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General Introduction

General Introduction

1.1 Immune therapy for the treatment of tumors
During the past few decades great progress has been made in the field of cancer immune
therapy. There has been increased understanding on strategies tumors use to induce immune tolerance and evade immune responses, which enabled the design of clinical immune
therapy trials. Two recent approaches that either oppose or circumvent immune tolerance
towards tumors have successfully been tested in phase I clinical trials.
First, immune tolerance can be opposed by monoclonal antibodies that block T cell inhibitory molecules. For example, Ipilimumab and MDX-1106 block Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4) and Programmed Death-1 (PD-1) receptor, respectively, and administration
of these antibodies resulted in anti-tumor activities in patients with metastatic melanoma
and renal cell carcinoma (1, 2). In fact, the combination of Ipilimumab and Dacarbazine (DTIC,
currently the standard first-line treatment for melanoma) increased the response rates by
three-fold (3). These results have encouraged further testing of dosing and combinations of
these immune modulating reagents.
Second, immune tolerance can be circumvented by adoptive transfer of autologous and
ex-vivo expanded tumor infiltrating lymphocytes (TILs). TIL therapy preceded by non-myeloablative lymphodepletion resulted in objective response rates in about 50% of advanced
metastatic melanoma patients in two different medical centers (4-6), suggesting, but not yet
proving anti-melanoma activity. Equally interesting were the complete responses observed
in TIL therapy that ranged between 10 and 22% and seem higher than those observed for
other treatments of melanoma (see Table 1). Recently, a simpler and faster method was
developed to generate ‘young’ TILs that harbor characteristics associated with improved T
cell persistence and in vivo survival. This young TIL culture protocol yields bulk T cells, omits
the extensive in vitro testing of tumor reactivity, enriches for CD8+ T cells and depletes suppressive T cells (Treg cells) (4, 7). Next to TILs, adoptive transfer of tumor specific T cell clones
generated from autologous peripheral T cells resulted in objective responses in 8 out of 10
metastatic melanoma patients (8). Notably, Butler and colleagues ‘educated’ peripheral T
cells using artificial antigen-presenting cells loaded with HLA-A2-restricted tumor antigens
(9). This protocol yielded tumor-specific T cells that are clinically long-lived and effective in
melanoma patients. Collectively, the above-mentioned studies show the potential of immune therapy and especially the successes of adoptive therapy with tumor-specific T cells.
However, so far successes have been reported for melanoma and renal cell carcinoma only,
tumor types that are suggested to be more immunogenic than other tumor types. Furthermore, most of these therapies are immune stimulatory in general and do not direct the immune response towards pre-defined tumor antigens. For those tumor types that do not allow
isolation of TILs, or when it is not possible to enrich tumor-specific T cells from peripheral
blood mononuclear cells (PBMCs), adoptive transfer with T cell receptor-(TCR) or chimeric
antigen receptor-(CAR) engineered T cells are promising alternatives. Adoptive therapy with
9
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Table 1. Overview of therapies for metastatic melanoma.
OR (%)

CR (%)

Reference

Standard first-line treatment
-DTIC, phase III trial

Treatment

18/149 (12)

4/149 (3)

(30)

Experimental therapy
-PLX4032 (BRAF inhibitor)
Phase I trial
Phase II trial
Phase III trial

26/32 (81)
70/132 (53)
106/219 (48)

2/32 (6)
8/132 (6)
2/219 (1)

(31)
(32)
(33)

-Ipilimumab (anti-CTLA-4 mAb)
Phase III trial
Ipilimumab + DTIC, phase III trial

39/137 (28)
34/250 (15)

3/137 (2)
26/252 (10)

(2)
(34)

-MDX-1106 (anti-PD-1 mAb)
Phase I trial

5/39 (13)

1/39 (3)

(1)#

Adoptive T cell therapy
-TIL therapy

52/93 (56)

20/93 (22)

(35)

-T cell clone therapy

8/10 (80)

-

(8)

-‘Educated T cell’ therapy

4/9 (44)

1/9 (11)

(9)

-TCR gene therapy$
MART-1/A2, DMF-4
MART-1/A2, high affinity DMF-5
gp100/A2, murine
NY-ESO/A2, high affinity 1G4

2/17 (17)
6/20 (30)
3/16 (19)
5/11 (45)

2/11 (18)

(22)
(21)
(21)
(24)

Abbreviations used in this table:
OR = Objective Responses, CR = Complete Responses, both according to Response Evaluation Criteria for
Solid Tumors (RECIST; (36)).
#
This study included patients with advanced metastatic melanoma, but also patients with renal cell
carcinoma, colorectal cancer, prostate cancer and non-small-cell lung cancer.
$
TCR specificities and parental T cell clone used for the isolation of the TCR genes

receptor gene-engineered T cells is based on the ability to transfer a tumor-specific receptor
into autologous T cells, expand them ex vivo and infuse the T cells into the patient (Figure 1).
In this way the tumor immune response is directed towards a defined tumor-specific antigen
of choice making this therapy applicable to tumor types of different histological origins.
This thesis focuses on adoptive T cell therapy with TCR-engineered T cells (in short TCR gene
therapy). Antigen-specificity of a T cell is genetically controlled only by its TCR, a heterodimer
composed of a TCRa and a TCRb chain, which, together with CD3 molecules, constitute a
TCR/CD3 complex on the cell surface (Figure 2). The TCR recognizes peptides presented by
Major Histocompatibility Complex (MHC)-encoded molecules that are referred to as Human
Leukocyte Antigens (HLA). Upon recognition of the appropriate peptide/MHC by the TCR,
CD3 mediates signaling and initiates T cell activation. Recently, it has been implicated that for
optimal TCR signaling additional di/multimerization of TCR/CD3 complexes is necessary (10,
11). Table 2 shows a timeline of key achievements in the field of engineered T cells. In the mid
10
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1. Isolation and activation of
peripheral T cells

3. Retroviral transfer of
tumor-specific TCR genes

5. Infusion of TCR T cells

4. Expansion of TCR T cells

2. Conditioning with
cyclophosphamide plus
fludarabine

Figure 1. Schematic overview of T cell receptor gene therapy, adapted from chapter 2.
Human peripheral blood mononuclear cells (PBMCs) are isolated from the cancer patient and T cells are
activated in vitro before retroviral transfer with tumor-specific TCR genes. Following T cell expansion
and validation of TCR surface expression, T cells are re-infused into the patient who is conditioned with
chemotherapy.
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Figure 2. Schematic representation of a wild type T cell receptor (wt TCR) and examples of a
Chimeric Antigen Receptor (CAR:CD28-CD3z) and a modified T cell receptor (TCR:CD28-CD3e). A.
TCRa/b chains form a complex with CD3 components and determine the antigen specificity of a T cell.
When the TCR binds its cognate peptide/MHC complex, immunoreceptor tyrosine-based activation
motifs (ITAM domains: dark grey boxes) of CD3 de, ge, and zz signaling dimers become phosphorylated
and initiate T cell activation. Proper T cell activation is thought to require the dimerization of TCR/CD3
complexes (not indicated in this figure). B. CARs generally consist of an antibody-derived single chain
variable fragment (scFv) composed of immunoglobulin heavy (Ig-heavy) and light chain (Ig-light) variable
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domains. These domains are intervened by a linker and coupled to CD3z (with dark grey ITAM domains)
for signaling capacities (1st generation CAR). CARs containing the CD3z transmembrane domain may form
homodimers (as depicted in the Figure) and may associate with endogenous CD3 chains (not depicted
in the Figure). CARs may include extra domains derived from co-stimulatory molecules such as CD28 or
CD137 (the dotted boxes) or combinations thereof (2nd and 3rd generation CARs). C. A modified TCR format
composed of the TCRa/b extracellular domains coupled to CD28 and CD3e domains. This TCR is currently
being characterized in our laboratory. The extracellular spacer and transmembrane domains are not
indicated in B and C for simplicity reasons. The figure is adapted from Kalos, CII, 2012 (27).
Table 2. Timeline of key achievements in the field of adoptive therapy with receptor engineered T
cells
Year

Achievement

Reference

1986

Redirection of T cell specificity by transfer of mouse TCRa and b genes into
mouse T cells in vitro.

Dembic, Nature (12)

1993

Redirection of T cell specificity by transfer of a CAR in mouse T cells in vitro.

Esshar, PNAS (45)

1997

Anti-tumor function of CAR T cells in vivo.

Altenschmidt, JI (46)

1999

Redirection of T cells by transfer of human tumor specific TCR genes into human
peripheral blood mononuclear cells in vitro.

Clay, JI (17)

2000

Targeting a Cancer Testis Antigen and testing of modified TCR formats in human
peripheral blood lymphocytes in vitro.

Willemsen, Gene Ther (16)

2001

Function of TCR T cells in vivo.

Kessels, Nature (18)

2006

Clinical TCR gene therapy trial to treat metastatic melanoma patients.

Morgan, Science (22)

2006

Clinical CAR gene therapy trials and evidence for the occurrence of on-target
toxicities.

Lamers, JCO; Kershaw, JCO (37,
38)

2011

Clinical TCR gene therapy trial 1) targeting a cancer testis antigen and 2)
resulting in 2 out 11 complete responses in metastatic melanoma patients.

Robbins, JCO (24)

2011

Clinical trial with CAR T cells resulting in 1 partial and 2 complete responses out
3 in CLL patients.

Kalos, Science Trans Med (41) and
Porter, NEJM (42)

eighties Dembic and colleagues were the first to demonstrate that antigen specificity can be
transferred between T cells by introducing genes encoding the TCRa and b chains (12). Following this important finding, numerous research groups have reported that tumor reactivity
of TCRs introduced in human peripheral blood lymphocytes (PBLs) is preserved and identical to the tumor reactivity of the parental tumor specific T cell (13-17). Importantly, when
adoptively transferred, TCR gene-engineered T cells are antigen-specific and functional in
vivo as evidenced by the induction of anti-tumor immune responses after antigen encounter
(18-20). These preclinical studies constituted a solid basis to initiate the first clinical TCR gene
therapy trials using TCRa and b genes as “of the shelf” reagents to confer tumor reactivity
to T cells from patients with the appropriate HLA-restricting allele. Six clinical trials using
TCR-engineered T cells have been initiated so far and performed under supervision of prof.dr.
Steven Rosenberg (National Cancer Institute, National Institutes of Health, Bethesda, United
States of America) and additional trials are currently being initiated in other centers. The TCRs
tested so far were all HLA-A2-restricted and directed against melanoma differentiation antigens MART-I or gp100, carcinoembryonic antigen (CEA) or the cancer testis antigen NY-ESO-1.
Clinical responses have been observed in patients with metastatic melanoma, colorectal and
12
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synovial carcinoma (21-24) (Table 1). Notably, the finding that TCR gene-modified T cells (as
well as TILs) were able to traffic to the central nervous system and cause complete responses
of brain metastasis in patients with melanoma was not only encouraging but also underscores the strength of T cell therapy towards metastasized and poorly-accessible tumors (25).
These clinical trials have demonstrated feasibility. Initial responses, although variable and
based on a relatively small number of patients, are promising but generally fall behind those
observed in TIL therapy. In addition, therapy with TCR-engineered T cells resulted in severe
inflammation of the skin, eyes and ears (for MART-I and gp100) or colon (for CEA) (21, 26),
likely due to low levels of target antigen expression in these organs. The gp100 and CEA
specific TCRs were high affinity TCRs from mouse origin and the MART-I TCR in one study was
a high affinity TCR from human origin (21). These TCRs may yield T cells that are more effective towards tumors, but at the same time induce on-target toxicity towards normal tissues.
Hence, TCR gene therapy is considered a highly potent immune therapy against cancer, but
T cells may damage healthy tissues if redirected towards an easy-accessible self-antigen. In
contrast, no toxicities were observed in the most recent study using the NY-ESO-1-specific
TCR, that targets a cancer testis antigen with a high degree of tumor-specific expression (24).
Besides TCRs, Chimeric Antigen Receptors (CARs) are successfully used to retarget T cells
towards tumors. CAR and TCR T cells differ with respect to the following. First, CAR-T cells
target surface antigens only, whereas TCR T cells target antigens not restricted to a certain
cellular compartment. Second, the presentation of target antigen for TCR T cells, but not
CAR T cells, is dependent on MHC expression levels and antigen processing efficiency. Third,
TCR T cell function, but not CAR T cell function is compromised due to TCR mispairing and
limited amounts of endogenous CD3 components (extensively reviewed in (28)). Last, CARs
that contain mouse Ig sequences are potentially immunogenic (29), whereas TCRs generally
contain native human sequences. CARs are fusion proteins combining the antigen-specific
binding properties of an antibody with signaling properties of T cell molecules. The first
generation CARs are composed of single-chain variable fragments (scFv) derived from monoclonal antibodies that recognize tumor-specific antigens and are most often linked to the
intracellular signaling region of the CD3z (Figure 2). T cells can be engineered to functionally
express these receptors, but in phase I clinical trials the first generation CARs induced no
responses in patients with renal cell cancer (37) and ovarian cancer (38), and only modest
responses in patients with lymphoma (39) and neuroblastoma (40). Next generation CARs
contain intracellular domains derived from T cell co-stimulatory molecules such as CD28,
4-1BB (CD137), OX40 (CD134) or ICOS (CD278) or combinations thereof, to increase T cell
signaling. Different CAR formats have recently been tested in phase I clinical studies targeting
the B-cell antigen CD19 expressed on B-cell malignancies (41-44). CD19 may represent an
interesting tumor-associated target antigen since it is also expressed on antigen-presenting
cells, and as such may provide additional co-stimulation to CAR T cells, and it resides in the
same physiological compartment as CAR T cells. Prof.dr. Carl June and his team (University
13
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of Pennsylvania, Pennsylvania, United States of America) reported complete remissions in
2 out of 3 chronic lymphocytic leukemia patients treated with anti-CD19 CAR:CD137-CD3z
T cells (41, 42). In two separate studies, patients with B cell malignancies were treated with
anti-CD19 CAR:CD28-CD3z T cells resulting in 1 complete and 5 partial responses out of 8
patients treated in the first study (43) and 4 out of 5 partial responses in patients treated with
cyclophosphamide and CAR T cells (44).

1.2 Challenges of TCR gene therapy
The two main challenges of TCR gene therapy are 1) improvement of the anti-tumor response
and 2) prevention/limitation of toxicity. In Table 3, I have further defined these challenges and
indicated potential therapeutic strategies to address these challenges. Chapter 2 provides a
detailed overview of the challenges and solutions. In short:
Challenge 1: Improve anti-tumor responses
Compromised anti-tumor responses are either related to the infused TCR T cells or the tumor.
T-cell related factors include limited avidity, in vivo persistence, expansion, and homing and
effector functions of T cells. Tumor-related factors include target antigen, such as its accessibility and level of expression, and tumor-induced immune suppression.
Challenge 2: Prevent/limit toxicities
Toxicities of TCR gene therapy can be divided into on-target and off-target toxicities. Ontarget toxicity represents toxicity related to the T cell target antigen, which can occur in case
the antigen is expressed, even at low levels, on healthy non-tumor tissue. This type of toxicity
can be prevented by choosing a target antigen of which the expression is restricted to tumor
tissue, see paragraph 1.4. Off-target toxicity is a direct consequence of TCR-mispairing, i.e. the
incorrect pairing of the introduced and endogenous TCRab chains (28, 47). Consequences of
TCR-mispairing are diluted expression of the introduced TCR but more problematically the
occurrence of unknown TCR specificities that potentially result in auto-reactivity. Preclinical
findings in a mouse model of TCR gene therapy (48) and in vitro systems in human T cells (49)
stress the use of strategies to prevent the occurrence of TCR-mispairing. Strategies to prevent
TCR-mispairing are described in chapter 2 and in (28).

1.3 Mouse tumor models for TCR gene therapy
The development of cancer is the result of a cascade of mutations that makes the disease
process complex and difficult to model. Animal models used to translate experimental find14
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Table 3. Challenges of TCR gene therapy and their potential solutions
Challenges

Potential Solutions

References

1. IMPROVE ANTI-TUMOR TCR T CELL RESPONSES
T cell-related factors:
a) Low T cell avidity

b) Low in vivo T cell expansion and
persistence

e) Low T cell homing and
effector functions

Tumor-related factors
a) Choice of target antigen

-Improve retroviral vector design (pMP71)
-Use TCRb-2A-TCRa expression cassette
-Codon-optimize TCR transgenes
-Modify TCR transgenes to enhance preferential pairing of introduced TCR
chains
-Affinity maturation of TCR-V region
-Remove N-glycosylation site in TCR chains
-Isolate TCR from non-tolerant T cell repertoire
-Combine introduction of TCR genes and CD3 genes

(50, 51)
(52)
(53)
(54-57)

-Lymphodeplete host with chemotherapy/irradiation
-Vaccinate host after adoptive T cell transfer
-Provide cytokine support after adoptive T cell transfer
-Transfer less differentiated T cells (TN, TCM, TSCM)
-Treat T cells with common-g cytokines (IL-7, IL-15, IL-21)

(63)
(64, 65)
(66, 67)
(68-73)
(74-77)

-Transfer less differentiated T cells
-Block T cell inhibitory molecules such as CTLA-4, PD-1, TIM-3, BTLA
-Genetically introduce functional molecules into T cells to enhance tumor
infiltration (CCR2) or activation of T cells and innate immune cells (IL-12)
-Increase T cell extravasation in the tumor using angiogenesis inhibitors
-Target MHC class I and II restricted antigens simultaneously

(69-73)
(78-82)

-Target antigens that can be cross-presented on tumor stroma
-Target antigens that are expressed on tumor initiating cells
-Target multiple antigens simultaneously

(86)
(63, 87)
(88)

(58)
(59)
(60, 61)
(62)

(83, 84)
(85)

b) Antigen expression/ presentation
-Enhance release/presentation of antigens by chemotherapy, irradiation or (89)
tyrosine kinase inhibitors
(90-92)
-Epigenetically enhance antigen expression
c) Immune suppression
-Antagonize suppressive cytokines such as TGF-b and IL-10
-Deplete or reduce the activity of immune suppressor cells such as Tregs,
type 2 macrophages and MDSCs
-Decrease metabolic degradation of the amino acids tryptophan and
arginin

(93, 94)

-Choose highly tumor restricted target antigens such as cancer testis
antigens (MAGE, NY-ESO-1)
-Introduce a genetic ‘safety switch’ into T cells

(24)

-Modify TCR transgenes to enhance preferential pairing of introduced TCR
chains
-Introduce a genetic ‘safety switch’ into T cells
-Silence endogenous TCR genes

(54-57)

2. PREVENT/LIMIT TOXICITY
a) On-target toxicity

b) Off-target toxicity

(95, 96)

(95, 96)
(97)

Abbreviations used in this table in alphabetical order: BTLA, B- and T-Lymphocyte Attenuator; CCR2, CC
Chemokine Receptor 2; CTLA-4, Cytotoxic T-Lymphocyte Antgen-4; IL-7, Interleukine-7; MDSC, Myeloid
Derived Suppressor Cells; PD-1, Programmed Death-1; TN, naïve T cells; TCM, central memory T cells;
TSCM, stem-cell like memory T cells; TGF-b, Transforming Growth Factor-b; TIM-3, T cell Immunoglobulin
Mucin-3; Tregs, regulatory T cells; .
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ings into clinical testing need to recapitulate these mutations, the context of the disease and
the heterogeneity of human tumors. Macaques (Macaca Nemestrina) have a close evolutionary relationship with humans and have proven valuable to study the effect of T cell subsets,
dosing regimens and cytokine treatment in the context of adoptive T cell therapy (68, 98, 99).
Disadvantages of macaques animal models include high costs, limited availability in research
centers, high ethical barrier to use primates, and non-existence of a macaque tumor model
(98). The mouse (Mus Musculus) is by far the most used animal in cancer models for many
reasons including its small size, low costs, capability to breed in captivity, life-span of three
years, physiological and molecular similarities to humans, complete sequenced genome and
option to genetically manipulate mouse strains. Therefore the mouse represents the animal
species of choice to model human cancer and test for TCR gene therapy. Mouse tumor models
are used in cancer research for more than a century and range from xenograft or syngeneic
graft models with tumors derived from cell lines and chemical and viral carcinogenesis or
UV-induced tumors to several varieties of genetically engineered mice with inducible or
spontaneous tumor growth. See Table 4 for an overview of various advantages and disadvantages of mouse models generally used to assess TCR gene therapy.

1.3.1 Genetically engineered mouse tumor models
Genetically engineered mice with constitutive gene expression
The most straightforward and widely used genetically engineered mice have constitutive expression of oncogenes or mutated onco-suppressor genes under the control of a ubiquitous
or tissue-specific promoter. These mice have been informative in cancer biology and enabled
studies into the mechanisms of oncogenic transformation and therapeutic responses of
autochthonous tumors in an intact microenvironment (110). In these models it is possible to
characterize immune responses to tumors in relation to specific cancer genotypes. Disadvantages of mouse models with engineered constitutive gene expression comprise the laborintensive generation of these mice, which generally takes several years and often only yields
tumor development in minorities of mice with variable latency (Table 4). Moreover, many
genetically engineered mice are heterogeneous with respect to their tumor phenotypes, as a
result of incomplete tissue-specificity of the promoter, and would need increased colony sizes
to obtain statistically meaningful cohorts (111). An example of genetically engineered mice
with constitutive gene expression are MT/ret transgenic mice expressing the RET oncogene
fused to the metallothionein promoter and models development of melanoma. In this model
the role of endogenous tumor-specific T cells during tumor development has been studied
(100, 112). Recently, it was demonstrated with this model that myeloid derived suppressor
cells (MDSC) present in the melanoma microenvironment block the anti-tumor activity of T
cells (113). In mouse models with engineered constitutive gene expression, a few examples
exist in which tumors express a defined T cell antigen. For instance, Tag antigen in TRAMP
mice (TRansgenic Adenocarcinoma of the mouse Prostate) (101) and in a model of pancreatic
16
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Table 4. Strengths and weaknesses of mouse tumor models to assess TCR gene therapy
Characteristics

Advantages

Disadvantages

Examples

Reference

Genetically
engineered
Constitutive@

-Autochthonous tumors
-Autochthonous
microenvironment

-Variable tumor yield# and
latency*
-Long period to generate mice
-High costs

-MT/ret model
-TRAMP model

(100, 101)

Genetically
engineered
Conditionally@

-Spatiotemporal control of
autochthonous tumors
-Autochtonous microenvironment

-Variable tumor yield and
latency
-Long period to generate mice
-High costs

-K-rasLSL-G12D/+;p53fl/fl
model
-Tyr::CreER; BrafCA;
Ptenlox/lox model

(102, 103)

Environmentally
induced tumors

-Testing effect of carcinogens
-Low costs

-Variable tumor yield and
latency
-Restricted to limited number
of tumor types

-MCA-induced sarcoma (104, 105)
model
-UV-induced skin tumor
model

Transplanted
Xenograft tumor

-Testing graft of human tumors
and receptor-engineered T cells
-Rapid tumor growth
-Low costs

-Absence of host immune
system
-No reflection of
authochtonous tumorigenesis
-Graft-related inflammation

-ovarian/lung cancer
models to test CAR T
cell therapy

(106, 107)
Chapter 3

Transplanted
Syngeneic tumor

-Rapid tumor growth
-Low costs

-No reflection of autochtonous
tumorigenesis
-Graft-related inflammation

-B16 mouse melanoma
models
-HLA-A2tg B16 mouse
melanoma model

(65, 108,
109)
Chapter 4

Mouse models

@ Genetically engineered mice with constitutive or conditional expression of the introduced gene(s).
#
Tumor yield indicates the number of mice developing a relevant tumor.
*Tumor latency indicates the time period before tumor development.

cancer (114). In both mouse models cancer is induced by a viral oncogene, i.e. Simian Virus
40 large T antigen (Tag), and these mice are treated by various protocols such as vaccination
(114) without or with anti-CTLA-4 antibodies (115) and TCR gene therapy (116). A sporadic
tumor model has been developed in which tumors only express the Tag tumor antigen from
the onset of tumor formation (so called neo-antigen) (117). These tumor models would be
very attractive for testing strategies to enhance the therapeutic efficacy of TCR gene therapy.
Genetically engineered mice with conditional gene expression
In addition to tumor models with constitutive gene expression, tumor models are developed
in which a gene is conditionally expressed or lost from its native promoter. Cancer can be
controlled in these models by (de)activation of genes in specific tissues at desired time-points
in the lifespan of a mouse. These genetic tools are used to recapitulate cancer progression
and to model its stochastic nature (111). Despite increased flexibility and accuracy compared
with classically gene-engineered mice with constitutive gene expression, similar engineering
and breeding efforts are necessary to obtain large cohorts of mice for preclinical studies.
Tumor incidence is often low. In example, a conditional melanoma model yields only 30%
tumor incidence (118). Taken together, such characteristics may imply logistic and economic
17
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barriers for the use of genetically engineered mouse tumor models in preclinical TCR gene
therapy studies (Table 4). In these mice, a latent allele is phenotypically wild type until
stimulated in a tissue and time-specific manner with exogenous chemicals or viruses (111).
These models often rely on the use of site-specific-recombinases to control the mutation
of the genome. The most commonly used system is based on bacteriophage Cre-loxP with
Cre recombinase recognizing a pair of inverted repeat DNA elements (LoxP sites) resulting
in irreversible inversion or deletion of a sequence in between LoxP sites (119). Traditionally,
alleles of interest become constitutively activated or inactivated in the transgenic mice by
Cre recombinase under the control of a tissue-specific promoter. To achieve conditional gene
expression, Cre can be delivered via a virus administrated directly to the organ of interest
where it will result in a genetic mosaic in the target tissue. An example is the use of adenoviral
vector to express oncogenic K-RAS in a lung cancer model (120). Other possibilities to control
gene expression are a tamoxifen-inducible Cre system (CreERT), an Flp-FRT system and TetOn or Tet-Off systems. The CreERT system is based on a fusion protein of Cre and oestrogen
response elements. Upon administration of tamoxifen (or analogues) to the mouse, CreERT
recombinase becomes activated (121). A mouse model was developed in which a CreERT
gene was introduced under control of the tyrosine promoter, and Cre became activated in
melanocytes only upon application of tamoxifen. As a result of Cre activation both expression of oncogenic BRAF and deletion of the tumor suppressor PTEN were induced and mice
developed malignant melanoma (102). An alternative site-specific recombinase system
is the Flp-FRT system based on the Flp recombinase (122). In a mouse model of soft tissue
sarcoma the combination of Cre-loxP and Flp-FRT systems allowed spatiotemporal control
of distinct genetic events, namely the sequential genetic mutation of common cancer genes
p53 and K-RAS (123). In addition to site-specific-recombinase systems, reversible control of
gene expression is achieved with Tet-On and Tet-Off systems, and as long as mice are fed
with tetracycline (or analogues, often doxycycline) the gene of interest is switched on or off
(124). In a doxycyline-inducible oncogenic H-RAS mouse model of melanoma, withdrawal
of doxycyline and consequent inactivation of oncogenic H-RAS resulted in melanoma regression (125). There are a few conditional models in which tumors express a defined T cell
antigen, such as a melanoma model expressing the mouse germ line gene P1A (118) and a
lung cancer model expressing SIYRYYGL (126). Recently, DuPage and colleagues used a very
elegant model of lung cancer expressing defined T cell antigens to study the interaction of
the immune system with ‘naturally arising’ tumors (103). In these mice, lung adenocarcinoma
was initiated by inhalation of lentiviral vectors expressing Cre recombinase. To induce tumors
that express tumor neo-antigens, the lentiviral vector expressed SIYRYYGL and two antigens
from Ovalbumin (103). Next to the study of endogenous immune responses to tumors, these
models are valuable to assess and better understand parameters of TCR gene therapy.
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1.3.2 Environmentally induced tumor models
Certain mouse strains develop cancer upon exposure to environmental stimuli including
chemicals, viruses or irradiation. Examples of chemical agents that can initiate cellular alterations resulting in cancer are methylcholanthrene (MCA) (105) and asbestos fibers (127). Also
UV irradiation is used to induce cancer in some mouse models (104). Mouse tumor models
with environmentally-induced tumors have been used to identify oncogenes, tumor suppressor genes, and tumor susceptibility traits. However, such models develop a restricted
set of tumors with variable tumor incidences and latencies making them less suitable for
preclinical TCR gene therapy studies.

1.3.3 Transplantable tumor models
Diverse mouse or human tumor cell lines, representing a range of tumor types, are available
for study and are easy to grow in vitro as well as in syngeneic or immune deficient mice,
respectively. Tumor cells can be transplanted subcutaneously, intravenously or orthotopically to induce tumors within different microenvironments. An advantage of transplantable
models is the relative short time transplanted tumor cells need to grow in order to form
established tumors. Depending on the tumor cell line and mouse strain, tumor cells can grow
within a few weeks into large tumors. There are, however several disadvantages of transplantable tumor models. First, fast tumor growth does generally not or only in part reflect the
slow tumor and tumor vascular development observed in cancer patients. Second, injection
of tumor cells involves rapid and ample cell death, and evokes acute inflammation with the
generation of cytotoxic T cells in the 10-14 days upon tumor cell transplant (128, 129). It is
therefore not surprising that treatment with vaccines or adoptively transferred T cells within
the first two weeks after tumor cell inoculation is much more effective than treatment at later
time points (129). Setting aside these above-mentioned disadvantages, important findings
can be attributed to transplantable tumor models. Examples of these findings are: the identification of unique tumor-specific antigens that are effective tumor-rejection antigens (in a
rat model (130)); the role for tumor stroma in tumor growth and rejection (86, 131); pro- and
anti-tumorigenic activities of cytokines and the contribution of immune suppressor cells like
regulatory T cells (Treg) cells to tumor formation (89).
Xenograft models
Xenograft tumor models are based on immune-deficient mice transplanted with a human
tumor. Immune-deficient mouse strains lack components of the immune system either as a
result of spontaneous mutations or engineered deletions in genes crucial for the development of a functional immune system. For example, the Severe Combined Immune Deficiency
(SCID) mouse strain harbors a mutation in the Prkdc gene resulting in an impaired ability to
develop T and B cells. The more stringent immune-deficient strain, NOD.SCID/il2rg-/- (NSG), is
generated on a NOD.SCID background and lacks a functional common IL-2 receptor g-chain
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(132). As a result NSG mice lack NK cells, T and B cells and have impaired innate immunity.
Immune-deficient mice not only allow the transplantation and growth of human tumor cells
but also the adoptive transfer of human receptor-engineered T cells, providing these mouse
models with translational value for clinical testing. Therefore, xenograft models have been
extensively used in preclinical studies to test therapy with gene-engineered T cells directed
against both hematological and solid tumors. Many studies focused on the assessment of
different receptors and receptor formats that potentially can be used in a clinical setting.
A range of CAR formats have been tested in this way resulting in the notion that genetic
introduction of (domains of ) co-stimulatory molecules (see Figure 2) significantly enhance
anti-tumor activity and T cell persistence ((106, 107, and overviewed in (27)). In addition,
xenograft models have frequently been used to image human immune cells (83, 133-135).
In example, Craddock and colleagues have used human luciferase positive CAR T cells directed against diasialoganglioside GD2 that were also transduced with a chemokine receptor
(CCR2). In this way the biodistribution of adoptively transferred CAR T cells directed against
neuroblastoma could be visualized, showing that the genetic introduction of the chemokine
receptor in CAR T cells increased their accumulation at the tumor site (136). In chapter 3, we
provide an extensive literature overview of immune-deficient mouse tumor models used to
test the therapeutic efficacy of gene-engineered T cells. In short, anti-tumor responses of
systemically injected human TCR T cell against solid tumors are absent, whereas anti-tumor
responses have been observed for human TCR T cells against hematological tumors. In chapter 3, we have tested and evaluated the use of different immune-deficient mouse strains for
TCR gene therapy against solid tumors.
Syngeneic models
Syngeneic tumor models are based on either immune-deficient mice or immune-competent
mice transplanted with a mouse tumor. These tumors are usually derived from spontaneous
or environmentally induced primary mouse tumors. In some cases, these tumors are genetically engineered to express reporter genes, such as luciferase, or tumor-specific antigens. The
first report on the in vivo efficacy of TCR gene therapy was demonstrated in an immune-deficient syngeneic mouse model with mice bearing a mouse lymphoma expressing an antigen
derived from influenza virus. In this model adoptive transfer of T cells gene-modified with
an influenza-specific TCR resulted in tumor regression (18). A clear advantage of immunecompetent mouse models is the presence of a functional immune system, which potentially
interacts with and shapes the tumor and its microenvironment (137), making these models
better equipped to predict the clinical outcome of TCR gene therapy than immune-deficient
models. The first reports of adoptive T cell therapy in immune-competent models made
use of tumor-specific T cells that were transferred from immunized mice to tumor-bearing
mice and were responsible for anti-tumor responses (138-141). These findings demonstrated
that anti-tumor immunity can be transferred and further stimulated the development of
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adoptive T cell therapy. Also, T cells derived from TCR transgenic mice were used to treat
tumors that naturally expressed tumor antigens, and to investigate dosing and combination
treatment protocols (65, 142). Furthermore, TCR gene therapy has been applied in immunecompetent models targeting solid tumors with T cells engineered to express high affinity
murine TCRs (143, 144). Collectively, adoptive T cell transfer in transplantable mouse tumor
models demonstrated the importance of parameters such as lymphodepletion (145-147),
high TCR surface expression levels, percentage of TCR positive cells within the transferred cell
population (108), and a ‘young’ T cell phenotype for enhanced persistence and anti-tumor
function in vivo (70-73, 148). Other strategies to enhance the therapeutic efficacy of TCR gene
therapy have been explored in transplantable mouse tumor models with examples given
in Table 3. Transgenic mouse strains expressing human MHC molecules, such as HLA-A2
transgenic mice (HHD mice) (149) or HLA-DP4 transgenic mice (150), allow assessment of
TCR gene therapy directed against human antigens in an immune-competent setting. HLA
transgenic mice bearing tumors expressing the corresponding HLA molecules can be treated
with T cells modified to express human TCR-Variable genes, as described in (151). An HLA-A2
transgenic mouse model of melanoma has been used to study the kinetics and distribution
of adoptively transferred TCR T cells (109). In chapter 5, we have set up and explored HLA-A2
transgenic mice to target TCR-engineered T cells towards human gp100/HLA-A2.

1.4 Target antigens and TCR transgenes: topics of this thesis
1.4.1 Safe target antigens
Target antigens for TCR T cells must meet a number of criteria regarding therapeutic efficacy and safety. With regard to therapeutic efficacy, ideal target antigens are expressed
homogeneously and at high levels by tumor cells and their expression is insensitive for
down-regulation. Second, tumor antigens need to be safe targets. Tumor antigens that can
be targeted in immunotherapy can be divided into 4 main classes: differentiation antigens;
over-expressed antigens; antigens resulting from mutations; and shared tumor-specific
antigens (reviewed in (152)).
Differentiation or over-expressed antigens are expressed at high levels by tumor cells,
but not exclusively by tumor cells. The possible risk of on-target toxicity mediated by T
cells directed against these antigens became clear in patient studies (Table 5). In an early
clinical trial to treat metastatic renal cell cancer, CAR T cells caused reversible yet discrete
cholangitis and damage to bile duct epithelium. This toxicity was a likely consequence of
T cell activity against normal tissue expressing the target antigen Carbonic Anhydrase IX
(CAIX) (37). In trials with CAR T cells directed against CD19 to treat B-cell leukemia, it was
observed that besides a dramatic regression of malignant cells, T cells acted against normal
B cells. Depletion of normal B cells resulted in low, but treatable, levels of serum antibody
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Table 5. Reported toxicities in clinical trials of receptor gene therapy.
Target

Receptor

Toxicity*

Reference

CAIX

CAR:CD3z

Cholangitis and damage to bile duct
epithelium (4/12)

(37) and personal
communication Cor
Lamers

HER-2/neu

CAR:CD28-CD137-CD3z

Case report on acute respiratory
toxicity and death**

(26)

CD19

CAR:CD28-CD3z

Acute sepsis-like syndrome and
death*** (1/10)

(44, 153)

CD19

CAR:CD137-CD3z

Long term depletion of normal B
cells (3/3)

(41, 42)

CD19

CAR:CD28-CD3z

Cytokine-associated toxicities and
long-term depletion of normal B cells
(4/8)

(43)

(22)

MART-1

MART-1/A2 TCR, DMF4

None (0/17)

MART-1

MART-1/A2 TCR (high affinity, DMF5)

Gp100

Gp100/A2 TCR (murine)

Severe melanocyte destruction in skin, (21)
eye and ear (in some cases leading to
uveitis and hearing loss) (9/36)

CEA

CEA/A2 TCR (murine and affinity
enhanced)

Severe inflammation of colon (3/3)

(23)

NY-ESO

NY-ESO/A2 TCR (1G4 affinity enhanced)

None (0/17)

(24)

*Number of patients with serious adverse events (= toxicity grading ≥ 3, National Cancer
Institute common toxicity criteria) and the total number of patients treated are put
between brackets.
**Toxicity was related to massive cytokine release and T cell infiltration in the lungs
***Precise cause of death is unclear and infection may have played a role.
Abbreviation used: CEA: carcinoembryonic antigen.
(42, 44). More serious was a case report of acute sepsis and death of a patient with CLL who
received lymphodepletion combined with anti-CD19 CAR T cells, where infection may have
been the underlying cause of death (153). Another patient with colon carcinoma treated with
anti-HER-2/NEU CAR T cells died of acute respiratory toxicities, a likely result of T cell activity
against HER-2/NEU expressed at low levels in the lung epithelium (26). Also, clinical studies
using TCRs have shown evidence of on-target toxicities. TCRs directed against the HLA-A2restricted antigens MART-I, gp100 and CEA resulted in mild and severe transient autoimmune
side-effects (21, 23). Collectively, these studies strongly suggest that gene-engineered T cells
directed against differentiation or over-expressed antigens cause (severe) side-effects and
that therapy protocols should be designed to redirect T cells against antigens with a highly
tumor-specific expression pattern.
Antigens that result from mutations can potentially provide safe T cell targets. When a
mutation has occurred in initiating tumor cells and is transferred to daughter cells it may
provide an ideal tumor target antigen for TCR gene therapy (152). Examples of such unique T
cell antigens are peptides derived from mutated BRAF(V600E) presented by HLA-A2 and which
induce specific T cell responses in melanoma patients (154). These examples, however, are
exceptions and generally these mutations are unique and patient-specific, currently not
making these antigens suitable for use in TCR gene therapy. In fact, targeting these antigens
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would require the development of high throughput techniques to sequence tumor genomes
to detect mutated genes and acquire knowledge about their immunogenicity. On the other
hand, when it will turn out that mutated antigens are immune-dominant in anti-tumor immune responses, it might be worthwhile to invest in techniques that simplify such a personalized approach (155).
Cancer/Testis Antigens (CTA) are a class of shared antigens expressed in a variety of tumor
types, but silenced in healthy cells, except for germ line cells and thymic medullary epithelial
cells. Germ line cells are devoid of MHC molecules making CTA antigens, expressed by these
cells, ‘invisible’ for T cells (156-158). Thymic medullary epithelial cells generally express low
levels of CTA mRNA, which suggests existence of T cell tolerance towards these antigens
(159). However, preclinical and clinical studies have shown the immunogenic nature of these
antigens (eloquently reviewed in (156)). Already in the early nineties, Van der Bruggen and
colleagues identified MAGE-A1 as the first immunogenic tumor antigen, which triggered
cytotoxic T-lymphocyte responses in a cancer patient (158). So far, there are over 70 identified
combinations of CTA peptides and HLA molecules recognized by T cells. Of special interest
are MAGE antigens given their expression in multiple types of tumors and potential oncogenic nature. Four families of MAGE genes are located on chromosome X: MAGE-A, B, C and D.
In somatic cells the expression of MAGE proteins is prevented by methylation of the promoter
genes (160, 161), whereas MAGE genes are hypomethylated and expressed in cancer cells.
Histology of these cancer cells include brain, breast, gastric, gynaecological, head and neck,
haematological, lung, ovarian and prostate cancer (for a complete overview see www.cta.
lncc.br). The expression of MAGE proteins is higher in more advanced stage tumors, predicts
metastasis and tumor recurrence and as a result correlates with poor prognosis in patients
(152, 162-167). More and more evidence indicates that MAGE proteins actively contribute
to the development of malignancies. For example, MAGE proteins suppress p53-dependent
apoptosis (168-170) and promote p53 degradation in cells (171). Over-expression of MAGE-A3
causes a fibronectin-controlled increase in tumor cell proliferation and thereby an increase in
primary tumor size and metastatic capacity (172). Chapter 2, Table 2, summarizes advantages
of MAGE antigens as targets for T cell therapy.

1.4.2 T cell receptors
With respect to TCRs, three main sources can be distinguished: 1) patient-derived material; 2)
healthy donor-derived material; and 3) vaccinated HLA transgenic mice. Patient-derived materials such as tumor biopsies, tumor draining lymph nodes and peripheral blood represent
commonly used sources for the isolation of TCR genes. The first TCR gene therapy studies used
a MART-1-specific TCR that was isolated from a melanoma patient who responded after TIL
therapy (22). An advantage of TCRs derived from responding patients is that such TCR clones
often have enhanced frequencies, which facilitates detection and isolation of these clones,
and are likely immune dominant in anti-tumor T cell responses. In chapter 5, TCR genes were
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isolated from 2 MAGE-specific TCR clones with enhanced frequencies in peripheral blood and
tumor tissue of melanoma patients who responded clinically upon vaccination with MAGE
antigens (173-175). These TCR genes were characterized and used to redirect human T cells
to MAGE positive tumor targets. A disadvantage of patient-derived or healthy donor-derived
material as a source for tumor-specific TCR genes may be the relatively low affinity of these
TCRs as a result of self-tolerance. Self-tolerance usually results in clonal deletion of high avidity T cells (i.e. T cells with a high affinity TCR) specific for self-antigens. Although options do
exist to enhance the affinity of isolated TCRs (see chapter 2), the use of MHC-mismatched
CTL systems allows the isolation of tumor-specific TCR genes from healthy donor-derived
material and circumvents self-tolerance (176). Immunization of HLA-transgenic mice with
tumor antigens would also circumvent self-tolerance. Both the gp100 and CEA-specific TCRs
used in clinical trials were isolated from HLA-A2 transgenic mice (21, 23). Not completely
unexpected, both responding and non-responding patients developed antibodies against
epitopes derived from mouse TCRs (177). Recently, the group of prof.dr. Thomas Blankenstein
(Max-Delbrück-Center for Molecular Medicine, Berlin, Germany) put great effort into the
generation of a mouse in which the complete human TCR loci were introduced while the
murine TCR loci were inactivated (178). This mouse model can be used to isolate complete
human TCRs from a non-tolerant repertoire directed against those human peptide antigens
that differ between mice and humans. An advantage of this model would be that resulting
TCRs are not immunogenic in humans. Currently, these mice express HLA-A2 molecules but
any desired human MHC molecule can be introduced making this model a potentially valuable source of TCRs that can be used in TCR gene therapy.
Various protocols have been described to obtain and select for TCRs for use in immune
therapy and can be roughly divided into 1) the in vitro generation of tumor-specific T cells,
and 2) the in vitro selection of TCR genes. Tumor-specific T cell clones can be obtained from
patient- or healthy donor-derived material. For example, PBMCs from responding patients
can be repeatedly stimulated with autologous irradiated tumor cells or peptides of interest
and monoclonal T cells can be obtained from tumor-specific T cell cultures by limited dilution. In this way the MAGE-specific CTL clones were obtained (173) and characterized for TCR
gene therapy in chapter 5. In TIL therapy studies, TILs from melanoma patients were cultured
and amplified for adoptive T cell transfer. From these polyclonal T cell cultures the dominant
tumor-specific TCR genes were isolated, such as the MART-specific TCR, characterized and
used for TCR gene therapy studies (5, 21, 22). Another approach is based on the labeling of T
cells derived from peripheral blood, tumor draining lymph nodes or tumor metastasis with
tumor-specific peptide-MHC complexes without additional culture procedures. These cells
can be single cell sorted and cultured until sufficient numbers of clonal T cells are obtained.
These T cells were then further characterized for anti-tumor activity. Using this method, the
NY-ESO/A2 TCR (derived from T cell clone 1G4) was obtained, affinity matured and successfully used in clinical TCR gene therapy (24, 1879-181). For the in vitro selection of TCR genes
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different platforms have been developed including yeast (182), phage (58) or T cell linedisplay libraries (183). Using these platforms high affinity TCRs can be obtained for TCR gene
transfer purposes. In addition, with an antibody phage display library antibodies that bind
tumor-specific peptide-MHC complexes, i.e. ‘TCR-like’ antibodies, can be selected and also
used to redirect T cells towards tumors (184). Recently, an elegant technique was developed
that is based on high throughput peptide-MHC tetramer screening of tumor-specific T cells
within therapeutic T cell populations by the group of prof.dr. Ton Schumacher (National Cancer Institute, Amsterdam) (185). This technique allows the identification of TCR specificities
that play a role in anti-tumor immune responses. Results from such studies will likely support
a more deliberate choice for tumor target antigens and corresponding TCRs for clinical use.

1.5 Aims and scope of this thesis
To successfully apply clinical TCR gene therapy for cancer it is necessary to improve the response rate and prevent the occurrence of treatment-related toxicities. To this end, I defined
2 main objectives:
1) To evaluate TCR gene therapy directed against human antigens in relevant preclinical mouse
models
2) To characterize clinically relevant TCRs that target highly tumor-restricted antigens.
Chapter 2 provides an overview of the lessons we have learned from preclinical and clinical
TCR gene therapy studies and includes potential strategies to increase the clinical success of
this form of immune therapy.
In chapter 3 we summarize the literature on xenograft tumor models used to test geneengineered T cells and evaluate different immune-deficient mouse strains for their use in
studies with these T cells. Both human and mouse T cells gene-engineered to express a
human gp100/HLA-A2 specific TCR were tested for their anti-tumor effect. We answered the
following specific questions:
•

What is the value of testing human or mouse TCR gene-modified T cells in a xenograft tumor
model to further develop TCR gene therapy?

•

What may cause the low persistence of human TCR T cells in immune-deficient mice?

Chapter 4 describes a fully immune-competent HLA-A2 transgenic mouse model in which
we target human gp100 and HLA-A2 positive mouse melanoma with T cells gene modified
with a human gp100/HLA-A2 TCR. We demonstrate that adoptive transfer of TCR T cells
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caused regression of established tumors that was durable in 10-20% of mice. However in
80-90% of mice anti-tumor responses were transient and tumors relapsed. We answered the
following specific questions:
•

What is the role of T cell antigen in the occurrence of relapsed tumors?

•

Are relapsed tumors sensitive for a second treatment with TCR T cells?

In chapter 5, an MHC class I and MHC class II-restricted human TCR were identified and
characterized that target highly tumor-specific antigens: MAGE-C2336-344/HLA-A2 (MC2/A2)
and MAGE-A3243-258/HLA-DP4 (MA3/DP4). In addition we answered the questions:
•

Can we redirect human CD8+ T cells with the MC2/A2 TCR towards MAGE-C2 positive tumor
targets?

•

Can we redirect human CD4+ T cells with the MA3/DP4 TCR towards MAGE-A3 positive tumor
targets or dendritic cells?

Finally, in chapter 6 the main results are discussed and a scheme for a future TCR gene
therapy trial is presented.
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Abstract
Importance of the field: Adoptive T cell therapy (ACT) with tumour infiltrating lymphocytes
is currently the best treatment option for metastatic melanoma. Despite its clinical successes,
ACT has its limitations in availability and generation of therapeutic T cells for a larger group
of patients. Introduction of tumour-specific T cell receptors (TCR) into T cells, termed TCR
gene therapy, can provide an alternative for ACT that is more widely applicable and might be
extended to other types of cancer.
Areas covered in this review: The current status of TCR gene therapy studies including
clinical challenges, such as on-target toxicity, compromised anti-tumour T cell responses,
compromised T cell persistence, and potential immunogenicity of receptor transgenes. In
addition, this review covers strategies being exploited to address these challenges.
What the reader will gain: A listing and discussion of strategies that aim at improving the
efficacy and safety of TCR gene therapy. Such strategies address antigen choice, TCR mispairing, functional avidity and persistence of T cells, immune responses towards receptor
transgenes, and the combination of ACT with other therapies.
Take home message: To ensure further clinical development of TCR gene therapy, it is necessary to choose safe T cell target antigens, and implement (combinations of ) strategies that
enhance the correct pairing of TCR transgenes as well as the functional avidity and persistence of T cells.

Article highlights
-

Clinical TCR gene therapy can offer a promising and widely applicable alternative to
adoptive T cell therapy (ACT) for the treatment of tumours and viral infections.

-

TCR gene therapy currently faces the following challenges: I) on-target toxicity; II)
compromised anti-tumour T cell responses; III) compromised T cell persistence; and
IV) immunogenicity of receptor transgenes.

-

Current T cell therapy studies aim at improving the safety of TCR gene therapy by
choosing safe T cell targets; TCR transgenes that are modified to minimize the chance
of TCR mis-pairing; and strategies that prevent immune responses towards receptor
transgenes.

-

Current preclinical and clinical work is aimed at improving the efficacy of TCR gene
therapy via strategies that enhance the functional avidity and persistence of geneengineered T cells; and the combination of ACT with other therapies.
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2.1 TCR gene therapy to treat melanoma: an introduction
The incidence of metastatic melanoma has increased dramatically over the past 40 years.
Patients with metastatic disease face a dismal prognosis in view of a 10 year survival rate of
less than 10% after standard systemic treatment with chemotherapy, such as dacarbazine
(1). Melanoma is an immunogenic tumour that is recognized by the patient’s immune system
and, although melanoma only sporadically resolves due to a spontaneous immune response,
it turned out feasible to isolate tumour-reactive T cells from tumour material or blood. Such
tumour infiltrating lymphocytes (TIL) or CD8 T cell clones derived from peripheral T cells can
be expanded to great numbers in vitro and after reinfusion into patients lead to a significant
reduction of tumour burden and even complete remission of the tumour (2, 3). Adoptive
T cell therapy (ACT) demonstrated objective clinical response rates of approximately 50%
when TIL infusions were preceded by lympho-ablative patient preconditioning, and could be
increased to approximately 70% when applying more stringent myelo-ablative patient preconditioning (4, 5). In contrast, other types of immunotherapy tested in melanoma patients,
such as vaccines, high dose IL-2 or anti-CTLA4 antibody administration, have demonstrated
maximal response rates of 15% (6, 7). Although ACT with TIL is currently the most clinically
effective treatment option for metastatic melanoma, its widespread application is hindered
by the laborious nature and limited success rate of isolating and expanding TILs for patient
treatment. To overcome this disadvantage, and to make adoptive immune therapy more accessible for cancer patients in general, and melanoma patients in particular, a more universal
strategy has been developed to generate tumour-specific T cells: T cell receptor (TCR) gene
therapy. TCR gene therapy is based on the transfer of specific immunity to peripheral T cells
by genetic introduction of TCRa and b genes. With a single set of TCRab genes, it is possible
to create millions of tumour-specific T cells without complicated in vitro selection or culture
regimens.
The principle of clinical TCR gene therapy is simple: one set of TCR genes can redirect many
T cells towards the same peptide/MHC target antigen expressed on diseased tissue. Already
over two decades ago, a desired specificity has been successfully conferred to T cells by means
of transferring TCR genes (8), and since then many efforts have been made to characterize
and optimize the process of TCRab gene transfer (9-11). Generally, genetic engineering and
adoptive transfer of T cells starts with the isolation of peripheral blood lymphocytes from
a patient, followed by transduction with the receptor genes of interest and expansion to
numbers that are needed clinically (i.e., > 10x109 T cells) within a period up to 2 weeks prior to
infusion in the patient. A few years ago, the first successful clinical trial with TCR gene modified T cells directed against melanoma was conducted (12). Although not directly compared,
the objective clinical responses reached in this study and a subsequent study were markedly
lower than studies using TIL (12-30% vs. 51-72%) (4, 5, 12, 13). Moreover, clinical application of T cells gene-modified with antibody-based receptors (so-called chimeric antibody
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receptors, CARs) to treat renal cell cancer, ovarian cancer, neuroblastoma or lymphoma has,
despite some successes, generally not shown anti-tumour responses in a substantial number
of patients (14-17). From the clinical receptor gene therapy trials executed so far several lessons may be learnt that are presented in Table 1 and may help in providing explanations for
the limited therapeutic effectiveness of receptor-transduced T cells. These lessons represent
Table 1: Lessons from clinical receptor gene therapy and adoptive cell therapy trials

On-target toxicity

* MART-I (F5) + gp100 TCR:

Melanocyte destruction and
inflammation in ears and eyes (11)

* CAIX CAR:

Liver toxicity (12)

* ACT studies:

Anti-tumor responses

T cell persistence

Immunogenicity of receptor
transgene

Vitiligo and uveitis (4)

* MART-I TCR:

DMF4: 17 pts. treated: 2PR, 1MR (10)
DMF5: 20 pts. treated: 6PR (11)

* gp100 TCR

16 pts. treated: 1CR, 2PR (11)

* CAIX and FR CAR:

No responses (12,13)

* GD2 CARa:

8 pts. treated: 1CR, 1SD, 2 tumor necrosis (14)

* CD20 CARb:

7 pts. treated: 2CR, 1PR, 4SD (15)

* ACT studies:
Chemotherapy:
TBI, 2Gy:
TBI, 12Gy:

Total 93 pts. treated (5):
43 pts. treated: 4CR, 17PR
25 pts. treated: 2CR, 11PR
25 pts. treated: 4CR, 14PR

* MART-I TCR:

DMF4 : T cell persisted up to 12-13 months (10)
DMF5: T cell persisted at least 1 month (11)

* CAIX CAR :

T cell persisted up to 30 days (12)

* FR CAR:

T cells persisted less than 2-3 weeks (13)

* GD2 CARa:

T cell persisted at least 6 weeks (14)

* CD20 CARb:

T cells persisted up to 9 weeks (15)

* ACT studies:

T cells persisted up to 27 months (4)

* CAIX CAR:

Humoral and cellular immune responses
((12) and Lamers et al., ms. submitted)

Evaluation of clinical trials performed with T cells retrovirally transduced with either TCR or CAR compared
to TIL, the latter preceded by lympho-ablative pre-conditioning, with respect to on-target toxicity, antitumor reactivity, T cell persistence and immunogenicity of the transgene.
a
In this study virus-specific T cells were used in contrast to the other receptor gene therapy studies which
use polyclonal peripheral T cells.
b
In this study peripheral T cells were electroprated in contrast to the other receptor gene therapy studies
in which T cells were retrovirally transduced.
Abbreviations: TCR: T cell receptor, CAR: chimeric antigen receptor, TIL: tumor infiltrating lymphocytes,
CAIX: carbonic anhydrase IX, FR: folate receptor, GD2: diasialoganglioside GD2, CR: complete response, PR:
partial response, MR: minor response, SD: stable disease
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major challenges, namely: 1) on-target toxicity; 2) compromised anti-tumour T cell responses;
3) compromised T cell persistence; and 4) immunogenicity of receptor transgenes, which will
all be discussed, together with potential solutions, in more detail in the following sections.

2.2 First challenge: on-target toxicity
Several ACT studies using expanded T cell populations in mice (18-21) and humans (3) as
well as two recent receptor gene therapy studies (13, 14) demonstrated the occurrence of
toxicities of healthy tissues expressing cognate antigen. For example, Lamers and colleagues
treated renal cell carcinoma (RCC) patients with T cells engineered with an antibody-based
receptor directed towards Carbonic Anhydrase IX (CAIX) and observed severe liver toxicity
that was most probably due to expression of the target antigen on the large bile ducts of
liver. In the study by Johnson and colleagues, healthy tissues in skin, ears and eyes were
targeted by T cells engineered with a TCRab directed against MART-I/A2. Although such toxicities can often be suppressed and even reversed, these studies strongly suggest that T cell
therapy should be directed against safer target antigens of which the expression is restricted
to malignant tissues. For a comprehensive review of possible suitable and non-suitable target
antigens for ACT studies we refer to a recent review (22).
Antigens that show tumour-specific expression are those that belong to either mutated
or shared antigens (23). Mutated or unique antigens, such as CDK-4/m, provide safe T cell
targets yet the vast majority of these antigens is expressed in individual tumours making
their clinical utility at present difficult (24). In contrast, shared antigens, such as ‘Cancer testis
Antigens’ (CTA), are expressed in many tumours but silenced in normal cells except male
germline cells (being devoid of MHC molecules) and thymic medullary epithelial cells (expression detected at the mRNA level) (25, 26). These qualities put CTA forward as candidate
tumour antigens for T cell therapy. In vitro studies have already shown that gene transfer
of TCRab directed against MAGE-A1/A1, NY-ESO-1/A2 as well as NY-ESO-1/DP4 can result
in effective T cell responses against tumour cells expressing cancer testis antigens (27-29).
Of the group of cancer-germline genes, in particular the MAGE genes constitute attractive
candidates given not only tumour-specific expression but also their role in tumour biology,
expression in multiple tumours and potential to constitute effective T cell targets. There are
four families of MAGE genes located on chromosome X: MAGE-A (12 genes), B (6 genes), C (4
genes) and D (2 genes). Up to now, over 50 combinations of MAGE peptides and HLA class I or
class II molecules have been identified, recognized by CD8 or CD4 T cells, respectively. Several
MAGE proteins have recently been recognized for their active contribution to the development of malignancies. MAGE-A, B and C antigens suppress p53-dependent apoptosis (30),
whereas MAGE-A3 antigen mediates fibronectin-controlled progression and metastasis (31),
and is expressed by melanoma stem cells (32). Furthermore, MAGE antigens are expressed by
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Table 2. Advantages of MAGE antigens as targets for TCR gene therapy.
Oncogenic potential

Prevalence

Suppression of p53-dependent apoptosis
Mediation of fibronectin-controlled progression and metastasis

MAGE-C2 presented by HLA-A2 and MAGE-A3 presented by HLA-DP4, which are the most
common restriction elements among Caucasians.
MAGE-C2/A2 and MAGE-A3/DP4 show a high prevalence on metastatic melanoma, being 43%
and 76%, respectively

Safety

Belong to cancer testis antigens. No expression on healthy adult tissue.

Efficacy

Clinical responses to MAGE vaccination: increased numbers of MAGE-C2/A2 and MAGE-A3/DP4
specific T cells in patients.
Simultaneous targeting of tumors with class I and class II restricted TCRs may counteract the
development of selective antigen-loss variants and establish long-term anti-tumor activity.

An overview of potential advantages of MAGE antigens, especially MAGE-C2 and MAGE-A3, as candidate
T cell targets for gene therapy trials with respect to their contribution to oncogenesis, their prevalence in
the population, safety and efficacy.

multiple tumour types and their expression is associated with poor clinical outcome in these
tumour types (33, 34). For instance, MAGE-C2 is expressed in 43% of metastatic melanomas,
30% of bladder carcinoma, 20% of head and neck carcinomas and 10% of non-small cell lung
carcinomas (35). MAGE-A3 is expressed in 76% of metastatic melanomas (36), in up to 50% of
non-small cell lung cancer (37), and in many other tumour types such as colon rectal cancer,
hepatocyte cellular carcinoma, prostate cancer, multiple myeloma and breast cancer (33,
38-40). With respect to melanoma, MAGE antigens potentially constitute clinically effective
T cell target antigens, as evidenced by significant and durable patient responses linked to
induction and activation of in particular MAGE-C2/A2 and MAGE-A3/DP4 T cell responses
(41-43). Table 2 summarizes advantages of MAGE antigens as targets for T cell therapy.
Following the choice of a candidate target antigen for ACT, one generally generates corresponding TCR chains via the ‘reverse immunology’ approach. With this approach MHC I
or II-presented epitopes within the antigenic amino acid sequence are predicted and experimentally identified, after which T cell clones directed against such pMHC complexes are
generated and tested, and finally the corresponding TCR genes are obtained and characterized. Alternatively, patient-derived T lymphocytes directed against an antigen of interest may
provide a starting point, and potentially represent a more robust and reliable starting point
to clone and characterize the TCR genes of interest.
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2.3 Second challenge: compromised anti-tumour T cell responses
T cell responsiveness of TCR-engineered T cells is considerably less when compared with that
of non-modified T cells and can be improved via various strategies, such as the use of 1)
optimal vectors and transgene cassettes to increase transduction efficiency, 2) genetically
modified TCR formats to augment TCR surface expression and function, or 3) simultaneous
use of multiple TCR transgenes.

2.3.1. Vectors and transgene cassettes
Procedures for retroviral gene transfer have currently been optimized for transductions of
murine T cells (44) and human T cells, the latter at Good Manufacturing Practice-level (45).
Here, we will focus on advances that have been made with respect to the make-up of the
vector backbone and transgene cassette. Most TCR gene transfer studies published to date
have made use of gammaretroviral vectors for transgene delivery, and recently it has also
been shown to be possible to reach high levels of TCR transgene expression using a lentiviral
system (46). Clinically, there is experience with gammaretroviral MFG vectors or MFG-derived
vectors (such as pSTITCH), vectors that contain Moloney Murine Leukemia Virus (moMLV)
or Murine Stem Cell Virus (MSCV) Long terminal repeats (LTRs), and vectors that contain
optimized splicing and start codons (12-15). There is now accumulated preclinical evidence
that transduction efficiencies differ substantially between different vectors, with a major role
for the viral origin of the LTRs and splice and start sequences. In this respect it is of interest
to mention that the pMP71 vector, which has a Myeloproliferative Sarcoma Virus (MPSV) LTR
and optimal 5’ sequences, demonstrated highly improved TCRab transduction efficiencies
(47, 48).
For the simultaneous introduction of TCRa and b genes into the host T cell, several strategies can be applied. Two separate constructs, one containing the TCRa chain and the other
containing the b chain can be co-transduced simultaneously. This method keeps the total
size per construct relatively small, which may facilitate transduction efficiencies. However,
the transduction efficiency of both constructs may differ and consequently the expression
of both TCR chains may be different. To circumvent this, single constructs containing both
the TCRa and b chain have been made. Such constructs consist of TCRa and b genes that are
driven either by separate promoters or a single promoter with the two genes separated by
an internal ribosomal entry site (IRES) to achieve promoter-independent translation of the
second gene. Another method to allow more than one gene to be expressed from a single
construct is to separate the genes by a 2A peptide sequence, which leads to a single mRNA
that is processed into two proteins by endoproteases. Whereas IRES may result in lowered
expression of the gene downstream relative to the one upstream of IRES (49), this is not the
case when using 2A sequences (50, 51). In clinical studies, both IRES and 2A sequences have
been used to separate TCRa and b genes (13). Last, the orientation of the TCRa and b chains
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within a vector is of importance. Recent work suggests that placing the TCRb chain in front of
the TCRa chain, especially when separated by a 2A sequence, yields optimal functional TCR
expression levels for most TCRs tested (52).
An important safety issue concerning retroviral gene transfer is linked to insertional mutagenesis as is evidenced by reports of leukaemia as a result of treating X-SCID patients with
CD34+ progenitor cells transduced with common g-chain (53). It is of note that mature T
cells in contrast to haematopoietic progenitor cells are resistant to oncogenic transformation
when followed up long-term in a preclinical transplant setting (54). Also clinically, there are
currently more than 100 patients treated with high numbers of T cells providing no evidence
of adverse effects of retroviral gene transfer into mature T cells. Lentiviral vectors are generally believed to constitute a safer alternative to gammaretroviral vectors since integration
appears to be less biased towards transcription start sites (55). Self-inactivating (SIN) LTRs,
which result in transgene expression driven from an internal promoter rather than the viral
LTRs, may provide an additional safety lock. SIN vectors are less likely to disturb expression
of endogenous genes in the vicinity of integration sites, although experimental data on this
issue are still scant. Nevertheless, also lentiviral vectors do preferentially integrate in transcription units and gene-dense regions of the genome, suggesting that deregulation of local
gene activity may occur as well, and that the increase in safety is far from absolute. In fact,
a relative clonal dominance was detected in a patient with b-thalassemia major, two years
after receiving hematopoietic stem cells genetically modified with a SIN lentiviral vector (56).

2.3.2 Genetically modified TCR formats
TCRab molecules can be genetically engineered to enhance T cell surface expression and
function. To this end, multiple strategies have been reported which we have classified as 1)
codon optimization; and strategies that either enhance 2) preferential TCR pairing, 3) ligandbinding affinity, or 4) receptor’s signaling potency.

2.3.2.1 Codon optimization
Transgene expression may be enhanced by creating synthetic genes in which the codon usage has been altered to generate a maximal amount of transgenic protein. The genetic code
is redundant in that many of the 20 amino acids are encoded by multiple codons. Highly
expressed mammalian genes share a similar codon usage, suggesting that codon usage can
affect protein production. In line with this, there are many examples of non-mammalian
genes of which the expression can be substantially increased when the codon usage is altered to resemble that of highly expressed mammalian genes (57). It is noted that other
aspects, such as the presence of secondary structures within the codon region of genes can
also affect gene expression and such factors may also be taken into account when designing
synthetic genes for (TCR) gene transfer (58). Recent data show that codon optimization of
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TCR genes has a beneficial effect on surface expression and in vitro and in vivo function of
TCR-engineered T cells (59, 60).

3.2.2.2 Strategies to enhance preferential TCR pairing
Surface expression of TCR transgenes may be compromised by the fact that introduced TCR
chains not only form functional heterodimers with each other, but also with endogenous
TCR chains already present in the host T cell. This so-called mis-pairing of TCR chains dilutes
the number of correctly expressed introduced TCRs at the cell surface, and leads to new TCR
heterodimers with unknown specificities that can potentially be auto-reactive and cause offtarget toxicity. Various strategies have been developed that address TCR mis-pairing through
genetic modification of the introduced TCR.

Murinization of TCR chains
Murinization of human TCRs is defined by replacement of human constant α and β domains
by the corresponding murine TCR constant (TCR-C) domains. Although human and murine
TCR-C domains show a high degree of homology, it is anticipated that small differences affect
the stability of TCR/CD3 interactions and hence TCR surface expression levels. Evidence for
a competitive advantage of murinized TCR for TCR/CD3 surface expression comes from the
observation that murine TCR-C domains bind human CD3ζ more strongly than human TCR-C
domains (61). TCR murinization as a means to address TCR mis-pairing was investigated using the MDM2/A2 and WT1/A2 specificities (62, 63) and more extensively using the p53/A2
and MART-1/A2 specificities (61). These studies generally demonstrated enhanced surface
expression and pMHC binding of murinized TCRs. Notably, surface expression of a murinized
MART-1/A2 TCR in TCR-engineered human T cells was reduced upon introduction of a second
non-related human TCRab. This reduction was lower when compared to a non-modified TCR
yet still significant and suggests that TCR murinization does address TCR mis-pairing but not
to a full extent (61). Moreover, murinized WT1/A2 TCR did not reveal reduced mis-pairing
compared to non-modified TCR, and the level of TCR mis-pairing appeared to be determined
by sequences of the endogenous TCR variable (TCR-V) domains (63). In general, murinization
leads to an increase in T cell avidity and a reduction in TCR mis-pairing, although this was not
always reflected in enhanced functional responses to antigen-positive tumour cell lines (61,
63).

Cysteine-modified TCR
Introduction of cysteine amino acids at structurally favourable positions allows formation
of an additional disulfide bridge and promotes correct pairing between the TCRa and b
chains (64). Site-directed mutations of Ca Thre48Cys and Cb Ser57Cys resulted in WT1/A2
TCRab linked by two inter-chain bonds (i.e., introduced plus endogenous cysteines) (65).
Introduction of cysteine-modified TCRab into human CD8 T cells resulted in increased TCRβ
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expression and pMHC multimer binding compared to non-modified TCRab, which corresponded to enhanced peptide-specific T cell cytotoxicity and IFN-γ production (63, 65).
Experiments measuring TCRb that remains surface expressed following antigen-specific TCR
down-regulation, as a measure of correct TCR pairing, demonstrated that cysteine-modified
TCR, but not non-modified TCR, were correctly paired with corresponding TCRa chains (65).
In contrast, the ability of cysteine-modified TCR to mispair were at best modestly decreased
when compared to non-modified TCRs (63, 65). When combining murinization and cysteine
modification, expression and functional data look promising (61), yet to date only minimal
characterization regarding TCR mis-pairing of such dual-modified TCRs has been performed.

Exclusive TCR heterodimer
To generate an exclusive TCR heterodimer, steric and electrostatic forces have been exploited
to inhibit mispairing and at the same time facilitate correct pairing between TCRa and b
chains. The crystal structures of murine 2C/H-2Kb and human Tax/A2 TCRs identified Ser85Arg
for TCR-Ca and Arg88Gly for TCR-Cb as mutations that were predicted to yield the required
changes in electrostatic charge. These mutations were expected to generate a reciprocal
‘knob-into-hole’ configuration, and to minimally distort secondary and tertiary structures
(66). Experimentally, mutated TCR chains did show a reduced ability to mispair, which was accomplished at the expense of tetramer binding and antigen-specific cytolysis, but not IFN-γ
secretion, in primary human T cells (62).

TCR coupled to CD3z
TCRa and b chains both fused to a complete human CD3z molecule (abbreviated as TCR:z)
endow TCR chains with CD3z-mediated dimerization between TCRa and b chains. In 2000 it
was reported that transduction of primary human T cells with either single TCR a:z or TCR b:z
does not result in cell surface expression, demonstrating that these TCR chains lack the ability
to mispair with endogenous TCR chains (27). In a subsequent study, flow cytometric measurement of Fluorescent Resonance Energy Transfer (FRET) between corresponding as well as
non-corresponding TCRa and TCRβ chains indicated a high preferential pairing for TCR:z in
the absence of TCR mis-pairing (67). Immune precipitation studies revealed that TCR:z did not
associate with CD3e, CD3g, CD3d, and only marginally with CD3z. Consequently, TCR:z does
not compete with endogenous TCRab for available CD3 molecules, and shows improved cell
surface expression (67). Regarding functional assays, such as NFAT activation, cytotoxicity,
and cytokine production, TCR:z performed as well as non-modified TCR (27, 67, 68).

Single chain TCR
A single chain (sc)TCR combines the variable domains of TCRa and b into one chain and
hence its surface expression is anticipated to be less affected by TCR mis-pairing. Generally,
a TCR-Va domain is attached to a TCR-Vb domain, interspersed by a linker sequence, and
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followed by a TCR-Cb2 domain which is partially replaced by the complete human CD3z
to provide downstream signaling and T cell activation (27, 69) (abbreviated as scTCR:z). A
scTCR:z based on a parental MAGE-A1/A1-specific TCR, derived from the CTL 82/30 (70), led
to an increased surface expression but a reduced pMHC binding as well as antigen-specific T
cell functions compared to two-chain TCR:z (27).

TCR-like antibodies
Antibody receptors, whether non-MHC- or MHC-restricted antibodies, lack TCR-V and C domains, and are not expected to be prone to mis-pairing with endogenous TCRa and b chains.
General reviews on conventional non-MHC-restricted antibody receptors and their use to
redirect T cell responses have been published elsewhere (71-74). Non-conventional TCR-like
antibodies are derived in vitro from phage-displayed antibody fragments following selection
with pMHC complexes and are subsequently engineered for gene transfer to enable T cells
to bind and functionally respond to MHC-restricted tumour antigens (reviewed in refs (75,
76)). For example, a MAGE-A1/A1 specific human Fab fragment, termed Fab G8 (77), was
engineered by separately fusing the heavy (VHCH) and -light chains (VLCL) to the human CD4
transmembrane region and the Fc(e)RIγ intracellular domain (78). Gene transfer of Fab G8
enabled T cells to bind tetramer and functionally respond to antigen-positive tumour target
cells (78). Thus far, phage-display and pMHC tetramer selections yielded more than a dozen
MHC-restricted Fab molecules, especially evident for HLA-A2-restricted human antigens
(76). For example, A2-restricted antibodies have been generated against gp100, TERT, MUC1,
MelanA, NY-ESO1 and various viral antigens. In contrast to full-length or modified TCR, the
generation of these reagents is an entirely in vitro procedure and does not depend on the
availability of T cells making these receptors promising candidates for gene therapy.
Summary strategies to enhance preferential TCR pairing
Taken together, strategies described above affect TCR pairing, and thereby TCR surface expression, but at the same time address a potential safety issue caused by TCR mis-pairing. On
top of receptor modifications to minimize TCR mis-pairing, in section 2.4.3 other strategies to
address TCR mis-pairing that are based on defined host cell populations for TCR gene transfer
are discussed. Despite the availability of various means to address TCR mis-pairing, one
may choose for an (additional) strategy to eliminate potentially auto-reactive T cells. Such
removal of T cells can be divided according to the mechanism of removal: 1) drug-induced T
cell suicide; and 2) tag-mediated T cell killing. Drug-induced T cell suicide is based on genetic
introduction of a suicide gene that can be activated by addition of a specific substrate or
ligand, such as ganciclovir for the herpes simplex virus-thymidine kinase suicide gene (79) or
FK506 dimers for the iCasp9M receptor (80, 81). Tag-mediated T cell killing is based on complement mediated clearance following antibody treatment directed at an introduced CD20 (82)
or myc-epitope incorporated into a TCR chain (83). The mentioned strategies show high
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potential in eradicating transduced T cells, but may pose drawbacks, such as the induction of
immune responses against suicide genes or tags or the development of gene-loss variants.

2.3.2.3. Strategies that enhance the TCR’s ligand-binding affinity
Tumour-specific TCRs often are at the lower affinity end of the natural TCR repertoire. The
dissociation constant KD, a biochemical measure of ligand-binding affinity and defined by
the ratio between the dissociation and association rates (Koff/kon), of these TCRs ranges from
100-1 mM. Several approaches have been developed, including the introduction of mutations
in TCR-V and TCR-C domains, to enhance the ligand-binding affinity of TCR transgenes.
Mutations in TCR-V Complementary Determining Regions (CDR)
In vitro display of libraries of TCRs to select TCRs with either an altered fine specificity or
an increased affinity have been reported. TCRs have been expressed on T cells (84), yeasts
(85, 86) and phages (77, 87). In a recent phage display study to select high affinity HIV-1
specific T cells, the ligand binding affinity of a TCR could be improved from the nM range
to a high affinity pM interaction (87). In this study, length and sequences of individual CDR
loops were randomized, and phage libraries were allowed to compete for pMHC binding in
multiple rounds of selection. Previously, the same phage display methodology was used for
the evolution of affinity-matured antibody molecules, including TCR-like antibodies, which
after expression by human T-cell transductants result in improved ligand-binding affinity. For
example, the affinity-matured variant of Fab G8 (i.e., Fab Hyb3) revealed an 18-fold increase in
ligand binding affinity with a KD of 14nM, thereby improving ligand-specific T cell responses
(88). In addition to phage display, mutated TCRs have also been screened via RNA-based
transfections, which yielded affinity-improved MART-I/A2 and NY-ESO-1/A2 TCRs following
single or dual amino acid substitutions in the CDRs (89). Such strategies may be of great
benefit to affinity-mature suboptimal TCRs directed against tumour antigens. However, it
should be noted that this would be especially interesting for TCRs directed against unique tumour antigens and not for TCRs against ubiquitously expressed antigens given the increased
potential to develop on-target toxicities.
Mutations in TCR-C domains
Engineering TCR-C domains also affects TCR-pMHC interactions. Decreased N-glycosylation
of the TCR has been reported to enhance functional T cell avidity as measured by cytokine
release and lytic activity (90). Glycosylation of T cell proteins, such as the TCR may lead to
an increased threshold for T cell activation, and deglycosylation of the TCR-C domain is
anticipated to decrease this threshold, possibly as a consequence of improved membrane
movement or multimerization of the TCR. This glycosylation technique was found to be effective for multiple TCRs without evidence for self-reactivity and is considered to be widely
applicable in the field of TCR gene transfer.
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2.3.2.4 Strategies that enhance the TCR’s signaling potency
In extension to the genetic introduction of CD3z or Fc(e)RIg into receptors, as discussed for
TCR:z, scTCR:z and TCR-like antibodies, other ‘building blocks’ constituting transmembrane
and/or intracellular domains of accessory molecules, co-stimulatory molecules and kinases
have been analyzed for their effect on surface expression and function of various receptors.
Receptors, including scTCR, that contain the transmembrane domain of CD3z followed by the
intracellular domain of CD28 and the co-receptor molecule Lck (i.e., scTCR:z-28-Lck) constitute a promising format with respect to T cell activation and peptide-specific T cell functions
(91, 92). Despite constructive efforts to optimize scTCRs, it has generally been observed that
these receptors were less responsive than non-modified TCR to low concentrations of antigen
(27, 92). The CD28 co-stimulatory domain has also been incorporated in TCR:z and TCR-like
antibodies, which resulted in enhanced tumour-specific cytokine production of receptortransduced T cells (93, 94). In addition to CD28, the incorporation of other TNF receptor super
family members, such as CD134 and CD137, into TCR molecules may further optimize T cell
functions as suggested by scFv receptors that incorporate co-stimulatory molecules (95). For
example, a recent publication describes that the incorporation of CD28 and CD137 signaling
domains in scFv leads to potent anti-tumour activity and prolonged in vivo persistence (96).

2.3.3 Simultaneous use of multiple TCRab transgenes
Limited (i.e., single) antigen specificity is inherent to gene transfer of a single TCRab, which
is in contrast to TILs that may cover a few antigen specificities. Restricted antigen reactivity
of TCR-engineered T cells may have contributed to compromised clinical responses following adoptive transfer of TCR-engineered T cells versus TILs. Targeting tumours with a T cell
population specific for a single antigen leads to the selective outgrowth of antigen negative
tumour variants (2, 59). To reduce the risk of immune escape, one could opt to create multiple
T cell pools with different specificities using a different TCRab per T cell pool to address this
issue. Simultaneous use of both CD4 and CD8 T cells directed at the same antigen or different
antigens may further enhance the efficacy of ACT.

2.4 Third challenge: compromised T cell persistence
Peripheral persistence of TCR-engineered T cells is decreased when compared to TILs following ACT, and can be improved via various strategies, such as the use of 1) less differentiated T
cells, 2) CD4 T cell help, or 3) defined T cell populations.

2.4.1 Use of less differentiated TCR-engineered T cells
Clinical anti-tumour efficacy of T cells irrespective of gene-modification appears to be directly related to T cell persistence (15, 97, 98) which in turn is reported to be associated with
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differentiation state and replicative history of transferred T cells (99). One way to obtain less
differentiated T cells and enhance the efficacy of TCR gene therapy may be to expose T cells to
common-g cytokines other than interleukin-2 (IL-2) prior to ACT. Notably, antigen priming of
CD8 T cells in the presence of IL-21, and to a lesser extent IL-15, suppresses differentiation of
naive T cells into effector T cells, which in turn enhances in vivo persistence and antigen-specific effectiveness of T cells (100-102) IL-2, IL-15 and IL-21 all act as co-mitogens for antigenactivated effector CD8 T cells (103-105). However, in contrast to IL-2, IL-15 enhances survival
of CD8 effector T cells (106) and IL-21 does neither induce activation-induced cell death nor
proliferation of regulatory T cells (Tregs), which normally prevent T cells from exerting their
function (107). Moreover, IL-15 and IL-21 are able to enhance the in vivo anti-tumour effects
of CD8 T cells (102, 108-111). Notably, a recent non-human primate study has shown that
administration of IL-15 after ACT leads to better survival of memory T cells and NK cells, and
does not result in increased numbers of Tregs, as compared with IL-2 administration (112).
Interestingly, it has been shown that administration of a complex of IL-15 and its receptor
enhances the biological activity of IL-15 and promotes rapid tumour regression mediated by
T cells (113). IL-21 turns out to be superior to IL-15 in inducing anti-tumour responses of endogenous as well as adoptively transferred CD8 T cells (102, 105). Moreover, combined in vivo
treatment with IL-15 and IL-21 enhanced CD8 T cell expansion and anti-melanoma responses
compared to the administration of either cytokine separately (114). Treatment of primary T
cells derived from melanoma patients (115), or primary T cells that are TCR engineered (116),
with a combination of IL-15 and IL-21 results in improved T cell cytotoxicity and production of
IL-2 and IFN-g. Other common-g cytokines, in particular IL-7, may also have beneficial effects
in ACT. IL-7 has been tested in HIV-infected humans and was shown to increase the numbers
of circulating CD4 and CD8 T cells, predominantly of central memory phenotype (117). Moreover, a combination of IL-7 and IL-15 was demonstrated to generate gene-engineered T cells
with a less differentiated CD8 T cell phenotype (i.e., central memory phenotype) that showed
potent antigen reactivity and prolonged persistence in a mouse model (118). Instead of using common-g cytokines either in vivo or ex vivo, one can also opt to use less differentiated
T cell populations as recipient cells for gene transfer. A study in macaques demonstrated
prolonged persistence and effective memory after the adoptive transfer of central memory
T cells, possibly making them ideal candidates for TCR gene therapy studies (119). In this
respect, it is of note that hematopoietic stem cells have also been used as recipient cells
for TCRab genes, and were shown to mature into T cells when antigen-challenged following adoptive transfer in a mouse model or when in vitro co-cultured with OP9 stromal cells
expressing a human Notch-1 ligand (120-122). TCR-engineered central memory T cells and
hematopoietic stem cells potentially provide non-fully differentiated antigen-specific T cells
that show long-term persistence in vivo.
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2.4.2 CD4 T cell help
Administration of CD4 T helper cells concurrently with CD8 T cells has been shown to prevent exhaustion of infused CD8 T cells (123, 124) and to result in effective anti-tumour T cell
responses (125). It has been well documented that CD4 T cells activate professional antigen
presenting cells, which leads to priming of antigen-specific CD8 cytotoxic T lymphocyte (CTL)
function (126). Moreover, adoptive transfer of CD4 T cells results in de novo generation of
antigen-specific CD8 T cells, activates CD8 T cells that are already present at the site of the
tumour, activates other immune cells, induces an anti-tumour humoral response, and CD4
T cells are a major source of IFN-g (123, 127, 128). Notably, CD4 T cells producing TH1-type
cytokines, but not those producing TH2-type cytokines, have been reported to eradicate
tumours in T cell transfer studies (129, 130). In extension to these findings, Muranski and
colleagues reported that adoptive transfer of TH17-polarized CD4 T cells effectively mediate
rejection of tyrosine-related-protein 1 (TRP-1)-positive tumours in a TCR-transgenic model
(131). The observed anti-tumour effects depended on IFN-g production, and assumable on in
vivo evolution of TH17 into TH1-type cells. Building on the therapeutic need for high antigenspecific IFN-g production, CD4 T cells have been studied as recipient T cells for MHC class
I-restricted TCRab in combination with CD8a genes. Not only can CD4 T cells be functionally
endowed with MHC I-restricted TCRab via gene transfer (132, 133), genetic co-introduction
of CD8a skews TCR-engineered T cells towards an antigen-specific TH1-type T cell response
(134). However, the in vivo proliferation and anti-tumour responses of adoptively transferred
CD4 T cells that produce high levels of IFN-g, such as TCR/CD8a-engineered CD4 T cells, appears compromised when compared to IFN-glow CD4 T cells (135). This may suggest that in
vivo expansion of antigen-challenged IFN-glow CD4 T cells is required prior to development
of IFN-ghigh CD4 T cells and synergy with CD8 T cells to build a potent anti-tumour response.
Further studies are needed to better understand the therapeutic benefit of various CD4 T cell
subsets in ACT.

2.4.3 TCRab gene transfer into defined T cell populations
Introducing TCR transgenes into a T-cell population with a restricted TCR usage, such as
virus-specific T cells, is expected to improve peripheral persistence of T cells due to ongoing
stimulation via the endogenous TCR (136). In fact, treatment of neuroblastoma patients with
EBV-specific CTL expressing a receptor directed against diasialoganglioside GD2 showed
enhanced T cell survival and tumour regression in four out of eleven patients treated (16).
In addition to enhanced peripheral T cell persistence, TCR gene transfer into restricted T cell
populations is anticipated to reduce the risks of auto-immune reactivities for two reasons:
recipient T cells are non-self reactive, and the chance that new TCR reactivities are generated
is reduced as a consequence of limited availability of endogenous TCR chains that can mispair with the exogenous TCR chains (16, 136, 137). Nevertheless, in case a self-recognizing
TCR is formed, potential GvHD responses are expected to be stronger since all T-cells will
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recognize such a self-antigen. Interestingly, the concept of redirecting immune cells with a
limited endogenous TCR repertoire has recently been translated to gd T cells (138, 139), pointing out that aside advantages, the in vivo anti-tumour efficacy may be adversely affected by
choosing another T cell population.

2.5 Fourth challenge: immunogenicity of receptor transgenes
Introduction of non-human sequences, chimeric sequences, cryptic open reading frames
and non-germline CDRs may result in immunogenic epitopes. Already in 1996, Riddell and
colleagues reported that ACT with HIV-specific CD8 T cells gene modified with an antibiotic
resistance gene resulted in a potent cellular immune responses, which were responsible for
the loss of the therapeutic T cells (140). More recently, immunogenicity of an introduced
antigen-specific receptor was reported in a renal cell carcinoma trial, in which patients
received T cells genetically redirected with a CAIX-specific CAR (14). In this study, humoral responses were observed against the murine variable domains of the antibody directed against
CAIX. RCC patients also developed a T cell response against the same epitopes (141). In case
of modified TCRs, the TCR-V domains remain unchanged, but the extent of modifications at
the level of TCR-C domains vary between the different receptor formats (see section 2.3.2.2)
and may evoke immune responses. Although severity of potential immunogenicity might be
estimated based on the extent of genetic modifications, for all described receptors this needs
to be verified in in vivo studies.
Another way to address the immunogenicity of receptor-transduced T cells may be immune suppressive preconditioning of ACT patients in order to limit or delay the patient’s
immune response towards gene-engineered T cells. Indeed, in a nonhuman primate model
it was shown that non-myeloablative preconditioning delayed the induction of a cellular
immune response towards gene-engineered T cells and prolonged their in vivo persistence
(142). In extension, in immune-suppressed human lymphoma patients, Till and colleagues
have shown that treatment with T cells electroporated with a CD20-specific CAR did neither
result in clear humoral nor cellular anti-scFv responses (17).

2.6 Combination therapy
Early ACT studies with high numbers of TILs (mostly > 1011 cells) and high dose IL-2 in metastatic melanoma resulted in an objective response rate of 31%(6). The combination of ACT/
IL-2 following chemotherapy or irradiation resulted in improved objective response rates up
to 51 and 72%, respectively (4, 5). Depleting the host’s immune system prior to ACT may have
several benefits for the infused T cells (143). First, endogenous Tregs are depleted. Second, in56
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fused T cells can proliferate independently of cognate antigen recognition (i.e., homeostatic
proliferation) and third, by depleting immune cells that normally consume endogenous cytokines, so-called cytokine sinks, cytokines become more readily available for the infused T
cells. Last, lymphodepletion through irradiation or chemotherapy leads to mobilization and
activation of antigen presenting cells (APC), increasing the anti-tumour activity of the infused
T cells. Interestingly, the creation of a lymphopenic environment in combination with the
activation of the innate immune system is reported to further improve T cell engraftment and
anti-tumour T cell responses (144).
Removal of Tregs without lymphodepletion can also be achieved by depleting CD25+ T
cells in vivo. This strategy however, has thus far proven to be highly toxic and of a transient
nature (145). More promising results were obtained in a study by Cui and colleagues, who
treated mice with a-CD25 mAb and IL-7 (146). These conditions mimic lymphodepletion and
lead to increased efficacy of anti-tumour T cell therapy. Alternatively, studies by both Berger
and Beq and colleagues, who treated non-human primates with IL-15 and IL-7, respectively,
implicated the in vivo use of cytokines to safely establish some degree of lymphodepletion
(112, 147). Another way to block Tregs is to inhibit Indoleamine 2,3-dioxygenase (IDO). In vivo
models show that inhibiting IDO not only blocks the activation of Foxp3+ CD25+ regulatory
T cells (148), but also gives rise to TH17 helper cells, and enhanced anti-tumour CD8 T cell
responses (149).
Lastly, the potency of ACT can be enhanced when combined with vaccination strategies
as has been shown in various preclinical models (18, 150, 151). In a recent study, vaccination
of melanoma patients with recombinant fowlpox expressing human gp100 increased the
efficacy of adoptively transferred T cells, whereas T cells in non-vaccinated patients did not
elicit any objective response (152).

2.7 Expert Opinion
Recent advances in the field of TCR gene therapy for melanoma show promising results, but
also a need to improve several therapeutic challenges, as those presented in Table 1.
Of primary importance is the choice of target antigen. Most tumour antigens are also
present on normal healthy tissue, potentially giving rise to on-target toxicity when treating
patients with T cells directed against such antigens. We would like to propose cancer testis
antigens as the most suitable target antigens for T cell therapy, in particular MAGE antigens
for reasons given in Table 2.
Second, and to enhance the avidity of TCR-engineered T cells, choices have to be made
with respect to vector backbone, TCRab transgene cassette, and TCR format. Gammaretroviral transduction is still the method that is currently best characterized preclinically and for
which there is most clinical experience using validated vectors such as MFG-type vectors,
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Table 3. Strategies to improve safety of TCR-engineered T cells.
On-target toxicity

Off-target toxicity

Target antigens that are uniquely expressed by tumor cells.
Modification of TCRab format to prevent/minimize TCR mispairing:
* Murinized TCR
* Cystein-modified TCR
* Exclusive TCR heterodimer
* TCR:z
* scTCR: z
* TCR-like antibodies
TCRab gene transfer in defined cell populations to prevent/minimize TCR mispairing:
* Cytotoxic T cell clone with known endogenous TCRab
* gd T cells

Decreased/ no
immunogenicity of receptor

Potential immunogenicity of TCR-engineered T cells can be addressed by:
* Choosing minimal domains to modify TCRab transgenes
* Host pre-conditioning to delay/limit the patient’s endogenous immune
response

Adoptively transferred T cells can be removed by:
Removal of therapeutic T cells * Drug-induced suicide: HSV TK or iCasp9 suicide genes
* Tag-mediated clearance: CD20 or c-myc tagged TCRab

An overview of strategies that can be employed to improve the safety of receptor gene therapy, as
discussed in this paper.

Table 4. Strategies to improve the efficacy of TCR-engineered T cells.
Vector/Transgene cassette

Modification of TCR

Gene transfer into defined T
cell populations

CD8 T cell differentiation
status

Combination therapy

Suitable vector for high-level gene expression, combined with optimal TCR transgene cassette.
TCRab genetically modified to enhance expression/function:
* Codon optimization
* Enhance preferential paring for high expression
* Enhance ligand binding affinity
* Combined incorporation of CD3 accessory and co-stimulatory domains
TCRab gene transfer in defined cell populations to enhance survival
and persistence in vivo:
* Cytotoxic T cell clone with known endogenous TCRab
* Simultaneous gene transfer into both CD4 and CD8 T cells
Obtain less differentiated CD8 T cells via:
* Treatment of TCR-transduced T cells with common-g cytokines
* Use central memory CD8 T cells (TCM) or hematopoietic stem cells as
recipient T cells for gene transfer
ACT can be combined with:
* Lympho- or myelo-ablative pre-conditioning
* Stimulation of innate immune system

An overview of strategies to improve the efficacy of receptor gene therapy, as discussed in this paper.
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vectors that contain moMLV or MSCV LTRs, and vectors that contain optimized 5’ sequences.
With respect to the TCR transgene cassette, there is clinical experience with TCRa and b genes
separated either by IRES or 2A. This, together with safety data based on engineered mature
T cells, may favor gammaretroviral vectors, possibly even with MPSV LTRs, which contain
a TCRb-2A-TCRa cassette for clinical TCR gene therapy. The TCR format can be modified in
various ways, including codon optimization, strategies that enhance preferential TCR pairing,
ligand-binding affinity and/or signaling potency, all with the intent to enhance functional
TCR surface expression. We consider the choice for a TCR format that is modified to improve
functional surface expression, and at the same time minimizing the risk of mis-pairing with
endogenous TCR chains of critical importance. Although based on in vitro data the murinized
TCRab and TCR:z may represent good candidate TCR formats, there is a need for in vivo data
with respect to anti-tumour efficacy as well as off-target toxicity to justify the choice for any
modified format.
Third, one should consider strategies to enhance persistence of adoptively transferred T
cells. Currently, it appears most practical to start with bulk T cells for TCR gene transfer, after
which T cells are exposed to common-g cytokines, such as a combination of IL-15 and IL-21, to
generate less differentiated T cells that demonstrate good in vivo performance. As an alternative strategy, one could choose to use subpopulations of CD8 T cells, such as central memory
CD8 T cells, or even CD4 T cells, as recipient T cells for TCR gene transfer.
Fourth, and linked to the issue of T cell persistence, methods to reduce susceptibility of
gene-engineered T cells to patient’s immune responses. One way would be to minimize
genetic alterations with respect to the TCR format. Another way would be to delay patient’s
immune responses and precede ACT with lympho-ablative preconditioning. This latter option, combining chemotherapy with T cell therapy, has several additional advantages and
results in clinically more potent T cell responses, but might be at the expense of clinical
complications with infections. Combining T cell therapy with other therapies, such as those
stimulating the innate immune system, appears promising and awaits clinical testing.
Strategies that may enhance safety and efficacy of TCR engineered T cells for clinical application are summarized in Tables 3 and 4. Strategies or combinations of strategies that are
capable of addressing each of the challenges of TCR gene therapy should ideally be implemented in a future clinical trial design. A schematic example of such a trial design according
to the authors’ current view is presented in Figure 1.
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1. Gene transfer with
MAGE-specific TCR(s)
modified to exclude
mispairing
Isolation and activation
of peripheral T cells

Reinfusion of
TCR-modified T cells

3. Lymphodepletion

2. Expansion of TCR-modified T cells
using common-γ cytokine culture

Figure 1. A schematic illustration of a TCR gene therapy trial as proposed by the authors. We
propose the following ingredients for successful clinical receptor gene therapy application; (1) Gene
transfer with MAGE-specific TCR(s), modified to exclude mispairing and to promote high surface
expression. Preferably simultaneous gene transfer of more than one receptor, directed against different
antigens, followed by (2) expansion of the transduced T cells with common-gamma cytokines, to sustain
a naive phenotype of the cells. (3) Lymphodepletion prior to re-infusion of the cells, to allow for optimal
grafting and expansion of the infused cells.
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Chapter 3

Abstract
Adoptive cell therapy of T cell receptor (TCR) engineered T cells is a clinically feasible and
promising approach to target tumors, but is currently faced by compromised anti-tumor
efficacies in patients. Here, we extensively validated immune-deficient mice to facilitate
further development of the therapeutic potential of TCR-engineered T cells. Treatment of
human melanoma-bearing SCID or NSG mice with high doses of human T cells transduced
with an hgp100/HLA-A2-specific TCR did not result in anti-tumor responses irrespective of
chemotherapeutic preconditioning. Imaging of human GFP-labeled T cells demonstrated
significant T cell accumulation in intra-tumoral vasculature directly upon T cell transfer, which
was followed by loss of T cells within 72h. Peripheral persistence of human T cells was highly
compromised and appeared related to T cell differentiation. On the contrary, adoptive transfer (AT) of relatively low numbers of hgp100/HLA-A2 TCR-transduced mouse T cells resulted
in rapid clearance of large established human melanomas. Unexpectedly and in contrast to
reported studies with chimeric antibody receptor (CAR)-engineered T cells, anti-tumor activity and homeostatic expansion of T cells were independent of TCR transgene as evidenced
in two SCID strains and using two different human melanoma cell lines. Interestingly, the
xeno-reactive melanoma response of mouse T cells appeared to be dictated by CD4+ tumorinfiltrating lymphocytes and did not require in vitro T cell activation, retroviral gene transfer
or subcutaneous IL-2 support. Taken together, AT of human but not mouse T cells in human
melanoma-bearing immune-deficient mice is in close accordance with clinical studies.
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TCR-engineered T cells in SCID and NSG mice

Introduction
Adoptive cell therapy using T cell receptor (TCR) gene-modified T cells represents an attractive immunotherapy for cancer. Generally, the endogenous repertoire of tumor-specific T
cells is limited and the infusion of T cells genetically engineered with a tumor-specific TCR
may provide patients with anti-tumor immunity. In this rapidly expanding field early reports
have already demonstrated the successful introduction of tumor-specific TCRab genes into T
cells enabling them to specifically bind to and lyse antigen-positive tumor cells in vitro (1-3).
In addition, immune-competent mouse models demonstrated the anti-tumor activity of TCRengineered T cells in vivo (4-7). More recently, clinical trials have provided evidence of the
feasibility and therapeutic potential of TCR-engineered T cells in patients (8-11). In fact, TCRengineered T cells directed against the HLA-A2-restricted antigens MART-1, gp100, CEA or
NY-ESO-1 mediated clinical responses in patients with metastatic melanoma, colorectal and
synovial tumors. Although these clinical responses were variable and based on a relatively
small number of patients, they generally lagged behind those observed with natural ex vivo
expanded tumor-infiltrating T cells (TILs) (>50%) (12). Furthermore, the clinical use of high
avidity TCR-engineered T cells directed against antigens that are over-expressed on tumors
but also present on normal tissues can result in on-target toxicities with severe inflammation
of skin, eyes and ears (for MART-1, gp100) or colon (CEA) (8, 10).
Clinical results with TCR-engineered T cells are promising, but improvements are necessary
to further develop clinical TCR gene therapy into an effective and safe treatment for cancer
patients. Immune-deficient mice transplanted with a human tumor represent a widely recognized and successfully used model with human or mouse T cells gene-engineered with either
chimeric antibody receptors (CAR) or TCRs. These preclinical models potentially provide a
valuable basis to test novel strategies and translate receptor gene therapy to the patient.
With respect to human hematological malignancies, such as lymphoma, CAR-engineered
human T cells (CAR T cells) have been reported to effectively mediate anti-tumor responses
in mice with various degrees of immune deficiency, i.e., severe combined immune-deficient
(SCID), non-obese diabetic SCID (NOD.SCID), SCID Beige and NOD.SCID/il2rg-/- (NSG) mice
(13-19). With respect to human solid tumors, high numbers of human CAR T cells injected
intratumorally (i.t.) delayed tumor growth (20) or prolonged tumor-free survival (21) in
immune-deficient mice. More interestingly, intravenously (i.v.) injected human CAR T cells
inhibited growth of human solid tumors when mice were pre-conditioned with either Cyclophosphamide or irradiation (22-27). Pre-conditioning appeared not required for tumor
regression in NSG mice that were treated with an iv injection of T cells engineered with a
CAR containing the CD137 co-stimulatory domain (19, 28, 29). In addition to human CAR T
cells, in various studies mouse CAR T cells have been used successfully to target human solid
tumors in nude or SCID mice without additional treatment (30-34). Despite numerous reports
on the anti-tumor effects of CAR T cells, there exists only a limited number of studies on
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no

day 0, 5
day 0
day 5, 10, 14
day 5, 10, 14

5x106
10x106
10x106

Winn assay
i.t.
i.v.

MelanA TCR
MelanA TCR
MelanA TCR

SCID
SCID
SCID

MEL
MEL
MEL

SK-23 cells
SK-23 cells
SK-23 cells

yes
yes
no

yesn

yes

yesl

yes

(26)

(27)

(28)

(19)

(27)

Abbreviations used in this table: ALL, Acute Lymphoblastic Leukemia; BB, CD137 (4-1BB) co-stimulatory molecule; BC, Breast Carcinoma; BD-TCR,
Bi-directional TCR; BL, Burkitt Lymphoma; CC, Colon Carcinoma; CML, Chronic Myeloid Leukemia; EBV+ LCL, Epstein Barr Virus positive Large Cell
Lymphoma; EBV-CD30+HD, EBV-CD30+ Hodgkin lymphoma; ErbB2 also known as HER2/Neu, Human Epidermal growth factor Recpetor 2; GC, Gastric
Carcinoma; Ley, Lewis Y antigen; Mov19, mAb clone against human folate receptor a; OC, Ovarian Carcinoma; PSMA, Prostate Specific Membrane Antigen;
MelanA, Melanocyte Antigen; PC, Prostate Carcinoma; MES, Mesothelioma; MEL, Melanoma; SS1, anti-mesothelin Fv; WT1, Wilms’ tumor antigen.
a) This table provides a detailed overview of studies performed with either Chimeric Antibody-based Receptor (CAR) or T cell receptor (TCR)-engineered
human T cells in human tumor-bearing immune-deficient mice. The studies are compared with respect to tumor cells, mouse strains, antigen-specific
receptors, T cell transfers, additional treatments and anti-tumor responses.
b) Mice strain: SCID, Severe Combined Immune Deficient mice containing the Prkdc mutation; SCID Beige, Mice containing the Prkdc and Beige mutation;
NOD.SCID, Mice containing the Prkdc mutation on a Non-Obese Diabetic background; NOD.SCID-b-/-, NOD.SCID mice containing a b2m mutation;
NSG, NOD.SCID mice containing an il2rg mutation.
c) Receptor format: CAR receptors are chimeric receptors that consist of various ‘building blocks’, such as (domains of) Fc(e)RIg (in short g) or CD3z (z)
which are in some cases combined with co-stimulatory molecules such as CD28 (28) or 4-1BB (BB). SS-TCR is a cysteine-modified TCR.
d) Route of T cell administration: i.p., intraperitoneal; i.t., intratumoral; i.v., intravenous.
e) Timepoint(s) of T cell transfer are after tumor transplant.
f)
In case of an additional treatment details are listed here per tumor model and reference: Raij cells, T cell expansion on Artificial Antigen-Presenting Cells
(AAPC) plus IL-15 (Brentjens et al., 2003); Daudi cells, 2.5 Gy Total Body Irradiation (TBI) (Kowolik et al., 2006); Autologous tumor cells and L428 cells,
230 cGy TBI and IL-2 support (Savoldo et al., 2007); Raji cells, Cyclophosphamide (Cheadle et al., 2008); pre-B ALL cells, T cell expansion on CD28
bead-based AAPC (Milone et al., 2009); CWR22 and WISH-PC14 cells, IL-2 support (Pinthus et al., 2003); COLO205 and MDA-MD-435 cells, 2.5 Gy
TBI (Teng et al., 2004); WISH-PC14 cells and LuCap-35 cells, 2 Gy TBI and IL-2 support (Pinthus et al., 2004); OVCAR-3 cells, 2.5 Gy TBI (Westwood
et al., 2005); BT-474 cells, Cyclophosphamide and IL-2 support (Zhao et al., 2009); SK-23 cells, IL-2 support (Bobisse et al., 2009).
g) CD80+ but not CD80- NALM-6 tumors were rejected.
h) CD19 CAR:28z, but not CD19 CAR:z caused an anti-tumor response.
i)
In this study EBV-specific cytotoxic T cells are used as host T cells for receptor gene transfer, whereas in other studies polyclonal peripheral T cells are
used.
j)
In case mice were not irradiated receptor-engineered T cells did not cause an anti-tumor response.
k) In case mice were irradiated or treated with cyclophosphamide receptor-engineered T cells did not cause an anti-tumor response.
l)
In case mice received CAR T cells also engineered to express the chemokine receptor CCR2b, an anti-tumor response was observed.
m) In this study T cells were electroporated with CAR-encoding mRNA.
n) MOv19 CAR:BB.z, but not CAR:z caused an anti-tumor response.
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Anti-tumor activitiy Reference

Abbreviations used in this table: CC, Colon Carcinoma; CEA, Carcino Embryonic Antigen; ErbB2, also known as HER2/Neu; Human Epidermal growth
factor Receptor 2; Mov18, mAb clone against human folate receptor a; OC, Ovarian Carcinoma.
a)
This table provides a detailed overview of studies performed with Chimeric Antibody-based Receptor (CAR)-expressing mouse T cells in human
tumor-bearing immune-deficient mice. There are no in vivo studies reported so far with TCR-engineered mouseT cells directed towards human tumors
in immune-deficient mice. The studies are compared with respect to tumor cells, mouse strains, antigen-specific receptors, T cell transfers, additional
treatments and anti-tumor responses.
b)
Mice strains: Nude mice, a-thymic mice due to a mutation in the foxn1 gene; SCID, Severe Combined Immune Deficient mice containing the
Prkdc mutation.
c)
Receptor format: CAR receptors are chimeric receptors that consist of various ‘building blocks’, such as (domains of) Fc(e)RIg (in short g) or CD3z
(z) which are in some cases combined with co-stimulatory molecules such as CD28 (28).
d)
Route of T cell administration: i.p., intraperitoneal; i.t., intratumoral; i.v., intravenous.
e)
Timepoint(s) of T cell transfer after tumor transplant.
f)
Tumor Infiltrating Lymphocytes (TIL) derived from a mouse adenocarcinoma (MC38) tumor were used as host cells for receptor gene transfer,
whereas in other studies polyclonal peripheral T cells were used.
g) T cell transfers are given 1 to 4 times from day 0 till day 3.
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TCR-engineered T cells in SCID and NSG mice

the anti-tumor effects of TCR-engineered T cells (TCR T cells) in immune-deficient mice. Two
studies by Xue and colleagues reported that i.v. injection of human TCR T cells inhibit human
lymphoma engraftment in NOD.SCID mice (35, 36). Moreover, a single study by Bobisse and
colleagues described that i.t. but not i.v. injection of human TCR T cells delayed growth of
human melanoma in SCID mice (37). To our knowledge there are no reports of mouse TCR
T cells targeting a human tumor in immune-deficient mice. See Tables 1 and 2 for an up-todate overview of reported studies on adoptive cell therapy with human and mouse T cells,
respectively, genetically directed towards human tumors in immune-deficient mice.
Here, we evaluated immune-deficient mouse models to test the anti-human melanoma
efficacy of adoptively transferred human as well as mouse T cells engineered with a human
gp100/HLA-A2- specific TCR. High numbers of human TCR T cells were not efficacious against
human melanoma cells in SCID or NSG mice irrespective of pre-treatment with Cyclophosphamide with or without Busulfan. In contrast, mouse TCR T cells very efficiently cleared
established human melanoma, but the anti-tumor responses and homeostatic expansion of
mouse T cells were independent of the TCR transgene.

Materials and Methods
T cells, packaging cells and melanoma cells
PBMC from healthy human donors were isolated by centrifugation through Ficoll-Isopaque
(density = 1.077 g/cm3; Amersham Pharmacia Biotech, Uppsala, Sweden). Transduced primary human T cells were cultured in RPMI 1640 medium supplemented with 25 mM HEPES,
200 mM L-glutamine, 10% human serum, antibiotics and 360 IU/ml recombinant human
IL-2 (Proleukin; Chiron, Amsterdam, The Netherlands) and stimulated every 2 weeks with a
mixture of irradiated allogeneic feeder cells as described elsewhere (38). Mouse splenocytes
were cultured in complete mouse medium (CMM) consisting of RPMI supplemented with 25
mM HEPES, 200 nM L-glutamine, 10% Fetal Bovine Serum (FBS; Greiner Bio-one Alphen a/d
Rijn, the Netherlands), 1% MEM non-essential amino acids, 1 mM sodium pyruvate, 50 μM
β-mercaptoethanol, antibiotics and 360 IU/ml IL-2. The human embryonic kidney cell line
293T and Phoenix-Ampho (Ph-A) were both used to package retroviruses carrying RNA encoding TCRab, and grown in DMEM with glutamine, 10% FBS, 1% MEM non-essential amino
acids and antibiotics. The same medium and supplements were used to culture the gp100/
HLA-A2pos human melanoma cell lines, FM3 and BLMgp100 (BLM transfected with hgp100
cDNA).

Mice
Inbred C57BL/6 (B6), BALB/c and BALB/cJHan™Hsd-Prkdcscid (BALB/c SCID) mice were
purchased from Harlan Laboratories (UK) and B6.CB17-Prkdcscid/SzJ (B6 SCID) and NOD.Cg79
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Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were purchased from The Jackson Laboratory (Bar Harbor,
Maine). Mice were housed according to the guidelines of the Erasmus Medical Center. Mice
from 8 to 12 weeks of age were used in all our experiments following approval by the Experimental Animal Committee of the Erasmus Medical Center (DEC-consult) and carried out in
accordance with institutional and national guidelines.

TCR transgenes and transduction of T lymphocytes
The human gp100280-288/HLA-A2 specific (gp100/A2) TCRa and b genes were introduced
separately into the retroviral vector pBullet via NcoI and XhoI (pB-TCRa and pB-TCRb constructs) (1). To allow detection of transduced T cells in vivo, green fluorescent protein (GFP)
DNA preceded by an internal ribosomal entry site (IRES) was inserted into the XhoI-digested
pB-TCRa and pB-TCRb, resulting in pB-TCRa:GFP and pB-TCRb:GFP constructs. Human T
lymphocytes of healthy donors were activated with anti-CD3 mAb and transduced with retroviruses harboring TCRa:GFP and TCRb:GFP or GFP only (Mock). The transduction procedure
was performed as described by Lamers and colleagues (39), with the only exception that
TCR-encoding retroviruses were produced by a co-culture of 293T and Ph-A packaging cells.
The murinized gp100/A2 TCR (hu:mo gp100/A2 TCR) was derived as described previously by
Pouw and colleagues (40) and used to transduce murine T cells. Similar to the receptors used
to transduced human T cells, IRES-GFP was subcloned into the XhoI-digested hu:mo gp100/A2
TCRa and b genes. Total mouse splenocytes were isolated and activated with concanavalinA
(ConA) in CMM and transduced with the retroviral vector pBullet containing hu:mo gp100/A2
TCRab transgenes or the pSTICH:eGFP vector as control (Mock) as described previously (40).

Flow cytometry
Gene-transduced human T cells were monitored with gp100/HLA-A2 PE-labeled tetramers
(termed gp100/A2 pMHC) followed by a cell sort for gp100/A2 pMHC binding cells using a
FACS-Vantage instrument (Becton Dickinson Biosciences, San Jose, CA). Surface expression of
TCR transgenes by human and mouse T cells was measured using a PE-labeled anti-TCRVb14
mAb (Arden nomenclature (41)) (clone CAS1.1.3, Beckman Coulter, Marseille, France). For
adoptive T cell transfer studies we have used 3-4 week old > 90 % TCRVb14 positive, and > 80
% gp100/A2 binding human T cells. TCR-transduced mouse T cells generally comprised about
30% TCRVb14 positive T cells at the day of infusion. Peripheral blood, organs and tumors
were analyzed for the presence of TCR-engineered T cells by flow cytometry using the antiTCRVb14 mAb in combination with GFP, PerCP-labeled anti-CD3e mAb (clone 145-2C11) and
APC-labeled anti-CD8a mAb (clone 53-6.7) (both from Beckton Dickinson Biosciences). We
analyzed the samples on a Cytomics FC-500 flow cytometer using CXP software (Beckman
Coulter) or a FACSCalibur using CellQuest software (Becton Dickinson Biosciences).
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AT models
B6 SCID, or BALB/c SCID or NSG mice were sc transplanted in the flank either with FM3 tumor
tissue (3x3x3 mm) or 1x106 BLMgp100 cells. Mice bearing established tumors (5x5x5 mm)
or mice having a tumor placed in a dorsal skin-fold window chamber (see below) received
2 doses of TCR-transduced human (6-40x106) or mouse (1x106) T cells administered iv at day
0 and 7. In some experiments, mice were pre-conditioned with Cyclophosphamide (200
mg/kg, Sigma-Aldrich, St Louis, MO) administered ip at day -1, preceded or not by Busulfan
(16.5 mg/kg, Duchefa Farma, Haarlem, The Netherlands) administered ip at day -2 (protocol
kindly provided by dr. Naomi Taylor, Montpellier, France). Human and mouse T cell infusions
were followed by 5 daily sc injections of recombinant human IL-2 (1x105 IU) starting at the
day of T cell transfer or as indicated otherwise. Tumor sizes were measured with a caliper
along the perpendicular axes of tumors and volumes were calculated with the formula 0.4
x (A2 x B) where B represents the largest diameter and A the diameter perpendicular to B
(42). In separate experiments using mouse GFP T cells, we have assessed the individual and
combined effects of T cell activation, retroviral gene transfer and sc IL-2 support on tumor
growth. Blood from tail veins was collected weekly after the first T cell infusion and analyzed
for T cells by flow cytometry. At indicated time points tumors and lymphoid organs were
isolated. Spleens and inguinal lymph nodes were isolated and processed to obtain single cell
suspensions by mechanic disruption over a cell strainer in PBS. Tumors were isolated, cut into
small pieces and digested in PBS containing collagenase (1 mg/ml) for 45 min at 37°C while
vortexing every 5 min. Then 1 ml 0.1 mM EDTA was added and the tumor was disrupted over
a cell strainer. Erythrocytes in blood and organs were removed by incubation in erylysis buffer (154 mM NHCl4) for 15 min on ice. Absolute cell counts were determined using Flow-Count
Fluorospheres (Beckman Coulter).

T cell trafficking to tumor site using dorsal skin-fold chamber
We prepared dorsal skin-fold chambers according to Seynhaeve and colleagues (42). In short,
mice were anesthetized with a mixture of saline, ketamine and xylazine, injected s.c.. Hair was
removed from the skin on the back of the animal and the skin was dissected in a circular area
leaving the fascia and opposing skin intact. Next, the skin-fold of the mouse was sandwiched
between two frames and fixed with two light metal bolds and sutures. A small piece of tumor
tissue was transplanted in the fascia and both sides were closed with a microscopic cover
glass. During surgery the body temperature of animals was kept constant at 37 °C after which
animals were housed individually at an ambient temperature of 32 °C and a humidity of 70 %.
Twenty-one days after implantation mice received GFP T cells. At given time points mice were
anesthetized with 3% isoflurane and fixed to a heated stage of a Leica DM-RXA microscope.
To visualize the presence of T cells we used a Leica I3 filter set (excitation 450-490 and emission LP 515) and photographed the GFP T cells using a Sony 3CCD DXC 950 camera.

81

Chapter 3

Immune histochemistry
Tumors were isolated, snap-frozen in liquid nitrogen, and stored at -80 °C until use. Tissue
sections were cut at 5 mm and stained for T cells with the following primary antibodies: rat
anti-mouse CD3e (clone GRJ01, R&D systems, Abingdon, UK), rat anti-mouse CD4 (clone
GK1.5), rat anti-mouse CD8a (clone 53-6.7) (both Biolegend, San Diego, USA) or rat IgG
isotype control (clone 141945, R&D systems). Goat anti-rat IgG Alexa Fluor 488 (Molecular
Probes, Invitrogen, Breda, The Netherlands) was used as a secondary antibody. Air dried
cryosections were fixed with acetone for 10 min and blocked with PBS/1%BSA for 30 min
prior to immune staining. Next, sections were incubated with the primary antibody for 1
h, washed and incubated with the secondary antibody for 1 h, both at room temperature.
Finally, we stained the nuclei with DAPI (4’, 6-diamidino-2-phenylindole) and embedded the
sections in mounting medium containing polyvinyl alcohol (MoWiol-488; Fluka, Zwijndrecht,
The Netherlands). Sections were examined microscopically and photographed as described
above. Recorded photographs were analyzed using Image Tool v3 (developed by Don Wilcox,
University of Texas Health Science Center, San Antonio, TX) as described previously (42). The
RGB images were converted to gray scale and specific fluorescence intensities (range: 0 – 255)
were measured with threshold set at 20. Percentages of pixels with fluorescence intensity
above threshold wer calculated and expressed as bars.

Statistical analyses
Tumor volumes, times to tumor regression and absolute cell counts were evaluated for
statistical significance with the Mann-Whitney U test using SPSS v15 software, whereas immune histochemistry was evaluated for statistical significance with the Student’s t test using
GraphPad Prism v4 software. Differences with p-values ≤ 0.05 were considered significant.

Results
Human TCR-engineered T cells do not control human melanoma growth in
immune-deficient mice
We have assessed the in vivo performance of human peripheral blood-derived T cells
engineered with gp100/A2 TCR, which we had previously validated in vitro (1). Gp100/A2
TCR T cells, used for AT, functionally expressed TCR transgenes assessed by pMHC binding
and target cell-specific cytotoxicity (Supplementary Figs. 1A and B). Intravenous transfer of a
high dose of gp100/A2 TCR T cells (40x106 cells) into B6 SCID mice bearing antigen-positive
human melanoma (FM3 cells) did not delay tumor growth (Fig. 1A). Pre-conditioning with Cyclophosphamide or a combination of Cyclophosphamide and Busulfan significantly depleted
endogenous NK cells present in B6 SCID mice (Supplementary Fig. 2), but did not stimulate the
anti-FM3 melanoma T-cell response (Fig. 1B). The lack of anti-melanoma response of human
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Figure 1. Systemic administration of gp100/A2 TCR transduced human T cells does not control
growth of established human melanoma.
FM3 tumor tissue (gp100+/HLA-A2+) was s.c. transplanted in the right flank of B6 SCID mice (A and B).
A. When tumors were palpable mice received either 40x106 TCR or Mock-engineered human T cells i.v.
(FACsorted and >90% positive for TCR-Vb14 and GFP or GFP only) at the indicated time points (arrows)
followed by s.c. IL-2 injections for 5 consecutive days (horizontal bars) (n=5 per group). B. Mice were pretreated (or not) with an i.p. injection of Busulfan (16.5 mg/kg) at day 22 followed by Cyclophosphamide
(200 mg/kg) or Cyclophosphamide only at day 23 after tumor transplant. At day 25 and day 32, 6-7x106
TCR or Mock T cells were infused i.v. followed by s.c. IL-2 injections for 5 consecutive days (n=6-7 per
group). C. FM3 tumor cells were s.c. injected in the right flank of NSG mice. At day 20 and 27, mice were
treated with 6-7x106 TCR or Mock T cells followed by IL-2 injections. Representative tumor growth curves
are shown out of two experiments with similar results. Data is displayed as mean tumor volumes ± SEM.

T cells, whether or not in pre-conditioned mice, was supported by our inability to detect
human T cells in peripheral blood by flow cytometry (Supplementary Fig. 3A).
To completely exclude ‘leakage’ of NK cells in conventional SCID mice, and their potential
adverse effect on T cell engraftment, we have tested NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice,
commonly known as NOD SCID GAMMA (NSG). The NSG mouse strain combines features of
the NOD mouse, the severe combined immune deficiency mutation SCID, and IL-2R commong chain deficiency. Consequently, NSG mice are severely immune compromised, featuring
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absence of mature T or B cells, lack of functional NK cells and deficiency in cytokine signaling.
T cell engraftment was improved in NSG mice as evidenced by low but significantly higher
numbers of TCR T cells in the peripheral blood at day 3 and 10 after T cell transfer (Supplementary Fig. 3B). However, adoptively transferred T cells did not persist beyond a time period of 2
weeks past T cell transfer and did not result in an anti-tumor response in melanoma-bearing
NSG mice (Fig. 1C).

Human TCR-engineered T cells accumulate in tumor vasculature but are lost
shortly after AT
We employed T cell imaging to investigate whether the observed lack of peripheral persistence and anti-tumor response of human TCR T cells was related to their inability to migrate to
the tumor site. Mice bearing an FM3 human melanoma in a dorsal skinfold window chamber
received 50x106 gp100/A2 TCR:GFP T cells. Directly after injection of T cells, TCR T cells but not
mock T cells accumulated in the tumor vasculature (Fig. 2A). Strikingly, the accumulated TCR
T cells completely disappeared from the tumor site within 72 h after adoptive T cell (Fig. 2B).
Notably, human T cells predominantly showed a phenotype that corresponded to effector
memory and late effector T cells at the time of AT (Supplementary Fig. 4).

Murine T cells cause complete, yet TCR transgene-independent regression of
human melanoma in immune-deficient mice
In a next series of experiments we switched to gene-engineered murine T cells, which in
the setting of CARs proved effective against solid tumors in SCID mice (30-33). FM3 tumorbearing B6 SCID mice were infused twice with 1x106 murine T cells expressing gp100/A2 TCR.
In these mice, tumors increased in volume until day 35 (equivalent to day 11 after 1st T cell
transfer), reached a maximum average volume of 500 mm3 before rapidly regressing (Fig. 3A).
Notably, Mock T cells eradicated established FM3 tumors with the same potency and kinetics
as was observed for TCR T cells. Mice remained tumor-free until the end of the experiments
(i.e. day 80 after tumor transplant). The anti-tumor responses of TCR and Mock-engineered
murine T cells have been confirmed with a second mouse strain (BALB/c SCID mice, Fig. 3B)
and second melanoma cell line (BLMgp100 cells, Fig. 3C).
After AT of murine T cells we observed that percentages of CD3+ T cells in peripheral blood
increased, which was again independent of TCR transgene (Fig. 4A). T cell expansion was not
driven by the presence of tumor tissue and percentages of peripheral T cells remained high
during the complete experiment (Fig. 4A). The expression of the introduced TCR measured
by anti-TCRVb14 mAb was relatively stable during the experiment and again independent
of the presence of tumor tissue (Fig. 4B). Collectively, these data demonstrate effective xenospecific eradication of large human melanoma tumors by murine T cells and homeostatic T
cell expansion in classical SCID mice, independent of TCR transgene.
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Figure 2. Gp100/A2 TCR-transduced human T cells initially accumulate in the tumor vasculature, but
rapidly disappear.
Mice bearing a human melanoma tumor in a dorsal skin-fold window chamber received 50x106 TCR/GFP or
GFP-engineered human T cells i.v. at day 21 after tumor transplantation. Immediately after T cell transfer
mice were anesthetized and fixed to a heated stage of a Leica DM-RXA microscope. T cells in the tumor
vasculature were visualized with a GFP filter set (excitation wavelength: 450-490 nm; and emission filter:
LP 515). A. TCR T cells do (a+b) and Mock (i.e., GFP only) T cells do not (c+d) accumulate in the tumor
vasculature directly after T cell infusion (fluorescent fields: a+c, bright fields: b+d and magnifications:
fig 3A en
3B groeicurves
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after T cell injection in the dorsal skin-fold window chamber (n=3): o h (a) 6 h (b), 24 h (c) and 72 h (d).
Representative results of one TCR T cell treated mouse are shown (all fluorescent fields; magnification:
20x).
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Figure 3. AT of murine T cells results in xeno-specific regression of human melanoma in SCID mice.
FM3 tumor tissue was s.c. implanted in the right flank of B6 (A) and BALB/c (B) SCID mice. On days 24 and 31
after tumor transplant groups of 6-9 mice received i.v. injections of 1x106 murine T cells gene-engineered
with TCR/GFP or GFP (arrows). Each T cell transfer was followed by s.c. IL-2 injection as described in
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Materials and Methods section (horizontal bars). C. In a next set of experiments BALB/c SCID mice were
s.c. injected with 1x106 gp100+/HLA-A2+ BLM cells (i.e., BLMgp100 cells) and either received 1x106 TCR
(n=5), Mock (i.e., GFP only) (n=7) T cells or no T cells (n=3) at days 21 and 28 after tumor transplant.
Representative tumor growth curves are shown out of two experiments. Data is displayed as mean tumor
volumes ± SEM.
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Figure 4. Homeostatic expansion of peripheral murine T cells upon AT into SCID mice.
Human BLMgp100 melanoma cells were s.c. transplanted in the flank of BALB/c SCID mice. On days 24
and 31 after tumor transplant groups of 6-9 mice received either 1x106 TCR/GFP or GFP-engineered
murine T cells or no T cells (arrows), followed by IL-2 injections (horizontal bars). TCR and Mock (i.e., GFP
only) T cells were also administrated to tumor free mice. Peripheral blood was collected at different time
points and percentages of (A) CD3+ T cells and (B) TCR-Vb14 expressing T cells were analyzed by flow
cytometry. Numbers indicated are mean percentages ± SEM.
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Figure 5. Adoptively transferred murine T cells are present in lymphoid organs and tumorinfiltrating lymphocytes predominantly belong to CD4+ T cell subset.
FM3 tumor-bearing BALB/c and B6 SCID mice (n=6-9) received AT of 1x106 GFP-engineered murine T
cells and were treated with IL-2. A. At different time points following T cell transfer mice were sacrificed
and organs were isolated and analyzed for the presence of GFP expressing cells by flow cytometry.
Representative flow cytometry data of a BALB/c mouse sacrificed at day 50 after tumor transplant is
shown (out of n=3). No differences were observed between BALB/c and B6 strains. Numbers represent
percentages of GFP-positive cells within the lymph gate. B. Human tumors (FM3 or BLMgp100) were
isolated at day 53 after tumor transplant from mice treated with T cells and analyzed by immune
histochemistry for the presence of CD3+, CD4+ and CD8+ T cells. Upper left panel: CD3+ T cells (green)
surround the tumor cells (large blue DAPI-stained nuclei). Mid and lower left panels: CD4+ and CD8+ T
cells (green) surround tumor cells (blue), respectively (magnification: 40x). The upper part of the pictures
shows the margin of the tumor with many T cells, towards the tumor center the T cell numbers reduce.
Data is shown from one representative mouse out of 5. No T cells were detected in untreated tumors, and
no staining was observed with rat IgG isotype controls. No differences were observed either between
mice treated with TCR or Mock T cells, two different SCID strains and two different human melanoma
tumors (data not shown). C. Recorded photographs were analyzed using Image Tool v3 as described in
Materials and Methods section. Fluorescent intensities of CD3+, CD4+ and CD8+ T cells were quantified
and depicted graphically (mean percentages ± SEM, n=5 per staining). Student’s t test was performed to
assess the statistical significance of differences between percentages of different T cell subsets. * p<0.05.
Manual counting of fluorescent cells by three independent persons (CEVS, DS and TLMTH) yielded the
same results (data not shown).

Tumor-infiltrating T cells remain at the tumor margin, and are predominantly of
the CD4 T cell subset
We have performed two additional types of experiments to further discern the potency and
rapid kinetics of the observed xeno-specific response of murine T cells. First, the migratory
capacity of GFP-labeled mouse T cells and their CD8 and CD4 subsets were studied by flow
cytometry and immune histochemistry. Flow cytometry allowed detection of T cells in regressing tumors and peripheral blood, but their presence was most pronounced in spleens
and tumor draining lymph nodes (Fig. 5A). Immune histochemical staining confirmed the
presence of T cells in regressing tumor tissue (Fig. 5B). Interestingly, T cells reside predominantly in the tumor margins and not in the center of the regressing tumor. Tumor-infiltrating
T cells belonged to both CD8+ and CD4+ T cell subsets, but quantification of immune histochemical stainings, summarized in Fig. 5C, revealed that numbers of intra-tumoral CD4+ T
cells are about 4-fold higher than those of CD8+ T cells (p<0.05). We confirmed our findings
on T cell migration to the tumor with a second mouse strain (i.e., BALB/c SCID mice) and a
second human melanoma cell line (i.e., BLMgp100 cells).

T cell activation, retroviral transduction and IL-2 support are not necessary per se,
but enhance the potency and kinetics of anti-tumor T cell responses
Second, the effects of T cell activation, retroviral gene transfer and sc IL-2 support on xenospecific responses and peripheral persistence of murine T cells were assessed. AT of T cells
87

Chapter 3

Fig 6B CD3 blood absolute.pzf: CD3 blood absolute graph - Sun Jun 03 17:20:26 2012

fig 6A groeicurve 2009.pzf:0.4xAxAxBmm3 +/- SEM n=4 graph - Sun Jun 03 17:17:22 2012

A: T cell activation + retrovirus + sc IL-2
B: T cell activation + retrovirus
C: T cell activation + sc IL-2
D: sc IL-2

*

tumor volume (mm3)

800
700
600
500
400
300
200
100
0

0

5

10 15 20 25 30 35 40 45 50 55 60 65 70

days post tumor transplant

B
absolute numbers of CD3+ T cells
/ µ l peripheral blood

A

1800
1600

A: T cell activation + retrovirus + sc IL-2
B: T cell activation + retrovirus
C: T cell activation + sc IL-2
D: sc IL-2

**
*

1400
1200
1000
800
600
400
200
0

23

30

37

51

days post tumor transplant

65

Figure 6. Effects of T cell activation, retroviral transduction and IL-2 support on the xeno-specific T
cell responses and numbers of peripheral murine T cells.
A. BALB/c SCID mice were s.c. injected with 1x106 BLMgp100 cells and received 1x106 mouse T cells: either
activated and retrovirally transduced with GFP (group A and B); activated but not GFP-transduced (group
C); or freshly isolated splenocytes that were neither activated nor GFP-transduced (group D) at day 21 and
28 after tumor transplant (arrows). Mice were s.c. injected with IL-2 (horizontal bars) except for mice in
group B. Results are displayed as mean tumor volumes ± SEMs (n=4 for all groups). Mann Whitney-U tests
were performed to assess the statistical significance of differences in times to tumor regression between
group A and the other treatment groups; *, p<0.05. B. Peripheral blood samples from the same mice
described in (A) were collected at different time points after AT and the numbers of peripheral CD3 T cells
were quantified by flow cytometry using FlowCount Fluorospheres (see Materials and Methods section for
details). Data is expressed as mean absolute counts per ml of peripheral blood ± SEM (n=4 for all groups).
The difference in absolute T cell numbers was tested with the Mann Whitney-U test between group A and
the other treatment groups. * p<0.05; ** p<0.01.

that lack in vivo IL-2 support (Fig. 6A, group B), gene-modification (group C) or activation
(group D) resulted in clearly detectable although less potent anti-tumor activity in tumorbearing SCID mice (Fig. 6A, compare group A versus the other groups). When T cell activation
was omitted, the time to tumor regression was significantly delayed (Fig. 6A, group D versus
A, p<0.05). IL-2 support (group B) or retroviral gene transfer (group C) affected kinetics of
the anti-tumor responses to a lesser extent and statistical analyses showed a trend towards
a delayed onset of tumor regression (Fig. 6A). In peripheral blood, T cell numbers increased
until day 37 after tumor transplant (equivalent to day 16 after 1st T cell transfer) and ranged
between 600 and 1200 T cells per ml blood at the end of the experiments (Fig. 6B, day 65
after tumor transplant). Overall, T cells from the different treatment groups persisted equally
well, although peripheral T cell numbers were significantly lower when T cell activation was
omitted, or to a lesser extend when gene-modification was omitted (Fig. 6B group C versus A
p<0.05 and group D versus A p<0.01).
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Discussion
Immune-deficient mice bearing a human tumor represent a well-recognized model to assess
the therapeutic value of adoptively transferred receptor-engineered T cells. AT of both human
and murine CAR-expressing T cells has been tested successfully against human lymphomas
and solid tumors. However, only a limited number of studies assessed anti-tumor responses
of TCR-expressing T cells in immune-deficient mice (Tables 1 and 2). Notably, no studies to
date have reported anti-tumor activities of systemically administered TCR T cells, whether it
be human or murine T cells, towards human solid tumors in immune-deficient mice. Here,
we have tested the anti-tumor effect and persistence of adoptively transferred human and
murine TCR-transduced T cells in immune-deficient mice transplanted with hgp100/HLA-A2
positive human melanoma.
We observed that transfer of human T cells in SCID mice with doses up to 40x106 TCR T
cells was not able to control growth of established tumors (Fig. 1A). This lack of anti-tumor
response was neither due to an inability of gp100/A2 TCR T cells to respond towards FM3
tumors nor the immune status of the recipient mice. TCR T cells were routinely tested in vitro
in advance of our AT experiments, and demonstrated high (> 80 % pMHC binding) and stable
surface expression (> 3 months, data not shown) of TCR transgene, and yielded significant
antigen-specific responses (FM3-specific cytotoxicity). Also, FM3 tumors which were isolated
after T cell treatment expressed levels of HLA-A2 and gp100 protein that were comparable to
those measured in FM3 cells cultured in vitro. To exclude ‘leakiness’ of immune reactive cells, a
potential problem of SCID mice, we have tested both pre-treatment with chemotherapy and
the use of more immune deficient mice. Although pre-treatment with Cyclophosphamide or
irradiation may enhance anti-tumor activity of human T cells in SCIDbeige or NOD.SCID mice
(22, 24, 25), we did not observe an enhanced anti-melanoma effect in SCID mice pre-treated
with Cyclophosphamide (Fig. 1B). Also, a combination of Cyclophosphamide and Busulfan,
which results in transient yet complete depletion of T cells, B cells, NK cells and dendritic
cells in immune competent mice (personal communication, dr. Naomi Taylor, Montpellier,
France; Straetemans et al., Ms submitted), did not enhance the anti-melanoma activity of
TCR-engineered human T cells in SCID mice (Fig. 1B). In more immune-deficient NSG mice
(43), we again observed no anti-melanoma response following treatment with TCR T cells
(Fig. 1C). Notably, immediately after T cell transfer TCR but not Mock T cells accumulated in
FM3 tumor vasculature but these T cells were rapidly (within 72h) lost (Fig. 2). T cell persistence in peripheral blood was negligible and not enhanced by pre-conditioning and at best
only marginally enhanced in NSG versus SCID mice (Supplementary Fig. 3). Our data confirm
a study by Bobisse and colleagues, in which TCR-engineered T cells showed anti-melanoma
activity and peripheral persistence following intratumoral but not intravenous administration in immune-deficient mice (37).
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Another parameter that is potentially related to T cell persistence is T cell exhaustion. Flow
cytometric analysis of markers of T cell memory, activation and co-stimulation, showed that
the majority of T cells at the day of AT has a late T cell differentiation phenotype (Supplementary Fig. 4). In fact, using two sets of definitions of T cell subsets, one including the adhesion
molecule CD62L (according to (44, 45) and another including both the co-stimulatory markers CD27 and CD28 (according to (46, 47), we observed that the sum of effector memory
and end stage T cells minimally represented about 90% of T cells. This finding may argue
that underrepresentation of less differentiated cells (i.e., naïve and central memory T cells)
relates to an inability of human T cells to persist and act against the tumor. In fact, clinical studies demonstrate that T cell differentiation is associated with T cell persistence (48),
which in turn is associated with anti-tumor T cell efficacy (49). In our current study, anti-CD3
mAb stimulation and expansion with IL-2 may have created a bias towards TCR T cells with a
late differentiation phenotype. Notably, in a clinical phase I trial to treat metastasized renal
cell carcinoma with anti-CD3 mAb-activated and IL-2 cultured CAR T cells (50), we observed
that transduced T cells of patients, who all showed progressive disease, consistently have a
late differentiation CD8 T cell phenotype at the time of AT (Lamers, manuscript in preparation). Collectively, clinical trials with either CAR or TCR gene-transduced T cells using similar
T cell activation and culture regimens together with in vivo IL-2 support demonstrate that
peripheral T cell persistence, although variable, is generally limited (8-10, 50, 51). The present model, in which NSG mice with human melanoma were treated with TCR-engineered T
cells, closely recapitulates the cell processing and patient treatment methods used in clinical
receptor gene therapy studies and may represent a valid model to test strategies to improve
T cell persistence and anti-tumor efficacy.
Two recent clinical trials provide evidence that alternative methods for T cell stimulation
and cytokine support may benefit clinical receptor gene therapy (47, 52, 53). In one study,
Butler and colleagues adoptively transferred MART1/A2-specific T cells that were stimulated
with CD80 and CD83-expressing artificial APCs and cultured in the presence of both IL-2
and IL-15 into patients with metastatic melanoma without pre-conditioning nor in vivo IL-2
support (53). This study resulted in 3 mixed responses and long-lasting disease stabilizations
and 1 complete response out of 7 patients. In another study, Kalos and colleagues adoptively
transferred T cells that were stimulated with anti-CD3 and CD28 mAb-coated beads and
gene-engineered with a CD19-specific CAR, which contained the co-stimulatory domain
CD137 and the accessory domain CD3z, into patients with chronic lymphocytic leukemia who
were pre-conditioned but did not receive IL-2 support (47). This study resulted in complete
remissions in 2 out of 3 patients. Strikingly, in both studies post-infusion T cells persisted
long-term in the circulation, were enriched for T cells with a central memory T cell phenotype
and retained functional responses towards target antigens. Although patient numbers were
low, these studies clearly demonstrate the potential value of T cell co-stimulation and exposure to IL-15 with respect to the persistence of adoptively transferred T cells. In extension to
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these clinical studies, there is also ample preclinical evidence that supports the use of naïve
or central memory T cell subsets to enhance T cell persistence and anti-tumor efficacy of
transferred T cells (45, 54, 55). Along these lines, we are currently testing T cell stimulations
with anti-CD3 and CD28 mAbs, T cell culture with IL-15 and IL-21 and gene-engineering with
modified TCR formats, such as TCRs coupled to CD3e, CD3z and co-stimulatory domains, for
enhanced in vivo persistence and performance (56-58).
In a next series of AT experiments we used mouse T cells, in analogy to earlier studies
with CAR-engineered mouse T cells (Table 2). Our studies show that syngeneic mouse T
cells can very potently and rapidly eradicate large established human melanomas in SCID
mice (Fig. 3). In addition, mouse T cells expanded and persisted in vivo for > 6 weeks after
the 1st T cell transfer (Fig. 4). Unexpectedly and in contrast to studies with CAR T cells, the
anti-tumor activity and expansion of T cells were independent of the receptor transgene and
represented xeno-specific T cell responses. In fact, T cell expansions were of a homeostatic
nature and independent of the cognate tumor antigen. These findings were confirmed with
two SCID strains, B6 SCID and BALB/c SCID, and two human melanoma cell lines, FM3 and
BLMgp100. Notably, MHC class I expression on FM3 and BLMgp100 tumor cells is high (>90%
of cells in vitro and directly after in vivo isolation, data not shown) and potentially drives
the anti-melanoma activity of mouse T cells. Smyth and colleagues reported that cytotoxicity of mouse T cells derived from human tumor-immunized mice can partially be blocked
with an anti-human MHC class I antibody in vitro (59). Along these lines, MHC class Ilow tumor
cells may be considered to lower the extent of xeno-specific responses, but recognition by
TCR-engineered T cells is also likely to be compromised. Alternatively, mouse T cells with a
restricted or monoclonal TCR repertoire can be used as recipient cells for TCR gene transfer.
This may prevent xeno-specific activity of transferred T cells, but the translational value of
such a model should be considered with caution.
To further investigate and better understand the potency and kinetics of the xeno-specific
effect of murine T cells, we studied T cell localization and demonstrated that mouse T cells
migrate to lymph node and spleen and persist for > 6 weeks in peripheral blood (Fig. 5A).
In regressing human tumors murine T cells infiltrated the tumor site and formed a ring at
the tumor margin, but were not present in the center of the tumor (Fig. 5B). This finding
was in line with observations reported by Hanson and colleagues (60), who showed that in
regressing tumors T cells encircle the tumor site, but in progressively growing tumors T cells
were scattered in patches of necrotic tumor tissue. CD4+ but not CD8+ T cells constitute the
predominant T cell subset that infiltrated the regressing human tumors (Fig. 5C). Remarkably,
this was found in both BALB/c and B6 SCID mice despite the fact that B6 T cells predominantly
consist of CD8+ T cells (peripheral blood T cells of BALB/c and B6 mice comprise on average
30% and 80% CD8+ T cells, respectively). Although we cannot rule out an early involvement
of CD8+ T cells, our immune histochemistry data suggest that rejection of human tumors
in SCID mice is mediated by CD4+ T cells, confirming reports on CD4 dependence of T cell91
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mediated xenograft rejections (61, 62). In another series of experiments, we observed that T
cell stimulation and to a lesser extent retroviral transduction and sc IL-2 support contributed
to the potency and kinetics of xeno-specific responses of mouse T cells (Fig. 6A). T cells that
were not stimulated prior to T cell transfer persisted well in vivo, but generally lack of T cell
stimulation adversely affected T cell numbers in peripheral blood (Fig. 6B). Although T cell
stimulation is not necessary for the ultimate rejection of tumors and peripheral T cell persistence per se, it may be of importance in case a sub-optimal TCR is used.
In conclusion, we have demonstrated that, despite reports with CAR transgenes, immunedeficient mice have limited value to assess the therapeutic efficacy of mouse T cells engineered with TCR transgenes. With respect to TCR-engineered human T cells, stimulated with
anti-CD3 mAb and cultured with and supported in vivo with IL-2, T cell persistence is highly
compromised and anti-tumor responses are lacking in immune-deficient mice. These observations are in close accordance with clinical studies, are related to T cell differentiation, and
confirm the validity of NSG mice models to test strategies to enhance T cell persistence and
anti-tumor efficacy of receptor-engineered human T cells.
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Supplementary text and figures
Cytotoxicity assay
Cytotoxic activity of both gp100/A2 TCR and Mock-transduced human T cells against FM3
melanoma cells was measured in standard 5–6 h 51Cr-release assays. Target cells were labelled
with 100 mCi Na251CrO4/106 cells for 2 h at 37°C and 5% CO2. Percentages of specific cytolysis,
i.e., specific 51Cr-release, were calculated as described previously (1).

Flow cytometric analysis and enumeration of T and NK cells present in peripheral
blood
We determined the differentiation state of TCR T cells by flow cytometry stainings using
anti-CD3 (clone SK7), anti-CD8 (clone SK1), anti-CD45RO, (clone UCHL-1), anti-CD45RA (clone
L48), anti-CD62L (clone SK11), anti-CD27 (clone M-T271), anti-CD28 (clone CD28.2) and antiCCR7 (clone 150503) monoclonal antibodies (mAbs). Human T cells and murine NK cells in
peripheral blood were detected with anti-CD3 and NK1.1 mAbs (clone PK136), respectively
(all mAbs were from BD Biosciences Pharmingen except anti-CCR7 from R&D Systems, Minneapolis, MN) and cell numbers were determined using Flow-Count Fluorospheres (Beckman
Coulter, Marseille, France). Samples were analyzed on a FACSCalibur or FACSCanto II (BD
Biosciences).
sup fig 1B cytox data.pzf:cytox data Chris graph - Sun Jun 03 17:39:37 2012

Statistical analysis

Statistically significant differences for T cell and NK cell numbers were calculated with the
Students t test using GraphPad Prism4 software.
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Figure S1. gp100/A2 TCR-transduced human T cells bind pMHC and mediate cytotoxicity at time of
AT.
A. TCR-engineered T cells bind pMHC at time of AT. Human T cells were transduced with TCR/GFP or GFP
(i.e., Mock) transgenes, FACsorted for gp100/A2 binding and GFP expression and cultured for < 4 weeks
using irradiated allogeneic feeder cells (see Materials and Methods section). TCR and Mock T cells were
analyzed for gp100/A2 pMHC binding. Histograms represent live-gated cells and percentages indicate
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gp100/A2-positive T cells. B. TCR-engineered T cells mediate antigen-specific cyotoxicity at time of AT. TCR
and Mock T cells were assayed for their ability to lyse FM3 melanoma target cells at different effector to
target ratios (E:T ratios). Percentages of specific 51Cr release are indicated in the figure. Results are from a
representative experiment out of 3 individual experiments with similar results.
sup fig 2 effect lymfodepletion day -1.pzf:colum NK1.1+ graph - Sun Jun 03 17:45:23 2012
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Figure S2. Cyclophosphamide depletes NK cells, that is not further enhanced by Busulfan.
FM3 tumor-bearing B6 SCID mice were pre-conditioned with Cyclophosphamide (Cy, 200 mg/kg)
administered i.p. at day -1 (day 0 being the day of AT), preceded or not by Busulfan (Bu, 16.5 mg/kg)
administered ip at day -2 (see Materials and Methods for details). Mice without pre-treatment served as a
control. At day 0, numbers of NK cells present per ml peripheral blood were quantified by flow cytometry.
fig 3AB T cell persistence days 10 17 23.pzf:CD3 B6 SCID graph - Sun Jun 03 17:46:38 2012
Data are
presented
as 10mean
number
ofJunNK
cells2012± SEM, n=6-7 micesupper
group. * p<0.05.
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Figure S3. Anti-CD3 mAb-stimulated and IL-2 cultured TCR-transduced human T cells do not engraft
in immune-deficient mice.
A. TCR-transduced human T cells do not engraft in B6 SCID mice. FM3 tumor-bearing B6 SCID mice were
preconditioned or not with Cyclophosphamide (Cy) or Busulfan+Cyclophosphamide (Bu/Cy) and treated
2 and 9 days later (day 25 and 32 after tumor transplant) with TCR or Mock T cells and IL-2. See Materials
and Methods for details on pre-treatment and T cell treatment. B. TCR-transduced human T cells do not
engraft in NSG mice. FM3 tumor-bearing NSG mice were treated similarly with the exception that NSG
mice were not preconditioned. At indicated time points after the 2nd T cell transfer numbers of live-gated
human CD3+ T cells were enumerated by flow cytometry. Data are presented as mean numbers of T cells
± SEM, n=6-7 mice per group. * p<0.005; ** p<0.0001.
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Figure S4. Phenotype of TCR-transduced human T cells corresponds to late T cell differentiation at
time of AT.
A. TCR-engineered human T cells analyzed for surface expression of CD45RO, CD45RA, CD62L, CD27,
CD28 and CCR7. Human T cells were transduced with TCR transgenes, sorted and cultured as described
in the legend to Supplementary Fig. S1. Percentages of CD8+ T cells positive for single markers were
assessed by flow cytometry. Data represent mean percentages of 3-6 measurements + SEM. B. Majority
of CD8+ T cells belong to effector memory and end stage T cell subsets according to CD45RA, CD62L and
CD27 markers. TCR T cells were stained for CD45RA, CD62L and CD27 and divided into naive (TN), central
memory (TCM), effector memory (TEM) and end stage (TES) T cell subsets according to definition in insert
(2, 3). Percentages reflect live-gated CD8+ T cells and are the mean percentages of 3 experiments + SEM.
C. The majority of CD8+ T cells belongs to effector memory and end stage T cell subsets according to
CD45RA, CD27, CD28 and CCR7 markers. TCR T cells were stained for CD45RA, CD27, CD28 and CCR7 and
divided into naive (TN), central memory (TCM), effector memory (TEM) and end stage (TES) T cells according
to definition in insert (4, 5). Percentages reflect live-gated CD8+ T cells and are the mean percentages of 3
experiments + SEM. * p<0.05; ** p<0.005; *** p<0.0001.
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Abstract
Clinical therapy with TCR-engineered T cells shows promise for cancer patients, but is currently challenged by incomplete responses and tumor relapse. The exact contribution
of target antigen expression, and hence the efficacy of TCR-engineered T cells, to the occurrence of tumor relapse is unclear. Here, we treated human gp100-positive tumors with
TCR-engineered T cells in immune-competent and HLA-A2 transgenic mice. TCR-engineered
T cells prevented tumor growth in 70% of mice and cured tumors in 10-20% of mice, associated with the generation of memory T cells. In 80-90% of mice with established tumors, T cell
treatment resulted in significant tumor regression followed by relapse. Relapsed tumors harbored variants that lacked antigen DNA which in all cases were selected from pre-treatment
variants. Relapsed tumors that originated from antigen-positive cells harbored intact and
non-mutated antigen genes and showed functional expression of surface antigen equal to
non-treated tumors. Notably, tumor cures, although not enhanced by a second in vivo T cell
treatment, are not associated with spread of new antigens. We conclude that tumor relapse
is independent of loss or change of immunogenicity, and qualify TCR gene therapy as a valid
primary therapy to target relapsed tumors.
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Introduction
Adoptive therapy with autologous tumor-infiltrating T cells (TIL) preceded by non-myeloablative lymphodepletion shows significant clinical responses in melanoma patients that have
been unprecedented and are long-lasting (1-3). In an effort to make T cell therapy a more
universally applicable and controlled treatment rationale, T cells have been engineered to express tumor-specific T cell receptors (TCR). T cells harboring transgenic TCRs directed against
the HLA-A2-restricted antigens MART-I, gp100, CEA or NY-ESO-1 have been tested in clinical
trials and clinical responses have been observed in patients with metastatic melanoma,
colorectal and synovial carcinoma (4-7). Clinical responses, although variable and based on
a relatively small number of patients, are promising but generally lag behind those observed
with TILs (2). The clinical use of high avidity TCR-engineered T cells potentially enhances
response rates, but when directed against antigens that are over-expressed on tumors and
also present on normal tissues results in on-target toxicities with severe inflammation of skin,
eyes and ears (for MART-1, gp100) or colon (CEA) (5, 6).
Further development of clinical TCR gene therapy depends not only on specificity and
optimization of the TCR transgene (8, 9) but also on a better understanding of the underlying
cause of incomplete responses and tumor relapse. To understand incomplete T cell responses,
it is of critical importance to reveal the exact contribution of target antigen expression, and its
regulation, to the occurrence of tumor relapse. Currently, reports on the role of target antigen
in tumor relapse are inconclusive and under debate. Loss of antigen in relapsed tumors has
been reported in two separate clinical studies in which selective loss of MART-I expression
was observed in relapsed and residual tumors after infusion of MART-I-specific T cells (10,
11). In addition, Dudley and colleagues reported loss of MART-I and HLA-A2 expression in
relapsed tumors from patients who showed initial objective responses after treatment with
adoptive T cell therapy (2). Also in non-manipulated hosts, decreased antigen expression
and immune evasion of tumors may be a consequence of molecular alterations in tumor
cells, such as genetic and epigenetic alterations in antigen genes, major histocompatibility
complex (MHC) genes and genes related to antigen processing and presentation (12-14).
Specifically, in melanoma patients, selective loss of antigen or HLA-A2 expression in primary
and metastatic lesions has been described in numerous reports (15-17). Although the abovementioned examples of antigen loss in human tumors may argue in favor of in vivo emergence
of escape variants as a result of cancer immunoediting, as eloquently reported and reviewed
by Dunn and colleagues (18, 19), formal proof against T cell selection of pre-existing tumor
variants is lacking. In fact, loss of antigen in relapsed tumors is challenged in various mouse
models, in which it was observed that ineffective T cell responses occured in relapsed tumors
that retained expression of both antigen and MHC (20-23).
Here we present an immune-competent model of murine melanoma expressing a human
gp100280-288/HLA-A2 (gp100/A2) antigen, wherein TCR-engineered T cells are adoptively
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transferred and the occurrence and origin of tumor variants are evaluated. Responses of
TCR-engineered murine T cells were highly avid, directed against B16 mouse melanoma cells
that stably express gp100/A2 antigen, and tested in conditioned HLA-A2 transgenic mice.
Maximal T cell pressure did not prevent tumor relapse in the majority of mice, in resemblance
to clinical TCR gene therapy trial. Extensive analysis of antigen gene and gene expression
identified two variants of tumor cells in relapsed tumors: one that lacked antigen-encoding
DNA and was selected from rare pre-treatment variants; and one that contained intact and
non-mutated DNA. Antigen was surface-expressed and able to induce T cell responses ex vivo
at levels that did not differ between relapsed and non-treated tumors. Tumor cures, observed
in the minority of mice, are not accompanied by T cell responses directed to new tumor
antigens. We conclude that upon T cell therapy, tumor relapse does not neither depend
on changes in antigen gene or functional expression of antigen nor involvement of T cell
antigens other than the target antigen.

Materials and Methods
Cell culture
The human embryonic kidney 293T and Phoenix-Amp cell lines, both used to package retroviruses carrying RNA encoding TCRab, the mouse melanoma B16BL6 (B16WT) as well as
B16:A2-YLEP and other B16 cell lines expressing gp100 antigen variants (described below
and in Supplementary text) were grown in DMEM with 10% Fetal Bovine Serum (FBS; Greiner
Bio-one Alphen a/d Rijn, The Netherlands), 200nM L-glutamine, 1% MEM non-essential amino
acids and antibiotics. Mouse splenocytes were cultured in complete mouse medium (CMM)
consisting of RPMI 1640 medium supplemented with 25 mM HEPES, 200 nM L-glutamine, 10%
FBS, 1% MEM non-essential amino acids, 1 mM sodium pyruvate, 50 μM β-mercaptoethanol,
antibiotics and 50 IU/ml human rIL-2 (Proleukin; Chiron, Amsterdam, The Netherlands).

Mice
The HLA-A2 transgenic mice (kindly provided by prof. François Lemonnier, Paris, France), are
b2m-/- and H-2Db-/- and express a chimeric HLA-A*0201 transgene (HHD, referred to as HLAA2) composed of human b2m, the a1 and a2 domains of HLA-A*0201 and the a3 domain
of H-2Db (24). Mice were bred and housed at the Erasmus Medical Center. Experiments were
approved by the Experimental Animal Committee of the Erasmus Medical Center and carried
out in accordance with institutional and national guidelines.

TCR and antigen constructs and retroviral transduction
TCRa and b genes specific for human glycoprotein (gp)100280-288/HLA-A2 (gp100/A2) were
derived from CTL-296 as described earlier (25). TCRa and b genes were murinized (26),
106

TCR T cells do not induce loss of tumor immunogenicity

codon optimized (GeneArt, Regensburg, Germany) and cloned into the pMP71 vector
(kindly provided by prof. Wolfgang Uckert, Max-Delbrück Center, Berlin, Germany) with TCRa
and b genes separated by an optimized T2A ribosome skipping sequence (abbreviated as
pMP71:opt TCR b-T2A-a). The A2-YLEP antigen gene, a fusion between HHD (kindly provided
by prof. Francois Lemonnier) and the gp100280-288 peptide (YLEPGPVTA), was obtained by
inserting DNA that covered the leader sequence of HLA-A2, the gp100 peptide sequence
and a (G4S)3 linker and was flanked by EcoRI sites (synthesized by GeneArt) into a pLXSN vector that already contained HHD (pLXSN:A2). The above-mentioned TCR and epitope gene
constructs were found to be optimal according to in vitro surface expression (by T cells and
B16 cells, respectively) and T cell function, and in vivo growth kinetics of antigen-positive
B16 cells (see Supplementary Figure 1), and were used for in vivo T cell transfer experiments.
See Supplementary text for the construction of additional TCR and antigen constructs. All TCR
and antigen inserts, once cloned into retroviral vectors, were sequence verified (Service XS,
Leiden, The Netherlands).
Total mouse splenocytes were isolated, activated with Concanavalin A and rhIL-2 in CMM,
and transduced with the retroviral supernatant as described by Pouw and colleagues (26).
T cells were transduced with TCR genes or empty retroviral vector (TCR and Mock T cells,
respectively). B16 cells were retrovirally transduced using a similar protocol with the exception that GALV-pseudotyped viruses together with polybrene (4 mg/ml) were used and cells
were incubated with the retroviral supernatant for 24h, followed by a second incubation for
8h. The B16:A2-YLEP cells (transgenes: pLXSN:A2-YLEP+pLXSH:gp100) were cultured with
neomycin (1 mg/ml) (G418, Calbiochem, La Jolla, CA) and hygromicin (0.5 mg/ml, Clontech
Laboratories). Following transduction with TCR and antigen constructs, surface expression
levels were validated by flow cytometry and T cell IFNg production was analyzed by ELISA
(for more details see Supplementary text). For some in vivo experiments, the B16:A2-YLEP cells
were single-cell sorted for high HLA-A2 expressing cells on a FACSAria cell sorter using an
HLA-A2 antibody (clone BB7.2, Abcam, Cambridge, UK).

Adoptive T cell therapy models
Prevention model
HLA-A2 trangenic mice received a conditioning regimen starting at day -3 prior to tumor
transplant with 4 i.p. injections of 16.5 mg/kg Busulphan ea. (Bu) (Duchefa Farma, Haarlem,
The Netherlands) (day -3: injections 1 and 2, 6 h interval; day -4: injections 3 and 4, 6 h
interval), followed by a single i.p. injection of 200mg/kg Cyclophosphamide (Cy) (SigmaAldrich, St Louis, MO) at day -1. The lymphocyte depleting effect was verified as described in
Supplementary text and illustrated in Supplementary Figure 2. At day 0 mice were injected s.c.
with 0.5x106 B16:A2-YLEP cells, followed at day 1 with i.v. injection of 2.5, 7.5 or 20x106 TCR or
20x106 Mock T cells in a volume of 100ml. Numbers of TCR T cells reflect T cells that specifically
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bind gp100/A2 pMHC, which covered 70-80 % of total T cells injected. T cell injection was
followed by s.c. injections of IL-2 (1x105 IU per dose) on 4 consecutive days (day 1-4).
Curative model
At day 0 mice were injected s.c. with 0.5x106 B16:A2-YLEP cells and at day 10 and 11 mice
received a total of 2 or 4 Bu injections i.p. (16.5 mg/kg ea.), followed a day later by a single i.p.
injection of Cy (200 mg/kg). Mice received 7.5 or 20x106 TCR or Mock T cells and IL-2 at day
14 as described for the prevention model above. In some experiments, mice with relapsed
tumors received a second treatment with TCR and Mock T cells (see legend to Figure 6 for
details).

Tumor growth
Tumor growth was measured by caliper 3 times a week and the tumor volume was estimated
with the formula 0.4 x (A x B2) where A represents the largest diameter and B the diameter
perpendicular to A (27). Animals were sacrificed once the tumor was ulcerated, the largest
diameter reached 20 mm, or there was > 20 % loss in body weight.

T cell persistence and memory
Peripheral blood was drawn at day 4 post T cell transfer and at weekly intervals thereafter.
Erythrocytes were removed by lysis with NH4Cl and absolute T cell counts were determined
using Flow-Count Fluorospheres (Beckman Coulter, Marseille, France). TCR T cells were
monitored using a FITC-labeled anti-TCR-Vb27 mAb (nomenclature according to www.imgt.
org, clone CAS1.1.3, Beckman Coulter) and/or gp100/A2Kb PE–labeled tetramers (generated
according to (28), termed gp100/A2 pMHC) in combination with PerCP-labeled anti-CD3e
(clone 145-2C11) and APC-labeled anti-CD8a mAbs (clone 53-6.7) (both from BD Biosciences
Pharmingen, San Diego, CA). To detect low frequencies of memory TCR T cells, mice that
remained tumor-free for > 90 days after the first tumor challenge (in a prevention setting)
were re-challenged with 0.5x106 B16:A2-YLEP cells. Spleens from mice that again remained
tumor-free for > 90 days after tumor re-challenge were isolated and amplified for 5 days
starting at 2.5x106 cells/ml in the presence of hgp100280-288 peptide (0.005 mg/ml) in CMM
supplemented with 20 IU/ml IL-2. Spleens from mice that remained tumor-free after tumor
regression (i.e. no macroscopic tumor) for > 75 days (in a curative setting) underwent similar
procedures. T cells were harvested and stained with gp100/A2 pMHC, anti-CD3e, anti-CD8a,
APC-labeled anti-CD44 (clone IM7) and FITC-labeled anti-CD62L mAbs (clone MEL-14) (all
mAb from BD Biosciences Pharmingen). In addition, T cells were stimulated O/N with B16WT
and B16:A2-YLEP tumor cells in the presence of Golgi Plug (according to manufacturer instructions, BD Biosciences Pharmingen), stained with anti-CD8a mAb and analyzed for IFNg
production by intracellular cytokine staining with PE-labeled anti-IFNg mAb (clone XMG1.2,
BD Biosciences Pharmingen). All samples were analyzed on a FACSCalibur using CellQuest
software (BD Biosciences, San Jose, CA).
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Molecular characterization and functional expression of target antigen
Tumors were isolated, cut into small pieces and digested in PBS containing collagenase (1 mg/
ml) (Sigma-Aldrich) at 37°C for 45 min while vortexing every 10 min. Digestion was stopped
by EDTA and the tumor was disrupted over a cell strainer. One to two million tumor cells
were frozen down and stored for analyses of A2-YLEP transgene DNA and mRNA. Remaining
tumor cells were cultured for 5-7 days, refreshing medium every 2-3 days, and analyzed for
HLA-A2 expression by flow cytometry or used as target cells in a T cell stimulation assay.
HLA-A2 surface expression on B16 cells was measured using a FITC-labeled anti-HLA-A2 mAb
(clone BB7.2). Induction of T cell IFNg production was measured following co-culture with
TCR T cells for 20 hours, after which supernatant was harvested and analyzed for IFNg levels
by ELISA (U-CyTech, Utrecht, The Netherlands). DNA and mRNA isolation, cDNA synthesis
and quantitative PCRs were performed as described previously (29, 30). For further analyses,
retrovirally introduced antigen transgenes were amplified from tumor DNA (100 ng) using
the pLXSN forward primer: 5’-GCCTCCGCCTCCTCTTCCTCCATC-3’, the pLXSN reverse primer:
5’-GCTCAGAAGAACTCGTCAAGAAGG-3’ and Phusion High-Fidelity DNA polymerase (Thermo
Scientific Finnzymes, Vantaa, Finland). PCR products were analyzed by gel electrophoresis
and sequencing, which allowed the design of primers and probes and performance of quantitative PCRs to distinguish between antigen transgenes with or without the gp100 peptide
sequence (see legend to Figure 5 for details).

Endogenous T cell responses against B16WT
Anti-tumor responses of gp100/A2 TCR T cells that resulted in cured mice were tested for
endogenous T cell responses against epitopes other than gp100/A2. To this end, splenocytes
(2x106/ml) were co-cultured with irradiated (160Gy) B16:A2-YLEP tumor cells (1x106/ml) in a
total volume of 1 ml CMM supplemented with 20 IU/ml IL-2 per well in a 24 well plate. After
5-7 days of T cell amplification, cells were harvested and analyzed for TCR expression by pMHC
binding and IFNg production in response to B16:A2-YLEP and B16WT by flow cytometry. Controls included T cell amplifications in the presence and absence of hgp100280-288 peptide, and
T cell stimulations in the presence and absence of Concanavalin A. T cell responses against
B16:A2-YLEP and B16WT tumor cells were defined positive in case T cells show at least 10%
pMHC binding and a % IFNg staining that was at least 2.5 fold higher compared to mediumstimulated T cells (see also legend to Fig.7).

Statistical analyses
Statistical significances were calculated with the Student’s t test and significant survival
differences with the Mantel-Cox test using GraphPad Prism5 software. P-values < 0.05 were
considered significant.
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Results
TCR T cells prevent or delay tumor growth, persist up to 3 weeks in peripheral
blood and induce the generation of memory T cells
The gp100/A2 TCR had been previously validated in vitro in human T cells (25, 31) and mouse
T cells (26, 32, 33), and T cell responses mediated by this TCR were further optimized to ensure highly avid anti-tumor T cell responses in vivo. First, mouse T cells were transduced with
murinized gp100/A2 TCRa and b sequences (26) that were codon optimized and cloned into
the pMP71 retroviral vector in a TCRb-2A-a configuration. TCR surface expression and gp100/
A2 pMHC-binding by T cells were significantly higher as compared to non-optimized and
optimized TCRa and b sequences that were expressed from separate vectors (see Supplementary text and Supplementary Figure 1A). Second, in order to circumvent poor processing and
presenting properties of B16 cells (34), we generated a B16 cell line with stable surface expression of HLA-A2 genetically linked to hgp100280-288 peptide (YLEPGPVTA) (termed B16:A2YLEP; Supplementary Figure1B). B16:A2-YLEP cells induced enhanced antigen recognition and
IFNg production by TCR T cells in vitro when compared to B16 cells engineered to express
HLA-A2 and either wild type or an anchor residue-modified gp100 from separate vectors (see
Supplementary text and Supplementary Figure 1C). In vivo growth kinetics of B16:A2-YLEP cells
in HLA-A2 transgenic mice were comparable to those of B16WT cells, suggesting that the
A2-YLEP antigen did not evoke an endogenous immune response (Supplementary Figure 1D).
Third, mice were conditioned prior to T cell treatment with combined injections of Busulphan
and Cyclophosphamide (Bu/Cy) (set up by VD and NT), which resulted in a clear reduction of
absolute numbers of T, B, NK and dendritic cells (Supplementary Figure 2).
In a first series of adoptive T cell therapy experiments, we tested prevention of tumor
growth in Bu/Cy conditioned HLA-A2 transgenic mice that were transplanted with B16:A2YLEP cells and treated with various doses of TCR T cells (Figure 1A). In control groups, receiving either Mock or no T cells, the first tumors started to grow 9 days after tumor transplant
and all animals developed tumors, whereas in the TCR T cell groups, the first tumors started to
grow after 20 (2.5x106 TCR T cells) and 30 days (7.5 and 20x106 TCR T cells) after tumor transplant (Figure 1B). A significant proportion of animals treated with TCR T cells did not develop
tumors; up to 67 % in mice treated with 20x106 TCR T cells. In addition, TCR T cells promoted
a dose-dependent survival benefit (Supplementary Figure 3A). When assessing persistence of
TCR T cells in peripheral blood, we observed that numbers of gp100/A2 pMHC-binding CD8 T
cells were highest in mice treated with high numbers of TCR T cells, being most pronounced
at early time points after T cell transfer (Figure 1C). Following a period of 3 weeks, frequencies
of TCR T cells dropped below the detection level of flow cytometry. To test whether memory
T cells were present at low numbers, mice that were tumor-free at day 90 were re-challenged
with tumor cells. One third of re-challenged mice remained tumor-free (4 out of 13 mice; data
not shown), from which splenocytes were isolated. T cells were amplified in vitro with gp100
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peptide, after which T cells were detected that bound gp100/A2 pMHC, were predominantly
CD62L-negative CD44-positve effector memory T cells and produced IFNg upon stimulation
with B16:A2-YLEP cells (Figure 1D).

Progressive tumors lack antigen DNA
Tumors that progressed despite T cell treatment were analyzed for the presence and quantities of antigen protein, mRNA and DNA. Protein expression, measured by HLA-A2 flow cytometry, was absent (≤2 % of cells were positive in 11 out of 17 mice) or significantly reduced
(2 - 20 % of cells were positive in 6 out of 17 mice) on tumor cells from mice treated with TCR
T cells (Figure 2A). Strikingly, mRNA and genomic DNA, both measured by quantitative and
antigen-specific PCR, were not detected in tumors from mice treated with 7.5 or 20x106 TCR T
cells (n=6 and 7, respectively), whereas mRNA and DNA were detected in up to 50 % of mice
treated with 2.5x106 TCR T cells (2 out of 4 and 6, respectively) (Figure 2B and C).

TCR T cells mediate highly effective, yet transient regression of established
tumors and induce the generation of memory T cells in cured mice
In a second series of adoptive T cell therapy experiments, we tested cure of tumors (average
size: 300 mm3) in mice conditioned with Bu/Cy and treated with 20x106 TCR T cells (Figure
3A). In mice receiving Mock T cells tumors grew, whereas in mice receiving TCR T cells tumors
rapidly regressed to volumes that were either not detectable or below 15 mm3 (Figure 3B).
In some mice tumors remained absent, whereas in the majority of mice tumors relapsed by
day 30-35 post T cell transfer. TCR T cell treatment did not result in a significant increase in
survival (Supplementary Figure 3B), which was related to severe treatment-related weight loss
in 40-50% of mice and which can be alleviated by decreasing the Bu/Cy dosing (Straetemans
et al., Ms in preparation). Numbers of peripheral gp100/A2 pMHC-binding CD8 T cells were
increased in the TCR T cell group and were most pronounced at days 4 and 11 after T cell
transfer (Figure 3C). In analogy to the preventive setting, frequencies of TCR T cells decreased
below the detection level of flow cytometry 2-3 weeks after T cell transfer (Figure 3C). Again,
memory T cells were detectable in mice that remained tumor-free >75 days following T cell
transfer, as evidenced by detectable gp100/A2 pMHC-binding and IFNg production upon
stimulation with B16:A2-YLEP cells (Figure 3D).

Relapse of antigen-negative tumors depends on presence of antigen-negative
tumor cells prior to treatment but not loss nor change of antigen DNA
Tumors that relapsed following T cell treatment were analyzed for the presence and quantities
of antigen protein, mRNA and DNA. Quantitative analyses of the A2-YLEP antigen revealed
a significantly lowered level of protein expression in relapsed tumors (HLA-A2 expression in
mice treated with TCR vs Mock T cells: 18 and 48 %, respectively, Figure 4A). Lower protein
levels corresponded with reduced levels and in some cases even absence of A2-YLEP-specific
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Figure 1. Treatment with gp100/A2 TCR T cells prevents or delays tumor growth and results in the
generation of antigen-specific memory T cells
A. Experimental set up of tumor prevention model. HLA-A2 transgenic mice were conditioned with a
total of 4 i.p. Bu injections, twice daily on 2 consecutive days, followed by a single i.p. Cy injection prior
to s.c. transplantation of 0.5x106 B16:A2-YLEP tumor cells at day 0. At day 1 mice were either injected i.v.
with gp100/A2 TCR T cells (2.5, 7.5 or 20x106 T cells that bind gp100/A2 pMHC), Mock T cells (number of T
cells equal to T cells in the 20x106 TCR T cell group) or left untreated. B. TCR T cells prevent or delay tumor
growth. Tumor sizes were measured 3 times a week with a caliper. Data are presented as mean mm3 ±
SEM. The percentages of mice that presented with a tumor are indicated in parentheses. C. Absolute
numbers of gp100/A2 pMHC-binding CD8 T cells decline within 2-3 weeks following T cell transfer.
Peripheral blood was collected from mice at the indicated time points and absolute numbers of gp100/
A2 pMHC-binding CD8 T cells were determined by flow cytometry. Data are presented as mean numbers
± SEM (n=8). D. Prevention of tumor growth is associated with the generation of memory T cells. Mice
that remained tumor-free for ³90 days after tumor challenge were re-challenged with B16:A2-YLEP cells
(n=13). Tumor growth was delayed in all re-challenged mice when compared to primary challenged mice
and 30 % of mice remained tumor-free until the end of the experiment. Re-challenged and tumor-free
mice were sacrificed and spleens were isolated to prepare single cell suspensions. Splenocytes were
amplified in vitro in the presence of hgp100280-288 peptide for 5 days followed by assessment of gp100/
A2 pMHC-binding and expression of the CD44 and CD62L membrane markers. Next, gp100 amplified
cells were stimulated O/N in the presence of B16:A2-YLEP or B16WT cells and intracellular IFNg expression
by CD8 T cells was monitored. Representative dot plots from 1 of 4 mice are shown and the % of cells in
each quadrant are indicated. Statistical significances were calculated with Student’s t-tests: * p<0.05, **
p<0.005, ***p<0.0001.

mRNA and DNA (Figure 4B and C). To better understand the decrease of A2-YLEP DNA levels,
we PCR-amplified and sequenced retroviral integrated A2:YLEP genes. Unexpectedly, DNA
sequences in 6 out of 9 relapsed tumors, but none of the tumors following treatment with
Mock T cells, revealed the presence of HLA-A2 without the gp100 peptide sequence (termed
A2 DNA, Figure 5A: (a) band). The A2 DNA sequences in all six samples were identical and
showed no mutations other than the omission of peptide and linker sequences. In addition,
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Figure 2. TCR T cells select for tumors lacking antigen DNA
HLA-A2 transgenic mice were conditioned, transplanted with tumor cells and then treated with T cells
as described in the legend to Figure 1. Under conditions where tumor diameters ≥ 20 mm, mice were
sacrificed, tumors were isolated and single cell suspensions were prepared. A. Surface expression
of HLA-A2 from individual tumors. Tumors were either treated with TCR T cells (all doses together or
individual doses), Mock T cells or not treated. HLA-A2 was measured by flow cytometry and data are
presented as % positive cells in viable gate. Horizontal lines represent mean % in each treatment group. B.
Levels of A2-YLEP mRNA and (C) genomic DNA from individual tumors. Levels of mRNA and genomic DNA
were measured by quantitative PCR and data are presented relative to the endogenous reference gene
TRP2, with lines representing mean levels of mRNA or DNA in each treatment group. TCR (all doses) vs
Mock T cells: * p<0.05, and ***p<0.0001.

a 2nd set of quantitative PCR reagents, which specifically detected A2 without gp100 peptide
(Figure 5A, lower part), revealed that levels of A2 and A2-YLEP DNA are inversely related
(Figure 5B). The detection of a single variant of antigen-negative DNA, i.e., A2 DNA, with a
frequency that appears to be determined by T cell selection against antigen-positive tumor
cells suggest A2 tumor cells existed in pre-treated tumors. We have put this notion to the test
and assessed tumors derived from B16:A2-YLEP clones, obtained from a single B16:A2-YLEP
cell for tumor relapse and antigen DNA. These ‘clonal’ tumors relapsed with the same number
and kinetics when compared with ‘cell line’ tumors (Supplementary Figure 4), but did not
contain A2 DNA (Figure 5A and B). Collectively, these data show that A2 tumor cells, present
in pre-treatment tumors, became exposed following T cell selection against antigen-positive
tumor cells, and have not occurred due to loss or change of antigen DNA.
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Figure 3. TCR T cells result in transient tumor regression and in the generation of antigen-specific
memory T cells in case of durable regression
A. Experimental set up of the curative model. HLA-A2 transgenic mice were s.c. transplanted with 0.5x106
B16:A2-YLEP cells at day 0. Ten days later, mice were conditioned as described in the legend to Figure 1.
At day 13, 20x106 T cells or Mock T cells were injected. B. TCR T cells mediate tumor regression. Tumor
sizes were measured 3 times a week with a caliper. Data are expressed as mean mm3 ± SEM and % of mice
with tumor relapse are indicated in parenthesis. C. Numbers of peripheral blood TCR T cells decline within
2-3 weeks following T cell transfer. Peripheral blood was collected from mice at the indicated time points
and absolute numbers of gp100/A2 pMHC-binding CD8 T cells were determined by flow cytometry. Data
are presented as mean numbers ± SEM. D. Effective T cell responses against established tumors induce
the formation of memory T cells. Splenocytes were isolated from tumor-bearing and free mice following
transfer of TCR T cells and mice without tumor and not receiving T cell treatment, and cultured in vitro
in the presence or absence of hgp100280-288 peptide and analyzed for gp100/A2 pMHC binding and IFNg
production (see legend to Figure 1 for details). Representative dot plots showing data from 1 of 4 mice are
shown and the % of cells in each quadrant are indicated. TCR vs Mock T cells: * p< 0.05, ** p < 0.005.
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Figure 4. TCR T cell treatment results in the relapse of tumors harboring decreased levels of antigen
DNA
HLA-A2 transgenic mice bearing B16:A2-YLEP tumors were conditioned and treated with T cells as
described in the legend to Figure 3a. When the largest diameter of relapsed tumors ≥ 20 mm, mice
were sacrificed, tumors were isolated and single cell suspensions were prepared. A. Surface expression
of HLA-A2 from individual tumors. Tumors were either treated with TCR or Mock T cells. HLA-A2 was
measured by flow cytometry and data are presented as percentage positive cells in viable gate. The
horizontal lines represent mean percentages in each treatment group. B. Levels of A2-YLEP mRNA and (C)
genomic DNA from individual tumors. Levels of mRNA and genomic DNA were measured by quantitative
PCR and data are presented relative to the endogenous reference gene TRP2, with lines representing
mean levels of mRNA or DNA in each treatment group. TCR vs Mock T cells: *p<0.05, **p<0.005, and
***p<0.0001. Note that individual points in Figs. 4a, b and c do not necessarily reflect identical mice and
TCR and Mock T cell-treated mice should be analyzed as a group rather than individually
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Figure 5. Detection of relapsed tumor variants that lack antigen DNA
A. Relapsed tumors derived from B16:A2-YLEP cell line contain HLA-A2 without the gp100 peptide. PCR
was performed to amplify retrovirally introduced A2-YLEP DNA using primers specific for pLXSN flanking
sequences (see Material and Methods section). Relapsed tumors were derived from either B16:A2-YLEP
cell lines or clones. Upper part: products were subjected to gel electrophoresis and the dominant bands
(termed: (a) and (b) bands, indicated by an arrow) were analyzed for their sequences. The (b) band,
present in tumors derived from B16:A2-YLEP cell line contained HLA-A2 (A2) without the YLEPGPVTA
peptide and (G4S)3 linker DNA (i.e., 1448 bp A2 +1329 bp retroviral sequences = 2777 bp), whereas the
(a) band, present in tumors derived from B16:A2-YLEP clone contained A2-YLEP DNA (i.e., 1523 bp A2YLEP +1329 bp retroviral sequences = 2852 bp). Tumors treated with Mock T cells or in vitro cultures of
B16:A2-YLEP cell line or clone, all contained the (a) band with A2-YLEP. Note that the lower bands, only
present in relapsed tumors derived from a B16:A2-YLEP cell line, were non-specific and did not contain
A2 sequences. Shown are 3 representative samples of B16 cell line tumors treated with TCR (n=9) and
Mock T cells (n=12), and samples of B16 clonal tumors treated with TCR T cells (n=3). Lower part: complete
sequences of (a) and (b) bands with the different domains indicated and primers/probes, with parts
underlined that distinguish between A2-YLEP and A2 DNAs. B. Relapsed tumors show inverse relationship
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between levels of A2-YLEP and A2 DNA. Quantitative PCR for A2-YLEP and A2 DNA, using the primers/
probe combination as depicted in (A), was performed on relapsed tumors derived from either B16:A2YLEP cell line or clone following treatment with TCR T cells (n=9 and 3, respectively), and tumors derived
from B16:A2-YLEP cell line following treatment with Mock T cells (n=7). Results identified 3 groups in
relapsed tumors derived from B16 cell line. (1) tumors with no or negligible A2-YLEP DNA and harbouring
A2 DNA; (2) tumors harboring both A2-YLEP and HLA-A2 DNA; and (3) tumors harboring A2-YLEP DNA
and no or negligible A2 DNA.
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Figure 6. Tumors that relapse after T cell treatment functionally express antigen, but resist 2nd T cell
treatment.
A-C. HLA-A2 transgenic mice bearing 10 days established tumors from B16:A2-YLEP clone were
conditioned with a total of 2 i.p. Bu injections, on 2 consecutive days, followed by a single i.p. Cy injection
and treated with 7.5x106 TCR or Mock T cells at day 14. A. Following T cell treatment, mice with regressing
(TCR T cells, group 1), progressing (Mock T cells, group 2) and relapsing (TCR T cells, group 3) tumors were
sacrificed at the indicated time points, tumors were isolated and single cell suspensions were prepared
(n=3-5 mice per group). B. Tumor cell HLA-A2 surface expression is not different between progressing
(Mock T cells) and relapsing (TCR T cells) tumors, but is enhanced in regressing tumors (TCR T cells).
HLA-A2 surface expression was measured by flow cytometry and data are presented as mean % positive
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cells in the viable gate + SEM. C. T cell IFNg production is not differently induced by progressing or
relapsing tumors, but is decreased by regressing tumors. Tumor cells were incubated with TCR T cells ex
vivo and supernatants were harvested after 20 h and analyzed for ng/ml IFNg by ELISA. Data are presented
as mean ng/ml + SEM. D-F. HLA-A2 transgenic mice bearing B16:A2-YLEP tumors were conditioned and
treated with T cells as described in the legend to (A), with the addition that mice with relapsed tumors
were conditioned and treated with TCR T cells for a second time (at days 30-32 and 34, respectively). A
second treatment with Mock T cells and no second treatment were included as controls. D. Following a
second treatment with either Mock (group 4) or TCR (group 5) T cells, mice were sacrificed at the indicated
time points, tumors were isolated and single cell suspensions were prepared (n=4-5 mice per group).
E. HLA-A2 surface expression is not different between relapsed tumors that received a 2nd treatment
with either TCR or Mock T cells or tumors that received a single treatment with TCR T cells. F. T cell IFNg
production is not differently induced by relapsed tumors that received a 2nd treatment with TCR or Mock
T cells. Tumors were analyzed as described in legends to (B) and (C). Regressing versus progressing or
relapsing tumors: *p<0.05.

*

20
15
10
5
0

medium

B16WT

B16:A2-YLEP

T cell stimulation

Figure 7. T cell responses in cured mice are directed against gp100/A2 but not to other tumor
antigens
A-D. B16:A2-YLEP tumor bearing mice were treated as described in the legend to Figure 6. A-B. Gp100/
A2 TCR T cells are present and functional in cured mice. A. Splenocytes from cured mice were cultured
in the presence or absence of hgp100280-288 peptide for 5-7 days and analyzed by flow cytometry for
the percentage of gp100/A2 pMHC-binding T cells. B. T cells amplified in the presence of hgp100280-288
peptide were stimulated in vitro with B16WT or B16:A2-YLEP for 20 h and analyzed for IFNg staining by
flow cytometry. Medium and Concavalin A were used as negative and positive controls, respectively. C-D.
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No T cell responses were detected against B16 tumor antigens other than gp100/A2. C. Splenocytes from
cured mice were amplified in the presence of B16:A2-YLEP cells for 7 days and analyzed by flow cytometry
for the percentage of gp100/A2 pMHC-binding T cells. D. T cells amplified in the presence of B16:A2-YLEP
were stimulated in vitro with B16WT or B16-A2-YLEP for 20 hours and analyzed for IFNg staining by flow
cytometry. IFNg responses were defined positive in case T cells demonstrated at least 10% gp100/A2
pMHC binding and a % IFNg staining that was at least 2.5 fold higher compared to medium-stimulated
T cells. Concavalin A responses ranged between 35 and 60% IFNg-positive T cells (not shown). Each dot
represents an individual mouse with lines indicating mean % pMHC binding and IFNg staining. Statistical
differences were calculated with Sudent’s t tests: *p< 0.05, **p<0.005, ***p<0.0001.

With respect to antigen-encoding DNA, our analyses identified 3 groups of relapsed tumors from cell line origin (Figure 5B). Group 1 tumors have no or negligible A2-YLEP DNA;
group 2 tumors have intermediate levels of A2-YLEP DNA; and group 3 tumors have normal
levels of A2-YLEP DNA (comparable to tumors treated with Mock T cells). Group 3 tumors
show the same antigen profile as tumors derived from B16:A2-YLEP clones, demonstrating
that tumors do relapse despite the exclusive presence of antigen DNA (Figure 5B). A2-YLEP
DNAs from clonal tumors that relapsed were completely sequenced and demonstrated no
gene mutations in HLA-A2 and gp100 peptide sequences. Next, we tested promoter methylation and expression of antigen gene in relapsed tumors. We observed that the methylation
status of the retroviral promoter was not different between relapsed and progressed tumors
(Supplementary Figure 5A). In addition, relapsed tumors express A2-YLEP mRNA at levels
comparable to B16:A2-YLEP tumor cells in vitro (Supplementary Figure 5B) and, when cultured
ex vivo, show surface expression of antigen protein (Supplementary Figure 5C). Treatment of
tumor cells with Azacitidine, a demethylating agent, did not further up-regulate expression
of antigen protein, whereas IFNg treatment and extended culture periods did up-regulate
expression of antigen protein. Taken the data so far, we conclude that TCR T cell treatment
did not induce genetic or epigenetic changes of the antigen gene and does not compromise
expression of antigen gene.

Relapsed tumors functionally express antigen at levels equal to non-treated
tumors but resist treatment with TCR T cells
Next, we studied if antigen surface expression was functional in relapsed tumors derived
from B16:A2-YLEP clones. Flow cytometric analyses demonstrated that relapsed tumors show
equal levels of surface expressed antigen when compared to progressive tumors, i.e. tumors
treated with Mock T cells (Figure 6A and B). In contrast to these two types of tumors (2030% HLA-A2), regressing tumors revealed significantly enhanced levels of surface-expressed
antigen (95% HLA-A2, Figure 6B). In addition to percentage of cells, surface-expression of
antigen per cell was also significantly increased in regressing tumors (MFI, data not shown).
Importantly, progressive and relapsed tumors were able to induce the production of high
levels of IFNg by TCR T cells ex vivo (20-30 ng/ml IFNg), whereas regressing tumors induced the
production of significantly lower levels of IFNg (5 ng/ml, Figure 6C). Given our observation
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that relapsed tumors functionally express antigen, we subjected mice with a relapsed tumor
following a first T cell treatment to a second T cell treatment. A second cycle of conditioning and T cell transfer delayed tumor growth, which was independent of the TCR transgene
(Figure 6D). Consequently, the observed delay in tumor growth was not antigen-specific and
most likely the result of Bu/Cy treatment. After a second treatment with TCR T cells, relapsed
and progressive tumors again show equal levels of surface expressed antigen (10-20% HLAA2, Figure 6E) and induce the production of equal levels of IFNg by TCR T cells (10-20 ng/
ml IFNg, Figure 6F). Despite functionally expressed antigen, relapsed tumors are resistant
against T cell therapy.

Tumor cures are not related to T cells directed against new antigens
Besides tumor relapse, observed in the majority of mice, we also observed tumor cures in 1020% of mice treated with TCR T cells, i.e., no occurrence of tumor relapse > 90 days. To analyze
whether effective anti-tumor responses depend on endogenous T cell reactivities against
tumor antigens besides the gp100 epitope, we tested splenocytes from cured mice for the
presence of T cells reactive towards B16WT tumor cells. Splenocytes were cultured in the
presence of gp100 peptide or B16:A2-YLEP cells, thereby amplifying the frequency of tumorreactive T cells, which resulted in an enhanced number of T cells that bound gp100/A2 pMHC
(Figure 7A and C). These T cells also produced enhanced levels of IFNg upon stimulation with
B16:A2-YLEP cells (Figure 7B and D). In contrast, when T cells were amplified in the presence
of B16:A2-YLEP and stimulated with B16WT tumor cells, the number of T cells that produced
IFNg was not enhanced (Fig. 7D). From these data, we conclude that T cell responses against
B16 tumor antigens other than gp100(YLEP)/A2 did not contribute to tumor cures. This
conclusion was corroborated when testing B16:A2-YLEP tumor cells that were either positive
of negative for hgp100 protein, i.e. allowing or not allowing cross-presentation of gp100
epitopes other than YLEP. We observed that numbers and kinetics of relapsing tumors were
not affected by the presence of human gp100 protein (see Supplementary Figure 4).

Discussion
In this study we tested TCR gene therapy in immune-competent mice directed against human gp100/A2 and questioned the contribution of target antigen expression, and its regulation, to the occurrence of tumor relapse. Highly avid TCR-engineered T cells were able to
effectively prevent growth of transplanted tumors and regress established tumors, but were
not able to prevent tumor relapse. Only a minority of established tumors (about 10-20%)
did not re-appear after initial regression. This observation extends data from animal models
reporting on tumor recurrence despite the presence of high T cell pressure (35, 36) and clinical trials with metastatic melanoma patients, where tumors relapsed after initial responses
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to vaccination (17) or adoptive T cell therapy (2, 10, 11). TCR T cells were only detectable
in peripheral blood up to 2 to 3 weeks after T cell transfer, when tumors reached maximal
tumor regression. These findings are in agreement with a report by Charo and colleagues that
shows that T cell numbers reach a critical level to achieve tumor regression after which T cell
numbers contract (37). Complete anti-tumor responses were accompanied by the formation
of CD4 and CD8 memory T cells (Figure 1D and 3D). A previous report from our laboratory
demonstrated significant ligand-binding affinity of the gp100/A2 TCR used in this study and
its ability to redirect CD4 T cells (38), which may explain the finding of both CD4 and CD8
memory T cells.
Tumors that escaped treatment with TCR T cells expressed no or significantly less antigen
protein, mRNA and contained less antigen DNA when compared to tumors treated with
Mock T cells (Figures 2A, B, 4A and B). Sequence analyses of retrovirally introduced antigen
genes identified a single variant of antigen-negative DNA. This HLA-A2 DNA variant was nonmutated except for the lack of gp100 peptide, was found in two-third of relapsed tumors
but in none of the progressed tumors and its frequency was inversely related with that of
antigen-positive DNA. The existence of a single antigen-negative tumor cell variant with a
frequency that appears to be determined by T cell-driven selection against antigen-positive
tumor cells suggests that antigen-negative tumor cells were present in tumors prior to T cell
treatment. This notion was verified by assessment of relapsed tumors with ‘clonal’ origins
which contained complete and non-mutated antigen-positive DNA but no antigen-negative
DNA (Figure 5A and B). We conclude that antigen-negative tumors are selected from rare,
yet pre-existing tumor variants and their occurrence does not depend on ‘de novo’ gene loss
or on genetic changes. In fact, extended quantitative PCRs showed that the frequency of
A2 tumor cell variants, initially present in the B16:A2-YLEP tumor cell line, are between 1 in
50,000 and 500,000 cells (data not shown). T cell selection as a driving force to determine
the antigen profile of tumors, although not a novel concept in itself (39), may have been underappreciated when assessing the genetic status of antigens from heterogeneous tumors
or tumor cell lines. In fact, ‘antigen-loss’ or ‘tumor escape’ variants may even be misleading
terms, and we would prefer to use the term ‘antigen-negative’ variants unless evidence is
provided for active tumor-editing.
Having established that tumor relapse does not depend on changes of antigen gene, we
tested gene expression and observed that relapsed tumors express antigen at mRNA and
protein levels. In fact, levels of antigen surface expression and abilities to induce IFNg by
TCR T cells ex vivo did not differ between relapsed and progressed tumors (Figure 6A and B).
Promoter methylation was similar for both types of tumor and Azacitidine, a de-methylating
drug, was not able to further up-regulate antigen expression ex vivo (Supplementary Figure
5C). These findings argue against involvement of epigenetic mechanisms to down-regulate
antigen expression. Although other studies have demonstrated that methylation of the
antigen gene promoter results in progression of antigen-negative variants (36, 40), our data
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are in line with previous findings by Ward and colleagues, who found in a mouse model of
UV-induced skin cancer that regressor tumors regularly progressed while retaining both MHC
class I and the tumor peptide (21). However, despite functional expression of target antigen,
we observed that relapsed tumors do not regress and maintain functional antigen expression following a 2nd TCR T cell treatment. Importantly, our observation adds to the cancer
immunoediting hypothesis, whereby tumor growth is controlled by T cells until tumor escape
produces edited and detectable cancers (18, 19). We postulate that in T cell treated-tumors,
loss of immunogenicity does not need to be a driving mechanism in escaping tumors.
The question arises why antigen-positive tumors progress in a setting where T cell responses are highly avid. A first explanation relates to compromised responses of TCR T cells
as a consequence of the inhibitory activity of the tumor milieu (41, 42). Indeed, progression
of antigen-positive tumors was found in a curative rather than preventive setting. Moreover,
regressing tumors revealed a striking discrepancy between enhanced levels of surface-expressed antigen and decreased levels of induced T cell IFNg production (Figure 6B and C). An
ongoing anti-tumor response, often accompanied by an enhanced in situ production of IFNg,
may be responsible for increased MHC class I expression in tumor cells, whereas at the same
time negative feedback mechanisms may ensue and be responsible for an impaired T cell
function. It is well documented that tumors are capable to compromise an anti-tumor T cell
response by several mechanisms as reviewed by Rabinovich and colleagues (43). In a model
in which immunogenic autochthonous lung tumors are induced in transgenic mice, DuPage
and colleagues demonstrated that despite continued antigen expression, T cell infiltration
fades and tumors ultimately progress (20). In another inducible model of ovarian carcinoma,
Scarlett and colleagues showed that tumors remain immunogenic at advanced stages, but
T cell responsiveness weakens as a consequence of tumor-residing inhibitory dendritic cells
(23). More recently, the contribution of tumor-induced immune suppression has been added
to the cancer immunoediting hypothesis (44). A second explanation, in part overlapping with
the first explanation, relates to responses of endogenous T cells. Durable regressions may
depend on new T cell specificities, besides YLEP/A2, contributing to the anti-tumor response.
Upon an initial immune response, antigen spreading and cross-presentation have both been
implicated to broaden the response to tumor antigens (45-51). In tumor-bearing HLA-A2 tg
mice that became tumor-free upon treatment with TCR T cells, we were unable to detect T cell
responses to B16 antigens other than gp100/A2 (Fig. 7). In addition, we demonstrated that tumor cells that express the complete human gp100 protein, and thus allow cross-presentation
of HLA-A2-restricted gp100 epitopes in HLA-A2 tg mice, did not respond differently to TCR T
cells when compared to tumor cells that lack human gp100 protein (Supplementary Figure 4).
Although we formally do not know whether sufficient numbers of the non-YLEP epitopes are
available through the mouse antigen processing pathways, these results imply that, at least
in our model, T cell specificities towards new and additional antigens do not explain tumor
cure.
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Relapsed tumors, similar to patient-derived tumors, contain antigen-negative and positive
tumor cells. T cells select for pre-existing antigen-negative cells but T cell treatment does not
result in the occurrence of antigen-negative tumor cells. A supporting therapy to prevent or
limit relapse of antigen-negative tumor cells may include the targeting of multiple tumor
antigens. In fact, clinical responses observed with adoptive therapy of TILs, containing T
cells specific for multiple antigens, are generally better when compared to T cells specific
for a single antigen, such as TCR T cells (4-7, 52). For future trials, one may consider to target
multiple antigens that contribute to the process of oncogenesis, such as some Cancer Testis
Antigens (8). Antigen-positive tumor cells, present in relapsed tumors, show intact antigen
genes, no change of promoter methylation and sustained levels of functionally expressed
antigen. Complete tumor eradication, observed in the minority of mice, is not accompanied
by T cell responses directed to tumor antigens other than the target antigen. A supporting
therapy to prevent or limit relapse of antigen-positive tumor cells may include potentiation
of T cell responses. In example, clinical trials that target T cell inhibitory molecules, such as
CTLA-4 and PD-1, enhanced anti-tumor T cell responses and demonstrated clinical benefit
(43, 53), and such strategies may well be combined with TCR gene therapy. A model for the
role of target antigen in tumor relapse after TCR T cell treatment, summarizing our observations, is illustrated in Figure 8. Overall, we have demonstrated that tumor relapse does
not depend on loss of immunogenicity, but rather on the strength of initial T cell selection.
Therefore, TCR gene therapy qualifies as a valid primary therapy to target antigen-positive
tumor cells in relapsed tumors.
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Figure 8. Expression of target antigen in relapsed tumors after TCR T cell treatment
Treatment of established tumors with TCR T cells results in rapid tumor regression. Tumor regression
is durable in a small proportion of mice and is associated with the formation of memory T cells, but in
most mice tumors relapse. Antigen-negative tumor cells (white cells) are present in tumor cells prior to
treatment, and do not arise as a consequence of T cell treatment. The relative quantity of antigen-negative
tumor cells in relapsed tumors, however, is determined by the strength of the T cell response against
antigen-positive tumor cells. The relative quantity of antigen-negative tumor cells in relapsed tumors may
vary between tumors, not shown for reasons of simplicity. Antigen-positive tumor cells (black cells) show
continued antigen expression, which was confirmed by three sets of data: 1) antigen gene remains intact
(i.e., antigen gene shows no mutations nor truncations); 2) antigen gene shows no change in methylation
status; 3) antigen protein is expressed at non-changed levels and induces potent T cell responses ex vivo.
In the present model, relapsed tumors are not cured by a second T cell treatment in vivo, and tumor cures
are not related to T cell responses towards new tumor antigens neither as a consequence of antigen
spread nor antigen cross-presentation. Overall, TCR gene therapy qualifies as a valid primary therapy to
target tumor cells in relapsed tumors. Supporting therapies to prevent or limit relapse of antigen-negative
and positive tumor cells may include targeting multiple tumor antigens and potentiating of T cell
responses, respectively. See Discussion for details.

Acknowledgements
Dr. Zsolt Sebestyen is acknowledged for his help and expertise in setting up flow cytometric
stainings and analyses of mouse T cells. The work was financed in part by an Erasmus Medical
Center Translational Research (TR-2004) grant and by an European Union Framework Program 6 grant ‘Adoptive engineered T cell Targeting to Activate Cancer Killing’ (EUFP6 ATTACK,
number FP6-018914).
Conflict-of-interest disclosure: The authors have no conflicting financial interests.
124

TCR T cells do not induce loss of tumor immunogenicity

References
1.

2.

3.

4.

5.

6.

7.

8.

9.
10.

Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O, Hershkovitz L, Levy D, Kubi A,
Hovav E, Chermoshniuk N, Shalmon B, Hardan I, Catane R, Markel G, Apter S, Ben-Nun A, Kuchuk
I, Shimoni A, Nagler A & Schachter J (2010) Clinical responses in a phase II study using adoptive
transfer of short-term cultured tumor infiltration lymphocytes in metastatic melanoma patients.
Clin Cancer Res 16(9):2646-2655.
Dudley ME, Wunderlich JR, Yang JC, Sherry RM, Topalian SL, Restifo NP, Royal RE, Kammula U,
White DE, Mavroukakis SA, Rogers LJ, Gracia GJ, Jones SA, Mangiameli DP, Pelletier MM, GeaBanacloche J, Robinson MR, Berman DM, Filie AC, Abati A & Rosenberg SA (2005) Adoptive cell
transfer therapy following non-myeloablative but lymphodepleting chemotherapy for the treatment of patients with refractory metastatic melanoma. J Clin Oncol 23(10):2346-2357.
Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ, Citrin DE, Restifo NP, Robbins PF, Wunderlich JR, Morton KE, Laurencot CM, Steinberg SM, White DE & Dudley ME (2011)
Durable complete responses in heavily pretreated patients with metastatic melanoma using
T-cell transfer immunotherapy. Clin Cancer Res 17(13):4550-4557.
Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, Royal RE, Topalian SL,
Kammula US, Restifo NP, Zheng Z, Nahvi A, de Vries CR, Rogers-Freezer LJ, Mavroukakis SA &
Rosenberg SA (2006) Cancer regression in patients after transfer of genetically engineered lymphocytes. Science 314(5796):126-129.
Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang JC, Hughes MS, Kammula US, Royal RE,
Sherry RM, Wunderlich JR, Lee CC, Restifo NP, Schwarz SL, Cogdill AP, Bishop RJ, Kim H, Brewer
CC, Rudy SF, VanWaes C, Davis JL, Mathur A, Ripley RT, Nathan DA, Laurencot CM & Rosenberg
SA (2009) Gene therapy with human and mouse T-cell receptors mediates cancer regression and
targets normal tissues expressing cognate antigen. Blood 114(3):535-546.
Parkhurst MR, Yang JC, Langan RC, Dudley ME, Nathan DA, Feldman SA, Davis JL, Morgan RA,
Merino MJ, Sherry RM, Hughes MS, Kammula US, Phan GQ, Lim RM, Wank SA, Restifo NP, Robbins
PF, Laurencot CM & Rosenberg SA (2011) T cells targeting carcinoembryonic antigen can mediate
regression of metastatic colorectal cancer but induce severe transient colitis. Mol Ther 19(3):620626.
Robbins PF, Morgan RA, Feldman SA, Yang JC, Sherry RM, Dudley ME, Wunderlich JR, Nahvi AV,
Helman LJ, Mackall CL, Kammula US, Hughes MS, Restifo NP, Raffeld M, Lee CC, Levy CL, Li YF,
El-Gamil M, Schwarz SL, Laurencot C & Rosenberg SA (2011) Tumor regression in patients with
metastatic synovial cell sarcoma and melanoma using genetically engineered lymphocytes reactive with NY-ESO-1. J Clin Oncol 29(7):917-924.
Coccoris M, Straetemans T, Govers C, Lamers C, Sleijfer S & Debets R (2010) T cell receptor (TCR)
gene therapy to treat melanoma: lessons from clinical and preclinical studies. Expert Opin Biol
Ther 10(4):547-562.
Govers C, Sebestyen Z, Coccoris M, Willemsen RA & Debets R (2010) T cell receptor gene therapy:
strategies for optimizing transgenic TCR pairing. Trends Mol Med 16(2):77-87.
Yee C, Thompson JA, Byrd D, Riddell SR, Roche P, Celis E & Greenberg PD (2002) Adoptive T cell
therapy using antigen-specific CD8+ T cell clones for the treatment of patients with metastatic
melanoma: in vivo persistence, migration, and antitumor effect of transferred T cells. Proc Natl
Acad Sci U S A 99(25):16168-16173.

125

Chapter 4

11.

12.
13.
14.
15.

16.

17.

18.
19.
20.

21.

22.

23.

24.

25.

26.

126

Mackensen A, Meidenbauer N, Vogl S, Laumer M, Berger J & Andreesen R (2006) Phase I study
of adoptive T-cell therapy using antigen-specific CD8+ T cells for the treatment of patients with
metastatic melanoma. J Clin Oncol 24(31):5060-5069.
Algarra I, Cabrera T & Garrido F (2000) The HLA crossroad in tumor immunology. Hum Immunol
61(1):65-73.
Marincola FM, Jaffee EM, Hicklin DJ & Ferrone S (2000) Escape of human solid tumors from T-cell
recognition: molecular mechanisms and functional significance. Adv Immunol 74:181-273.
Seliger B, Maeurer MJ & Ferrone S (2000) Antigen-processing machinery breakdown and tumor
growth. Immunol Today 21(9):455-464.
Maeurer MJ, Gollin SM, Martin D, Swaney W, Bryant J, Castelli C, Robbins P, Parmiani G, Storkus
WJ & Lotze MT (1996) Tumor escape from immune recognition: lethal recurrent melanoma in
a patient associated with downregulation of the peptide transporter protein TAP-1 and loss of
expression of the immunodominant MART-1/Melan-A antigen. J Clin Invest 98(7):1633-1641.
Wang Z, Marincola FM, Rivoltini L, Parmiani G & Ferrone S (1999) Selective histocompatibility
leukocyte antigen (HLA)-A2 loss caused by aberrant pre-mRNA splicing in 624MEL28 melanoma
cells. J Exp Med 190(2):205-215.
Khong HT, Wang QJ & Rosenberg SA (2004) Identification of multiple antigens recognized by
tumor-infiltrating lymphocytes from a single patient: tumor escape by antigen loss and loss of
MHC expression. J Immunother 27(3):184-190.
Dunn GP, Bruce AT, Ikeda H, Old LJ & Schreiber RD (2002) Cancer immunoediting: from immunosurveillance to tumor escape. Nat Immunol 3(11):991-998.
Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, Smyth MJ & Schreiber RD (2007) Adaptive immunity maintains occult cancer in an equilibrium state. Nature 450(7171):903-907.
DuPage M, Cheung AF, Mazumdar C, Winslow MM, Bronson R, Schmidt LM, Crowley D, Chen J &
Jacks T (2011) Endogenous T cell responses to antigens expressed in lung adenocarcinomas delay
malignant tumor progression. Cancer Cell 19(1):72-85.
Ward PL, Koeppen HK, Hurteau T, Rowley DA & Schreiber H (1990) Major histocompatibility
complex class I and unique antigen expression by murine tumors that escaped from CD8+ T-celldependent surveillance. Cancer Res 50(13):3851-3858.
Cheung AF, Dupage MJ, Dong HK, Chen J & Jacks T (2008) Regulated expression of a tumorassociated antigen reveals multiple levels of T-cell tolerance in a mouse model of lung cancer.
Cancer Res 68(22):9459-9468.
Scarlett UK, Rutkowski MR, Rauwerdink AM, Fields J, Escovar-Fadul X, Baird J, Cubillos-Ruiz JR,
Jacobs AC, Gonzalez JL, Weaver J, Fiering S & Conejo-Garcia JR (2012) Ovarian cancer progression
is controlled by phenotypic changes in dendritic cells. J Exp Med.
Pascolo S, Bervas N, Ure JM, Smith AG, Lemonnier FA & Perarnau B (1997) HLA-A2.1-restricted
education and cytolytic activity of CD8(+) T lymphocytes from beta2 microglobulin (beta2m)
HLA-A2.1 monochain transgenic H-2Db beta2m double knockout mice. J Exp Med 185(12):20432051.
Schaft N, Willemsen RA, de Vries J, Lankiewicz B, Essers BW, Gratama JW, Figdor CG, Bolhuis RL,
Debets R & Adema GJ (2003) Peptide fine specificity of anti-glycoprotein 100 CTL is preserved
following transfer of engineered TCR alpha beta genes into primary human T lymphocytes. J
Immunol 170(4):2186-2194.
Pouw NM, Westerlaken EJ, Willemsen RA & Debets R (2007) Gene transfer of human TCR in primary
murine T cells is improved by pseudo-typing with amphotropic and ecotropic envelopes. J Gene
Med 9(7):561-570.

TCR T cells do not induce loss of tumor immunogenicity

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

Seynhaeve AL, Hoving S, Schipper D, Vermeulen CE, de Wiel-Ambagtsheer G, van Tiel ST, Eggermont AM & Ten Hagen TL (2007) Tumor necrosis factor alpha mediates homogeneous distribution of liposomes in murine melanoma that contributes to a better tumor response. Cancer Res
67(19):9455-9462.
Wooldridge L, van den Berg HA, Glick M, Gostick E, Laugel B, Hutchinson SL, Milicic A, Brenchley
JM, Douek DC, Price DA & Sewell AK (2005) Interaction between the CD8 coreceptor and major
histocompatibility complex class I stabilizes T cell receptor-antigen complexes at the cell surface.
J Biol Chem 280(30):27491-27501.
Lamers CH, Gratama JW, Pouw NM, Langeveld SC, Krimpen BA, Kraan J, Stoter G & Debets R (2005)
Parallel detection of transduced T lymphocytes after immunogene therapy of renal cell cancer
by flow cytometry and real-time polymerase chain reaction: implications for loss of transgene
expression. Hum Gene Ther 16(12):1452-1462.
Strijbos MH, van Krimpen BA, Debets R, Kraan J, Sleijfer S, Gratama JW & Lamers CH (2010) mRNA
levels of CD31, CD144, CD146 and von Willebrand factor do not serve as surrogate markers for
circulating endothelial cells. Thromb Haemost 104(2):318-326.
Willemsen RA, Sebestyen Z, Ronteltap C, Berrevoets C, Drexhage J & Debets R (2006) CD8 alpha
coreceptor to improve TCR gene transfer to treat melanoma: down-regulation of tumor-specific
production of IL-4, IL-5, and IL-10. J Immunol 177(2):991-998.
Pouw N, Treffers-Westerlaken E, Kraan J, Wittink F, ten Hagen T, Verweij J & Debets R (2010) Combination of IL-21 and IL-15 enhances tumour-specific cytotoxicity and cytokine production of
TCR-transduced primary T cells. Cancer Immunol Immunother 59(6):921-931.
Pouw N, Treffers-Westerlaken E, Mondino A, Lamers C & Debets R (2010) TCR gene-engineered T
cell: limited T cell activation and combined use of IL-15 and IL-21 ensure minimal differentiation
and maximal antigen-specificity. Mol Immunol 47(7-8):1411-1420.
Seliger B, Wollscheid U, Momburg F, Blankenstein T & Huber C (2001) Characterization of the major histocompatibility complex class I deficiencies in B16 melanoma cells. Cancer Res 61(3):10951099.
Bai XF, Liu JQ, Joshi PS, Wang L, Yin L, Labanowska J, Heerema N, Zheng P & Liu Y (2006) Different
lineages of P1A-expressing cancer cells use divergent modes of immune evasion for T-cell adoptive therapy. Cancer Res 66(16):8241-8249.
Goldberger O, Volovitz I, Machlenkin A, Vadai E, Tzehoval E & Eisenbach L (2008) Exuberated
numbers of tumor-specific T cells result in tumor escape. Cancer Res 68(9):3450-3457.
Charo J, Perez C, Buschow C, Jukica A, Czeh M & Blankenstein T (2011) Visualizing the dynamic
of adoptively transferred T cells during the rejection of large established tumors. Eur J Immunol
41(11):3187-3197.
Varela-Rohena A, Molloy PE, Dunn SM, Li Y, Suhoski MM, Carroll RG, Milicic A, Mahon T, Sutton
DH, Laugel B, Moysey R, Cameron BJ, Vuidepot A, Purbhoo MA, Cole DK, Phillips RE, June CH,
Jakobsen BK, Sewell AK & Riley JL (2008) Control of HIV-1 immune escape by CD8 T cells expressing enhanced T-cell receptor. Nat Med 14(12):1390-1395.
Khong HT & Restifo NP (2002) Natural selection of tumor variants in the generation of “tumor
escape” phenotypes. Nat Immunol 3(11):999-1005.
Kmieciak M, Knutson KL, Dumur CI & Manjili MH (2007) HER-2/neu antigen loss and relapse of
mammary carcinoma are actively induced by T cell-mediated anti-tumor immune responses. Eur
J Immunol 37(3):675-685.
Willimsky G & Blankenstein T (2005) Sporadic immunogenic tumours avoid destruction by inducing T-cell tolerance. Nature 437(7055):141-146.

127

Chapter 4

42.
43.

44.
45.

46.

47.

48.
49.

50.
51.

52.

53.

128

Zou W (2005) Immunosuppressive networks in the tumour environment and their therapeutic
relevance. Nat Rev Cancer 5(4):263-274.
Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, Sharfman WH, Stankevich E, Pons A, Salay
TM, McMiller TL, Gilson MM, Wang C, Selby M, Taube JM, Anders R, Chen L, Korman AJ, Pardoll
DM, Lowy I & Topalian SL (2010) Phase I study of single-agent anti-programmed death-1 (MDX1106) in refractory solid tumors: safety, clinical activity, pharmacodynamics, and immunologic
correlates. J Clin Oncol 28(19):3167-3175.
Schreiber RD, Old LJ & Smyth MJ (2011) Cancer immunoediting: integrating immunity’s roles in
cancer suppression and promotion. Science 331(6024):1565-1570.
Corbiere V, Chapiro J, Stroobant V, Ma W, Lurquin C, Lethe B, van Baren N, Van den Eynde BJ, Boon
T & Coulie PG (2011) Antigen spreading contributes to MAGE vaccination-induced regression of
melanoma metastases. Cancer Res 71(4):1253-1262.
Hunder NN, Wallen H, Cao J, Hendricks DW, Reilly JZ, Rodmyre R, Jungbluth A, Gnjatic S, Thompson JA & Yee C (2008) Treatment of metastatic melanoma with autologous CD4+ T cells against
NY-ESO-1. N Engl J Med 358(25):2698-2703.
Lurquin C, Lethe B, De Plaen E, Corbiere V, Theate I, van Baren N, Coulie PG & Boon T (2005) Contrasting frequencies of antitumor and anti-vaccine T cells in metastases of a melanoma patient
vaccinated with a MAGE tumor antigen. J Exp Med 201(2):249-257.
Ribas A, Butterfield LH, Glaspy JA & Economou JS (2003) Current developments in cancer vaccines
and cellular immunotherapy. J Clin Oncol 21(12):2415-2432.
Schietinger A, Philip M, Liu RB, Schreiber K & Schreiber H (2010) Bystander killing of cancer
requires the cooperation of CD4(+) and CD8(+) T cells during the effector phase. J Exp Med
207(11):2469-2477.
Spiotto MT, Rowley DA & Schreiber H (2004) Bystander elimination of antigen loss variants in
established tumors. Nat Med 10(3):294-298.
Thomas DL, Kim M, Bowerman NA, Narayanan S, Kranz DM, Schreiber H & Roy EJ (2009) Recurrence of intracranial tumors following adoptive T cell therapy can be prevented by direct and
indirect killing aided by high levels of tumor antigen cross-presented on stromal cells. J Immunol
183(3):1828-1837.
Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, Robbins PF, Huang J, Citrin DE,
Leitman SF, Wunderlich J, Restifo NP, Thomasian A, Downey SG, Smith FO, Klapper J, Morton K,
Laurencot C, White DE & Rosenberg SA (2008) Adoptive cell therapy for patients with metastatic
melanoma: evaluation of intensive myeloablative chemoradiation preparative regimens. J Clin
Oncol 26(32):5233-5239.
Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, Gonzalez R, Robert C,
Schadendorf D, Hassel JC, Akerley W, van den Eertwegh AJ, Lutzky J, Lorigan P, Vaubel JM, Linette
GP, Hogg D, Ottensmeier CH, Lebbe C, Peschel C, Quirt I, Clark JI, Wolchok JD, Weber JS, Tian J,
Yellin MJ, Nichol GM, Hoos A & Urba WJ (2010) Improved survival with ipilimumab in patients with
metastatic melanoma. N Engl J Med 363(8):711-723.

TCR T cells do not induce loss of tumor immunogenicity

Supplementary Text and Figures
Additional TCR and antigen constructs
Murinized gp100 specific TCRa and b genes (gp100/A2 TCR) have been previously described
by Pouw and colleagues (1), were codon optimized (GeneArt), and cloned separately in the
pBullet retroviral vector (2) (vectors are abbreviated as pB:TCRa+b and pB:optTCRa+b). These
two TCR-containing pB vectors, together with pMP71:optTCRb-T2A-a (see Materials and
Methods section) were tested in mouse T cells for TCR surface expression and TCR-mediated
functions in vitro (see Supplementary Figure 1a, c). HHD cDNA (kindly provided by prof. François
Lemonnier, Paris, France) and human gp100 cDNA (kindly provided by prof. Gosse Adema, Nijmegen, The Netherlands) were subcloned as XhoI fragments into the retroviral vectors pLXSN
and pLXSH respectively (Clontech Laboratories Inc., Mountain View, CA) (termed pLXSN:A2
and pLXSH:gp100). In addition to our standard used B16:A2-YLEP cell line (transduced with
pLXSN:A2-YLEP+pLXSH:gp100, see Materials and Methods section), we have transduced
B16 cells with pLXSN:A2-YLEP but not pLXSH:gp100 (termed B16A2-YLEP w/o gp100) that
were used in some in vivo experiments. We obtained a pLXSH:gp100AV variant containing
an altered gp100280-288 peptide ligand with improved HLA-A2 binding (3) by replacing the
peptide’s anchor alanine residue by a valine in by site-directed mutagenesis (QuikChange II
kit, Stratagene, Cedar Creek, TX). B16:A2/gp100 (transgenes: pLXSN:A2+pLXSH:gp100) and
B16:A2/gp100AV cells (transgenes: pLXSN:A2+pLXSH:gp100AV) were cultured in the presence of both neomycin and hygromycin. These HLA-A2 and gp100-containing B16 cell lines,
together with B16:A2-YLEP cells (see Materials and Methods section) were tested for antigen
expression and induction of T cell functions in vitro (see Supplementary Figure 1b, c). HLA-A2
surface expression was detected using an anti-HLA-A2 mAb (clone BB7.2) and intracellular
hgp100 was detected using an anti-hgp100 mAb (clone NKI-beteb, Abcam) followed by staining with a PE-labeled goat anti-mouse Ig (H+L) (SouthernBiotech, Birmingham) and analysed
by flow cytometry. IFNg, produced by TCR T cells after 20h incubation with the different B16
cell lines, was measured in the supernatant by ELISA.

Testing lymphodepleting potential of Bu/Cy conditioning
HLA-A2 transgenic mice were Bu/Cy conditioned as described in the Materials and Methods
section. At day 4 after the start of treatment blood was drawn from conditioned and unconditioned control mice. Following lysis of erythrocytes with NH4Cl absolute cell numbers of lymphocyte subsets were determined using Flow-Count Fluorospheres (Beckman Coulter). Cells
were stained with the following mAbs: CD3-PerCP, CD8-APC, CD4-FITC (clone L3T4), CD19-PE
(clone 1D3), NK1.1-PE (clone PK136) and CD11c-APC (clone HL3) (all BD Pharmingen) and
analyzed by flow cytometry (see Supplementary Figure 2).
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Assessment of promoter methylation
Genomic DNA was isolated from relapsed (TCR T cell treated) and progressed (Mock T cell
treated) tumors as described in the Materials and Methods section and treated with sodium
bisulphite (EZ DNA Methylation, Zymo research; Irvine, CA) according to the manufacturer’s
protocol. Methylation-specific PCR was performed on treated DNA using primers specific for
either unmethylated (U) or methylated (M) DNA sequences of the 5’ LTR promoter of the
pLXSN provirus, upstream of the antigen gene. Primer sequences were: U forward primer,
5’-TGTGTTTTATTTGAATTAATTAATTAGTTT-3’; U reverse primer, 5’-CACAATCTATCAAAAAACTAACACC-3’; M forward primer, 5’- TTTTATTTGAATTAATTAATTAGTTCGT-3’; and M reverse
primer, 5’- GCAATCTATCGAAAAACTAACGC-3’. PCR products analyzed by gel electrophoresis
(see Supplementary Figure 5a).

Antigen mRNA and genomic DNA
Quantitative PCRs were performed to assess levels of antigen mRNA and genomic DNA.
Levels were calculated using the formula 2-ΔCT, in which C T is defined as the cycle number at
which the amplified fluorescence signal crosses a pre-set threshold and ΔC T is defined as the
difference between the C T value of the A2-YLEP gene and that of an endogenous reference
gene, namely TRP2. Sequences of primers and probes used to quantify levels of A2-YLEP and
A2 DNAs are provided in Figure 5a. Sequences of primers and probe to quantify TRP2 DNA
were: (forward primer) 5‘-TAATTGTGGAGGCTGCAAGTTC-3’; (reverse primer) 5’-AGGATGGCCGGCTTCTTC-3’; and (probe) FAM-5’-CTGGACCGGCCCCGACTGTAATC-3’ (Applied Biosystems,
Foster City, CA). Detection was monitored with an MX3000P real-time PCR System using MX
Pro data analysis (Stratagene, La Jolla, CA).

Ex vivo treatments of tumor cells to up-regulate antigen expression
Relapsed tumors were isolated, single cell suspensions were prepared and cells were cultured
ex vivo for 5-7 days (see Materials and Methods section). Tumor cells were subjected to 3
different treatments. First, Azacitidine (AZA) (Sigma-Aldrich) was added to the culture media
at day 4 for 3 consecutive days (final concentration 2-10mM). Second, mouse IFNg (100 Units/
ml) (Sanquin) was added at day 5 and tumor cells were left untreated for 48. Third, tumor
cells were cultured for extended periods of 14-21 days. Following treatment, tumor cells were
analyzed for HLA-A2 expression by flow cytometry (see Supplementary Figure 5c).
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Figure S1. Validation of TCR and antigen gene constructs
A. Murine splenocytes gene-engineered to express gp100/A2 TCRab. Murine splenocytes were
transduced with the following gp100/A2-specific TCR constructs: pB:TCRa+b (two separate pB vectors
with wild type sequences for TCRa and TCRb); pB:optTCRa+b (two separate pB vectors with codon
optimized sequences for TCRa and TCRb); and pMP71:optTCR b-T2A-a (single pMP71 vector with codon
optimized TCRab in a b-T2A-a cassette). See Materials and Methods section and Supplementary text for
details on the construction of TCR constructs. At day 5 following T cell activation CD8 T cells were analyzed
for TCR-Vb27 expression (white bars) and gp100/A2 pMHC binding (black bars) by flow cytometry. Data
represent mean % ± SEM, n=5 separate transductions. B. B16 melanoma cells gene-engineered to express
HLA-A2 and human gp100. B16 cells were transduced with the following gp100/A2 antigen constructs:
pLXSN:A2+pLXSH:gp100 (B16:A2/gp100 cells, dashed histogram); pLXSN:A2+pLXSH:gp100AV (B16:A2/
gp100AV cells, black histogram) and pLXSN:A2-YLEP+pLXSH:gp100 (B16:A2-YLEP cells, bold black
histogram). See Materials and Methods section and Supplementary text for details on the construction
of antigen constructs. Tumor cells were stained with a FITC-labeled anti-HLA-A2 or anti-hgp100 mAb
followed by a PE-labeled anti-mouse Ig and analyzed by flow cytometry. Non-transduced B16WT cells
were used as a negative control (grey filled histogram). C. IFNg production by TCR-engineered T cells in
response to gp100/A2-positive B16 cells in vitro. TCR-transduced splenocytes (from S1a) were incubated
with different populations of B16 target cells (from S1b) and supernatants were harvested after 20 hours
and analyzed for murine IFNg. Data are presented as mean pg/ml IFNg + SEM, n=5. D. B16 cells that
express the A2-YLEP antigen are not immunogenic in vivo. B16:A2-YLEP or B16WT cells (0.5x106) were
injected s.c. into HLA-A2 transgenic mice. Tumor volumes were measured 3 times a week with a caliper
and data are presented as mean mm3 ± SEM, n=5. No significant differences were observed between the
in vivo growth kinetics of B16 cell lines with or without A2-YLEP. Statistical differences were calculated
with Student’s t tests: *p<0.05, **p<0.01, *** p<0.0001.
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Figure S2. Busulphan and cyclophosphamide conditioning results in effective lymphodepletion in
vivo
HLA-A2 transgenic mice were conditioned with Bu/Cy as described in the Materials and Methods section
(n=24 mice). As a control, HLA-A2 transgenic mice were left untreated (n=8). Peripheral blood was
collected one day after conditioning and analyzed for different lymphocyte subsets by flow cytometry
(for NK1.1 and CD11c, n=2). Data are displayed as mean numbers ± SEM. Statistical differences were
calculated with Student’s t tests. ***p<0.0001.
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Figure S3. TCR T cells provide a survival advantage in a preventive but not a curative setting
A. Gp100/A2 TCR T cells significantly enhance survival in a preventive model. HLA-A2 transgenic mice
were treated as described in the legend to Figure 1a. B. Gp100/A2 TCR T cells did not result in a survival
advantage in a curative model. Mice were treated at day 13 with 20x106 TCR T cells as described in the
legend to Figure 3a. In both A and B, mice were sacrificed when the largest tumor diameter reached
≥ 20 mm, when tumors started to bleed or when mice lost 20% of the initial body weight. Statistical
significances between TCR and Mock T cells and among different doses of TCR T cells (the latter preceded
by /) were calculated with the Mantel-Cox test. *** p<0.0001; 20x106 vs 2.5x106 TCR T cells: * p<0.05; and
20x106 vs 7.5x106 TCR T cells: not significant.
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Figure S4. Numbers and kinetics of tumor relapse are not affected by presence of antigen-negative
tumor variants nor cross-presentation of gp100 antigens.
HLA-A2 transgenic mice were transplanted s.c. at day 0 with 0.5x106 cells of either a B16:A2-YLEP cell
line that expresses wild type gp100 protein (B16:A2-YLEP), a B16:A2-YLEP cell line and clone that do not
express wild type gp100 protein (i.e., B16:A2-YLEP w/o gp100 or B16:A2-YLEP clone, respectively). Once
tumors were established at day 10, mice were conditioned and received 20x106 TCR or Mock T cells at day
14 (see legend to Figure 3a for details). Tumor sizes were measured 3 times a week with a caliper. Data are
expressed as mean mm3 ± SEM, n=8, and % of mice with tumor relapse are indicated in parentheses.

Figure S5. In relapsed tumors there was no methylation of antigen gene or further up-regulation of
antigen protein expression by Azacitidine.
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HLA-A2 transgenic mice bearing B16:A2-YLEP tumors were preconditioned and treated with TCR or
Mock T cells as described in the legend to Figure 3a. A. Relapsed and progressed tumors derived from
B16:A2-YLEP clones were analyzed for methlyation of the antigen gene promoter. See Supplementary text
for details on assessment of promoter methylation. Following methylation-specific PCR, products were
analyzed by gel electrophoresis. U and M denote PCR products specific for unmethylated and methylated
promoter sequences, respectively. Only in case of U, the expected amplicon of 120 bp is detected in
both relapsed and progressed tumors. B. Relapsed tumors derived from either B16:A2-YLEP clone or cell
line (the latter corresponding to group 3, Fig. 5b) were analyzed for levels of A2-YLEP mRNA and DNA as
described in the legend to Figure 5. Levels of mRNA and DNA of relapsed tumors were comparable with
those of in vitro cultured B16:A2-YLEP clone or cell line. mRNA and DNA levels are presented relative to
the endogenous reference gene TRP2, with n= 3-4 per group. C. Surface antigen expression of freshly
isolated tumor cells was up-regulated by ex vivo treatment with IFNg (n=11) or prolonged culture times
(n=4), but not by the de-methylating agent Azacitidine (AZA) (n=9). See Supplementary text for details on
ex vivo treatments. HLA-A2 was measured by flow cytometry and data are presented as mean % positive
cells in viable gate + SEM. Statistical differences were calculated with Student’s t tests: * p< 0.05.
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Abstract
Adoptive therapy with TCR gene-engineered T cells provides an attractive and feasible
treatment option for cancer patients. Further development of TCR gene therapy requires
the implementation of T cell target epitopes that prevent ‘on-target’ reactivity towards
healthy tissues and at the same time direct a clinically effective response towards tumor
tissues. Candidate epitopes that meet these criteria are MAGE-C2336-344/HLA-A2 (MC2/A2) and
MAGE-A3243-258/HLA-DP4 (MA3/DP4). We molecularly characterized TCRab genes of a MC2/
A2-specific CD8 and MA3/DP4-specific CD4 T cell clone derived from melanoma patients who
responded clinically to MAGE vaccination. We identified MC2/A2 and MA3/DP4-specific TCRVa3/Vb28 and TCR-Va38/Vb2 chains and validated these TCRs in vitro upon gene transfer
into primary human T cells. The MC2 and MA3 TCR were surface expressed and mediated CD8
T cell functions towards melanoma cell lines and CD4 T cell functions towards dendritic cells,
respectively. We intend to start testing of these MAGE-specific TCRs in a phase I clinical trial.
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Introduction
Adoptive therapy with antigen-specific T cells has shown clinical successes in the treatment
of viral infections and tumors (1-5). Receptor gene therapy, in which patients are treated
with T cells gene-engineered with either chimeric antigen receptors (CAR) or T cell receptors
(TCR), provides an attractive alternative to provide therapeutic immunity. Clinical application of gene-engineered T cells to treat various tumor types, such as renal cell cancer, ovarian cancer, neuroblastoma, lymphoma, melanoma, colorectal and synovial cancers proved
feasible but did, despite some successes, generally not show anti-tumour responses in a
substantial number of patients (6-13). Notably, in an early clinical trial to treat metastatic
renal cell cancer with CAR-engineered T cells, with total T cell doses as low as 2x108 T cells, we
observed reversible yet discrete cholangitis and damage to bile duct epithelium as a likely
consequence of T-cell localization and expression of the taget epitope Carbonic Anhydrase
IX (CAIX) on normal tissue (6). Subsequent trials with CARs directed against Her2/Neu and
CD19 and TCRs directed against the HLA-A2-restricted antigens MARTI, gp100 and CEA have
confirmed this notion (11, 12, 14, 15). Collectively, these studies underscore the need for T cell
target epitopes that are expressed on malignant tissue in a highly restricted manner and are
able to initiate a clinically effective T cell response.
Cancer testis antigens (CTA) are immunogenic proteins expressed in many tumors but
silenced in normal cells except for male germline cells, placenta and thymic medullary epithelial cells (16, 17). In vitro studies have provided initial proof that gene transfer of TCRab directed against MAGE-A1/HLA-A1, MAGE-A3/HLA-A2, NY-ESO-1/HLA-A2 as well as NY-ESO-1/
HLA-DP4 result in effective and CTA-specific T cell responses (18-21). Of the group of CTA, in
particular the MAGE antigens constitute attractive candidates for immune therapy given not
only tumour-specific expression but also their role in tumour biology, expression in multiple
tumours and potential to constitute effective T cell targets. Four families of MAGE genes are
located on chromosome X: MAGE-A (12 genes), B (6 genes), C (4 genes) and D (2 genes). Up to
now there are over 50 identified combinations of MAGE peptides and HLA class I or class II
molecules, recognized by CD8 or CD4 T cells, respectively (see for an overview: cancerimmunity.org/peptidedatabase/Tcellepitopes.htm). We propose the MAGE-C2336-344 /HLA-A2 (MC2/
A2) peptide ALKVDVEERV and MAGE-A3243-258/HLA-DP4 (MA3/DP4) peptide KKLLTQHFVQENYLEY as candidate T cell targets for the following reasons. First, MC2 and MA3 proteins actively
contribute to the development of malignancies. MC2 suppresses p53-dependent apoptosis,
thus prolonging tumor survival (22, 23), whereas MA3 mediates fibronectin-controlled
progression and metastasis (24), and is expressed by melanoma stem cells (25, 26). Second,
MC2 and MA3 are expressed in multiple tumor types and their expression is associated with
poor clinical outcome in these tumor types (27-32). MC2 is expressed in 43% of metastatic
melanomas, 33% of head and neck squamous cell cancers, 30% of bladder cancers, and 10%
of non-small cell lung cancers (28). MA3 is expressed in 76% of metastatic melanomas (27),
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in up to 50% of non-small cell lung cancer (29), and in many other tumor types such as colon
rectal, hepatocyte cellular, prostate and breast cancers and haematological
l malignancies such as multiple myeloma (30, 33-36). Furthermore, HLA-A2 and HLA-DP4
are the most frequent MHC class I and II alleles among Caucasians, i.e., representing 44 and
75% of the general population, respectively. And third, MC2 and MA3 potentially constitute
clinically effective T cell target epitopes, as evidenced by induction of enhanced numbers of
anti-MAGE T cells that paralleled significant and durable clinical responses (37, 38).
The clinical potential of MC2-specific T cells is exemplified by a high frequency of MC2/A2specific CTL (10-4 of CD8 T cells) observed in the blood of a melanoma patient whose tumors
regressed after vaccination with MAGE-A1 and A3 peptides, whereas in the same patient the
frequency of anti-vaccine CTLs was low (3x10-6 of CD8 T cells) (37). A CTL clone recognizing
this epitope (EB81-CTL16) was isolated that demonstrated the most pronounced increase
in frequency not only in blood but also in a regressing cutaneous metastasis (> 100 and
1000-fold, respectively). Interestingly, the same patient also showed increased frequencies in
blood and a regressing metastasis (up to 200-fold) of other T cell clones specific for the same
and other MC2 epitopes (39). In a second melanoma patient who showed tumor regression
upon MAGE vaccination, the most frequent anti-tumor CTL clone was again directed against
a MC2 epitope (40). With respect to MA3, various trials have been performed substantiating its clinical potential as a T cell target. A phase II clinical trial with highly purified MA3
protein in non-small cell lung cancer showed a significant reduction in relative risk of cancer
recurrence following surgery in vaccinated versus placebo-treated patients (41). This MA3
vaccine provided B cell responses, CD8 T cell responses as well as HLA-DP4-restricted CD4 T
cell responses against the MA3 KKL epitope in lung cancer patients (42, 43). Recently, a phase
III trial started to investigate the efficacy of MA3 antigen vaccination after tumor resection in
lung cancer patients (44). Also in melanoma patients, MA3 protein vaccinations using either
protein or MA3-expressing PBMC initiate antigen-specific immune responses (45). Vaccinations with dendritic cells loaded with MA3/DP4 peptide rapidly induced peptide-specific
T helper cell responses in melanoma patients. Median survival in vaccinated patients was
longer than in untreated control patients and showed no signs of major toxicities due to
vaccination (46) and personal communication (Gerold Schuler, Erlangen, Germany).
In this study, we chose MC2336-344/A2 and MA3243-258 /DP4 as T cell epitopes, and cloned and
characterized the corresponding TCRab genes of CD8 and CD4 T cell clones derived from
two metastatic melanoma patients who responded clinically to MAGE-vaccination. TCRab
genes were then introduced into primary human T cells, and tested for surface expression
and MAGE-specific CD8 and CD4 T cell functions in vitro.
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Materials and Methods
Melanoma patients EB81 and R12 and patient-derived T cell clones
In a vaccination study metastatic melanoma patient EB81 received cutaneous vaccinations
with recombinant canarypox (ALVAC) virus, carrying a minigene encoding antigenic MAGEA1and A3 peptides that are presented by HLA-A1. These were followed by vaccinations
with the same peptides. One year after the first vaccination all cutaneous metastases had
disappeared, and the patient remained tumor-free for 3 years (37). CTL-606C/22.2 (EB81-CTL
16) is a cytotoxic CD8 T cell clone derived from EB81 whose increase in frequency is most
pronounced in various body compartments upon vaccination with MAGE; and it recognizes
MC2336-344/HLA-A2 (ALKVDVEERV) (37). Melanoma patient 12 was included in a clinical trial in
which mature monocyte-derived dendritic cells loaded with multi-HLA class I and II peptides
(including MAGE-A3243-258 peptide) were administered subcutaneously (38). CD4 T cell clone
R12-C9, recognizing MA3243-258/HLA-DP4 (KKLLTQHFVQENYLEY), was derived from PBMC from
melanoma patient 12, after in vitro stimulation with MA3243-258/DP4 peptide and sorting on
IFNg secreting CD4+ T cells by FACSVantageTM flow cytometer (BD Biosciences) as described
earlier (46). CTL clones 16 and R12-C9 were cultured in IMDM with 10% human serum, glutamine and antibiotics.

Other cells and general reagents
PBMC from healthy donors were isolated by centrifugation through Ficoll-Isopaque (density
= 1.077 g/cm3; Amersham Pharmacia Biotech, Uppsala, Sweden). Transduced primary human T cells were cultured in RPMI 1640 medium supplemented with 25 mM HEPES, 200 mM
L-glutamine, 10% human serum, antibiotics and 360 IU/ml human rIL-2 (Proleukin; Chiron,
Amsterdam, The Netherlands) and stimulated every 2 weeks with a mixture of irradiated
allogeneic feeder cells as described elsewhere (47). The human embryonic kidney cell line
293T and Phoenix-Ampho both used to package retroviruses carrying RNA encoding TCRab,
were grown in DMEM with 10% Fetal Bovine Serum (FBS; Greiner Bio-one Alphen a/d Rijn,
The Netherlands), glutamine, antibiotics and 1% MEM non-essential amino acids. The same
medium plus supplements was used to grow the melanoma cell lines EB-81-MEL-2 (MC2/
A2pos) and MZ2-MEL43 (MA3/DP4pos). An MC2neg/A2pos and MA3neg/DP4pos B lymphoblast cell
line (BSM) and an EBV transformed HLA-DP4pos B cell line (i.e. EBV-MAGJ) transduced with
retrovirus encoding li-MA3 cDNA as described in (48) (i.e. EBV-MA3) were cultured in RPMI
supplemented with glutamine, antibiotics and 10% FBS. The melanoma cell line EB-81-MEL-2
and the B cell line EBV-MAGJ were derived from the same patients from who the T cell clones
were derived (melanoma patient EB-81 and patient 12, respectively). In some cases target
cells were pre-treated with 50 pg/ml human recombinant IFNg (Peprotech, Rocky Hill, NJ) for
48h prior to functional T cell assays.
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MC2/A2 peptide MHC (pMHC) complexes were ordered from Proimmune (Oxford, UK).
MA3/DP4 pMHC complexes were produced in S2-drosophila insect cells, essentially as described previously (46). We used the following mAbs: anti-CD4 (clone 13 B8.2, BD Biosciences,
Erembodegem, Belgium), anti-CD8 (clone SK1, BD Biosciences) and anti-TCR-Vb2 mAbs (clone
MPB 2D5, Immunotech, Marseille, France). Other reagents used were the HLA-A2 binding
peptides MC2336-344 (ALKVDVEERV) and (as a control) gp100280-288 (YLEPGPVTA), the HLA-DP4
binding peptide MA3243-258 (KKLLTQHFVQENYLEY) (all three from Eurogentec, Maastricht, The
Netherlands), Phytohemaglutinin (PHA) (Remel Ltd, Lenexa, KS), Phorbol 12-Myristate 13-Acetate (PMA) (Sigma-Aldrich, St. Louis, MO), GM-CSF, IL-4, TNFa (all three from PeproTech) and
PGE2 (Sigma-Aldrich).

MAGE-A3 protein
MA3 protein was expressed by the Des insect cell expression system (Invitrogen, Breda,
The Netherlands). To this end, MA3 cDNA was cloned into the pMT/BiP/V5-His vector and,
together with the pCoHygro vector, introduced into S2-insect cells by nucleofection (Amaxa
Biosystems, Cologne, Germany) according to the manufacturer’s guidelines. MA3 protein
expression by transfected S2 cells, at a density of 3x106/ml, was induced by Copper Sulfate
(500mM). Five days after induction of protein expression, culture medium was harvested and
soluble MA3 protein was purified by FPLC (Acta, GE Healthcare, Zeist, The Netherlands) using
a histrap column, followed by size exclusion on a sephadex 75 column.

Genes encoding TCRab specific for MC2/A2 and MA3/DP4
RNA was isolated from T cell clones EB81-CTL16 and R12-C9 and reverse transcribed with
Superscript III (Invitrogen) according to the manufacturer’s instructions. The TCR-Va and Vb
regions were amplified and family-typed using a set of sense primers, covering all variable
segments, in combination with either a TCR-Ca or Cb antisense consensus primer. Nested
PCR was performed on TCR-Va and Vb products before gel-electrophoresis. Primers specific
for Cb1 or Cb2 were used to discriminate between both Cb genes. Positive PCR products were
cloned, and plasmid DNAs from at least 5 independent colonies were sequenced. Specific
primers were then used to amplify full length (fl) TCRa and b DNAs from CTL-derived cDNA. In
some cases (i.e., MA3/DP4 TCRb) primers were also used to amplify control TCR DNAs from a
spleen cDNA library. Standard primers were used to amplify the TCRa and TCRb DNAs and will
be provided upon request. TCRa and b genes were cloned as wild type TCRs into two separate pBullet retroviral vectors (49) (abbreviated as pB:TCRa+b) or as codon optimized TCRs
in a TCRb-2A-TCRa cassette in a single pMP71 vector (abbreviated as pMP71:optTCRb-2ATCRa, see Supplementary text and figures). The strategy we employed to clone MAGE-specific
TCRab genes and to test their surface expression and function following TCR gene transfer is
depicted in Figure 1A.

140

MC2/A2 and MA3/DP4 epitopes as melanoma immune targets

Transduction of human T lymphocytes
Human T lymphocytes of healthy donors were activated with anti-CD3 mAb and transduced
with retrovirus harboring either MAGE-specific or control TCRa and b transgenes. The trans-
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Figure 1. Cloning and validation of MC2/A2 and MA3/DP4 TCRab genes. A. Schematic representation
of how TCR DNAs have been cloned, typed for TCR-V(D)J gene usage, and tested in T cells following
gene transfer. B. TCR-V(D)J and C classification of the TCRa and b chains expressed by EB81-CTL16 and
R12-C9 according to http://imgt.org. The arrow before the Ja6.01 indicates a frame shift preventing
surface expression of this TCR-Va2 chain. Sequence data for human TCR-Va2, Va3 and Vb28 of EB81CTL16-derived TCR genes are available from GenBank under accession nos. EU427373, EU427374 and
EU427375, respectively; and sequence data for human TCR-Va38 and Vb22 of R12-C9-derived TCR genes
are available from GenBank under accession nos. EU427376 and EU427377, respectively.
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duction procedure was described by Lamers and colleagues (50) except that in the current
study TCR-encoding retroviruses were produced by a co-culture of 293T and Phoenix-Ampho
packaging cells. T cells were FACSorted using the corresponding p/MHC multimer prior to
functional assays. For some experiments the MA3/DP4 TCR transduced T cells were depleted
either for CD4 or CD8 T cells using anti-CD4 or CD8 mAb-coated and PE-labeled magnetic
beads, and MACS columns (Miltenyi, Bergisch Gladbach, Germany) according to the manufacturer’s instructions.

Flow cytometry of TCR-transduced T lymphocytes
MC2/A2 TCR-transduced T cells were analyzed for TCR expression by flow cytometry using
PE-labeled MC2/A2 pentamers (10 nM). MA3/DP4 TCR-transduced T cells were analyzed for
TCR expression by PE-labeled anti-TCR-Vb2 mAb, PE labeled MA3/DP4 tetramers (50 nM) and
anti-CD4 mAb. For immunostaining, 0.5 x 106 transduced T cells were washed with PBS and
incubated with MC2/A2 pentamer (or antibodies) at 4°C for 30 min or with MA3/DP4 tetramer
at 37°C for 2h. Upon completion of the immunostainings, cells were washed and fixed with
1% paraformaldehyde. Events were acquired and analyzed on a Cytomics FC-500 flow cytometer with CXP software (Beckman Coulter, Mijdrecht, The Netherlands).

Cytotoxicity assay
Cytotoxic activity of T cells was measured in a standard 6 h 51Cr-release assay as described
previously (51). Peptide loading of target cells was performed by addition of either MC2,
gp100 (control) or MA3 peptide (final concentrations at 10mM) for 15 min at 37 °C and 5% CO2
prior to co-cultivation with effector T cells.

Cytokine production
To quantify the production of cytokines after antigen-specific stimulation, 6x106 T cells were
cultured in the presence of 2x106 target cells for 18h at 37 °C and 5% CO2. As a positive control, T cell transductants were stimulated with PHA and PMA. Supernatants were harvested
and levels of IFN-g and TNF-a were determined by standard ELISA (Sanquin, Amsterdam, The
Netherlands).

CD4 T cell assay
CD4 T cell assays were based on dendritic cell:CD4 T cell co-cultures. To generate autologous
dendritic cells (DC), we used PBMC from the same HLA-DP4-positive donor that had been
used to generate MA3/DP4 TCR-transduced CD4 T cells. PBMC were MACS-enriched using
CD14 microbeads (Miltenyi Biotech), seeded at 106 cells/ml in RPMI 1640 medium without
HEPES and supplemented with glutamine, 10% FBS, 10 mg/ml gentamycine and the cytokines
GM-CSF (1000 IU/ml) and IL-4 (200 IU/ml). At day 6, cells were used as a source of immature
DC and incubated with MA3 protein (25 mg/ml) either in the absence or presence of TNFa
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(200 IU/ml) and PGE2 (5 mM) for an additional 2 days resulting in immature or mature MA3positive DC, respectively. DC maturation state was confirmed by flow cytometric analysis of
surface expression of CD80, CD86 and HLA-DR.
Immature or mature MA3-positive DCs were washed and added at 2x104 per roundbottomed microwell to 2x105 CD4 T cells in 200 ml T cell medium. After 4 days of DC:T cell
co-culture, supernatants were harvested and cytokine production was determined in culture
supernatants with Cytokine Bead Array (Th1/Th2 CBA kit; BD Biosciences) according to the
manufacturer’s instructions.

Results
Sequences of TCRab genes from MAGE-specific T cell clones
CD8 T cell clone EB81-CTL16 and CD4 T cell clone R12-C9, which were established from
melanoma patients following MAGE vaccinations, were used to obtain genes encoding for
MC2/A2 and MA3/DP4-specific TCRab’s. Sequence characterization revealed that EB81-CTL
16 harbored genes encoding TCR-Va2.01/Ja6.01/Ca, Va3.01/Ja35.01/Ca and Vb28.01/Jb16.01/Cb1, whereas R12-C9 harbored genes encoding TCR-Va38.02/Ja52.01/Ca and Vb2.01/
Db1.01/Jb1-2.01/Cb2 (Figure 1A). We found that the TCR-Va2.01/Ja6.01/Ca contained a
frame shift in the Ja region (Figure 1B). As a result there was a premature stop codon in the
constant domain and no surface expression of this TCRa chain (see Figure 2A). Figure 1B
shows the exact nucleotide and amino acid sequences of the various MAGE TCR chains and
their corresponding TCR-V(D)J and C classifications (according to www.imgt.org).

TCR-Va3/Vb28 chains confer T cells with the ability to bind MC2336-344/A2 ligands
Retroviral transduction of human primary T cells with the TCR-Va3Ca and Vb28Cb1 chains
but not with irrelevant TCRa and b chains (i.e., mock TCR) resulted in TCR surface expression
and binding to multimers of recombinant HLA-A2 molecules folded with MC2336-344 peptide
(Figure 2A). Enrichment of TCR-transduced T cells (TCR T cells) with MC2/A2 multimers by
FACSort resulted in higher proportions of T cells expressing the MC2/A2 TCR (30% versus 65%
pMHC binding prior and post sort; Figure 2B). TCR surface expression was stable for at least
three months (data not shown).

TCR-Va3/Vb28-transduced primary human T cells show antigen-specific functions
in vitro
To assess the antigen-specific cytolytic function of MC2/A2 TCR T cells, T cells were co-cultured
with the MC2/A2-positive tumor cell line, EB81-MEL-2. Figure 3A shows that if these tumor
cells were pre-treated with IFNg they were lysed by the TCR T cells. MC2 peptide-loaded HLAA2 positive B cells (BSM) were lysed very efficiently, whereas gp100 peptide-loaded B cells
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Figure 2. Primary human T cells transduced with TCR-Va3/Vb28 genes bind MC2/A2 pMHC.
The MC2/A2 TCR T cells were labeled with PE-conjugated MC2336-344/A2 pentamers before flow cytometric
analysis (solid lines). A. T cells transduced either with TCR-Va2Ca/Vb28Cb1, Va3Ca/Vb28Cb1 or control
TCRab genes (Mock), and not sorted for MC2/A2 binding. B. T cells transduced with TCR-Va3Ca/Vb28Cb1
genes and FACSorted with MC2/A2 pentamer. Results are from a representative transduction out of 6
transductions of PBMC from 2 donors with similar results.
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Figure 3. MC2/A2 TCR is functionally expressed by primary human T cells.
A. MC2/A2 TCR T cells lyse MC2/A2 positive target cells. TCR T cells were tested in a 6 h 51Cr-release assay.
The following target cells were used: MC2/A2-positive EB81-MEL-2 melanoma cells (derived from the
same patient from who the MC2 TCR was derived), pre-treated or not with IFNg, and A2-positive BSM
EBV-B cells, pulsed either with gp100 or MC2 peptide (both at 10mM final). Mock T cells did not lyse MC2/
A2-positive target cells (data not shown). Effector-to-target cell ratios are indicated on the X-axis and
specific 51Cr-releases are indicated on the Y-axis. B. MC2/A2 TCR T cells produce cytokines upon co-culture
with MC2/A2-positive target cells. T cell production of IFNg and TNFa (in pg/ml) were measured by ELISA
in supernatants harvested after an 18 h co-culture between T cells and the target cells described in legend
to Figure A. No cytokines were produced by T cells only or Mock T cells co-cultured with MC2-positive
target cells (data not shown). Measurements were performed in triplicate, and expressed as mean values
corrected for medium values. Data shown are from representative experiments out of 4 experiments from
2 donors with similar results.
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were not recognized. Additionally, TCR T cells produced IFNg but not TNFa in response to
IFNg pre-treated EB81-MEL-2 cells, although T cells produced both IFNg and TNFa in response
to MC2 peptide loaded cells (Figure 3B). No IFNg was produced by MC2/A2 TCR T cells in
response to MC2pos/A2neg tumor cells (Supplementary Figure 1B).

TCR-Va38/Vb2 chains provide T cells with the ability to bind MA3243-258/HLA-DP4
ligands
MA3/DP4 TCR-transduced T cells, whether or not depleted for either the CD4 or CD8 T cell
subset, expressed high levels of TCR-Vb2 (Figure 4A). Sorting the T cells after gene transfer
for high pMHC binding resulted in expressions that improved by a factor of two (21 and 26%
pMHC binding prior to sorting versus 48 and 44% post sorting for CD4 and CD8-depleted
T cells, respectively) (see Figure 4B). Mock T cells did not bind MA3/DP4 pMHC multimers.
Similar to the MC2/A2 TCR, MA3/DP4 TCR expression was stable for at least three months
(data not shown).

MA3/DP4 TCR T cells recognize antigen-positive B cells but not melanoma cells
natively expressing MA3 antigen
MA3/DP4 TCR T cells specifically lysed MA3/DP4 positive EBV B cells (EBV-MA3) (Figure 5A).
Depleting MA3/DP4 TCR T cells for CD8 T cells resulted in CD4 T cells with a cytotoxic capacity similar to that of non-depleted T cells (mainly being of the CD8 T cell subset). T cells
transduced with the TCRb chain of the MA3/DP4 TCR and a TCRa chain from a human spleen
cDNA library served as a negative control (referred to as Mock T cells) and did not lyse MA3positive B cells (Figure 5A). MA3/DP4 TCR T cells did not lyse MZ2-MEL43 melanoma cells,
which naturally express the MA3/DP4 antigen (Figure 5B). Pre-treatment with IFNg did not,
but addition of MA3 peptide did enhance killing of the MZ2-MEL43 melanoma cells by MA3/
DP4 TCR T cells (Figure 5C and D). Next, we showed that MA3/DP4 TCR T cells, but not Mock
T cells, produced IFNg and to a lesser extent TNFa in response to EBV-MA3 cells, with CD4
T cells as the predominant source of both cytokines (Figure 6A). It is noteworthy that TCR
CD4 T cells, but not the parental R12-C9 T cell clone, produced more IFNg than TNFa (Figure
6A). Responses of TCR T cells towards EBV-MA3 B cells were blocked with an anti-TCR Vb2
antibody, whereas those towards MA3pos/DP4neg tumor cells (Supplementary Figure 2B) and
MA3neg/DP4pos B cells were always negative (data not shown). T cells expressing MA3/DP4 TCR
(but not Mock) were able to respond to MZ2-MEL43 melanoma cells only when target cells
were pre-loaded with MA3 16mer peptide: this demonstrates that these melanoma cells can
be sensitized to peptide-specific T cell functions (i.e., cytotoxicity: data not shown; production of IFNg and TNFa: Figure 6B).
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Figure 4. Surface expression of MA3/DP4 TCR on human primary T cells following gene transfer.
Human primary T cells transduced with MA3/DP4 TCRab genes were stained with TCR-Vb2 mAb (in
which case non-stained MA3/DP4 TCR T cells served as a negative control since control TCRab genes also
comprise the TCR-Vb2 chain) (A) or MA3/DP4 tetramer (B) prior to analysis by flow cytometry. A. The
following T cells were analyzed: parental CD4 T cell clone R12-C9; TCR T cells, non-depleted (bulk); and
TCR T cells depleted for either CD8 or CD4 T cells. These T cell populations are not FACSorted. B. TCRtransduced T cells, depleted for either CD8 or CD4 T cells, and non-sorted or FACSorted with MA3/DP4
tetramer were analyzed. Results are from a representative transduction out of 4 transductions of PBMC
from 2 donors with similar results.
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Figure 5. MA3/DP4 TCR T cells specifically lyse MA3-transduced or peptide-loaded B cells, but not
MA3-positive melanoma cells.
A. MA3/DP4 TCR T cells specifically lyse DP4-positive B cells transduced with MA3-encoding cDNA. Human
T cells were tested in a 6 h 51Cr-release assay using EBV-MA3 target cells. The following effector T cells were
used: CD4 T cell clone R12-C9; MA3/DP4 TCR T cells, non-depleted T cells; MA3/DP4 TCR T cells depleted
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for CD8 T cells; or Mock T cells depleted for CD8 T cells. MA3-negative, DP4-positive B cells (BSM) were
not recognized by MA3/DP4 TCR T cells (data not shown). B. MA3/DP4 TCR T cells do not lyse MZ2-MEL43
melanoma cells, natively expressing MA3 and DP4. Effector T cells used were those described in legend
to Figure A. (C) MA3/DP4 TCR T cells do not lyse MZ2-MEL43 melanoma cells that are pre-treated with
IFNg. Target cells were MZ2-MEL43 cells that were either pre-treated with IFNg or not, and effector T cells
were MA3/DP4 TCR or Mock T cells. (D) MA3/DP4 TCR T cells lyse MZ2-MEL43 melanoma cells that are
pulsed with MA3 peptide. Target cells were MZ2-MEL43 cells that were either pulsed with MA3 peptide
or not, and effector T cells were MA3/DP4 TCR T cells. Measurements were performed in triplicate, and
expressed as mean values corrected for medium values. Data are from representative experiments out of
3 experiments with similar results.
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Figure 6. MA3/DP4 TCR T cells specifically produce IFNg and TNFa upon co-culture with MA3transduced or peptide-loaded B cells, but not MA3-positive melanoma cells.
Cytokine production is determined in supernatants of T cells after an 18 h co-culture with (A) DP4-positive B
cells transduced with Ii-MA3 cDNA (EBV-MA3) or (B) MZ2-MEL43 cells loaded with MA3 peptide or not.
A. Effector T cells were: the CD4 T cell clone R12-C9; MA3/DP4 TCR or Mock T cells, either non-depleted or
depleted for CD8 T cells. MA3-negative, DP4-positive B cells (such BSM) were not recognized by MA3/DP4
TCR T cells (data not shown). B. MA3/DP4 TCR or Mock T cells, non-depleted, were used as effector T cells.
Supernatants were harvested and analyzed for IFNg and TNFa by ELISA. Measurements were performed
in triplicate, and expressed as mean values corrected for medium values. Data are from representative
experiments out of 3 experiments with similar results.
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Figure 7. MA3/DP4 TCR CD4 T cells produce cytokines upon co-culture with MA3 protein-loaded
autologous dendritic cells.
MA3/DP4 TCR and Mock CD4 T cells were cultured with immature or mature autologous dendritic cells that
were either loaded with 25 mg/ml MA3 protein or not. After 4 days, supernatants were harvested and
analyzed for cytokine production by cytokine bead arrays. Cytokine production was not detected in case T
cells were cultured without dendritic cells (data not shown). Measurements were performed in duplicate,
and expressed as mean values. Data are from a representative experiment out of 2 experiments with
similar results.

MA3/DP4 TCR CD4 T cells produce cytokines upon co-culture with MA3 loaded
autologous monocyte-derived DC
Since MA3/DP4 TCR T cells are unable to directly recognize antigen-positive melanoma cells,
an ability that is generally expected only for anti-tumor CD8 T cells, we analyzed a more
typical CD4 T cell response that is based on (cross)presentation of tumor antigens by DC. To
this end, MA3/DP4 TCR and Mock CD4 T cells were co-cultured with immature or mature DC
derived from autologous monocytes using two different MA3 protein concentrations for DC
uptake. After 4 days, the production of various cytokines was determined in supernatants of
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the DC:T cell co-cultures. Upon co-culture with the MA3-protein-loaded DC, MA3/DP4 TCR
CD4 T cells (but not Mock CD4 T cells) produced significant amounts of IFNg (up to 1300 pg/
ml) and to a lesser extent TNFa, IL-2, IL-4 and IL-5 (Figure 7). MA3-specific production of IL-10
was negligible. T cell cytokine production was negligible or absent when either non-proteinloaded immature or mature DC or Mock T cells were used.

Discussion
Redirection of T cells towards tumor-specific yet clinically safe antigens holds great promise for the treatment of melanoma and other tumor types. In the current manuscript, we
have studied MAGE-C2/HLA-A2 (MC2/A2) and MAGE-A3/HLA-DP4 (MA3/DP4) as targets of
TCR T cells; besides being prevalent in the patient population, these antigens are uniquely
expressed by tumors and have proven value in initiating clinically effective CD8 and CD4 T
cell responses (23, 27, 28, 46).
MC2/A2 and MA3/DP4 TCRab genes were derived from T cell clones obtained from MAGE
vaccinated patients and were subsequently characterized following TCR gene transfer (see
Figure 1). The CD8 T cell clone EB81-CTL 16 expressed the MC2/A2 specific TCR-Va3 and TCRVb28 chains. Upon gene transfer, primary human T cells bound pMHC and demonstrated
MC2-specific T cell functions. TCR T cells killed and produced IFNg and TNFa upon co-culture
not only with MC2 peptide-pulsed HLA-A2-positive target cells but also native MC2-positive,
HLA-A2-positive melanoma cells (see Figures 2 and 3). T cell responsiveness towards native
MC2-positive, HLA-A2-positive melanoma cells (i.e., EB81-MEL-2 cells) was enhanced by IFNg
pre-treatment, which promotes antigen processing and surface expression of MHC and adhesion molecules. In fact, unlike other antigenic peptides, the MC2 epitope ALKDVEERV (i.e.
MC2336-344) requires immune proteasomes for proper processing and presentation to T cells
(52), supporting the value of MC2/A2 as a target for T cell therapy. The effective dose of MC2/
A2 peptide at which CD8 T cells demonstrate a half-maximal lytic response (i.e., ED50) is 0.75
nM (53). This value represents a measure of T cell avidity and lags somewhat behind in comparison to reported values for T cells expressing other MHC class I TCRs (range: 30-100 pM)
(54, 55), suggesting a lower to intermediate ligand-binding affinity of this TCR. Experiments
with mutated pMHC complexes that either prevent or enhance CD8a binding (according to
(56, 57); kindly provided by prof.dr. Andrew Sewell, University of Cardiff, Wales) confirm the
CD8-dependency of this MC2 TCR (data not shown).
The CD4 T cell clone R12-C9 expressed the MA3/DP4 specific TCR-Va38 and TCR-Vb2 chains,
which, upon gene transfer in primary human T cells, resulted in pMHC binding (see Figure 4).
In addition, MA3/DP4 TCR T cells, containing both CD8 and CD4 T cells (i.e., non-depleted),
specifically lysed and produced IFNg and TNFa upon co-culture with B cells either transduced
with MA3 antigen (Figures 5A and 6A) or loaded with MA3 peptide (data not shown). The
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extent of lysis, a typical measure for CD8 T cell function, was lowered when testing MA3/DP4
TCR CD4 T cells (i.e., depleted for CD8-positive T cells). The responsiveness of MA3/DP4 TCR T
cells towards MZ2-MEL43 cells, generally weak and not reproducible, was not enhanced by
IFNg pre-treatment of target cells, whereas T cells were clearly able to recognize melanoma
cells following loading with the MA3 16-mer peptide but not a core 12-mer peptide (TQGFVQENYLEY, i.e., MA3247-258) (Figure 5B, C, D and 6B). Collectively, these data argue that MA3,
like other nuclear proteins, may be inefficiently presented by tumor cells, and T cell responses
directed to tumor cells natively expressing MA3, such as those reported for T cell clones 22
and R12-57 (58, 59), are rare and difficult to reproduce. In fact, when screening a panel of 23
T cell clones including many patient R12-derived T cell clones, we were unable to identify a
single T cell clone that responded towards MZ2-MEL43 (data not shown). In this respect, it
is noteworthy that R12-derived CD4 T cell clones show a polyclonal response towards MA3/
DP4, with 50% of clonotypes sharing TCR-Vb12 gene (46). Thus, MA3/DP4 TCR T cells are able
to lyse antigen-positive target cells, but lysis becomes suboptimal in case (low levels of )
antigen is presented by tumor cells. The ED50 value of MA3/DP4 peptide in a CD4 T cell IFNg
assay is 30 nM (59). This value is in accordance with reported values for T cells expressing
other MHC class II TCRs (range: 40-200 nM) (20, 60). Notably, functional expressions of MHC
class II TCRs, such as reported for NY-ESO-1/DP4 TCR, may depend on the presence of the CD4
co-receptor (20) and are assessed by typical CD4 T cell assays, such as T cell proliferation and
cytokine production. In case of MA3/DP4 TCR, we also observed that antigen-specific IFNg
production is higher in T cells depleted for CD8 T cells (i.e., CD4 T cells) when compared to
non-depleted T cells (i.e., CD4+CD8 T cells, Figure 6A).
Anti-tumor responses more typical for CD4 T cells are induced by professional antigenpresenting cells, such as DC (reviewed in (61)). DC capture and process tumor antigens, and
cross-present MHC class II-restricted antigens to CD4 T cells. Following activation, these
CD4 T cells provide signals to DC that enhance antigen presentation and co-stimulation
(via cross-linking of CD40) and lead to priming of antigen-specific CD8 CTL function (62).
Importantly, activated CD4 T cells are a major source of IFNg, an effector cytokine with
potent tumor regressing activity via inhibition of tumor-induced angiogenesis or activation
of tumor-infiltrating macrophages (63-65). When analyzing DC-induced T cell responses, we
observed significant production of cytokines when immature or mature DC were loaded
with MA3 protein and used to stimulate TCR T cells (Figure 7). Decreasing the MA3 protein
concentration during maturation of the DC from 25 to 5 mg/ml resulted in only slightly lower
but almost comparable cytokine responses (data not shown). These findings extend the
observations with two other MHC class II-restricted TCRs specific for human antigens, i.e., NYESO1/DP4 and DBY/DQ5 (20, 66). MA3/DP4 TCR-transduced T cells produced high amounts of
IFNg, whereas TNFa, IL-2, IL-4 and IL-5 were produced to a lesser extent. IL-10 represents the
only cytokine with production levels being low (< 20 pg/ml) and not different between TCR
and Mock-transduced T cells (Figure 7). In addition, co-culture with MA3-positive DC resulted
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in up-regulated expression of T cell activation markers such as CD25 (IL-2Ra chain) as well
as enhanced T cell proliferation (data not shown). Analysis of DC phenotype and function
after co-culture with MA3/DP4 TCR T cells was not possible, since DC died at day 1 and 2
after start of co-culture and were completely lost at day 4, which was evidenced by light
microscopy and lack of IL-12 production and suggested direct killing of DC by TCR T cells.
Our observation that MA3/DP4-specific CD4 T cells recognize MA3-protein-loaded DC rather
than MZ2-MEL43 melanoma cells implies that these CD4 T cells yield anti-tumor activity in
vivo following cross-presentation by professional antigen presenting cells. The therapeutic
benefit of antigen-specific IFNg production have initiated studies in which CD4 T cells were
used as recipient T cells for MHC class I-restricted TCR. Not only can CD4 T cells be functionally
endowed with MHC I-restricted TCR via gene transfer (19, 67, 68), genetic co-introduction of
CD8a skews TCR-engineered T cells towards an antigen-specific Th1-type T cell response (69).
Vice versa, the introduction of a MHC class II TCR and CD4 co-receptor in CD8 T cells may lead
to the generation of T cells with combined helper and effector T cell functions (66).
In extension to our results with wild type MC2 and MA3 TCRs, we have tested gene optimization, a transgene cassette and another retroviral vector to enhance functional expression of
TCR transgenes (70-72). To this end, we have cloned codon-optimized MC2 and MA3 TCRs in
TCRb-2A-TCRa cassette-containing pMP71 vectors, and demonstrated significant TCR surface
expression and MAGE-specific IFNg production by CD3 mAb-activated and transduced PBMC
(note that results with pMP71:optTCRb-2A-TCRa reflect bulk, non-sorted T cells, Supplementary Figures 1 and 2). In preparation of clinical studies, we propose the following additional
strategies to enhance the therapeutic efficacy of T cells gene-engineered with MC2 and MA3
TCRs. First, administration of common-g cytokines, such as a combination of IL-15 and IL-21,
to cultures of TCR T cells prior to patient infusion will yield T cells that show limited T cell
differentiation and are better equipped to persist and function in vivo ((73); Lamers, Manuscript in preparation). Second, we propose pre-conditioning of patients that, apart from non
myelo-ablative treatment with cyclophosphamide and fludarabine (1), includes treatment
with the DNA hypomethylating agent 5-AZA-CdR. Such treatment, already used clinically, is
reported to enhance expression of MAGE antigens and HLA in melanoma (26, 74). And third,
co-treatment with MC2 TCR-transduced CD8 and MA3 TCR CD4 T cells may be of particular
interest to boost anti-tumor immunity and counteract selected growth of epitope-negative
tumor variants. In fact, we have recently demonstrated that single-epitope targeting of melanoma by TCR-engineered T cells results in highly effective but transient regression in HLA-A2
transgenic mice and that more effective strategies likely require multi-epitope targeting
(Straetemans, Manuscript submitted). The proposed dual-epitope targeting approach may
prove especially effective for CTA epitopes because of their co-regulated expression pattern
in tumor cells, with the vast majority of tumor cells expressing two or more CTAs (75). Testing
of cell lines derived from tumors other than melanoma have started in our laboratory, and

151

Chapter 5

may provide a preclinical rationale to extend the proposed treatment to non-melanoma
tumors.
In short we have cloned and in vitro validated two MAGE-specific TCRs that warrant clinical
testing in TCR gene therapy in melanoma patients and in other patients with cancers expressing the MC2 and MA3 antigens.
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Supplementary text and figures
Additional tumor cell lines
Breast carcinoma cell line EVSA-T (MC2pos/A2neg) and esophagus carcinoma cell line TE-4 (MA3pos/DP4neg) served as negative control cell lines in T cell assays, and were cultured with DMEM
with 10% Fetal Bovine Serum, glutamine, antibiotics and 1% MEM non-essential amino acids.

Additional TCR constructs
MC2/A2 and MA3/DP4 TCRa and b genes were codon optimized (GeneArt, Regensburg,
Germany) and cloned into the pMP71 vector (kindly provided by prof. Wolfgang Uckert, MaxDelbrück Center, Berlin, Germany), with TCRb and TCRa genes separated by an optimized T2A
ribosome skipping sequence (abbreviated as pMP71:opt TCRb-T2A-a). TCRs were introduced
into T cells and analyzed for surface expression, pMHC binding and TCR-mediated IFNg
production (Supplementary Figures 1 and 2). MC2/A2 TCR surface expression was measured
with a FITC-labeled anti-TCRVb28 mAb (clone CH92, Beckman Coulter) or MC2/A2 PE-labeled
pMHC tetramers in combination with either anti-CD3 mAb or a combination of anti-CD3
and CD8 mAbs. MA3/DP4 surface expression was measured with a PE-labeled anti-TCRVb2
mAb or MA3/DP4 PE-labeled pMHC tetramer in combination with either anti-CD3 mAb or a
combination of anti-CD3 and CD4 mAbs.
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Figure S1. Codon-optimized MC2 TCR genes are functionally expressed in T cells.
A. Surface expression of codon-optimized MC2 TCR genes in PBMC. PBMCs were activated by anti-CD3
mAb and transduced with pMP71:opt MC2/A2 TCRb-2A-a or control genes (i.e., pSTITCH: CAIX CAR:CD4g
(1), termed Mock T cells). CD3 and CD3, CD8-positive T cells were analyzed for TCRVb28 expression and
MC2/A2 pMHC binding by flow cytometry. B. MC2/A2-specific IFNg production by PBMC transduced
with codon-optimized MC2 TCR genes. Target cells were: MC2-positive, A2-positive EB81-MEL-2
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melanoma cells; MC2pos/A2neg EVSA-T breast carcinoma cells, both pre-treated with IFNg; or BSM B cells
loaded with gp100 or MC2 peptide. Effector T cells were MC2/A2 TCR or Mock T cells (as in Figure S1A).
T cells only were included as an additional control. Supernatants were harvested after 20 h co-culture
between effector T cells and target cells, and analyzed for the presence of IFNg by ELISA. Data are from
representative experiments out of 15 experiments from 5 donors with similar results.
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Figure S2. Codon-optimized MA3 TCR genes are functionally expressed in T cells.
A. Surface expression of codon-optimized MA3 TCR genes in PBMC. PBMCs were activated by anti-CD3
mAb and transduced with pMP71:opt MA3/DP4 TCRb-2A-a or control genes (i.e., pMP71:opt MC2/
A2 TCRb-2A-a, termed Mock T cells). CD3 and CD3, CD4-positive T cells were analyzed for TCRVb22
expression and MA3/DP4 pMHC binding by flow cytometry. B. MA3/DP4-specific IFNg production by
PBMC transduced with codon-optimized MA3 TCR genes. Target cells were: MA3-positive B cells (EBVMA3); MA3-negative B cells (EBV-MAGJ); MZ2-MEL43 melanoma cells loaded with MA3 peptide or not (all
HLA-DP4-positive cells) and MA3pos/DP4neg TE-4 esophagus carcinoma cells. Effector T cells were MA3/DP4
TCR or Mock T cells (as in Figure S2A). T cells only were included as an additional control. Supernatants
were harvested after a 20 h co-culture between effector T cells and target cells, and analyzed for the
presence of IFNg by ELISA. Data are from representative experiments out of 6 experiments from 2 donors
with similar results.
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Currently, TCR gene therapy is challenged by a lowered therapeutic efficacy compared to
adoptive TIL therapy and treatment-related toxicity. In an effort to address these challenges,
this thesis describes the assessment of TCR gene therapy directed against human antigens in
relevant pre-clinical mouse models (chapters 3 and 4) and the characterization of clinically
relevant TCRs that target highly tumor-restricted antigens (chapter 5). In paragraph 6.1 to 6.3
the major conclusions of chapters 3 to 5 are discussed and put into a clinical perspective. In
paragraph 6.4, I propose how potential therapeutic strategies can be implemented in a future
clinical trial of TCR gene therapy.

6.1 Immune-deficient mouse models for TCR gene therapy
Chapter 3 presents an overview of immune-deficient mouse tumor models for the evaluation
of receptor gene therapy. To our knowledge, successful treatment of human solid tumors
with TCR-engineered T cells (TCR T cells) administered systemically has not yet been reported
in immune-deficient mice. To obtain an immune-deficient melanoma mouse model for TCR
gene therapy that provides translational value for future clinical trials, we targeted human
melanoma tumors with both human and mouse T cells.

6.1.2 Human TCR T cells in immune-deficient mice
We used human TCR T cells that were processed according to protocols currently used in
clinical TCR gene therapy trials. Different parts of the protocol were tested for their effect on
the anti-tumor T cell response, including T cell dose and the degree of immune-deficiency. To
this end, we have performed tests in both conventional SCID mice that were conditioned by
different regimens and in NOD.SCID/il-2rg-/- (NSG) mice that are more deficient with respect
to their immune system.

Major Findings Chapter 3, part 1
In immune-deficient melanoma-bearing mice, human TCR T cells:
•

Migrate to and accumulate at the tumor site immediately after transfer.

•

Disappear gradually and are completely absent from the tumor site 72h after
transfer.

•

Do not persist in the peripheral blood of conventional SCID mice treated with
different conditioning regimens, nor in NSG mice.

•

Do not affect tumor growth in conventional SCID mice treated with different
conditioning regimens, nor in NSG mice.

•

Exhibit pre-dominantly (>90% of infused CD8+ T cells) a late differentiation T
cell phenotype, a property that is related with compromised T cell persistence
and diminished function in vivo.
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Peripheral persistence of tumor specific T cells after adoptive transfer is the net result of
proliferation and cell death of transferred T cells in vivo and is correlated with tumor regression in patients with melanoma (1-4). T cell proliferation and rescue from cell death depend
on T cell activation and co-stimulation, and transferred T cells that persist in responding
patients express high levels of the T cell co-stimulatory molecules CD27 and CD28 (1). T cell
proliferation without co-stimulation can result in enhanced T cell differentiation, which is
inversely related with T cell persistence (5-7). Notably, systemic treatment of solid tumors
with Chimeric Antibody Receptor engineered T cells (CAR T cells) in immune-deficient mice
(that were not pre-treated) proved successful and T cells. When comparing successful studies
with CAR T cells with our results, one can identify parameters of interest that may improve
future studies with TCR T cells. First, studies with CAR T cells were performed with lentivirally transduced T cells cultured for up to 10 days until transfer (8, 9), whereas our study was
performed with retrovirally transduced T cells cultured for 3 to 4 weeks. The shorter T cell
transduction and culture protocol resulted in less differentiated T cells with longer telomeres
at the time of adoptive transfer (8). Second, CARs incorporate co-stimulatory molecules, such
as CD28 and TNF receptor superfamily members CD134 (OX-40) and CD137 (4-1BB), generally
in tandem with CD3z (8, 10-13), wheras TCRs are generally used as wild type transgenes that
lack co-stimulatory molecules. Since tumor cells usually lack co-stimulatory ligands, addition
of these molecules provides CARs to mediate co-stimulatory signals upon tumor recognition.
Co-stimulatory CARs induced regression of solid tumors in immune-deficient mice whereas
the same receptors without the co-stimulatory domains did not or significantly less (8, 9, 1416). In particular, CARs containing CD137 proved to increase the persistence of T cells in NSG
mice, which was demonstrated for three different antigens, namely the folate receptor-a in
ovarian cancer (9), mesothelin in mesothelioma (8), and CD19 in leukemia (17). In addition to
pre-clinical studies, a recent clinical study of CAR T cell therapy has used co-stimulatory CAR
T cells to target the CD19 antigen on B cell leukemia in patients with high tumor burden and
refractory to standard treatment. CAR T cell treatment resulted in complete clinical responses
and long-term persistence of CAR T cells in 2 out of 3 patients (18, 19). This study made use
of a CD19-specific CAR:CD137-CD3z, whereas other studies targeting B cell leukemia also
reported encouraging clinical responses using CD19-specific CAR:CD28-CD3z (20, 21).
Based on above mentioned studies, it is fair to state that strategies that limit T cell differentiation and/or enhance T cell co-stimulation are expected to increase persistence and antitumor responses of TCR T cells. Below I have described 2 of such strategies that are developed
and tested in our laboratory.
1) T cell processing methods
One way to obtain less differentiated T cells is to minimize T cell activation necessary for
retroviral gene transfer (22, 23). Along this line, we have showed that activation of primary
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murine T cells with soluble anti-CD3/CD28 monoclonal antibodies (mAbs) halted T cell differentiation and improved antigen-specificity of T cell responses compared to activation
with immobilized anti-CD3 and CD28 mAbs (24). A second way to obtain a preferred T cell
phenotype and function may be to expose T cells to common-g cytokines other than IL-2.
Recent studies suggest that cytokines such as IL-7, IL-15 and IL-21 play important roles in
T cell differentiation (25-27). We observed that short-term exposure of primary murine T
cells to IL-21, and to a lesser extent a combination of IL-15 and IL-21, resulted in a significant
enrichment of T cells with a more naïve T cell phenotype (24). These T cells express high levels
of the lymph node homing molecules CD62L and CCR7, low levels of the T cell activation
marker CD44, and intermediate levels of the co-stimulatory molecule CD27. Moreover, IL15 plus IL-21 enhanced antigen-specific T cell cytotoxicity and accelerated the kinetics and
levels of T cell IFNg (24). In extension to data with primary murine T cells, experiments with
PBMC from healthy human donors demonstrated that T cell activation using soluble CD3 and
CD28 mAbs, and addition of IL-15 plus IL-21 from the start of T cell activation induces T cells
with a preferred phenotype and function in vitro (Lamers, manuscript in preparation). These
T cells demonstrated enhanced binding of pMHC, contain an enhanced proportion of CD8+,
CD27+, CD62L+, CD45RA+ T cells, and a lowered proportion of CD4+, CD25+, CD127- T cells
and mediated enhanced T cell cytotoxicity.
2) TCR format incorporating co-stimulatory domains
With respect to modifications of the TCRαβ format, our preliminary work demonstrates that
a cassette constituting the transmembrane and intracellular domains of CD28 coupled to the
intracellular domain of CD3e (i.e. TCR:CD28-CD3e) prevents TCR mispairing and significantly
enhances antigen-specific T cell function.
Results in chapter 3 were in accordance with the limited success rate of clinical studies using a comparable protocol for the production of receptor gene engineered T cells (28-30).
Granted that observed anti-tumor responses of TCR T cells are disappointing, we conclude
that immune-deficient mouse models may represent valid models to test strategies to enhance persistence and anti-tumor effects of human TCR T cells.

6.1.3 Mouse TCR T cells in immune-deficient mice
We have tested whether mouse TCR T cells were able to affect melanoma tumor growth in
conventional SCID mice, as has been reported for CAR T cells (10, 31-34).
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Major findings chapter 3, part 2
In immune-deficient melanoma-bearing mice, mouse TCR T cells:
•

Mediate a xeno-specific anti-tumor response resulting in clearance of established
human melanoma (with volumes up to 700 mm3) independent of the presence of
the TCR transgene.

•

Undergo homeostatic proliferation and persistence.

•

Are present at the margins of regressing melanoma tumors and are predominantly
(but not exclusively) of the CD4+ T cell subset.

•

Show improved T cell responses upon T cell activation, retroviral transduction or IL-2
support, although these T cell manipulations are not required per se for effective T
cell responses.

High MHC class I expression levels on human tumors, necessary for efficient TCR T cell recognition and anti-tumor responses, may be responsible for the xeno-reactive response of mouse
T cells (35). In contrast to TCR T cells, CAR T cells are not dependent on high MHC expression
and using tumor cells with low MHC class I expression creates a window of opportunity for
the use of mouse CAR T cells. Overall, and shown here for two different SCID strains and two
tumor cell lines, we conclude that adoptive transfer of mouse TCR T cells in immune-deficient
mouse models does not represent a valid pre-clinical model for TCR gene therapy.

6.2 Immune-competent mouse melanoma model for TCR gene
therapy
In chapter 4 we describe an immune-competent, HLA-A2 transgenic (tg) mouse model to
assess TCR gene therapy directed against a human melanoma antigen. Our TCR gene therapy
protocol combined chemotherapeutic conditioning with Busulfan and Cyclophosphamide
(Bu/Cy) with adoptive transfer of gp100/HLA-A2 (gp100/A2) TCR-engineered T cells directed
against mouse B16 melanoma cells expressing human gp100/HLA-A2. Using this model, we
determined the anti-tumor efficacy of TCR T cells and addressed the exact contribution of
target antigen expression to the occurrence of tumors relapse.
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6.2.1 Major findings of the HLA-A2tg melanoma mouse model
Major Findings Chapter 4
In immune-competent HLA-A2tg mice, TCR T cells:
•

Prevent tumor growth in up to 70% of mice in a dose-dependent manner.

•

Cure tumors in 10-20% of mice.

•

Caused near to complete tumor regression followed by tumor relapse in 80-90% of
mice.

•

Are present at detectable levels in peripheral blood until 2-3 weeks after T cell transfer.

•

Generate functional memory T cells in case of tumor prevention or cure.

•

Do not result in ‘de novo’ generation of antigen-negative tumor cells, on the contrary,
antigen-negative tumor cells are selected from pre-treatment variants by TCR T cells.

•

Do not induce genetic or epigenetic changes of the antigen gene nor affect functional expression of surface antigen.

•

Do not, when administered as a second treatment against relapsed tumors, enhance
tumor cures.

•

Do not induce a spread of new immunogenic antigens.

Notably, percentages of cured mice are comparable with complete response rates that have
been reported in recent TCR gene therapy trials treating patients with metastatic melanoma
(36). In our model, we observed that besides tumor cures, tumors mostly relapse. These
relapsed tumors resist a second T cell treatment. Clinical TCR gene therapy is also faced with
tumor relapse and resistance, hurdles that need to be taken before long-term cure of these
patients becomes feasible. The immune-competent HLA-A2 tg mouse melanoma model,
described in this thesis, provides a fair representation of the clinical setting and may constitute an important tool to test additional strategies or treatments to increase the efficacy of
TCR gene therapy. Next, I will first discuss the characteristics of our mouse model. Then I will
discuss how antigen-negative and positive tumor variants have escaped T cell treatment and
how supportive treatments may lead to more durable responses.

6.2.2 Characteristics of HLA-A2tg melanoma mouse model
Development of an immune-competent mouse model for TCR gene therapy with highly
avid T cell responses against a human melanoma antigen was based on the following three
features (see Figure 1):
First, a B16:A2-YLEP mouse melanoma cell line has been engineered to express a chimeric
molecule composed of the a1 and a2 domains of HLA-A2 and the a3 domain of a mouse
MHC class I molecule, H2-Kb. This HLA-A2/Kb fusion molecule was genetically linked to the
human gp100280-288 epitope (and referred to as A2-YLEP) to constitute a target antigen for T
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cell treatment. This approach intended to circumvent the poor antigen processing and presenting machinery of B16 melanoma cells (37). Indeed, B16:A2-YLEP cells induced enhanced
antigen recognition and IFNg production by TCR T cells in vitro when compared to B16 cells
with HLA-A2 and either wild type or an anchor residue-modified gp100 expressed from
separate vectors. Numerous B16:OVA cell lines that are gene-engineered to express complete
ovalbumin protein have been reported to evoke robust responses by high affinity OTI/II TCR
T cells in vitro and in vivo (38, 39). Funtional antigen recognized by TCR T cells implies that
OVA antigens can be processed and presented by mouse MHC molecules. Possibly, B16 cells,
despite the expression of tg HLA-A2 have more difficulty to correctly process and present human antigen. Importantly, in vivo growth kinetics of B16:A2-YLEP cells in HLA-A2 transgenic
mice were comparable to those of B16WT cells, suggesting that the A2-YLEP antigen did not
evoke an endogenous immune response.
Second, the gp100/HLA-A2 specific human TCR (from clone 296,(40)) has been murinized
(i.e. the human TCR variable domains coupled to murine TCR constant domains) to enable
expression by mouse T cells. Murinized gp100/A2 TCRa and b sequences (41) were codon
optimized and cloned into the pMP71 retroviral vector in a TCRb-2A-a configuration. TCR
surface expression and gp100/A2 pMHC-binding by T cells were significantly higher when
compared to non-optimized or optimized TCRa and b chains that were expressed from separate vectors. The use of a human TCR targeting a human tumor epitope provides translational
value and allows validation of clinically relevant TCRs in an immune competent setting. In
example, a model presented by Koya and colleagues was used to study the biodistribution
of adoptively transferred T cells directed against human tyrosinase in HLA-A2tg mice and
demonstrated the therapeutic efficacy of a combination of T cells, dendritic cells and IL-2 (42).
It is of note that the human variable domains of the TCR may induce immune responses in
immune-competent mice resulting in limited T cell persistence and function as observed for

melanoma tumor
B16: A2-YLEP

gp100/A2 TCR T cells

s.c.

i.v.

gp100/A2

HLA-A2tg mice

i.p.
Busulfan / Cycolophosphamide conditioning
Figure 1. Schematic overview of the immune competent HLA-A2tg melanoma model
s.c.= subcutaneous, i.v.= intravenous, i.p.=intraperitoneal injections
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mouse antibody sequences in patient studies with CAR T cells (43). Although our studies in
chapter 4 do formally not proof lack of an immune response against the human sequences in
the TCR transgene, the inclusion of chemotherapy and the detection of functional memory
TCR T cells in cured mice argue against such a response.
Third, injections of Busulphan and Cyclophosphamide (Bu/Cy) were included to condition
mice before T cell transfer. Bu/Cy treatment resulted in a clear, but transient, reduction of
absolute numbers of T, B, NK and dendritic cells and enhanced anti-tumor T cell responses.
This is in line with enhanced anti-tumor responses reported in both pre-clinical models and
clinical trials, where adoptive T cell transfer was preceded by irradiation or chemotherapy
(3, 38, 44). Mechanisms that contribute to the role of conditioning have been extensively
studied and include: 1) elimination of cytokine ‘sinks’, i.e., those cell types that consume
homeostatic cytokines including IL-7 and IL-15, which increases the availability of these cytokines for adoptively transferred T cells; 2) depletion of suppressor cells, such as T regulatory
T cells (Treg); 3) activation of antigen presenting cells (45, 46); 4) general activation of the
immune system caused by the release of ‘danger signals’ such as microbial translocation and
the release of lipopolysaccharide following damage to the gastrointestinal tract (47); and
5) direct cytotoxic effects on tumor cells which increase their immunogenicity and result in
release of antigens from dying tumor cells (48-50).

6.2.3 Tumor relapse
Antigen-negative tumor variants
As described in chapter 4, antigen-negative tumors are selected from rare, yet pre-existing
tumor variants and their occurrence does not depend on ‘de novo’ gene loss or genetic
changes. Frequencies of antigen-negative tumor cells in pre-treatment tumors as low as
0.0002% (i.e. to 1 in 500,000 cells) can increase up to 100% in relapsed tumors following T
cell treatment. The significant driving force of T cell selection, although not novel in itself,
is generally not taken into account when assessing the genetic status of antigens from heterogeneous tumors. Therefore, we would prefer to use the term ‘antigen-negative’ variants
rather than ‘antigen-loss’ or ‘tumor escape’ variants unless evidence is provided for active
cancer immune-editing.
Antigen-positive tumor variants
Also described in chapter 4, antigen-positive tumor cells, present in relapsed tumors, show
intact antigen genes, no change of promoter methylation and sustained levels of functionally expressed antigen. These observations extend the cancer immuno-editing hypothesis,
whereby tumor growth is controlled by T cells until tumors escape and become edited and
grow into large cancers (51, 52). Originally, this hypothesis proposed the loss of immunogenicity by tumor cells as a fundamental driver of accelerated tumor growth. In fact, our data
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argue that in T cell-treated tumors, loss of immunogenicity does not need to be a driving
mechanism in escaping tumors.

6.2.3.1 Potential explanations for tumor relapse
Antigen spreading and cross-presentation
Durable anti-tumor T cell responses may need involvement of endogenous T cell specificities
directed against the tumor, besides gp100 YLEP/A2, referred to as antigen spreading. Also,
durable anti-tumor T cells responses may rely on presentation of the tumor target antigen on
non-malignant cells, i.e. the tumor stroma, referred to as cross-presentation. Upon an initial
immune response, antigen spreading and cross-presentation have both been implicated to
broaden the response to tumor antigens (53-59). In example, antigen spreading has been
reported in a patient with metastatic melanoma in which transfer of NY-ESO-1 specific CD4+
T cells resulted in durable clinical remission. In addition to NY-ESO-1 specific T cells, T cells
directed against melanoma antigens MART-1 and MAGE-A3 weredetected in the patient’s
blood (54). Also, Spiotto and colleagues demonstrated complete T cell-mediated eradication
of tumor cells in case sufficient antigen is released from tumor cells, taken up and crosspresented by tumor stromal cells (58). Interestingly, in the latter model, also antigen-negative
tumor cells were eradicated through indirect bystander killing. However, in tumor-bearing
HLA-A2tg mice that became tumor-free upon treatment with TCR T cells, we were unable to
detect T cell responses to B16 antigens other than gp100/A2. We were also unable to demonstrate that tumor cells that express the complete human gp100 protein, and thus allow
cross-presentation of HLA-A2-restricted gp100 epitopes, evoke an enhanced anti-tumor T
cell response when compared to tumor cells that lack human gp100 protein. Although the T
cell repertoire of the HLA-A2 tg mice may be biased and we formally do not know whether
sufficient numbers of the non-YLEP epitopes are available through the mouse antigen
processing pathways, these results imply that, at least in our model, antigen spreading and
cross-presentation do not explain tumor cure.
Immune suppressive mechanisms induced by tumors
Another potential explanation for tumor relapse may relate to the T cell inhibitory activity of
the tumor milieu (60, 61). There is an increasing body of evidence that tumor cells are very
well capable of avoiding an immune response or disabling effector T cells, both resulting in
progressive tumor growth (62-64). In fact, tumors employ a wide array of mechanisms to
evade T cell responses, which include but are not limited to the following:
•

Recruitment or induction of immune suppressive cells such as Treg cells (65) and
myeloid-derived suppressor cells (MDSC) (66, 67). Immune suppressor cells can reduce T
cell infiltration into the tumor and suppress local T cell responses by: 1) release of reactive
nitrogen and oxygen species (68, 69); 2) by expression of indoleamine 2,3-dioxygenase
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(IDO) and arginase that depletes amino acids such as tryptophan and L-arginine (70-72);
and 3) production of cytokines such as TGF-b, IL-4 and IL-13 (73).
•

Cognate interactions between tumor cells and tumor infiltrating T cells may result in decreased proximal TCR signaling by a limited expression of CD3z and the p56lck and p59fyn
tyrosine kinases in T cells (63, 74).

•

Expression of T cell inhibitory molecules that activate signaling pathways such as CD80/
CD86-CTLA-4 (Cytotoxic T-Lymphocyte Antigen-4), PD-L1/PD-1 (Programmed Death (Ligand) 1), galectin-9/TIM-3 (T cell Immunoglobulin Mucin 3), MHC II/LAG-3 (LymphocyteActivation Gene 3) and HVEM/BTLA (Herpes Virus Entry Mediator / B and T-lymphocyte
Attenuator) (75-80).

What lines of evidence would support local immune suppression as an explanation for tumor
relapse? In our melanoma mouse model, progression of tumors was found in a curative
rather than in a preventive setting. Moreover, regressed tumors showed enhanced levels of
surface-expressed antigen, yet induced decreased production of T cell IFNg (see chapter 4).
It is generally accepted that anti-tumor immune responses coincide with local production
of cytokines, such as IFNg, TNFa by cytotoxic CD8 T cells, T helper-1 CD4 T cells, and NK cells
(81, 82), which result in increased antigen presentation by tumor cells. At the same time,
tumor regression may initiate negative feedback mechanisms (as listed above) that are
responsible for an impaired T cell function and tumor relapse. Notably, relapsed tumors have
remained their immunogenicity and ability to induce T cell IFNg ex vivo, yet are not sensitive
for a second T cell treatment in vivo. These data suggest that relapsed tumors in contrast to
regressed tumors have a microenvironment that limits T cell infiltration rather than T cell
functions, a hypothesis that is currently under investigation. Our results with respect to
preservation of tumor immunogenicity are in line with two other models in which tumors
remain immunogenic at advanced stages, one with inducible autochthonous lung tumors
and another with inducible ovarian carcinoma (83, 84). These two models demonstrate that
T cell responsiveness weakens as a consequence of T cell exhaustion and local immune suppression. The contribution of tumor-induced immune suppression has recently been added
to the cancer immuno-editing model (85).

6.2.3.2 Supportive treatments to prevent or limit tumor relapse
Chapter 1.2, Table 3, provides an extensive list of strategies that manipulate T cell and tumorrelated factors to enhance the therapeutic efficacy of TCR gene therapy and prevent or limit
tumor relapse. Some of these strategies have already been applied in our HLA-A2tg mouse
model, such as optimal design of vector, TCR transgenes and chemotherapeutic conditioning regimen. Other strategies and supportive treatments that are considered promising and
referred to in paragraph 6.3 and 6.4 include: T cell processing protocols that yields T cells of
a preferred phenotype (see also paragraph 6.1); affinity maturation of TCR-variable domains
to increase T cell avidity; the use of epigenetic drugs to enhance the expression of target
antigens, such as MAGE antigens. Here, I will expand on such strategies and supportive
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treatments that enhance either the effector function of TCR T cells or target the immune
suppressive tumor environment.
Induction of tumor cell death
Irradiation and chemotherapeutic conditioning induces not only lymphodepletion but also
tumor cell death and increased availability of tumor antigens for presentation and activation
of the immune system. Along this line, enhanced anti-tumor effects may be obtained in case
TCR gene therapy will be preceded by targeted therapy for cancer using small-molecules
such as BRAF-inhibitors (PLX4032 and others) (reviewed in (86)). These molecules have
recently been reported to specifically target signaling routes in melanoma and induce fast
clinical responses (87, 88). Although, treatment with BRAF-inhibitors results in only moderate increases in tumor free survival, the induction of tumor cell death and tumor antigen
presentation with BRAF-inhibitors prior to transfer of TCR T cells may improve durable clinical
responses.
Enhance tumor recruitment and activation of innate immune cells
An immune suppressive tumor milieu may shift to an immune potentiating milieu by the recruitment and local activation of innate immune cells. In addition to tumor-specific receptor
genes, T cells can be engineered with genes encoding effector molecules and used as gene
delivery vehicles for these molecules. Recently, studies have shown that CAR T cells geneengineered to release the cytokine IL-12 enhanced the therapeutic efficacy of CAR T cells
(89, 90). Notably, it has been reported that CAR T cells that express IL-12 under the control of
the Nuclear Factor of Activated T cell (NFAT) promoter, and deliver IL-12 locally in the tumor
environment upon encounter of cognate antigen, induce destruction of antigen-negative
cancer cells (89). The increased anti-tumor effect is likely the result of a reversion of the suppressive tumor milieu to a more acute inflammatory milieu that stimulates T cell effector
functions (91). In particular, locally delivered IL-12 recruits and activates innate immune cells
(i.e. monocytes) (89). Induced (i)IL-12 CAR T cells result in only transient toxicity, whereas CAR
T cells that constitutively deliver IL-12 result in systemic toxicity (90). To improve TCR gene
therapy it may be worthwhile to investigate the inducible T cell expression of other cytokines
that, such as IL-12, induce a T helper type-1 response.
Enhance tumor recruitment of T cells
The immune suppressive tumor environment inhibits efficient trafficking and infiltration
of tumor-specific T cells. T cells engineered to express chemokine receptor, CXCR2, show
enhanced trafficking towards tumor cells secreting the corresponding chemokine ligand,
CXCL1 (92). In xenograft tumor models of mesothelioma and neuroblastoma the genetic
introduction of CCR2 in CAR-engineered T cells resulted in increased T cell infiltration in tumors secreting CCL2 and was associated with significantly increased anti-tumor activity (14,
93). In addition to chemokines, one can also target IDO or reactive nitrogen species (RNS) to
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enhance T cell accumulation at the tumor site. Inhibition of IDO blocks tryptophan depletion,
enhances T cell accumulation at the tumor site and delays tumor growth (71). RNS induce TIL
unresponsiveness (94), nitration of the TCR complex (95) and modification of the chemokine
CCL2 (69). Drugs affecting the local production of RNS restore TIL function and improve intratumoral T cell migration (69, 94).
Enhance T cell effector functions
T cell effector functions can be enhanced along the following lines: First, selective blocking
of (a combination of ) T cell inhibitory molecules such as PD-1, CTLA-4, BTLA-1 or TIM-3 may
increase therapeutic efficacy. In example, clinical trials that target T cell inhibitory molecules,
such as CTLA-4 and PD-1, enhanced anti-tumor T cell responses and demonstrated clinical
benefit (96, 97). In contrast to systemic administration of blocking antibodies, more specific
targeting of TCR T cells with PD-1 siRNA (98) may represent a more elegant approach. Second,
the local delivery of (a combination of ) T cell activation molecules may enhance anti-tumor
responses. In example, delivery of cytokines using T cells coated with IL-15 and IL-21 containing liposomes enhanced anti-tumor T cell responses (99). And finally, inhibition of T
cell suppressive cytokines, such as TGF-b may be another interesting strategy. The genetic
introduction of a dominant-negative TGF-b receptor II in TCR T cells has increased anti-tumor
T cell responses in a spontaneous tumor model of prostate cancer (G. Bendle, personal communications).
Target multiple antigens simultaneously
The simultaneous activation of CD4 and CD8 T cells may result in enhanced anti-tumor T cell
responses. In current TCR gene therapy trials, single MHC class I restricted tumor antigens are
targeted, which results in mono-specific CD8 T cell responses. Clinical responses observed
with adoptive therapy of TILs, containing T cells specific for multiple antigens, are generally
better when compared to clinical trials with mono-specific TCR T cells (see chapter 1.1 Table
1). For future trials, one may consider to target multiple tumor-specific antigens, preferably
a combination of MHC class I and II restricted antigens, and as such to involve both CD8 and
CD4 T cells. CD4 T cells target MHC class II-restricted antigens and play a role in priming the
immune response and the formation of long-lived CD8 memory T cells (reviewed in (100)
and discussed in chapter 2). In fact, administration of CD4 T cells has been shown to prevent
exhaustion of infused CD8 T cells (101, 102). Recently, it became clear that CD4 T cells are also
essential in the effector phase of the anti-tumor immune response and enable the elimination of tumors via targeting of tumor stroma (57). See paragraph 6.3 for examples of class I
and II-restricted TCRs to redirect CD8 and CD4 T cells, respectively.
In conclusion, we have demonstrated in chapter 4 that tumor relapse does not depend on
loss of immunogenicity, but rather on the strength of initial T cell selection. Therefore, TCR
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gene therapy qualifies as a valid primary therapy and combined with promising supportive
treatment(s) may develop into a durable therapy for cancer.

6.3 MHC class I and II restricted MAGE-specific TCRs
In chapter 5 we have characterized two patient-derived MAGE-specific TCRs for their potential use in TCR gene therapy.

Major findings Chapter 5, MAGE-C2/HLA-A2 (MC2/A2) TCR
•

The MC2/A2 TCR is composed of a TCR-Va3 and TCR-Vb28 chain.

•

MC2/A2 TCR gene-engineered CD8+ T cells produce IFNg and display cytolytic activity in response to HLA-A2posMC2pos tumor cells.

•

MC2/A2 TCR surface expression was enhanced due to the use of codon optimized
TCR transgenes introduced into the retroviral vector pMP71 in a TCRb-2A-TCRa cassette.

Major findings Chapter 5, MAGE-A3/HLA-DP4 (MA3/DP4) TCR
•

The MA3/DP4 TCR is composed of a TCR-Va38 and TCR-Vb2 chain.

•

MA3/DP4 TCR-engineered CD4+ T cells produce IFNg, IL-4, IL-5 and low amounts of
IL-2 in response to MA3-protein loaded dendritic cells.

•

MA3/DP4 TCR surface expression was enhanced due to the use of codon optimized
TCR transgenes introduced into the retroviral vector pMP71 in a TCRb-2A-TCRa cassette.

6.3.1 MAGE specific TCRs towards clinical application
MAGE T cell epitopes represent attractive targets for anti-tumor T cell therapy, because of
their highly tumor-restricted expression and contribution to tumorigenesis as described in
chapter 1. The results of the NY-ESO-1/A2 TCR gene therapy trial in melanoma and synovial
sarcoma patients together with available pre-clinical data (chapter 5) justify the pursuit of a
clinical trial with MAGE TCRs. However, before the MC2/A2 and MA3/DP4 TCRs are tested in
clinical trials, the following parameters are currently assessed and discussed below.
Response towards non-melanoma tumors
The expression of MAGE proteins in a wide range of cancer types (see for an overview of cancer testis protein expression www.cta.lncc.br) make MAGE-specific TCRs potential candidates
for T cell treatment of tumors other than melanoma. In light of this view, we are currently
testing a panel of tumor cells from different histological origins for recognition by the MAGE
TCR-engineered T cells.
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MAGE surface expression levels
The expression levels of cancer testis antigens (CTA) are heterogeneous, even within tumors
(103) and generally lower than those of tumor associated differentiation antigens such as
gp100 or MART-1. In vitro studies suggest that epigenetic modifications affect the expression
of CTAs and MHC molecules (104-107). In addition, in vivo treatment with the DNA demethylating agent 5-aza-2-deoxycytidine (Decitabine) has been reported to enhance the expression and immunogenicity of different CTAs and HLA class I molecules on melanoma cells
(108). Also treatment with another demethylating agent, Azacitidine, was found to increase
CTA expression and T cell recognition of cell lines of renal cell carcinoma, neuroblastoma,
multiple myeloma and others (109-114). Both Decitabine and Azacitidine are currently used
as cytotoxic agents in phase II/III clinical trials to treat hematopoietic malignancies (115-118).
The effect of Decitabine on CTA expression and its immunogenicity was further enhanced
by other epigenetic modifying agents such as inhibitors of histone methyltransferases (119).
Collectively, these studies underscore the potential value of epigenetic drugs to enhance
the therapeutic efficacy of adoptive transfer of TCR T cells. Although CTA expression is highly
tumor-restricted, careful monitoring of their expression pattern in the adult body is advised
when using epigenetic drugs.
TCR ligand-binding affinity
TCR affinity is an important factor that defines the functional avidity of T cell (120). The
MAGE-specific TCRs described in chapter 5 display low to moderate affinities for their cognate antigen. As a surrogate assay for ligand-binding affinity of the MC2/A2 TCR, the effective
dose of MC2/A2 peptide at which parental cytotoxic CD8+ T cells show a half-maximal lytic
response (i.e., ED50) was determined, and was observed to be 0.75 nM (121). This measure
of T cell avidity lags behind those reported for T cells expressing other MHC class I TCRs
(range: 30-100 pM) (40, 122). The ED50 value of MA3/DP4 peptide in a IFNg assay of parental
T cells is 30 nM (123). This value is more or less in accordance with reported values for T cells
expressing other MHC class II TCRs (range: 40-200 nM) (124, 125). Affinity-enhancement of
TCRs may increase the functional responses of CD4 and CD8 T cells (126, 127). Notably, a
successful clinical TCR gene therapy trial has been performed with an affinity-enhanced 1G4
TCR: NY-ESO-1/A2 (KD of 730nM, 13-fold higher than the WT TCR) (36). Binding of the MC2/A2
TCR to its peptide MHC ligand is dependent on the CD8 co-receptor (non-published data in
collaboration with prof. Andrew Sewell, University of Cardiff, UK) and affinity-enhancement
of this TCR is expected to increase functional responses of CD4 and CD8 T cells. Also, affinity
enhancement of the MA3/DP4 TCR may result in increased functional expression of this TCR
by both subsets of T cells and increase for example responses of CD4 T towards melanoma
cells. Affinity-maturation of both TCRs, using methodologies as described in chapter 2, is considered a worthwhile investment prior to the clinical testing of these TCRs. Validation of such
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affinity-enhanced TCRs should be performed thoroughly and take into account a potential
upper limit of TCR affinity to exclude self-reactivity ((126, 128, 129) and Govers, manuscript,
in preparation).

6.4 TCR gene therapy: a personalized, combined therapy for cancer
A constant cross-talk between clinical TCR gene therapy trials and laboratory studies is of vital
importance to be able to address questions that arise from patient studies in appropriate preclinical models and, vice versa, to test new therapeutic strategies from pre-clinical models in
patients. In this paragraph, and based on current knowledge obtained from preclinical and
clinical reports, I have made an effort to design a TCR gene therapy trial that would result in
safe and improved clinical responses.
Personalized therapy
In the last 10 years the development of TCR gene therapy has been quite impressive, from
first in vitro (130, 131) and in vivo (132) anti-tumor responses of TCR T cells to clinical responses in patients (36). Increased understanding of tumor immunology and its recognition
as a hallmark of cancer (133) will further boost the development of TCR gene therapy for the
treatment of cancer. It is anticipated that in the future a collection of suitable TCRs becomes
available and that such a collection of TCRs will be tested as ‘off the shelf’ reagents in patients
with a wide range of tumor types. Notably, successful TCR gene therapy will incorporate
strategies to counteract multiple hallmarks of cancer development to improve complete
response rates (as also discussed in paragraph 6.2).
Choice of target antigen(s) and TCR
MC2/A2 and MA3/DP4 represent target antigens of choice and, when targeted simultaneously, combine MHC class I and II antigens and hence allow exploitation of both CD4 and CD8
T cells. In case of a low natural affinity of the chosen TCR, affinity maturation of the TCR may
be important for good clinical responses.
T cell activation, TCR gene transfer and T cell culture protocols:
A clinical batch of TCR T cells must contain T cells with a least differentiated T cell phenotype
and high functional expression of TCR genes. To this end the following steps are included:
•

Retroviral gene transfer with codon-optimized TCR gene sequences in a pMP71 retroviral
vector in a TCRb-2A-a configuration.

•

T cell activation using soluble anti-CD3 and CD28 mAb.

•

Following retroviral transduction, T cells are cultured in the presence of IL-15 and IL-21.
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1. Isolation and activation of peripheral
T cells with CD3/CD28 mAbs

5. Infusion of TCR / IL-12 /
dnTGFβRII / CCR T cells
2. Conditioning with
cyclophosphamide plus
fludarabine and
epigenetic drugs

3. Equip T cells with affinity
enhanced MC2/A2 and MA3/DP4
TCR genes and introduce (i)IL-12 /
dnTGFβRII / CCR genes

4. Expansion of TCR T cells in the
presence of IL-15/21
7. Immune potentiating treatment
with anti-CTLA-4 / PD-1 mAbs

Figure 2. Design of a future clinical TCR gene therapy trial.
In red are indicated the parameters that have not yet been tested in clinical TCR gene therapy

Lentiviral-based gene transfer protocols have been reported to yield T cells with a less differentiated T cell phenotype compared to retroviral transduction protocols and are successfully
applied in CAR T cell trials (19). In addition, IL-2 support following T cell transfer appears
not to be necessary for tumor regression in mice (our non-published results) and men (19).
Therefore, lentiviral T cell transduction and omission of in vivo IL-2 are validated alternatives
for future clinical trials.
Patient conditioning
Prior to adoptive transfer of TCR T cells patients should be conditioned, for example with
a non-myeloablative lymphodepletion regimen composed of cyclophosphamide and fludarabine. It would be worthwhile to study whether a combination of chemotherapy and demethylating drugs such as Azacitidine or Decitabine would provide improvement of patient
conditioning prior to T cell therapy.
Additional supportive treatments
The following additional treatments (or combinations of treatments) may further support
responses of TCR T cells by direct T cell potentiating or counteracting the immune suppressive tumor environment:
•

Introduction of inducible IL-12 genes into TCR T cells.

•

Introduction of a double-negative TGF-b receptor (dnTGFbRII) into TCR-engineered T
cells.

•

Introduction of a chemokine receptor (CCR) into TCR T cells.

•

Administration of anti-PD-1 or CTLA-4 mAbs following transfer of TCR T cells.
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Taken together, I would like to propose the following scheme for a future TCR gene therapy
trial in Figure 2.
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To date, adoptive T cell therapy seems one of the most promising therapies for patients
with metastatic melanoma. Adoptive transfer of autologous Tumor Infiltrating T cells (TILs),
cultured and expanded ex vivo, yields impressive objective response rates of 50% in noncontrolled trials in patients with metastatic melanoma. T cell receptor gene therapy (TCR
gene therapy) lifts adoptive T cell therapy to another level in an effort to make T cell treatment more universal with respect to tumor target antigens and suitable for the treatment of
tumors of different histological origins. TCR gene therapy is based on the transfer of genes
encoding for a tumor-specific TCR into autologous T cells, rapid expansion ex vivo and the
re-infusion of T cells into the patient. In contrast to TIL therapy, TCR gene therapy is not
dependent on the presence of TILs and the isolation of tumor material from the patient.
The aims of the research presented in this thesis are all centered on target antigens and
include:
•

Setting up melanoma mouse models to target human antigens with TCR-engineered T
cells (TCR T cells) and assessing the value of these models for the development of TCR
gene therapy;

•

Understanding the contribution of target antigen in the development of tumor relapse;
and

•

Identifying and characterizing TCRs directed against highly tumor-restricted and clinically relevant target antigens.

Chapter 1 provides a short overview of clinical TCR gene therapy and other promising experimental therapies for the treatment of metastatic melanoma in relation to Dacarbazine,
currently being the standard first-line treatment of metastatic melanoma. The first-in-man
studies have demonstrated the feasibility and potential of TCR gene therapy, but at the same
time demonstrated the need to further improve its therapeutic efficacy and safety. An up to
date summary of challenges of TCR gene therapy, together with a listing of promising therapeutic solutions, is provided. Key points to improve therapeutic efficacy have been classified
according to T cell and tumor-related factors. T cell-related factors include compromised
avidity, in vivo persistence, homing and effector functions of TCR-engineered T cells, whereas
tumor-related factors involve the type, location and expression level of target antigen,
and tumor-induced immune suppression. Points to improve therapeutic safety have been
classified into on- and off-target toxicities related to treatment. On- target toxicities are the
result of TCRab transgenes that target healthy, non-tumor tissue that express (low levels of )
cognate antigen. Off-target toxicities occur as a consequence of pairing between transgenic
TCR and endogenous TCR chains that target unknown self-antigens.
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In chapter 2, these challenges and potential therapeutic strategies are reviewed in more
detail. This chapter concludes that further clinical development of TCR gene therapy would
require the targeting of highly tumor-restricted antigens and the implementation of strategies that enhance correct pairing of TCR transgenes, functional avidity and persistence of
TCR T cells.
Mouse models of cancer have been indispensible for the development of adoptive therapy
with receptor engineered T cells. Tumor-specific TCRs and Chimeric Antibody Receptors
(CARs) expressed on human T cells have been tested in xenograft models for their in vivo
anti-tumor activity. In chapter 3 we have described and summarized the existing literature
with respect to immune-deficient mouse models that were used to assess receptor gene
therapy. A number of studies demonstrate the therapeutic efficacy of intravenously
injected CAR-engineered T cells (CAR T cells) against hematological and solid tumors. In
contrast, TCR T cells injected intravenously have only been reported to be effective against
hematological tumors but not against solid tumors. In a first set of experiments, we have
extended these findings and demonstrated that human TCR T cells that have been generated and processed according to current clinical protocols (anti-CD3 mAb T cell activation,
retroviral gene transfer and high IL-2 in vivo support) and injected intravenously did not
affect growth of human melanoma in immune-deficient SCID mice. Following injection, TCR
T cells accumulated in the tumor vasculature, but were only short-lived. Similar results were
obtained with additional chemotherapeutic conditioning in SCID mice or in an alternative,
more immune-deficient NSG mouse strain. We showed that the observed compromised T cell
persistence was associated with T cells that were differentiated in late effector T cells, a welldocumented characteristic of impaired in vivo T cell function. We have concluded that the
presented xenograft model provides added value to test strategies to improve engraftment
and persistence and consequently the therapeutic efficacy of human TCR T cells. In a next set
of experiments, we demonstrated that mouse T cells effectively regress large human tumors,
but do so independently of the TCR transgenes. These findings were perhaps expected, but
in sharp contrast to reported findings with mouse CAR T cells directed against solid human
tumors. In fact, mouse T cells were xeno-reactive in two different immune-deficient mouse
strains, using two different human melanoma cell lines and were found to be generally not
appropriate to test TCR gene therapy in xenograft tumor models.
Transplantable syngeneic models for cancer are widely available and used to test different
parameters that are critical for TCR gene therapy. In chapter 4, we describe an HLA-A2
transgenic and immune-competent melanoma mouse model that we optimized to test the
therapeutic efficacy of TCR gene therapy directed against a human tumor antigen (gp100/
HLA-A2). Adoptive transfer of TCR T cells prevented tumor growth in a preventive setting and
resulted in regression of large established tumors (average volume of 200-300 mm3). In 10190
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20% of mice durable remissions were observed, but in most mice (80-90%) tumor regression
was followed by tumor relapse. Importantly, the observed response rates resemble those
reported for clinical TCR gene therapy. In our model we have charted the status of target
antigen at the level of DNA integrity and expression of gene and protein in relapsing and
mock-treated tumors. It was found that T cells selected for antigen-negative tumor variants
only if antigen-negative tumor cells were present before treatment. Relapsed tumors that
originated from antigen-positive cells harbored intact and non-mutated antigen genes and
showed functional expression of surface antigen equal to non-treated tumors. Relapsed
tumors, despite the fact that they functionally express antigen protein, resist a second treatment with TCR T cells directed against the same antigen. In addition, we found that neither
cross-presentation of human gp100 epitopes nor spreading of new antigens contributed to
tumor cure in this model. We conclude that TCR gene therapy does not actively alter the
antigen gene nor its expression and represents a valid primary treatment to target relapsed
tumors. Supporting therapies to enhance the therapeutic efficacy of TCR gene therapy, such
as the use of multiple target antigens and immune-potentiating strategies, are discussed in
chapters 4 and 6.
On-target toxicity has been reported in clinical TCR and CAR gene therapy studies as the
result of choosing receptors that target antigen expressed, although at low levels, on healthy
tissue and underscore the need to target highly tumor-restricted antigens. Antigens that
belong to the family of Cancer Testis Antigens (CTA) meet such a criterion. CTA are a class of
shared antigens expressed in a variety of tumor types, but mostly silenced in healthy cells.
MAGE antigens belong to the family of CTAs and are of special interest because of their role
in tumorigenesis and expression in a variety of tumor types. Chapter 5 describes the isolation and characterization of MAGE-specific TCR genes from T cells derived from melanoma
patients who responded clinically to MAGE vaccination. We identified and characterized
MAGE-C2/HLA-A2 TCRab genes that redirect CD8 T cells and MAGE-A3/HLA-DP4 TCRab
genes that redirect CD4 T cells towards melanoma cell lines or dendritic cells, respectively.
The combination of MHC class I and II-restricted TCRs to redirect T cells would make use of
the synergy between CD4 and CD8 T cells and expectedly result in more effective anti-tumor
responses and prevent or limit relapse of antigen-negative tumors. These TCRs are intended
for evaluation in a phase I clinical TCR gene therapy trial.
In chapter 6, the results of chapters 3, 4 and 5 are discussed and put into perspective of
recent developments in the TCR gene therapy field. In addition, I put TCR gene therapy forward as a personalized primary therapy for the treatment of cancer, and I propose supportive
strategies and treatments to further improve future TCR gene therapy trials. In short, TCR
gene therapy trials can be improved by (the combination of ) the following elements:
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1. Activate patient-derived T cells with soluble anti-CD3 and CD28 antibodies.
2. Condition patients with a combination of cyclophosphamide and fludarabine and demethylating drugs.
3. Simultaneous usage of multiple TCRs specific for highly tumor-restricted antigens, preferably a combination of MHC class I and II restricted TCRs such as affinity enhanced MC2/A2
and MA3/DP4 TCRs.
4. Gene-engineer T cells, in addition to TCR genes with an inducible IL-12 gene, a doublenegative TGF-b receptor gene and/or a chemokine receptor gene to increase the therapeutic effect.
5. Culture gene-engineered T cells in the presence of a combination of IL-15 and IL-21
cytokines to obtains the preferred T cell phenotype for in vivo anti-tumor effect.
6. Combine T cell transfer with administration of molecules that block T cell inhibition such
as anti-CTLA-4 or PD-1 antibodies.
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Momenteel is adoptieve T-cel therapie de meest succesvolle behandeling voor patiënten met
uitgezaaid melanoom. Adoptieve T-cel therapie is gebaseerd op de isolatie van een type witte
bloedcel, de zogenaamde T-cel, uit tumoren van patiënten en de vermenigvuldiging van
T-cellen in het laboratorium. Grote aantallen T-cellen, die een antigeen op de tumor herkennen, kunnen op die manier aan de patiënt worden teruggeven. Deze therapie resulteert, in
niet-gecontroleerde studies, in klinische responsen bij 50% van de patiënten met uitgezaaid
melanoom. Een alternatieve vorm van adoptieve T-cel therapie is de behandeling met T-cel
receptor (TCR) gemodificeerde T-cellen (TCR gentherapie). TCR gentherapie is een meer
universele T-cel therapie voor kanker geschikt voor verschillende soorten tumoren. Deze
therapie is gebaseerd op de introductie van genen coderend voor een tumor-specifieke T cel
receptor (TCR) in perifere T-cellen afkomstig van de patiënt, die ook worden vermenigvuldigd
in het laboratorium voordat ze worden teruggegeven aan de patiënt. TCR gentherapie is niet
afhankelijk van de eventuele aanwezigheid van T-cellen in de tumor en kan toegepast worden bij een veel groter aantal patiënten, zonder hiervoor tumoren operatief te verwijderen.
De doelstellingen van het onderzoek, die worden gepresenteerd in dit proefschrift, hebben
allen betrekking op de ontwikkeling van TCR gentherapie en richten zich op het tumorantigeen:
•

Het opzetten van melanoom muismodellen waarin TCR gentherapie gericht is tegen humane tumor antigenen. Hierin kunnen parameters worden getest voor de therapeutische
verbetering van TCR gentherapie.

•

Het verkrijgen van inzicht in de rol van het antigeen in tumoren die recidiveren na TCR
gentherapie.

•

Het identificeren en karakteriseren van TCRs gericht tegen klinisch relevante antigenen
met een hoge mate van tumorspecifieke expressie.

In hoofdstuk 1 wordt een overzicht gegeven van klinische TCR gentherapie en andere veelbelovende experimentele therapieën gericht tegen gemetastaseerd (uitgezaaid) melanoom.
Het resultaat van deze studies worden vergeleken met Dacarbazine, de huidige standaard
eerstelijns behandeling. Uit de eerste klinische studies blijkt dat TCR gentherapie een reële en
veelbelovende behandeling is, maar ook dat de effectiviteit en veiligheid verbeterd moeten
worden. De belangrijkste uitdagingen van TCR gentherapie en de mogelijke therapeutische
oplossingen worden besproken. Verbeterpunten voor therapeutische effectiviteit kunnen
worden onderverdeeld in factoren die gerelateerd zijn aan TCR-gemodificeerde T-cellen (TCR
T-cellen) en aan de tumor. Tot de factoren die gerelateerd zijn aan de TCR T-cellen behoren:
suboptimale T-cel binding aan het tumorantigeen, verminderde T-cel overleving ná infusie
en suboptimale T-cel migratie naar de tumor. Factoren die gerelateerd zijn aan de tumor zijn
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het type, de lokalisatie en het expressie niveau van het doelwitantigeen en het immuunsuppressieve milieu dat geïnduceerd wordt door de tumor. Verbeterpunten voor therapeutische veiligheid kunnen worden onderverdeeld in de volgende twee therapie-gerelateerde
bijeffecten, nl: ‘on-target’ en ‘off-target’ toxiciteit. On-target toxiciteit is het resultaat van de
mogelijkheid dat de geïntroduceerde TCR gezond weefsel herkent dat lage hoeveelheden
antigeen tot expressie brengt. Off-target toxiciteit treedt op als gevolg van het combineren
van een endogene en een geïntroduceerde TCR keten dat leidt tot een nieuwe TCR welke
onbekende antigenen van gezond weefsel herkent.
In hoofdstuk 2 zijn deze verbeterpunten en mogelijke therapeutische oplossingen nader
beschreven. Voor verdere ontwikkeling van klinische TCR gentherapie is het noodzakelijk
om strategieën te implementeren die 1) correcte paring van geïntroduceerde TCR ketens
bevorderen; en 2) de functionaliteit en persistentie (dwz de overleving in vivo) van TCR gemodificeerde T-cellen verhogen. Tenslotte is het van groot belang dat de doelwitantigenen
een hoge mate van tumorspecifieke expressie laten zien.
Pre-klinische muis tumormodellen zijn onontbeerlijk in de ontwikkeling van succesvolle
adoptieve T-cel therapie met receptor gemodificeerde T-cellen. De in vivo anti-tumor activiteit van humane T cellen gemodificeerd met tumorspecifieke TCRs en Chimere Antistof
Receptoren (CARs) is volop getest in xenograft tumormodellen. Xenograft modellen zijn
gebaseerd op immuun-deficiënte muizen waarin humane tumorcellen kunnen groeien. In
hoofdstuk 3 beschrijven we deze xenograft modellen en de verschillende parameters die
in deze modellen zijn getest, waaronder het formaat van de receptor, het type tumor, de
wijze van T-cel toediening en eventuele ondersteunende behandelingen (zogenaamde
conditionering) voorafgaand aan T-cel behandeling. Een aantal studies laten therapeutische
activiteit zien van intraveneus toegediende Chimere Antigeen Receptor gemodificeerde
T-cellen (CAR T-cellen) gericht tegen hematologische én solide tumoren. Daarentegen, zijn
intraveneus toegediende TCR T-cellen alléén effectief tegen hematologische tumoren, maar
niet tegen solide tumoren. Wij hebben deze bevindingen uitgebreid en aangetoond dat
humane TCR T-cellen, die zijn gegenereerd volgens de huidige klinische protocollen van TCR
gentherapie en intraveneus zijn toegediend, géén invloed hebben op de groei van humaan
melanoom in immuun-deficiënte SCID (Severe Combined Immune Deficient) muizen. TCR
T-cellen accumuleren weliswaar in het tumorvaatbed, maar blijken in vivo slechts kortlevend.
Vergelijkbare resultaten werden verkregen wanneer SCID muizen geconditioneerd werden
met chemotherapeutica en in alternatieve, meer immuun-deficiënte, NSG (NOD.SCID gc/-

) muizen. Deze suboptimale T cel persistentie in vivo bleek te zijn geassocieerd met een

ver gedifferentieerd T cel fenotype op het moment van T cel infusie. Het is bekend dat ver
gedifferentieerde T cellen suboptimaal functioneren in vivo. We concluderen dat het hier
beschreven xenograft model mogelijk een toegevoegde waarde heeft voor het testen van
strategieën die de persistentie en effectiviteit verhogen van humane TCR T-cellen. In verdere
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experimenten laten wij zien dat het toedienen van muizen TCR T-cellen leidt tot een heel efficiënte regressie van grote humane tumoren. Deze tumorregressie is echter onafhankelijk
van de geïntroduceerde TCR genen. Deze bevindingen zijn niet geheel verassend, maar niet
in overstemming met gerapporteerde resultaten met muizen CAR T-cellen die gericht zijn
tegen solide humane tumoren. De geobserveerde ‘xeno-specifieke’ T-cel responsen zijn aangetoond in twee verschillende muizenstammen en tegen twee verschillende tumorcellijnen,
en wij concluderen derhalve dat muizen T-cellen in het algemeen niet geschikt zijn voor de
pre-klinische validatie van TCR gentherapie in xenograft tumormodellen.
Zogenaamde syngene transplantatiemodellen zijn gebaseerd op de implantatie van muizen
tumoren in een immuun-competente muis en worden eveneens gebruikt voor het testen
van TCR gentherapie. In hoofdstuk 4 beschrijven we een HLA-A2 transgeen en immuuncompetent muismodel voor TCR gentherapie tegen melanoom. Verschillende parameters zijn
getest ter verbetering van de therapeutische effectiviteit van TCR gentherapie gericht tegen
een humaan tumor antigeen (gp100/HLA-A2). Adoptieve transfer van TCR T-cellen voorkòmt
groei van geïnjecteerd tumorcellen (preventieve setting) en resulteert in regressie van grote
tumoren met een gemiddeld volume van 200-300 mm3 (curatieve setting). In 10-20% van
de behandelde muizen is de tumorregressie duurzaam en blijven de muizen tumor-vrij tot
het einde van het experiment. In het grootste deel van de muizen (80-90%) recidiveren de
tumoren na eerdere regressie. Van belang is op te merken dat de responsen in dit model
overeenkomstig zijn met die van klinische TCR gentherapie studies, hetgeen de translationele waarde van dit model voor klinische toepassingen versterkt. In tumoren die recidiveren
na TCR gentherapie is het tumor antigeen geanalyseerd op verschillende niveaus, hetgeen
vergeleken is met het tumor antigeen in tumoren die behandeld zijn met controle T-cellen.
Bij T-cel behandeling ontstaan recidieven van antigeen-negatieve tumoren, alleen wanneer
er antigeen-negatieve tumorcellen aanwezig zijn voorafgaand aan T-cel behandeling. Dit
duidt erop dat T-cel selectie het mechanisme is achter de uitgroei van antigeen-negatieve
tumoren. Recidiverende tumoren, afkomstig van antigeen-positieve tumorcellen bevatten
geheel onveranderd en ongemuteerd antigeen DNA. In deze tumoren komt het antigeen
functioneel tot expressie op de tumorcellen, overeenkomstig met tumoren die behandeld
zijn met controle T-cellen. Tumoren die recidiveren, zijn, ondanks het feit dat het doelwitantigeen op het oppervlak tot expressie komt, resistent tegen een tweede behandeling met TCR
T-cellen gericht tegen hetzelfde antigeen. In het geval van een duurzame tumorregressie
is aangetoond dat de T-cel respons niet is uitgebreid naar tumorantigenen anders dan het
doelwitantigeen. In dit hoofdstuk concluderen wij dat TCR gentherapie niet resulteert in
verandering van het gen of de expressie van het doelwitantigeen en daarom een geschikte
eerste therapie is om tumoren te behandelen. In hoofdstuk 4 en 6 worden aanvullende strategieën en behandelingen besproken die de anti-tumor effectiviteit van TCR gentherapie
verhogen, zoals het gebruik van verschillende tumorspecifieke TCRs om de immuun respons
te verbreden of strategieën om de T-cel activiteit te verhogen.
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On-target toxiciteit is gerapporteerd in klinische TCR en CAR gentherapie studies en is het
gevolg van een T-cel respons gericht tegen een doelwitantigeen dat ook aanwezig is, ook
al is het in lage mate, op gezond weefsel. Deze studies benadrukken de noodzaak om Tcel therapie uitsluitend te richten op antigenen met een hoge mate van tumorspecifieke
expressie. Antigenen die behoren tot de familie van Cancer Testis Antigenen (CTAs) voldoen
aan dit criterium. CTAs komen tot expressie in verschillende soorten tumoren, maar expressie
is vrijwel afwezig in gezond weefsel. Melanoma AntiGEnen (MAGE antigenen) behoren tot
de familie van CTAs en zijn interessante doelwitantigenen voor TCR gentherapie vanwege
hun rol in de ontwikkeling van tumoren. Hoofdstuk 5 beschrijft de isolatie en karakterisatie
van twee MAGE-specifieke TCRs afkomstig van T-cellen van patiënten met uitgezaaide melanoom, waarin de tumorgroei werd geremd na vaccinatie met MAGE antigenen. Wij hebben
MAGE-C2/HLA-A2 en MA3/HLA-DP4 TCRab genen geïdentificeerd. Na retrovirale gentransfer
komt de MAGE-C2/HLA-A2 TCR tot expressie op CD8+ T-cellen (cytotoxische T-cellen) die
vervolgens melanoomcellen herkennen. De MAGE-A3/DP4 TCR komt tot expressie op CD4+
T-cellen (helper T-cellen), die vervolgens MAGE-A3 positieve dendritische cellen herkennen.
Het combineren van MHC klasse I en II TCRs zal mogelijk resulteren in een synergistisch
effect van CD8+ en CD4+ T-cellen en leiden tot een effectieve anti-tumor respons en het
voorkòmen of beperken van recidiverende antigeen-negatieve tumoren. In een fase I TCR
gentherapie studie zal het gebruik van deze TCRs worden getest in patiënten.
In hoofdstuk 6 worden de resultaten van hoofdstukken 3, 4 en 5 kort samengevat en geplaatst in het perspectief van recente ontwikkelingen rondom TCR gentherapie.
Veelbelovende strategieën en aanvullende behandelingen worden besproken die, naar
mijn mening, bijdragen aan de ontwikkeling van een efficiënte patiëntgebonden TCR gentherapie voor kanker. Een toekomstige klinische trial voor TCR gentherapie zou onder andere
de volgende (combinatie van) elementen moeten bevatten:
1. Activatie van perifere T-cellen met oplosbare anti-CD3 en CD28 antistoffen.
2. Voorbehandeling van patiënt met een combinatie van cyclofosfamide and fludarabine en
demethylerende medicijnen.
3. Gelijktijdig gebruik van verschillende tumorspecifieke TCRs met een voorkeur voor een
combinatie van MHC I en MHC II-gerestricteerde TCRs zoals MAGE-C2/HLA-A2 en MAGEA3/HLA-DP4 TCRs waarvan de affiniteit is verhoogd.
4. De combinatie van de introductie van TCR genen met een induceerbaar IL-12 gen, een
dubbel-negatieve TGF-b receptor en/of chemokine receptorgenen.
5. Het vermenigvuldigen van TCR T-cellen in aanwezigheid van IL-15 en IL-21.
6. De combinatie van T-cel infusie met het toedienen van moleculen die T-cel activiteit
verhogen zoals anti-CTLA-4 of anti-PD-1 antistoffen.
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en alle andere mensen ‘van boven’.
Tevens wil ik de studenten die mee hebben geholpen aan mijn onderzoek bedanken. Csilla,
bedankt voor de mooie coupes en Priscilla en Kim voor jullie nauwkeurige werk bij het maken
en testen van nieuwe tumorcellijnen. Kim, heel mooi dat je met jouw afstudeeronderzoek de
onderwijsinovatieprijs van de Hogeschool van Rotterdam hebt gewonnen!
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In het bijzonder wil ik het ‘muizenteam’ bedanken dat bestond uit Miriam, Elike en Cor. Miriam,
bedankt voor alle hulp en expertise bij het opzetten van de muisexperimenten, introductie in
de experimentele handelingen en je kennis van TCR gentherapie. Tijdens de ontelbare busen fietstochtjes naar ‘de overkant’ hadden we mooi de tijd om bij te praten. Elike, zonder jouw
onvermoeibare ondersteuning tijdens het laatste deel van mijn onderzoek hadden we nooit
die enorme hoeveelheid data kunnen verzamelen. Bedankt hiervoor! Cor, jij was onmisbaar.
Jouw enorme diversiteit aan technische kennis, maar ook de structuur die je hebt gebracht in
het werk zijn enorm waardevol geweest en ik ben erg trots op ons eindresultaat. Ik ben blij en
ook een beetje trots dat je, nu ik niet meer in Rotterdam werk, onverstoorbaar door gaat met
de proeven. En ik vind het een eer dat je vandaag naast me staat als paranimf.
Gelukkig ben je als AIO niet alleen. Ik heb ervaren hoe belangrijk fijne kamergenoten zijn
voor de nodige support en gezelligheid.
Nadine, bedankt voor alle tips en goede raad die ik van jou heb gekregen. Je dacht altijd
mee en was zeer betrokken bij mijn onderzoek. Coen, ook jij bedankt voor je betrokkenheid,
maar in het bijzonder voor alle openbaringen op Youtube, ik had Rinus (en zijn vriendin), de
duiven en vele andere, niet nader te noemen sterren, niet willen missen.
Zsolt, Miriam en Erik: van colleagues naar friendleagues naar friends. Dit zegt genoeg, toch?
Miriam, je hebt bewezen dat je je droom kunt leven, ik ben blij voor je dat je samen met
Marcel je plek hebt gevonden op Curaçao. Erik en Zsolt, met veel liefde bak ik een quiche
(naar recept uit de Volkskrant) voor jullie in Delft-Zuid. Zsolt, ik heb ontzettend veel met je
gelachen en van je geleerd, wetenschappelijk maar ook als persoon. Ik ben blij dat je ook in
Utrecht mijn vriend en collega bent, köszönöm! Erik, jouw humor werkt relativerend en ik heb
vaak gelachen tot de tranen over mijn wangen liepen. Bedankt voor alle support tijdens de
laatste loodjes en wow, je staat vandaag naast me als paranimf!
Lieve familie en vrienden, bedankt voor jullie interesse in mijn onderzoek en voor de nodige
afleiding, in het bijzonder Nathalie en mijn Wageningse vriendinnen, Heidi, Lidwien en Sylvia.
Ik vind het heel fijn dat we elkaar ondanks alle drukte nog regelmatig opzoeken.
Pap, mam en Ronald, bedankt voor jullie onvermoeibare interesse in mijn werk. Jullie zijn
mijn zeer waardevolle klankbord en ik ben blij dat jullie onvoorwaardelijk in mij geloven.
Mam, ik vind het heel mooi en bijzonder dat je de omslag van mijn proefschrift hebt willen
maken.
Lieve Jan, bedankt voor alle maaltijden die voor me klaar stonden als ik thuis kwam. Bedankt
ook voor jouw geduld, steun en liefde. Met jou kan ik de hele wereld aan!
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