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ABSTRACT

T lymphocytes can be redirected to recognize a tumor target and harnessed to combat can-
cer by genetic introduction of T-cell receptors of a defined specificity. This approach has
recently mediated encouraging clinical responses in patients with cancers previously re-
garded as incurable. However, despite the great promise, T-cell receptor gene therapy still
faces a multitude of obstacles. Identification of epitopes that enable effective targeting of
all the cells in a heterogeneous tumor while sparing normal tissues remains perhaps the
most demanding challenge. Experience from clinical trials has revealed the dangers asso-
ciated with T-cell receptor gene therapy and highlighted the need for reliable preclinical
methods to identify potentially hazardous recognition of both intended and unintended
epitopes in healthy tissues. Procedures for manufacturing large and highly potent T-cell
populations can be optimized to enhance their antitumor efficacy. Here, we review the cur-
rent knowledge gained from preclinical models and clinical trials using adoptive transfer of
T-cell receptor-engineered T lymphocytes, discuss the major challenges involved and high-
light potential strategies to increase the safety and efficacy to make T-cell receptor gene
therapy a standard-of-care for large patient groups.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Solid evidence that the immune system can eradicate cancer
came from studies of bone marrow transplantation from
healthy donors to patients with hematological malignancies,
first performed in the late 1950s by E. Donnall Thomas
(Thomas et al., 1957). Although the transfer of donor-
derived T cells with up to 107 different and unknown specific-
ities might not have received approval if suggested for the
first time today, as proof of its curative potential this treat-
ment still remains part of the standard therapeutic regimen
for patients with leukemia or lymphoma. The transfer of a
heterogeneous donor-derived T-cell repertoire to a human
leukocyte antigen (HLA)-matched donor is, however,
frequently associated with severe adverse effects caused by
T-cell recognition of polymorphic antigens expressed in
normal tissues of the patient. The occurrence of so-called
graft-versus-host disease (GVHD) thereby limits the applica-
tion of this treatment (reviewed by Jedema and Falkenburg,
2015). This safety hazard is omitted by use of the endogenous
T-cell repertoire to target cancer. In a series of pioneering
studies, Rosenberg and colleagues were the first to demon-
strate that, following in vitro expansion and adoptive transfer
back to the patient, tumor-infiltrating lymphocytes (TIL) can
efficiently treat malignant melanoma (Dudley et al., 2008;
Rosenberg et al., 2011, 1994; Topalian et al., 1988). However,
the efficacy of TILs in other types of cancers is uncertain
(TIL therapy is reviewed by Geukes Foppen et al., 2015).
Another approach that relies on the natural T-cell repertoire
is the blocking of negative immune checkpoints by therapeu-
tic antibodies. Recent results indicate that checkpoint inhibi-
tion can induce remarkable clinical responses, including
durable complete remissions (Hodi et al., 2010; Topalian
et al., 2012; and reviewed in Lesokhin et al., 2015; Sharma
and Allison, 2015; Sledzinska et al., 2015). The curative poten-
tial of TIL therapy as well as immune checkpoint inhibition
is, however, likely limited by T-cell tolerance to tumor. This
tolerance can be circumvented by equipping large numbers
of patient-derived T cells with immune receptors recognizing
a defined tumor-associated antigen (TAA) with high affinity.
Recently, adoptive transfer of T cells genetically modified to
express chimeric antigen receptors (CARs) consisting of
CD19-specific antibodies grafted onto T-cell receptor (TCR)
signaling domains have successfully induced long-lasting re-
missions in patients with hematological malignancies
(Brentjens et al, 2013, 2011; Grupp et al, 2013;
Kochenderfer et al.,, 2013, 2012, 2015; Maude et al., 2014;
and reviewed in Whilding and Maher, 2015). However, CARs
are limited to engaging native cell surface molecules. In spite
of an extensive search, it has proven difficult to identify
membrane targets that are cancer-specific or, in addition to
tumor, are expressed only on cells that are expendable to
the host (Lamers et al., 2013; Morgan et al., 2010). Thus, re-
directing T cells with TCRs, which in principle are capable
of recognizing peptides from all cellular proteins, might be
an attractive alternative to allow application of T-cell gene
therapy to a wider selection of cancers.

The first studies describing that TCR gene transfer can redi-
rect T lymphocytes and provide them with antitumor

reactivity in vitro (Clay et al., 1999) paved the way for studies
demonstrating that both CD8 and CD4 T lymphocytes redir-
ected by TCR gene transfer are functional and capable of
mediating potent antitumor effects in vivo using mouse
models (Chamoto et al.,, 2004; Kessels et al.,, 2006, 2001;
Morris et al., 2005; Tahara et al., 2003; Xue et al., 2005). Immu-
notherapy based on TCR gene transfer rapidly followed. The
first published clinical trial of TCR gene therapy was conduct-
ed with melanoma patients who received T lymphocytes tar-
geting the melanoma/melanocyte differentiation antigen
MART-1, but relatively modest clinical responses were
observed (Morgan et al., 2006) (Table 1). The TCR was derived
from a TIL clone that was obtained from a melanoma patient
who demonstrated a nearly complete regression of the meta-
static cancer after adoptive cell therapy (ACT) with TILs
(Hughes et al, 2005). A higher affinity TCR against the
MART-1 antigen derived from the same patient (Johnson
et al., 2006) provided more potent antitumor responses, but
on-target toxicities in healthy tissues occurred (Johnson
et al,, 2009). An affinity-enhanced TCR targeting the cancer/
testis antigen NY-ESO-1 (Robbins et al., 2008) proved, however,
safe and effective in therapy of melanoma, synovial cell sar-
coma and myeloma, and 55%, 61% and 80% of treated patients
had objective clinical responses, respectively (Rapoport et al.,
2015; Robbins et al., 2015, 2011) (Table 1).

Studies targeting other antigens raised, however, concerns
about the safety of TCR gene therapy (Linette et al., 2013;
Morgan et al., 2013; Parkhurst et al., 2011) and demonstrated
the need for developing preclinical methods to evaluate po-
tential toxicities. Here, we discuss the increasing experience
gained from preclinical and clinical studies with adoptive
transfer of TCR gene-modified T cells, and emerging solutions
to address the safety concerns as well as the need for
enhanced therapeutic efficacy. The major challenges include
1) identification of antigens for safe and effective tumor-
targeting, 2) identification of TCRs with optimal affinity and
desired specificity, 3) development of preclinical assays and
models that give information about safety and efficacy before
clinical use, 4) improvement of ex vivo genetic engineering, cell
selection and expansion procedures to generate a highly
potent T-cell infusion product, and 5) strategies to prepare
the host to increase the persistence and therapeutic effect of
the adoptively transferred T cells in vivo (Figure 1).

2. Identification of antigens for safe and effective
tumor targeting

The choice of the target antigen forms the basis for the safety
and efficacy of TCR-based gene therapy, and as such remains
the most central challenge in the development of this thera-
peutic strategy. Thorough knowledge of the expression profile
of the selected target antigen is the key to success. A major
question is which lessons can be learned with regard to on-
target toxicity from the clinical use of T cells genetically engi-
neered with TCRs and CARs (off-target toxicity is discussed in
Sections 3 and 4). In retrospect, could any of the detrimental
effects seen in some of these trials have been avoided with
the knowledge we have today? And more importantly, can


http://dx.doi.org/10.1016/j.molonc.2015.10.006
http://dx.doi.org/10.1016/j.molonc.2015.10.006
http://dx.doi.org/10.1016/j.molonc.2015.10.006

Table 1 — Published clinical trials with TCR-engineered T cells and preclinical studies conducted with the corresponding TCRs. When not otherwise indicated, the patients received non-myeloablative

but lymphodepleting preconditioning prior to and high dose IL-2 administration following ACT. CR, complete response; PR, partial response.

Intended Cancer TCR Experience from clinical trials Preclinical studies
target antigen Objective clinical Adverse effects related to TCR Reference In vitro In vivo
response specificity
MART-1 Melanoma Natural, human 13% (4/31) None (Morgan et al., 2006) T-cell activation and killing of
(MLANA) (DMF4) (Johnson et al., 2009) melanoma cells in HLA-A*02
restricted manner (Hughes
et al., 2005)
Natural, human 30% (6/20) On-target toxicity on normal (Johnson et al., 2009) T-cell activation and killing of
(DMFS5) melanocytes (Skin rash (14/20), melanoma cells in HLA-A*02
Uveitis (11/20), Hearing restricted manner (Johnson
impairment (10/20)) et al., 2006)
No CR or PR at 3 Skin rash (4/13), Acute respiratory (Chodon et al., 2014)"
months but stable distress (2/14)
disease in 7/13
patients
Natural, human N/A Mild skin rash (1/1) (Cytokine (van den Berg et al., Killing of melanoma cells in
(1D3HMCys) release syndrome and death) 2015) HLA-A*02 restricted manner, no
alloreactivity observed against
a panel of cell lines expressing
common HLA alleles (Jorritsma
et al., 2007)
gp100 (PMEL) Melanoma Natural, murine 19% (3/16) On-target toxicity on normal (Johnson et al., 2009) T-cell activation upon T2 cells
melanocytes (Skin rash (15/16), loaded with gp100 but not
Uveitis (4/16), Hearing impairment irrelevant peptide, melanoma
(5/16)) cell killing (Johnson et al., 2009)
p53 (TP53) Variety of Natural, murine 10% (1/10) Not reported (Davis et al., 2010) No correlation between T cell

solid tumors

CEA (CEACAMS) Colorectal Affinity enhanced,
cancer murine
NY-ESO-1 Melanoma Affinity enhanced,
(CTAG1B) human
Synovial cell
sarcoma
Myeloma

33% (1/3) Severe inflammatory colitis (3/3)

due to on-target toxicity in colon

55% (11/20) None
61% (11/18) None
80% (16/20) None

(Parkhurst et al.,
2011)

(Robbins et al., 2011
(Robbins et al., 2015
(Robbins et al., 2011
(Robbins et al., 2015
(Rapoport et al.,
2015)?

= = = =

activation and p53 expression
level in the tumor, some
normal tissues also recognized
at lower levels (Cohen et al.,
2005; Theoret et al., 2008)
T-cell activation by HLA-A2
positive tumor cell lines in CEA
specific manner, recognition of
other CEA family members
with lower affinity (Parkhurst
et al., 2009)

T-cell activation and killing of
NY-ESO-1 positive but not NY-
ESO-1 negative tumor cells
(Robbins et al., 2008)

(continued on next page)
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Table 1 — (continued)

Intended Cancer TCR Experience from clinical trials Preclinical studies
target antigen Objective clinical Adverse effects related to TCR Reference In vitro In vivo
response specificity
MAGE-A3 Melanoma, Affinity enhanced, 56% (5/9) Central nervous system toxicities (Morgan et al.,, 2013) T-cell activation by MAGE-A3
(MAGEA3) synovial murine (Necrotizing leukoencephalopathy positive but not MAGE-A3
cell sarcoma, and death (2/9), Parkinson-like negative tumor cell lines in
esophageal symptoms (1/9), Aphasia (1/9)) due HLA-A*02 restricted manner,
cancer to recognition of MAGE-A12 in the cross-recognition of MAGE-A12
brain (and to a lesser extend -A2 and
-A6) among MAGE-A family
(Chinnasamy et al., 2011)
Melanoma, Affinity enhanced, N/A Cardiac toxicity and death (2/2) due (Linette et al., 2013)  T-cell activation and killing of  Efficacy in a xenogeneic
myeloma human to cross-recognition of an (Cameron et al., MAGE-A3 positive but not mouse model of ovarian
unrelated epitope from Titin (TTN) 2013) MAGE-A3 negative tumor cell  cancer (Cameron et al.,
lines in HLA-A*01 restricted 2013)
manner; no recognition of a
variety of primary cells; cross-
recognition of MAGE-A6 and
—B18 among related peptides
derived from MAGE family
(Cameron et al., 2013)
MAGE-A4 Esophageal Natural, human 0% (0/10) None (Kageyama et al,, T-cell activation and killing of
(MAGEA4) cancer 2015)* MAGE-A4 positive tumor cell

lines in HLA-A*2402 dependent
manner (Hiasa et al., 2008)

a Protocol included MART-1 peptide pulsed DC vaccination.
b Protocol included conditioning with high dose melphalan, autologous stem cell infusion and lenalidomide maintenance, but did not include IL-2.
¢ Protocol included sequential MAGE-A4 peptide vaccination, but did not include lymphodepletive preconditioning nor IL-2 administration.
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Figure 1 — T'CR gene therapy faces several challenges to fulfill its potential. 1. Selection of the target antigen is central for safe and efficacious

TCR gene therapy. 2. An optimal affinity TCR specific for the selected target antigen should be isolated from the most suitable source. 3.

Informative in silico, in vitro and in vivo preclinical methods should be developed to ensure safety and efficacy of the therapeutic TCR. 4. Clinical

scale manufacturing procedures should be improved to deliver a highly potent infusion product. 5. The strategies for preparing the patient to

enable proliferation, long-term engraftment and optimal functionality of infused T cells can be optimized.

this knowledge be used to create strategies for target identifi-
cation that reduce hazards in future trials?

An optimal TCR target would A) be expressed exclusively in
tumor cells or, in addition to the tumor, be restricted to cell
types that are non-essential for the host to limit toxicity on
healthy tissues, B) be present in tumor cells that are respon-
sible for perpetuating growth in order to enable targeting of
all tumor cells, C) be important for tumor cell survival to
reduce the risk of tumor cell escape by downregulation of
the target antigen, and D) be expressed in large patient groups
and presented on frequent HLA molecules to enable therapy
with “universal” TCRs. Clearly, very few of the antigens tar-
geted thus far fulfill these criteria.

2.1.  Targeting wild type proteins with cell type-restricted
expression

All TCRs and CARs that have been used in the clinic to date
have exclusively targeted normal non-mutated self-antigens

(thoroughly reviewed in Hinrichs and Restifo, 2013). Self-
antigens are attractive targets as they are expressed in all in-
dividuals, enabling the design of therapies for large patient
groups. The major disadvantage is that self-antigens are
expressed also in healthy cells. To safely target a self-
antigen, its expression on healthy tissue must be limited to
cells that are non-essential to the host, at least during the
time of treatment. This limitation is likely the reason why
only a handful of targets have been utilized thus far. In fact,
among the 20 ongoing TCR gene therapy studies listed on
https://clinicaltrials.gov (search date 05/10/2015), only WT1
(Wilms tumor antigen 1) and thyroglobulin appear as target
antigens that have not been published in a clinical setting
before.

A prime example of safe and effective targeting of self is
therapy of B-cell malignancies with CAR T cells recognizing
CD19 and anti-CD20 antibodies, which have demonstrated
that it is possible to live without normal B cells for prolonged
periods of time (Solal-Celigny, 2006). Also, targeting NY-ESO-1
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with TCR-transduced T cells was shown to be effective and
safe (Rapoport et al., 2015; Robbins et al., 2015, 2011), corre-
sponding to the fact that the expression of NY-ESO-1 outside
the tumor is limited to the major histocompatibility complex
(MHC)-negative normal cells in testis and placenta. In
contrast, targeting several other self-antigens has turned out
to be problematic when high-affinity immune receptors
were used.

To what extent do we have reliable expression data in pub-
lic databases that can be used to predict on-target toxicities?
For example, when high-affinity TCRs reactive to MART-1/
Melan-A (MLANA) and gp100 (PMEL) were used to treat mela-
noma, patients frequently experienced transient uveitis and
hearing loss (Johnson et al.,, 2009). This is consistent with
high expression of these antigens in retina reported in the
Genevestigator (https://genevestigator.com/gv/) and BioGPS
(http://biogps.org/) expression databases, and the well-
known presence of melanocytes in retina and inner ear. Simi-
larly, autoimmune colitis caused by T cells genetically engi-
neered with high-affinity CEA-specific TCRs (target sequence
encoded by the CEACAMS gene) (Parkhurst et al., 2011) was
perhaps not surprising, given the known presence of this an-
tigen in normal colonic mucosa (IST/Medisapiens (http://ist.-
medisapiens.com/), UniProt (http://www.uniprot.org/) and
Human Protein Atlas (HPA) (http://www.proteinatlas.org/)).
However, targeting the epitope in CEA did not result in re-
ported adverse effects outside of colon although information
in public databases indicate relatively high levels of CEACAM5
mRNA in a number of other tissues, including the respiratory
tract (Genevestigator, IST/Medisapiens and HPA databases).
This might indicate that some tissues can express target anti-
gen without ensuing non-tolerable toxicity.

Antibodies to ERBB2 were known to have cardiotoxic ef-
fects (Hervent and De Keulenaer, 2012) before the antigen
was targeted by a CAR. This caused lethal effects in the only
patient who was treated, probably due to reactivity in the
lung (Morgan et al., 2010). Accordingly, ERBB2 mRNA expres-
sion levels in the heart and lung are reported to be above me-
dian in several databases. In contrast, the expression in the
brain of the cancer/testis antigens MAGE-A9 and MAGE-A12
(Chinnasamy et al., 2011; Morgan et al., 2013) would have
been difficult to predict based on currently available gene
expression data. Both were unintentionally recognized by a
TCR targeting MAGE-A3. When searching for tissue expres-
sion of these genes in the IST/Medisapiens, none are listed,
and no tissue staining data are available in HPA. However, Bio-
GPS reports elevated levels of MAGE-A9 mRNA in the trigem-
inal ganglion, and Genevestigator reports medium
expression levels of both MAGE-A9 and -A12 in brain tissue.
A CAR targeting carboxy-anhydrase-IX (CAIX/CA9), an antigen
frequently overexpressed in renal cell carcinoma, resulted in
hepatotoxicity and cholangitis (Lamers et al., 2013). BioGPS
and IST/Medisapiens report expression of CAIX/CA9 in many
normal gastrointestinal tissues, particularly high in gastric
mucosa and bile duct epithelial cells. However, no side effects
were reported from gastric mucosa.

To summarize, the clinical studies performed highlight the
need for a thorough understanding of the expression profile
of the target epitope. Rigorous bioinformatic screening of
expression databases, such asIST/Medisapiens, Genevestigator

Self antigen:
Information
about
expression
profile in
public
databases

v ¥

Predict HLA-binding epitope
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in non-target proteins
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Figure 2 — Suggested preclinical in silico and in vifro screening of
antigen and cognate TCR to minimize on-target and off-target
toxicity of TCR gene therapy.

and BioGPS, containing information from thousands of sam-
ples across a wide variety of healthy tissues, is important
(Figure 2). Consultation of more than one database provides a
more comprehensive picture, since the number and quality of
the datasets included in public databases vary. Even low levels
of antigen expression in the brain or heart should raise a red
flag, whereas higher levels might be tolerated in most other
healthy organs. In fact, it is questionable whether the majority
of antigens previously ranked as targets for potent ACT by the
National Cancer Institute (Cheever et al., 2009) should be uti-
lized therapeutically due to expression in multiple healthy tis-
sues, as reviewed in (Hinrichs and Restifo, 2013). Thus, new
strategies to search for better candidates among the roughly
23.000 available human proteins are warranted. However,
searches for all genes specifically expressed in the tissue from
which a tumor originates, while filtering away those expressed
above defined threshold levels in others, is not straightforward.
Moreover, data mining is complicated by the existence of mul-
tiple alternative identifiers for each gene. Reported lack of
mRNA expression in healthy tissues in available databases
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does furthermore not preclude expression in rare, but vital, cell
types. Micro-array based expression data do furthermore not
provide the sensitivity of RNA sequencing, which future expres-
sion databases may rely on. Treatment related factors such as
inflammatory cytokines and lymphodepleting chemotherapy,
mightalso have effects on the expression levels of the target an-
tigen. Immunohistochemistry data on tissue arrays is critical,
and is provided for some antigens in the HPA database, repre-
senting an important initiative (Uhlen et al., 2015). Since anti-
bodies frequently cross-react, it is however essential that the
reagents are extensively validated. With better systems for
high-throughput antibody validation (Baker, 2015; Bradbury
and Pluckthun, 2015; Holm et al., 2012), the quality of available
immunohistochemistry data will gradually improve.

2.2. Identifying candidate target peptides in self- and
neo-antigens

The quest for a safe and specific TCR target has only begun
with the identification of a rational target protein. Next, pep-
tides from the protein of interest that can bind defined HLA al-
leles and evoke a T-cell response must be identified. Even if
the bioinformatic screening indicates that the identified target
antigen has the desired expression, this does not preclude ex-
istence of the candidate peptide epitope in other proteins. For
example, the epitope recognized by the MAGE-A3-targeted
TCR is also present in MAGE-A9 (Morgan et al., 2013), and
the epitope recognized by the NY-ESO-1-targeted TCR is pre-
sent in another cancer/testis antigen, LAGE-1 (Rapoport
et al., 2015). By running a BLAST search on peptide sequence
homology in UniProt, homologous peptides derived from
distinct proteins can be identified (Figure 2).

The identification of candidate epitopes in self-antigens
has traditionally relied on strategies for so-called direct (or
forward) and reverse immunology (reviewed in Hoppes
et al., 2010; Kessler and Melief, 2007). Direct immunology de-
parts from the reactive T-cell clone, often patient-derived T-
cell clones recognizing an unknown peptide on autologous
HLA. The epitope can then be determined by different strate-
gies, such as peptide elution from the MHC molecules and
subsequent sequencing by mass spectrometry, screening on
a tumor-derived cDNA library expressed in antigen-negative
target cells followed by screening on peptide libraries, or
screening against soluble pMHC (peptide-MHC) libraries
(HLA multimers). The low throughput of these assays may
prohibit a systematic search for novel epitopes. Reverse
immunology, on the other hand, departs from a known
epitope, mostly synthetic peptide libraries tailored to bind a
particular HLA-allele by algorithms for in silico peptide predic-
tion. The libraries are subsequently tested for their immuno-
genicity by induction of T cells against peptide-pulsed
antigen-presenting cells (APCs). This approach allows a higher
throughput. The main drawback is that false positives are
common, as many of the responding T cells recognize epi-
topes that are not naturally processed in the target cells.

A comprehensive list of confirmed HLA-class I epitopes
from TAAs was recently compiled, including 230 proteins
and 573 epitopes, of which 323 are melanoma-associated
(Andersen et al., 2012). Given that the first epitopes were iden-
tified in 1992, and that large efforts have been devoted to

epitope discovery worldwide, the list is rather short. Mostly,
target reactivity in autologous T-cell repertoires has been
used as readout for epitope discovery. It is likely that this rep-
resents a major limitation, since T cells that recognize self-
antigens with high affinity normally are depleted during nega-
tive selection in the thymus. A technology platform for high-
throughput discovery of immunogenic epitopes that are natu-
rally processed was recently developed, using allo-reactive T-
cell repertoires as tools for detection of self-peptides pre-
sented on foreign HLA to avoid tolerance (Kumari et al.,
2014). A large number of novel epitopes were discovered
from the two leukemia-associated differentiation antigens
CD20 and myeloperoxidase (MPO), and T cells reactive with
these epitopes efficiently and specifically killed primary target
cells endogenously expressing the respective antigen,
including leukemia cells. This study indicates that the self-
immunopeptidome is far more diverse than previously esti-
mated and that such self-antigens represent highly attractive
targets for cancer immunotherapy.

In addition to self-antigens, mutated gene products have
emerged as an attractive group of targets (reviewed in
Blankenstein et al., 2015; Schumacher and Schreiber, 2015).
Neo-antigens arise as a consequence of protein altering so-
matic missense mutations, or as products of abnormal fusion
genes. Here, the expression pattern of the wild type protein is
mostly irrelevant, as the neo-antigen is tumor-specific. How-
ever, neo-antigens are also mostly patient-specific, with the
disadvantage that their utilization as targets for TCR-based
immunotherapy requires highly personalized strategies,
which to date are not feasible with the current approaches.
To move forward, high-throughput methods for neo-epitope
and TCR identification are crucial.

The recent identification of neo-epitopes targeted by T cells
in patients has relied on computer algorithms that predict the
binding affinity of peptides spanning the mutation to defined
HLA alleles. These studies have convincingly shown that neo-
antigens are targeted both by CD8 and CD4 T cells in cancer
patients (Cohen et al., 2015; Linnemann et al., 2015; Lu et al.,
2013; Robbins et al., 2013; Tran et al., 2014), and that neo-
antigen reactive T cells constitute part of the responding T-
cell population in patients treated with immune checkpoint
inhibition (Gubin et al., 2014; van Roojj et al., 2013). Neverthe-
less, it is striking that only few responses have been detected
in spite of hundreds of identified mutations. A major question
has been how reliably computer algorithms identify immuno-
genic epitopes. When utilizing allo-reactive T cells as readout
for epitope discovery in self-antigens, it is worth noting that
74% of predicted epitopes were efficiently presented to cyto-
toxic T lymphocytes (CTLs) (Kumari et al., 2014). This indicates
that algorithm-based predictions reflect the self-
immunopeptidome more accurately than previously believed.
In contrast, mass spectrometry is currently not sensitive
enough to detect the full breadth of MHC-bound peptides,
although this might rapidly change with evolving technology.
With the advent of high-throughput sequencing, hundreds of
expressed mutations can be rapidly identified and HLA-
binding candidate epitopes predicted. This, however, repre-
sents a considerable challenge with regard to throughput
when determining T-cell reactivity. In addition to the well-
established importance of high-affinity binding to HLA
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(Harndahl et al., 2012), the immunogenicity of a peptide is
determined by a multitude of factors, including level of anti-
gen expression, peptide processing, trimming and transport
in the cancer cells. These parameters are less well predicted
by computer algorithms than binding of the peptide to HLA.
Yet another important determinant of immunogenicity is
the ability of the peptide to stabilize the pMHC complex,
which can be evaluated in vitro (Harndahl et al., 2012; van
der Burg et al., 1996). In fact, pMHC stability might be more
important than binding affinity for the ability to stimulate im-
mune responses (Harndahl et al., 2012).

3. Identifying T-cell receptors with optimal affinity
and desired specificity

Most TCRs can bind several pMHC complexes, which enables
an individual to recognize a large variety of foreign peptide
epitopes with a limited T-cell repertoire (Mason, 1998;

Wooldridge et al., 2012). In TCR gene therapy, recognition of
epitopes other than the intended might lead to off-target
toxicity. The risk for toxicity depends on the quality of the
negative selection that the TCR was exposed to, which is
determined by the source of the TCR (Figure 3).

Due to negative selection in the thymus, the autologous
T-cell repertoire is normally depleted for TCRs that recognize
self-epitopes with sufficiently high affinities to mediate clin-
ical effects. This is evident from the low success rates ob-
tained in clinical trials based on therapeutic vaccines with
self-epitopes (reviewed in Klebanoff et al., 2011; Rosenberg
et al., 2004). The therapeutic efficacy of adoptively transferred
T cells is, on the other hand, up to a certain threshold (Schmid
et al., 2010) directly proportional to their avidity toward the
desired target cells. The functional avidity of the interaction
between a T cell and its target is predominantly dependent
on the affinity and surface expression of the TCR, although
co-stimulatory adhesion molecules expressed by the T cell
and ligands expressed by the target contribute (Johnson
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Figure 3 — Identification of T-cell receptors with desired specificity and optimal affinity. Maturing T cells undergo negative selection in the

thymus during which T cells are exposed to the self-peptidome presented on self-MHC. T cells that recognize any of these peptide-MHC

complexes with high avidity are deleted. Thus, the autologous T-cell repertoire (patient) is devoid of high-avidity T cells recognizing self-peptides.

However, high affinity TCRs recognizing neo-antigens in the context of self-MHC can be found also in the autologous T-cell repertoire. TCRs

recognizing polymorphic antigens (minor histocompatibility antigens, MiHA) in the context of self-MHC can be found in an HLA-matched

donor. High-affinity TCRs recognizing self-antigens can be obtained from

non-tolerized T-cell repertoires that have not encountered the target

peptide-MHC complex during thymic selection. These include allogeneic TCRs from an HLA-mismatched donor, human TCRs from

TCR-humanized HLA-transgenic mice and murine TCRs from HLA transgenic mice.
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et al., 2006; Zeh et al., 1999). High affinity of the therapeutic
TCR for its target, however, has to be weighed against poten-
tially hazardous recognition of the target epitope when
expressed outside the tumor tissue.

Autologous T-cell repertoires are not tolerized to mutated
peptide sequences during thymic selection. Thus, neo-
antigen-specific TCRs are likely important for the clinical ef-
fects seen during treatment of melanoma with TILs (Cohen
et al., 2015; Linnemann et al., 2015; Lu et al., 2013; Robbins
et al.,, 2013; Tran et al., 2014), as well as with checkpoint-
inhibition (Gubin et al., 2014; van Rooij et al., 2013). Whether
this immune response can be enhanced by equipping the pa-
tient’s T cells with self-derived neo-antigen specific TCRs re-
mains an exciting possibility. However, timelines and the
logistic and financial requirements related to such an
approach represent considerable hurdles. It is also not known
to what degree the patient develops tolerance to neo-antigens.
To this end, a previous report demonstrated the presence of a
T-cell response to one out of 79 mutations in a patient with
ovarian cancer, however the response disappeared with dis-
ease recurrence (Wick et al., 2014). Another study indicated
that cancer shapes the immune response, as high-avidity T
cells recognizing a chronic myelogenous leukemia-
associated peptide were identified in patients in cytogenetic
remission, whereas only low-avidity T cells were found in pa-
tients with newly diagnosed disease (Molldrem et al., 2003).

3.1. TCRs from non-tolerized human donors

In the setting of an HLA-matched allogeneic stem cell trans-
plantation (allo-SCT), the donor T-cell repertoire has nor-
mally not been exposed to polymorphic peptide sequences
presented on recipient (identical to self) HLA. Such polymor-
phic peptides are encoded by single nucleotide polymor-
phisms that differ between donor and recipient, and are
defined as minor histocompatibility antigens (MiHA)
(reviewed by Jedema and Falkenburg, 2015). Consequently,
MiHA-specific T cells represent a source of high-affinity
TCRs with a high degree of specificity when expression of
the MiHA is tissue-restricted. Adoptive transfer of donor-
derived T cells genetically modified with a TCR recognizing
the hematopoiesis-specific MiHA HA-1 is currently tested in
a phase I trial including patients with hematological malig-
nancies after allo-SCT (Jedema and Falkenburg, 2015). The
identification of tissue-specific MiHAs restricted by
commonly expressed HLA molecules has, however, proven
challenging.

Since tolerance is self-MHC restricted, high avidity allo-
reactive T cells recognizing tumor-associated self-antigens
can be found in the T-cell repertoire of an HLA-mismatched
individual (Gao et al., 2000, 2005; Sadovnikova et al., 1998;
and Stauss, 1996; Savage et al, 2004;
Stanislawski et al., 2001). High affinity allogeneic TCRs target-
ing self-antigens in the context of an HLA molecule foreign to
the donor can be identified for a large repertoire of peptides to
which the endogenous T-cell repertoire is unresponsive (de
Witte et al.,, 2006; Kumari et al., 2014). It was previously
believed that allogeneic TCRs primarily react to the MHC
molecule and therefore show extensive promiscuity with re-
gard to peptide recognition (Huseby et al., 2005; Ignatowicz

Sadovnikova

et al., 1996; Logunova et al., 2005). However, several recent
studies have demonstrated allo-reactive TCRs to possess a
remarkable degree of peptide specificity (Abrahamsen et al.,
2012, 2010; Amir et al., 2011a; Kronig et al., 2009; Kumari
et al., 2014; Simpson et al., 2011; Stronen et al., 2009; Udaka
et al, 1992; Whitelegg et al.,, 2005; Wilde et al.,, 2009 and
reviewed in Felix and Allen, 2007; Housset and Malissen,
2003). To limit a dominant anti-allogeneic immune response
that obscures the detection of specific T cells, autologous den-
dritic cells (DCs) transfected with mRNA encoding a single
foreign HLA molecule loaded with the target antigen can be
used for efficient T-cell priming (Stronen et al., 2009). T cells
reactive for the desired target can then be directly identified
by HLA multimers carrying the target peptide (Abrahamsen
et al., 2010; Amir et al.,, 2011b; Kumari et al., 2014; Pittet
et al., 2006; Wilde et al., 2009). Allogeneic TCRs have under-
gone negative selection against the whole human peptidome
presented on up to 6 different MHC class [ and 6 MHC class
II molecules. This could potentially make allo-reactive TCRs
safer than TCRs derived from HLA transgenic mice, which
have been selected against a single HLA molecule only, or
affinity-enhanced TCRs, which have not been selected against
any human HLA molecule at all.

3.2.  TCRs from humanized mice

Since the murine TCR repertoire is non-tolerant to many hu-
man antigens, mice transgenic for an HLA-molecule and
immunized with the intended human target antigen provide
an alternative source for identifying high affinity TCRs that
recognize human self-antigens (Chinnasamy et al., 2011;
Cohen et al., 2005; Johnson et al., 2009; Parkhurst et al., 2009;
Stanislawski et al., 2001; Theobald et al., 1995). Since mouse
CD8 cannot efficiently interact with the human «3 domain of
HLA, TCRs derived from HLA transgenic mice are often of
high affinity and CD8-independent in their recognition of
the pMHC complex, and can redirect both CD8 CTLs and CD4
helper T (Ty) cells to a desired tumor antigen (Kuball et al.,
2005). A drawback with murine TCRs is the potential immuno-
genicity when transferred to humans. Development of anti-
bodies against the variable, but not constant, parts, of
natural murine TCRs was observed in a subset of responding
as well as non-responding patients treated with p53 or gp100
targeting T cells (Davis et al., 2010). However, the elicitation
of a host immune response against the adoptively transferred
T cells was not associated with shorter persistence of the
transduced T cells or lesser clinical responses to the therapy.
Anti-mouse antibodies were also observed in 2 out of 3 pa-
tients treated with a CEA-reactive TCR, although it is unclear
whether this impacted the antitumor response (Parkhurst
et al.,, 2011). Nevertheless, a host immune response against
the therapeutic T cells remains a concern that can potentially
affect clinical outcomes and thus limit the use of non-human
sequences.

Generation of a transgenic mouse carrying the entire hu-
man TCR « and B loci in addition to an HLA transgene has
made it possible to screen a non-tolerized human TCR reper-
toire in an antigen-negative background to obtain human
TCRs that recognize self-antigens with high affinity (Li et al.,
2010; Obenaus et al., 2015). MART-1-reactive CD8 T-cell clones
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identified by this approach showed similar TCR usage as T-cell
clones identified from individuals with autoimmune vitiligo or
melanoma. However, as in the case of murine TCRs, TCRs
from a humanized mouse have passed negative selection
only against one HLA molecule presenting the mouse pepti-
dome and might thus possess an increased risk of cross-
reactivity to human antigens other than the intended target.

3.3. Affinity-enhanced TCRs

Since the affinity of wild type TCRs is generally very low, in the
micromolar range, the development of in vitro engineered,
affinity-enhanced TCRs seems a powerful and attractive
approach to increase the efficacy of TCR gene therapy. Libraries
covering different combinations of amino acid substitutions in a
given TCR have been generated by random mutagenesis (Kieke
et al, 1999) or structure-based design (Haidar et al., 2009;
Malecek et al., 2014; Pierce et al., 2014) and displayed on phage,
yeast or mammalian T-cell systems for screening of high affinity
variants (Chervin et al., 2008; Holler et al., 2000; Kessels et al.,
2000; Li et al., 2005b; Malecek et al., 2013). Single or dual amino
acid substitutions in the antigen-binding region of the TCR
may increase the affinity even to the picomolar range. However,
increasing TCR affinity above a certain threshold does not
necessarily translate to increased functional response to target
cells (Cameron et al., 2013; Thomas et al., 2011). An affinity-
enhanced TCR against NY-ESO-1 (Robbins et al., 2008) has pro-
vided encouraging tumor responses without adverse effects
related to off-target or on-target toxicities (Rapoport et al,
2015; Robbins et al., 2015, 2011). However, in vitro mutagenesis
and selection of artificial, high-affinity TCR variants that have
not gone through natural negative selection bears the risk of
loosing specificity and generating unpredictable cross-
reactivities to other self-antigens (Cameron et al., 2013; Holler
et al,, 2003; Linette et al., 2013; Zhao et al., 2007).

4. Towards greater safety

Compared to radiation and chemotherapy, the current first
line cancer treatments, cellular immunotherapy has the great
potential to be precisely targeted with minimal impact on
healthy tissues. However, fulfilling this potential requires reli-
able preclinical assays to evaluate possible recognition of un-
intended target cells. In addition to recognizing the intended
target epitope in tissues outside the tumor (discussed in Sec-
tion 2), a therapeutic TCR might be able to recognize pMHC
complexes other than, but structurally similar to, the intended
therapeutic target. Whether this recognition is clinically sig-
nificant depends on the functional avidity of the TCR-
modified T cells for the unintended target cells and the
expression profile of the alternative target antigen. Off-
target toxicity caused by cross-recognition of a distinct pep-
tide in the context of the target MHC has led to fatality in a
recent clinical trial (Cameron et al., 2013; Linette et al., 2013).
In theory, an additional possibility exists that a therapeutic
TCR unpredictably recognizes a peptide in the context of a
foreign MHC molecule. The fact that this phenomenon as of
yet has not been reported in the clinic, might suggest that
the risk for this type of cross-reactivity is low.

4.1. Preclinical in vivo models in evaluating the safety of
TCR gene therapy

Before proceeding to clinical trials new drugs are generally
tested in a series of well-defined preclinical in vivo assays. Mu-
rine tumor models have also been informative in revealing
basic mechanisms and confirming the feasibility and efficacy
of TCR gene therapy (Chamoto et al., 2004; Kessels et al., 2001;
Morris et al., 2005). However, there is an increasing awareness
that care should be taken in many situations when inferring
results from murine models to the clinical setting. For
instance, it was recently demonstrated that the major murine
models of inflammation poorly reflect human inflammatory
diseases (Seok et al., 2013). Murine tumor models, especially
those based on transplantation, have limitations in replicating
human cancer (reviewed in Olive and Tuveson, 2006). In vivo
testing of cellular immunotherapy, and therapeutic TCRs in
particular, might be even more complicated in animal models.
This is due to the fact that 1) a TCR intended for therapeutic
use must recognize antigen in the context of human MHC, 2)
antigenic repertoires are species-specific, and 3) incompatibil-
ity between murine and human MHC leads to xenogeneic
GVHD from human T cells attacking murine cells (immuno-
compromised mouse) or rejection of infused human cells by
the murine immune system (immunocompetent mouse).
The adverse effects observed in recent clinical trials raise
the question whether testing in preclinical models could
have revealed the observed toxicities in advance, as in fact
only one of the TCR gene therapy clinical trials performed
was preceded by in vivo testing (Table 1).

Immunocompromised mice have for decades been used in
cancer research, but a major breakthrough came with the
development of the NOD/SCID/IL2R-y ™/~ mice, which allow
for better engraftment of human cells (reviewed in Zhou
etal., 2014b). Xenogeneic GVHD is reduced in a strain that addi-
tionally lacks p2 microglobulin and thus antigen-presentation
on MHC class I. While these strains can verify the efficacy of
TCR-transduced human peripheral blood mononuclear cells
(PBMCs) in eradicating various implanted human tumors,
they do not allow evaluation of simultaneous targeting of the
antigen in healthy tissues as the expression of the human
target antigen is restricted to the engrafted tumor cells.

Some information about the possibility of on-target toxicity
can be achieved in transgenic mice expressing the human an-
tigen under the control of the endogenous or a physiologically
relevant promoter or by targeting the mouse homolog of the
human target antigen. Autoimmune colitis that occurred in pa-
tients treated with a TCR against CEA (Parkhurst et al., 2011)
was also observed in CEA transgenic mice after adoptive trans-
fer of T cells from CEA immunized wild type donor mice (Bos
et al., 2008). Similarly, destruction of melanocytes observed
in the eye of patients treated with T cells targeting melanocyte
differentiation antigens (Johnson et al., 2009) also occurred in
mice treated with gp100-specific T cells along with a potent
antitumor regimen (Palmer et al., 2008). In this model, the
severity of ocular autoimmunity correlated with the efficacy
of tumor eradication and, as in patients, was treatable with
local administration of steroids without impairing the anti-
tumor effect (Palmer et al., 2008).
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However, for in vivo assessment of possible toxicities by
intended therapeutic TCRs the antigens must be presented
on the targeted HLA molecule. This can be achieved in immu-
nocompromised mice transgenic for human HLA, which allow
engraftment of TCR-transduced human PBMCs. An immuno-
competent alternative is to use mice transgenic for a chimeric
MHC consisting of the antigen-presenting part of human HLA
fused to the co-receptor-interacting, transmembrane and
intracellular domains of murine MHC (Newberg et al., 1996;
Vitiello et al., 1991). This fusion molecule enables antigen-
presentation to mouse splenocytes transduced with the ther-
apeutic TCR. Such models can provide some information on
on-target toxicity in situations where the tissue distribution
and sequence of the mouse homolog of the human target
epitope are identical between the species. This is the case
with WT1. HLA-A2 transgenic mice on the NOD/SCID back-
ground were used to demonstrate that PBMCs transduced
with a WT1-targeting TCR with increased functional avidity
compared with PBMCs expressing the parental TCR did not
induce toxicity to normal tissue despite greater expansion
and improved persistence (Kuball et al., 2009). Such models
can, however, not be used to assess possible off-target reactiv-
ities against the whole range of the human peptidome. Since
CARs do not require antigen-presentation on HLA, non-hu-
man primates, which more closely resemble humans in their
antigen repertoire and gene expression profiles, might provide
a relevant in vivo model for assessing safety of therapeutic
CARs (Berger et al., 2015).

There are also examples where preclinical in vivo models
demonstrate that results from murine experiments cannot
be directly inferred to the situation observed in the clinic. Tar-
geting human ERBB2 with a CAR in transgenic mice express-
ing the target antigen in brain and mammary gland did not
result in autoimmune toxicity in these tissues, in spite of anti-
tumor efficacy (Wang et al., 2010). Combination therapy of the
ERBB2-targeted CAR with anti-PD-1 (programmed cell death
protein 1) antibodies enhanced the antitumor efficacy but still
no autoimmune toxicities were observed in the same trans-
genic mouse model (John et al., 2013). However, fatal toxicity
occurred in a clinical trial with a CAR targeting ERBB2, prob-
ably due to ERBB2 expression in lung epithelial cells (Morgan
et al., 2010).

It is important to understand the limitations of in vivo
models in providing information relevant to clinical safety of
potential therapeutic TCRs. Despite the constant improve-
ment of in vivo models that partly overcome the barriers of
species-specific MHC and xenoreactivity, differences in anti-
gen repertoires between species will always prevent assess-
ment of the full range of off-target toxicities. Thus, carefully
designed, comprehensive and biologically relevant in silico
and in vitro strategies might provide more information than
even the most sophisticated in vivo models.

4.2. In silico and in vitro strategies to predict the risk of
TCR-mediated off-target toxicity

Generally, the TCRs that have proceeded to clinical trials have
mostly been tested for their efficacy in recognizing and medi-
ating killing of a limited set of cell lines, and occasionally pri-
mary cells, in a target antigen and/or HLA specific manner

(Table 1). A recent study paved the way for a more stringent
in vitro strategy to predict potential cross-reactivities
(Cameron et al., 2013). The approach was used to retrospec-
tively identify the cause of cardiac toxicity by an HLA-A1l-
restricted MAGE-A3-targeted TCR as recognition of an alterna-
tive peptide derived from the muscle protein Titin. By sequen-
tial substitution of each position in the target peptide with an
alanine or glycine the amino acid residues critical for TCR
recognition were revealed. Peptides sharing this essential
motif were identified by an in silico search (http://prosite.expa-
sy.org/scanprosite/), loaded onto HLA-A1 positive target cells
and screened for recognition by the MAGE-A3 TCR. Natural
processing and recognition of endogenously expressed anti-
gen was confirmed in physiologically relevant cell cultures
(Cameron et al.,, 2013). This study demonstrates that assays
such as peptide scanning and the screening of biologically
relevant specialized cell cultures can reveal recognition of
alternative peptides by candidate therapeutic TCRs
(Figure 2). In another study each investigated TCR was able
to recognize multiple peptides, but all identified peptides
possessed recognition motifs closely resembling the known
antigen of the corresponding TCR (Birnbaum et al., 2014).
This suggests that the likelihood of degenerate recognition
of completely unrelated peptides with no sequence homology
to the intended target can be considered small.

4.3. Strategies to limit toxicities from TCR gene therapy

Pairing of the introduced TCR chains with the endogenous
ones creates a possible safety concern by forming dimers
with unpredictable reactivities (van Loenen et al., 2010).
Such mispairing has lead to lethal consequences in a mouse
model (Bendle et al., 2010), but has thus far not been observed
in clinical trials (Rosenberg, 2010). Preferential dimerization of
the introduced TCR chains can be promoted by use of constant
regions from murine TCRs (Cohen et al., 2006), by introduction
of an extra cysteine bridge between the exogenous TCR chains
(Cohen et al., 2007; Kuball et al., 2007), by equimolar expres-
sion of both chains of the transgenic TCR (Szymczak et al.,
2004) or by silencing the expression of the endogenous TCR.
These approaches additionally enhance TCR surface expres-
sion and effector function. Downregulation of the endogenous
TCR has been obtained by introducing sequences encoding
small-interfering RNAs (siRNA) into the vector coding for the
TCR transgene, which itself escapes recognition by the siRNAs
due to codon optimization (Ochi et al., 2011; Okamoto et al.,
2009). Silencing of the endogenous TCR by RNA interference
was shown to reduce lethal GVHD in a mouse model (Bunse
et al., 2014). Disruption of the endogenous TCR expression
has also efficiently been achieved by zinc finger nucleases
(ZFNs) (Provasi et al., 2012) and transcription activator-like
effector nucleases (TALENSs) (Berdien et al,, 2014; Torikai
etal., 2012). The novel CRISPR (clustered regularly interspaced
short palindromic repeats) technology (reviewed in Doudna
and Charpentier, 2014) might revolutionize genome editing
also in T cells for adoptive immunotherapy. It has further
been shown that expression of a dominant TCR intrinsically
suppresses the surface expression of the endogenous one
(Hart et al., 2008).
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Transient expression of the therapeutic TCRs by mRNA
electroporation (Barrett et al., 2011) or from non-integrating
expression vectors limits the exposure of the patient to the
TCR. Although this approach does not prevent acute toxicities,
it might represent a safer mode for testing of new TCRs than
stable expression from viral vectors. However, it is question-
able whether even repeated infusions of T cells transiently
expressing therapeutic TCRs would provide sufficient clinical
efficacy.

An emerging alternative to redirect T cells to eradicate can-
cer cells are InmTACs (Immune-mobilizing monoclonal TCRs
Against Cancer), soluble chimeric proteins comprising an af-
finity enhanced monoclonal TCR recognizing a tumor-
associated epitope fused to a humanized CD3-specific single-
chain antibody fragment for T-cell activation (Liddy et al.,
2012). These bi-specific bridging molecules were shown to
effectively engage the natural T-cell activation pathway and
to potently suppress tumor growth in mice (Bossi et al., 2014;
Liddy et al., 2012). An ImmTAC specific for gp100 melanoma
antigen is currently entering a phase II clinical trial (Clinical-
Trials.gov identifiers NCT01211262 and NCT02535078). Due to
their limited lifespan and generic nature these soluble TCR
molecules might provide a safer alternative for initial testing
of therapeutic TCRs than personalized TCR-modified T cell
products with potential permanent engraftment.

Dual targeting systems might provide an alternative strat-
egy to reduce damage to healthy tissues that express the
target antigen. T cells expressing a receptor that is subopti-
mally activated by recognition of the target antigen are func-
tionally rescued in the tumor by a co-stimulatory receptor
engaging a second tumor antigen, but not in healthy tissues
expressing either antigen alone (Kloss et al., 2013).

Conditional suicide genes introduced along with the thera-
peutic TCR can increase the safety of ACT by enabling selec-
tive destruction of the infused T cells in the event of
toxicities. An inducible caspase 9 effectively eliminated
more than 90% of the modified T cells in recipients of haploi-
dentical SCT that developed GVHD (Di Stasi et al., 2011). Intro-
duction of inert cell surface molecules that can be targeted by
clinically approved monoclonal antibodies can mediate abla-
tion of the modified cells through antibody-dependent cellular
cytotoxicity, and simultaneously serve as markers of trans-
duction efficiency and in vivo cell tracking, as well as be uti-
lized for ex vivo selection purposes. Suggested marker/
suicide genes include a truncated epidermal growth factor re-
ceptor (EGFR) molecule (Wang et al., 2011) and a chimeric pro-
tein comprised of target epitopes from CD34 and CD20 (Philip
et al., 2014). Although utilization of suicide genes might not
provide sufficiently rapid reversal of acute toxicity on vital or-
gans, they might prove beneficial in cases of toxicity on non-
essential organs.

A very recent possibility to pharmacologically control acti-
vation of CAR T cells by an “ON-switch” might provide an
attractive possibility that could be extended to TCR-
engineered T cells. A split CAR receptor that requires a heter-
odimerizing small molecule to assemble enables gradual titra-
tion of activity to required therapeutic levels (Wu et al., 2015).
This new opportunity might provide the control required to
safely and rapidly bring T cells genetically engineered with
new immune receptors to the patient.

5. Optimizing the product

T cells undergo progressive differentiation from naive T cells
(Tn) into stem cell-like memory (Tscm), central memory
(Tcm), effector memory (Tgy) and the terminally differentiated
effector (Tg) T cell subsets, with concomitant loss of prolifera-
tive and secondary lymphoid organ homing capacity while
accumulating effector function (Buchholz et al., 2013;
Gattinoni et al., 2011; Gerlach et al., 2013; Sallusto et al.,
1999; and reviewed in Restifo and Gattinoni, 2013). Several
clinical trials have demonstrated a clear correlation between
the therapeutic efficacy of adoptively transferred T cells
with their ability to expand and persist long-term in vivo
(Johnson et al., 2009; Morgan et al., 2006; Robbins et al., 2004;
Rosenberg et al., 2011). This suggests that infusion of T cells
at earlier stages of differentiation may have greater therapeu-
tic potential, which is strongly supported by several preclini-
cal models. Acquisition of an effector phenotype, though
providing CD8 T cells with the ability to effectively lyse tumor
cells in vitro, impaired their antitumor efficacy in vivo
(Gattinoni et al., 2005b). T cell infusion products derived
from Ty cells (Hinrichs et al., 2009), Tscum (Cieri et al., 2013;
Gattinoni et al., 2011) or Tgm cell populations (Berger et al,,
2008; Klebanoff et al., 2005; Yang et al., 2011) have been shown
to possess increased proliferative capacity, persist longer and
mediate superior antitumor responses compared to T cells
derived from more differentiated populations (Tgy and Tg
cells) in several in vivo models. Long-term persistence of the
adoptively transferred T cells requires homing to secondary
lymphoid organs, where they proliferate and replenish the
pool of circulating T cells, which then enter the tumor sites
(Klebanoff et al., 2005). T-cell homing to secondary lymphoid
organs is mediated by CCR7 and CD62L, which are lost during
maturation to Tgy cells. These observations suggest that pro-
tocols for genetic modification and ex vivo expansion of T cells
should be optimized to yield T-cell infusion products with pre-
dominantly Tscy and Teoy phenotype to ensure homing, long-
term persistence and clinical efficacy.

5.1. Delivering the gene while limiting differentiation

TCR-modified T lymphocytes for ACT are most commonly
generated from an unselected heterogeneous pool of PBMCs,
from which T cells are activated by crosslinking anti-CD3
and/or anti-CD28 antibodies, transduced with y-retroviral or
lentiviral vectors encoding the gene of interest and expanded
ex vivo in the presence of the cytokine interleukin-2 (IL-2).
Gamma-retroviral vectors are most widely used in the clin-
ical protocols for the delivery of TCRs (Chodon et al., 2014;
Davis et al., 2010; Gomez-Eerland et al., 2014; Johnson et al.,
2009; Kageyama et al., 2015; Morgan et al., 2013, 2006; Par-
khurst et al., 2011; Robbins et al., 2015, 2011). Lentiviral vec-
tors, relative to retroviral vectors, have the advantage that
they can transduce non-dividing cells (Naldini et al., 1996),
which might enable production of gene-modified T lympho-
cytes in less differentiated memory states (Bobisse et al.,
2009; Perro et al., 2010; Yang et al., 2008, 2010). They have
been used in clinical trials without adverse effects related to
gene transfer (Kalos et al, 2011; Rapoport et al, 2015).
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Lentiviral vectors might also have a higher efficiency for ge-
netic engineering of human (but not murine) T cells and be
more resistant to gene silencing as compared to y-retroviral
vectors (reviewed in Morgan and Kakarla, 2014).

IL-2 effectively stimulates T-cell proliferation but also pro-
motes differentiation of CD8 T cells into Tgy and Tg states (Cha
et al.,, 2010; Hinrichs et al., 2008). Several modifications to the
prevailing ex vivo expansion protocols of T cells have been
suggested to enable in vitro proliferation while limiting differ-
entiation. Expansion of T cells in the presence of homeostatic
cytokines, such as IL-7 and IL-15 (Cha et al., 2010; Cieri et al.,
2013; Gomez-Eerland et al., 2014; Xu et al, 2014), IL-21
(Chapuis et al., 2013; Hinrichs et al., 2008; Li et al., 2005a), IL-
12 (Rubinstein et al., 2015) or IL-12 together with IL-7 or IL-21
(Yang et al., 2013), have been suggested superior to IL-2 in
inducing a Tscm/Tem phenotype. This phenotype is associated
with increased capacity to expand, survive and persist in vivo,
to migrate into secondary lymphoid organs, and to perform
antitumor activity in mouse tumor models. An alternative
possibility to limit differentiation of cultured T cells is phar-
macological manipulation of signaling pathways associated
with cellular differentiation. Induction of Wnt-B-catenin
signaling was shown to arrest differentiation of CD8 T cells
and to promote generation of the Tscym phenotype (Gattinoni
et al., 2011, 2009). Moreover, pharmacologic inhibition of
AKT enabled expansion of TILs with properties characteristic
of a memory T-cell phenotype, leading to enhanced in vivo
persistence and antitumor efficacy (Crompton et al., 2015). T
cells with potent antitumor effects have also been generated
from TCR-transduced hematopoietic stem cells (Vatakis
etal.,, 2013) and induced pluripotent stem cells (Lei et al., 2011).

5.2. CD8 versus CD4 T cells

Whereas the primary focus of cancer immunotherapy has
traditionally been on the CD8 CTLs, the contribution of CD4
T cells to tumor immunity and to therapeutic efficacy of
ACT is poorly understood and might be more important
than thus far appreciated. Whereas CD4 regulatory T cells
(Treg) suppressed antitumor immune responses, CD4 Ty cells
augmented CD8 CTL activity in a mouse model (Antony
et al., 2005). Tumor T,g are associated with reduced survival
in human ovarian carcinoma (Curiel et al., 2004), endogenous
peripheral T, are negatively associated with clinical
response to ACT (Yao et al., 2012) and the proportion of CD4
T cells in the infusion product inversely correlated with tumor
regression in TIL treated melanoma patients (Prieto et al.,
2010). Neo-antigen reactive CD4 T cells can be found in human
tumors (Linnemann et al., 2015; Tran et al., 2014). T-cell popu-
lations highly enriched for neo-antigen reactive CD4 Ty1 cells
efficiently mediated tumor regression in a patient with chol-
angiocarcinoma (Tran et al, 2014) and NY-ESO-1 specific
CD4 T cell clones have been shown to mediate a durable clin-
ical remission in a melanoma patient (Hunder et al., 2008).
These results suggest that CD4 Ty cells, in addition to aug-
menting CD8 CTL activity, might also convey a direct effector
function in tumor eradication (reviewed in Haabeth et al,
2014). This is supported by the observation that tumor-
specific cytotoxic CD4 Tyl cells are able to eradicate estab-
lished tumors in mouse models even in the absence of CD8

T, B, natural killer (NK) and NKT cells (Quezada et al., 2010;
Xie et al., 2010). However, the presence of CD4 T cells in TIL
infusion product seems not to be necessary for objective re-
sponses in melanoma patients (Dudley et al., 2010).

Very few MHC class II restricted epitopes from TAAs have
been identified. Therefore, the concomitant re-directing of
CD4 and CD8 T cells with TCRs specific for MHC class I-
restricted epitopes has emerged as a viable alternative strat-
egy. By this approach, CD8 CTL function and induction of
long-term memory can be augmented (Chhabra et al., 2008;
Frankel et al., 2010; Kessels et al., 2006; Kuball et al., 2005;
Morris et al., 2005; Ray et al., 2010; Willemsen et al., 2005).
The optimal ratios of CD4 and CD8 subsets in T-cell infusion
products remain to be determined. Development of clinical-
grade cell selection methods would advance the manufacture
of therapeutic T-cell infusion products enriched for T cells at
earlier stages of differentiation, having an ideal composition
of CD8 and CD4 subsets and depleted of inhibitory Tyeg.

5.3.  Modifying the TCR to improve expression

The level of the TCR on the cell surface makes an essential
contribution to the functional avidity of the T cell towards
its target. The expression level of the introduced TCR is effi-
ciently increased by optimization of the codon usage in the
TCR transgene (de Witte et al.,, 2008; Kerkar et al., 2011b;
Scholten et al., 2006). The concentration of CD3, particularly
the ¢ component, is limiting for the assembly and surface
expression of the TCR complex. Transduction of T cells with
the CD3 chains alongside the TCR lead to enhanced surface
expression (Ahmadi et al., 2011). Certain structural modifica-
tions in the constant parts of the TCR have been shown to in-
crease the expression level, stability and signaling efficiency
of the introduced TCR and to simultaneously decrease pairing
with the endogenous TCR chains. Changing the constant parts
of the human TCR chains, or essential amino acid residues
therein, into their murine counterparts leads to preferential
pairing of the introduced TCR chains and to a more stable as-
sociation with the CD3 complex (Bialer et al., 2010; Cohen
et al., 2006; Goff et al, 2010; Sommermeyer and Uckert,
2010). Minimally instead of completely murinized TCRs have
the advantage of being potentially less immunogenic (Bialer
et al.,, 2010; Sommermeyer and Uckert, 2010). Introduction of
an additional disulfide bond between the constant domains
of the TCR leads to higher surface expression levels of the
introduced TCR (Cohen et al., 2007; Kuball et al., 2007; van
Loenen et al., 2010). Furthermore, removal of defined N-glyco-
sylation sites in the TCR constant regions was shown to
enhance the functional avidity of transduced T cells (Kuball
et al., 2009).

6. Preparing the host
6.1. Lymphodepletion

Non-myeloablative lymphodepletion, either by radiotherapy
and/or chemotherapy, can significantly prolong the persis-
tence of adoptively transferred T cells in vivo and profoundly
improve the efficacy of adoptive T-cell therapies (Dudley
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etal., 2002a, 2002b, 2005, 2008; Robbins et al., 2004). The neces-
sity of lymphodepleting pretreatment for the therapeutic effi-
cacy of ACT has also been demonstrated in mouse models (de
Witte et al., 2008; Dummer et al., 2002; Rosenberg et al., 1986).
A recent clinical trial with MAGE-A4-reactive TCR-engineered
T cells in patients with esophageal cancer was performed with
aregimen notincludinglymphodepletive pretreatment nor IL-
2 administration, but rather sequential MAGE-A4 vaccinations
(Kageyama et al., 2015). No tumor regression was observed
even though the adoptively transferred T cells persisted
long-term in circulation, trafficked to tumor sites and main-
tained ex vivo tumor reactivity (Kageyama et al., 2015). The re-
sults suggest that lymphodepletion contributes not only to T-
cell expansion and survival but has additional beneficial
mechanisms. The beneficial effect of lymphodepletion might
depend on i) elimination of immunosuppressive host cells,
such as Treg and myeloid-derived suppressor cells (MDSCs)
(North, 1982; Yao et al., 2012), ii) on increased availability of
homeostatic cytokines, such as IL-7 and IL-15, due to reduced
competition from endogenous lymphocytes (Dudley et al,
2008; Gattinoni et al., 2005a) and iii) on activation of APCs by
release of tumor antigens, increasing systemic levels of in-
flammatory cytokines as well as promoting translocation of
microbial products across damaged mucosal membranes
(Huang et al., 2011; Paulos et al., 2007; Radojcic et al., 2010).
However, lymphodepletion by itself might not be a prerequi-
site for successful adoptive immunotherapy. It has been sug-
gested that targeted therapies that replicate the key elements
of lymphopenia, depletion of T,y With or without simulta-
neous introduction of IL-7, could be superior to lymphodeple-
tion in enhancing the antitumor effects of adoptive
immunotherapy without the toxicities associated with lym-
phodepletion (Cui et al., 2009; Matsushita et al., 2008).

6.2. IL-2 administration and alternative approaches to
improve expansion and persistence of adoptively transferred
T cells

Systemic administration of recombinant IL-2 is included in
most clinical protocols to support the expansion and persis-
tence of adoptively transferred T cells. However, it is known
to cause significant toxicity, which limits its use to a few
days after ACT. Attempts to increase the proliferation and
persistence of the transferred T cells without the toxic effects
of systemic IL-2 have been made by introducing genes into the
T cells that code for cytokines, their receptors, or factors that
inhibit apoptosis or provide cytokine independent autocrine
growth signals. Transduction of the IL-2 gene into TILs, how-
ever, did not increase their persistence in vivo or their clinical
effect (Heemskerk et al., 2008). Forced expression of IL-7 re-
ceptor was able to restore the responsiveness of terminally
differentiated T cells to IL-7 (Vera et al., 2009), but the effect
of such approaches in vivo remains to be elucidated. Co-ex-
pression of the anti-apoptotic proteins Bcl-2 or Bcl-xL along
with a tumor specific TCR prevented apoptosis of the modified
T cells upon IL-2 withdrawal both in vitro and in vivo without
altering the phenotype of the T cells (Kalbasi et al., 2010).
Mitochondrial respiration through reactive oxygen species
signaling and the mTOR pathway appear critical for antigen-
specific T-cell activation and memory development (Araki

etal., 2009; Sena et al., 2013; van der Windt et al., 2012). Manip-
ulation of these pathways might promote persistence and
effector function of adoptively transferred T cells (Okoye
et al., 2015; Pearce et al., 2009).

6.3. Enhancing the antitumor efficacy of TCR-
transduced T cells

The function of adoptively transferred T cells can further be
supported by simultaneous targeting of the immunosuppres-
sive tumor microenvironment or by introduction of tumor-
homing receptors to promote T-cell localization into the tu-
mor. Forced expression of the chemokine receptor CCR4 in
otherwise CCR4-negative effector T cells was shown to
enhance their migration to CCL17 producing tumors and to
improve their antitumor effect after adoptive transfer into a
mouse lymphoma model (Di Stasi et al., 2009). The TRUCK (T
cells redirected for universal cytokine killing) concept utilizes
redirected T cells to release transgenic pro-inflammatory cy-
tokines to recruit other immune cells into the tumor (reviewed
in Chmielewski et al., 2014). Secretion of IL-12 improved the
therapeutic efficacy of tumor-reactive T cells by triggering a
programmatic change in the otherwise immunosuppressive
bone marrow-derived tumor stromal cells to promote tumor
regression, while toxicity of systemic IL-12 administration
was avoided (Kerkar et al., 2011a, 2010). In a mouse model of
prostate cancer, the immunosuppressive effect of TGF-p could
efficiently be neutralized by expression of a dominant nega-
tive form of TGF- receptor II by the adoptively transferred T
cells (Bendle et al., 2013). In another study secretion of a
Toll-like receptor agonist by the tumor-reactive T cells gener-
ated a co-stimulatory signal that augmented their antitumor
activity, characterized by increased tumor infiltration of the
T cells, reduced numbers of PD-1" T cells and MDSCs, and
changes in the chemokine/cytokine profiles of the tumors
(Geng et al., 2015). However, the regulatory pathways control-
ling T-cell function in the immunosuppressive tumor micro-
environment are incompletely understood. A recently
developed in vivo shRNA screen might be useful in revealing
novel immunotherapy targets (Zhou et al., 2014a).

7. Conclusions and reflections

The adoptive transfer of T cells genetically modified to express
TCRs has the potential to generate a population of tumor-
specific T cells not naturally present in the patient. This repre-
sents a promising therapeutic option for the large patient
groups who do not respond well to TIL therapy or to check-
point inhibition, which rely on the endogenous T-cell reper-
toires. Although T cells genetically modified with immune
receptors have provided encouraging clinical results, it seems
clear that the antigens targeted in clinical trials thus far are
insufficient, or even inappropriate, for the majority of cancer
patients. Thus, new and better strategies for identification of
novel targets should be prioritized to advance the field and
make TCR-based gene therapy widely applicable. This should
involve unbiased identification of candidate targets by high-
throughput screening platforms. Moreover, systems for care-
ful in vitro characterization of the reactivity of therapeutic
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TCR candidates guided by computational predictions will be
instrumental to avoid toxicities, while current in vivo models
seem to provide limited information in this regard. Targeting
of neo-antigens with personalized TCR-based strategies has
emerged as an exciting tumor-specific possibility, although
the logistic, regulatory and financial hurdles are considerable,
asreviewed elsewhere (June et al., 2015). The timelines needed
from diagnosis to TCR identification with current approaches
might furthermore limit this therapeutic option to a small pa-
tient group with slowly progressing disease. To further add
complexity, more than one TCR might be needed to minimize
tumor escape, whether targeting neo- or self-antigens. Results
from clinical trials combining different immunotherapeutic
strategies or immunotherapy with other treatment modalities
seem very promising in terms of synergistic effects (Kolstad
et al.,, 2015; Postow et al., 2015). This might also apply to
TCR-based therapy, which for example might be potentiated
by simultaneous checkpoint inhibition, or preceding chemo-
or radiotherapies. Here, mouse models can provide important
mechanistic insights. Moreover, the fact that clinical suc-
cesses have boosted the interest among pharmaceutical com-
panies, should further speed up clinical testing of new TCRs
and application of new concepts. Although TCR-based gene
therapy remains a highly personalized treatment modality,
its efficacy might promote more widespread application in
the near future.
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