). Peptides were loaded in mobile phase A (0.5% formic acid/

water) at a flow rate of 4 μl/min and eluted with a gradient of buffer B (acetonitrile/0.5% 

formic acid) increasing from 2 to 10% B (retention time, 6 to 12 min), 10 to 40% B 

(retention time, 12 to 50 min), and 40 to 95% B (retention time, 50 to 60 min) at a flow rate 

of 300 nl/min. Material was eluted directly into the nanospray ionization source. The mass 

spectrometer was operated with a multiple reaction monitoring method where the mass/

charge ratio (m/z) corresponding to the mass of the doubly charged peptide ESDPIVAQY 

was continuously selected for collision-activated dissociation throughout the duration of the 

elution. Positive identification of the peptide was based on comparing the retention time and 

fragmentation profile to that of a synthetic peptide.

qRT-PCR analysis

RNA was isolated from cell lines with RNAqueous RNA isolation kits (Ambion) and from 

tumor samples and tissues with RNA RiboPure kits (Ambion), and complementary DNA 

(cDNA) was synthesized with iScript cDNA synthesis kits (Bio-Rad). Samples were 

analyzed for expression of transcripts (MAGE A3, MAGE A6, MAGE B18, and Titin), as 

well as housekeeping transcripts (actin, Gus-B, and PP1B) with ABI TaqMan-based 

technologies and the following ABI-recommended gene-specific primer probe sets: MAGE 

A3, Hs03985994_uH [specific for 5′ untranslated region (UTR) sequences of the MAGE 

A3 gene]; MAGE A6, Hs00602508_m1 (specific for 5′UTR sequences of the MAGE A6 

gene); MAGE B18, Hs00380765_m1 (specific for 5′UTR sequences of the MAGE B18 

gene); β-actin, HS99999903_1ml; Gus-B, HS99999908_m1; PP1B, Hs00168719_m1. For 

all analyses, the melanoma cell line A375 (positive for MAGE A3, A6, and B18) served as 

the reference sample. To quantify the expression of Titin, a custom set of primers and probe 

was designed that spanned the epitope of interest: forward, 5′-

GCCGAAAACAGATATGGACAAAGC; reverse, 5′-GGAGGGCCTGGTTCTTTGTAG; 

probe (MGB), FAM-CCAATTGTAGCTCAATATC. All amplification reactions were 

performed with an ABI 7500 Fast instrument (ABI-Life Technologies) and established 

laboratory protocols. Each transcript was evaluated in triplicate. Ct values for each 

amplification reaction were determined with pre-established assay-specific threshold values, 

with a minimum of two of three replicates with percent coefficient of variation of <15% 

required to record a Ct value. Average Ct values were calculated and reported. RQ (relative 

quantification) values for each transcript were determined according to the following 

formula: RQ = 2−ΔΔCt, with ΔΔCt = ΔCt sample − ΔCt reference, with ΔCt sample = Ct sample − 

Ct sample normalizer and ΔCt reference = Ct reference − Ct reference normalizer (45).
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RT-PCR analysis of Titin expression in cell lines

RNA was extracted with the Qiagen RNeasy system following the manufacturer’s 

guidelines, and cDNA was synthesized with the iScript reaction mix (Bio-Rad). This blend 

is optimized for the production of targets <1 kb in length and provides a more even coverage 

of larger mRNA transcripts. RT-PCRs were performed as described in (46). The following 

Titin primers were used: sense, 5′-aagccaacagtggacgat-3′; antisense, 5′-

gtggcatttacagaataggtc-3′.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Panel of MAGE A3 affinity-enhanced TCRs
(A) Biophysical parameters describing the interaction between 12 MAGE A3 affinity-

enhanced TCRs and the HLA-A*01–restricted MAGE A3 peptide antigen. Affinity-

enhanced TCRs were produced by phage display, and affinity and half-life were calculated 

from SPR measurements. (B) Sensitivity of TCR-engineered T cells to antigen. The TCRs 

from the panel were used to produce TCR-engineered T cells via lentivirus-mediated 

transduction. Sensitivity was assessed by IFN-γ release, using HEP2 cells HLA-A*01+ 

pulsed with a titration of MAGE A3 peptide, as targets. Control measurements were carried 

out in the absence of peptide. For clarity, data are shown for 8 of the 12 TCRs. TCRs with α 
chain mutations are shown in the top panel and those with β chain mutations in the lower 

panel. Experiments were carried out in triplicate. Error bars indicate SEM. wt, wild type; 

ntc, absence of T cells.
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Fig. 2. Functional analysis of TCR-engineered T cells
(A) Activity and specificity of engineered T cells expressing affinity-enhanced TCRs against 

various tumor cell lines and normal human hepatocytes (HEP2). The cell line is indicated 

above each graph along with HLA-A*01 status and an indication of MAGE A3 expression 

(shown in brackets as +/++/+++). IFN-γ release (left column) was determined by ELISpot, 

and cytotoxicity (right column) was determined using the IncuCyte platform (no. of 

apoptotic cells). Controls were carried out using nontransduced cells (ntd) and in the 

absence of T cells (ntc). Experiments were carried out in triplicate. Error bars indicate SEM. 

(B) Degranulation. T cell lines carrying the a3a or b2a affinity-enhanced TCRs were 

assessed for surface accumulation of CD107a in the presence of MAGE A3+ OV79 cells and 

MAGE A3− M108. Nontransduced T cells (ntd) and T cell carrying the wt TCR were 

included for comparison. Data were obtained using flow cytometry. Samples were initially 

gated on lymphocytes followed by gating on CD8+ and CD4+ events and finally a gate on 

Vβ5.1. Control measurements were carried out using PMA and ionomycin (PMA+I) and 

unstimulated T cells (No stim).
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Fig. 3. Specificity testing of a3a-engineered T cells
(A) Activation of b2a- but not a3a-engineered T cells by colo205 cells. Images shown 

represent raw IFN-γ ELISpot data. The MAGE A3+ A375 cell line is included for 

comparison. (B) A panel of primary cells derived from normal tissues was used to assess 

nonspecific activation of a3a-engineered T cells. A375 and HCT-116 tumor cell lines were 

used as positive controls. The nonmutated wt TCR was included for comparison. T cell 

activation was determined by IFN-γ release. Data represent the mean of three independent 

measurements ± SEM.
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Fig. 4. Alloreactivity panel
Representative data obtained from a3a-engineered T cells prepared from healthy donors. 

Nontransduced T cells (ntd) were included for comparison. The panel was compiled from 

various cell lines as detailed in Materials and Methods and encompassed more than 95% of 

the HLA serotype population. From left to right, the cell lines are as follows: EJM (positive 

control), colo205 (negative control), LMB 5835, GGT 4991, IZA 3089, MHX 1761, AAS 

125, FAQ 3528, MBX 2763, AHT 192, LSR 5702, CVI 6184, MWX 3891, MSV 4803, 

NCI-H345, MDA-MB-231, TISI, IM-9, and nine EBV-transformed B cells obtained from 

independent donors. The dotted horizontal line indicates a background level. Data shown 

were derived from three independent measurements and represent means ± SEM.
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Fig. 5. Activation of wt and a3a-engineered T cells by iCell cardiomyocytes
(A) iCells were killed by a3a-engineered T cells but not by T cells transduced with the wt 

TCR. The IncuCyte platform was used to directly visualize iCells in the presence of a3a-

engineered T cells. Phase-contrast images were obtained after 24 hours. Samples containing 

no T cells or nontransduced T cells (ntd) were used as negative controls. Scale bars, 100 μm. 

(B) Cytokine production. A Luminex assay was used to assess cytokine production from wt 

and a3a-engineered T cells in the presence of iCells. Data for granulocyte-macrophage 

colony-stimulating factor (GM-CSF), macrophage inflammatory protein–1β (MIP-1β), 

tumor necrosis factor–α (TNFα), and interleukin-2 (IL-2) are shown. EJM and colo205 

tumor cell lines were included for comparison and are positive and negative for MAGE A3, 

respectively. Control measurements were made on targets alone and target cells plus 

nontransduced cells. Experiments were carried out in triplicate. Error bars indicate SEM.
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Fig. 6. Alternative specificity for a3a-engineered T cells
(A) Each residue in the MAGE A3 peptide sequence was sequentially replaced with alanine. 

Alanine-substituted peptides were pulsed onto HLA-A*01 HEP2 target cells, and IFN-γ 
release from a3a-engineered T cells was assessed. The residue replaced by alanine is 

indicated under each bar. (B) The same procedure was followed for glycine-substituted 

peptides, except substitution of the native glycine residue at position 6 was omitted. (C) 

Activation of a3a-engineered T cells by motif-containing peptides. Peptides were produced 

synthetically and pulsed onto HLA-A*01 HEP2 target cells. Activation of a3a-engineered T 

cell patient product and a3a-engineered T cells prepared from a healthy donor was 

determined by IFN-γ release. Nontransduced T cells (ntd) (from a healthy donor) were used 

as a control. (D) Activation of a3a-engineered T cells by mouse Titin. IFN-γ release was 

used to compare activation of a3a-engineered T cells against HEP2 cells pulsed with mouse 

and human Titin peptide. MAGE A3–pulsed cells are also included for comparison. All data 

shown were obtained from three independent measurements and represent means ± SEM.
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Fig. 7. Biological relevance of Titin
(A) Identification of Titin-expressing cells. RT-PCR was used to confirm Titin protein 

expression in the cell lines indicated. Cardiac myocytes were additionally assessed after 

being maintained at confluence for 32 days. The arrow indicates Titin (molecular weight of 

327 bp). (B) Natural processing and presentation of Titin peptide. Peptides eluted from the 

surface of NALM/6 cells were analyzed by LC-MS/MS. Retention time of the Titin peptide 

is indicated. Comparison with a synthetic Titin peptide is shown inset. (C) Titin expression 

in heart tissue. Heart tissues obtained during patient autopsy and from tissue banks were 

assessed for relative expression of Titin, alongside the Titin-positive cell lines used in 

cellular assays (iCells, electrically active cardiomyocytes; CM9, normal cardiomyocytes; 

HSMM, human skeletal muscle myoblasts; NALM/6, B cell lymphoma cell line). RT 

indicates relative transcript number. Data shown were obtained from three independent 

measurements and represent means ± SEM.
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