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Abstract
Hillerdal, V. 2014. The Multiple Faces of Genetically-Modified T Cells. Potential
Applications in Therapy. Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Medicine 1032. 78 pp. Uppsala: Uppsala universitet. ISBN 978-91-554-9050-8.

In this PhD thesis the potential of T-cells as therapy for disease are explored. The applications of
genetically modified T-cells for treatment of cancer and autoimmune disease; the functionality
and optimal activation of T-cells are discussed.

Successful treatment of cancer with T-cell receptor (TCR)-modified T-cells was first reported
in 2006, and is based on recognition of a specific peptide by the TCR in the context of the MHC
molecule. As antigen presentation in tumors is often defective and to avoid MHC-restriction,
chimeric antigen receptors (CAR) molecules containing an antibody part for recognition of cell
surface antigens and TCR and co-receptor signaling domains have been developed. Activated T-
cells mount an efficient immune response resulting in the killing of the cancer cell and initiating
T-cell proliferation. The rationale for using genetically modified T-cells instead of isolating
tumor infiltrating lymphocytes from the tumor and expanding them (TIL therapy) is that it is
often very difficult to obtain viable lymphocytes that are able to expand enough in order to use
them for therapy.

This thesis explores the possibility of using prostate-specific antigens to target T-cells
towards prostate cancer. The prostate has many unique tissue antigens but most patients with
metastatic prostate cancer have undergone prostatectomy and consequently have “prostate
antigen” expression only in cancer cells. We targeted the prostate antigens TARP and PSCA with
a HLA-A2 restricted TCR and a CAR respectively. In both cases the tumor-specific T-cells were
able to generate potent proliferative and cytotoxic responses in vitro. The PSCA CAR-modified
T-cells delayed subcutaneous tumor growth in vivo. It is evident from our in vivo experiments
that the PSCA CAR T-cells were unable to completely cure the mice. Therefore, we aimed to
improve the quality of the transferred T-cells and their resistance to the immunosuppressive
tumor microenvironment. Stimulation with allogeneic lymphocyte-licensed DCs improved the
resistance to oxidative stress and antitumor activity of the T-cells.

We further investigated the potential of genetically modified regulatory T-cells (Tregs) to
suppress effector cells in an antigen-specific manner. Using a strong TCR we hypothesize that
the phenotype of the TCR-transduced Tregs may be affected by antigen activation of those cells.
We found that the engineered Tregs produced cytokines consistent with Th1, Th2 and Treg
phenotypes.
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AEP ASAL expansion protocol 
APC  Antigen presenting cell 
ASAL Allosensitized allogeneic lymphocytes 
BCR B cell receptor 
CAR Chimeric antigen receptor 
CD Cluster of differentiation 
CDR Complementarity determining region 
CFSE Carboxyflurescein succinimidyl ester 
CMV Cytomegalovirus 
CTL Cytotoxic T lymphocyte 
CTLA-4 Cytotoxic T-lymphocyte associated protein 4 
DNA Deoxyribonucleic acid 
ER Endoplasmic reticulum 
FACS Fluorescence-associated cell sorting 
FcγRI Fcγ receptor I 
FoxP3 Forkhead box p3 
GM-CSF Granulocyte-monocyte colony stimulating factor 
GVHD Graft versus host disease 
HLA Human leukocyte antigen 
IFN Interferon 
IL Interleukin 
ITAM Immunoreceptor tyrosine-based activation motif 
LFA Lymphocyte function-associated antigen 
MAGE Melanoma antigen 
MART-1 Melanoma antigen recognized by T cells 1 
mDC Mature DC 
MESV Murine embryonic stem cell virus 
MHC Major histocompatibility complex 
MLR Mixed Lymphocyte Reaction 
NFAT Nuclear factor of activated T cells 
NF-kB Nuclear factor kappa-light-chain-enhancer of 

activated B cells 
NIH National Institutes of Health 
NK cell Natural killer cell 
PAP Prostatic acid phosphatase 
PBMC Peripheral blood mononuclear cell(s) 



 

PCR Polymerase chain reaction 
PD-1 Programmed cell death-1 
PSA Prostate-specific antigen 
PSCA Prostate stem cell antigen 
RACE Rapid amplification of cDNA ends 
REP Rapid expansion protocol 
SFFV Spleen focus forming virus 
TAA Tumor-associated antigen 
TAP Transporter associated with antigen processing 
TARP TCRγ chain alternate reading frame protein 
TCR T cell receptor 
TfH Follicular T helper 
TGF Transforming growth factor 
Th T helper 
TIL Tumor-infiltrating lymphocyte 
TLR Toll-like receptor 
TNF Tumor necrosis factor 
TRAIL TNF-related apoptosis-inducing ligand 
Treg T regulatory cells 
VSV Vesicular stomatitis virus 
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Introduction 

One of the first indications that protection against infectious agents exists 
appeared already in 1717, when Lady Mary Wortley Montagu used inocula-
tion of liquid extract from smallpox blisters to protect her children against 
the disease. She learned about this immunization method from locals during 
her stay in Turkey, and the knowledge possibly has its origin in China. Nev-
ertheless, the credit for developing the first smallpox vaccine was given to 
Edward Jenner nearly 80 years later, for using cowpox virus as a vaccine and 
reducing vaccination risks. The cellular origin of immunity was hypothe-
sized by Mechnikov when he studied phagocytosis. The views of what the 
immune system is and how it functions have evolved immensely since then, 
gaining a lot of knowledge about the cellular and non-cellular mediators of 
immunity. Despite that, the immune system still remains a mystery in a lot of 
ways and its complexity grows together with the knowledge acquired. 
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Current simplified overview of the human 
immune system 

The immune system is a unique tool the body has to protect itself against 
pathogens and other threats. The immune system can control responses 
against infectious particles, discriminate potential dangers and attack them 
while sparing self-tissue. The innate arm of the immune system is represent-
ed by many soluble factors (different serum proteins, complement system, 
cytokines and chemokines), cell types (NK cells and different immune cells 
of the myeloid lineage) and physical barriers (epithelial, endothelial, muco-
sal) which act together as the first line of defense of the body. Innate immun-
ity is characterized by rapid activation, recognition and eradication of patho-
gens. It is essential to have fast activation of the immune system upon infec-
tion, and that is accomplished by the innate immunity being a general rather 
than antigen-specific response. Following activation of the innate immune 
system, the pathogen could be eradicated directly as well as through facilita-
tion of adaptive immune system activation.  

Unlike the innate immunity, adaptive immunity is antigen-specific and 
has immunological memory. The cells of the adaptive immune system, B 
cells and T cells, constitute the humoral and cell-mediated immunity respec-
tively. Humoral immunity involves activation of the inflammatory and 
phagocytic effector mechanisms.  B cells recognize their target antigens via 
their B cell receptor (BCR). The BCR repertoire is diverse and this diversity 
is achieved by recombination of the BCR genes on the genomic level to form 
the different antibody specificities and antibodies of five different classes [1, 
2]. Following BCR ligation and B cell activation the B cell has the ability to 
differentiate to an antibody-producing plasma cell. Antibodies are the main 
defense mechanism against extracellular microbes. B cells are also capable 
to present antigens and act as antigen presenting cells (APC). T cells are the 
effectors of cell-mediated immunity, and unlike B cells that recognize parts 
of different antigens directly, the T cells can only recognize antigens that 
have been processed and presented by specialized APCs on major histocom-
patibility complex (MHC) molecules. Proteins are processed into small pep-
tides that are subsequently loaded on MHC molecules for T cells to bind 
through their T cell receptor (TCR) [3, 4]. Recognition through the TCR 
leads to T cell activation and activation of the cellular arm of the adaptive 
immune response. B cells and T cells can be rapidly activated upon repeated 
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exposure of their cognate antigens, and the second encounter of the same 
antigen leads to an efficient and fast adaptive immune response unlike the 
slower initial encounter when the cells become primed. Innate and adaptive 
immune systems are deeply interconnected and help each other to optimally 
eradicate different dangers to the body. The most specialized APCs, dendrit-
ic cells (DCs), provide a unique link between adaptive and innate immune 
systems [5].  
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Antigen presentation 

Antigen presenting cells 
The most potent and specialized cells in antigen presentation are dendritic 
cells (DCs). DCs were first identified by Steinman and Cohn [6], and Stein-
man has later been awarded the Nobel prize for his discovery. Dendritic cells 
have myeloid or lymphoid origin and can differentiate from monocytes [7, 
8]. DCs normally reside in peripheral tissues in an immature state. Upon 
infection, DCs get activated mainly through Toll-like receptors (TLR) and 
chemokines, following internalization and processing of antigen, which in 
turn leads to DC maturation [9]. Upon stimulation, DCs up-regulate MHC 
class I (MHC I) and class II (MHC II) expression to facilitate antigen presen-
tation, which is accompanied by up-regulation of co-stimulatory molecules 
on their surface for better T cell activation. MHC molecules, in humans also 
termed HLA (human leukocyte antigens), were first discovered in the late 
50s but evidence for their existence from transplantation biology dates even 
earlier than that [10].  

Cytokines are the major regulators and effectors of DC function, and one 
of the main cytokines produced by DCs is IL-12, which leads to their matu-
ration and later drives the immune response towards the Th1 type. The ma-
tured DC (mDCs) has the unique capacity to prime T cell responses [11]. 
The activated DCs travel to secondary lymphoid organs like lymph nodes 
and spleen, where they present antigens to T cells via their MHC. The T 
cells passing through the lymph node bind antigens and could be efficiently 
primed by DCs. The TCR binds to the MHC-peptide complex, providing the 
first antigen-specific bond between the APC and the T cell. Subsequently, 
co-stimulation is needed to activate the T cells. Important co-stimulatory 
molecules are expressed by the DCs (CD80, CD86, CD154, CD70, OX40L, 
4-1BBL and others) that provide an important second signal in the T cell 
activation process [12-14]. TCR binding alone with lack of co-stimulation is 
generally associated with T cell unresponsiveness (anergy)[15]. Dependent 
on the their source, peptides are presented to CD4+ T cells on MHC class II 
or to CD8+ T cells on MHC class I.  
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MHC class I presentation to T cells 
Small intracellular peptides are presented on MHC class I molecules. MHC I 
is a member of the immunoglobulin superfamily, and is expressed on all 
nucleated cells, giving them the capacity to present intracellular antigens. 
The MHC I molecule has an alpha chain containing three domains and a beta 
chain domain (β2 microglobulin) for protein stability. The MHC I genes are 
polymorphic and are encoded by the three major HLA-A, HLA-B and HLA-
C genes in humans. That unique polymorphism enables MHC I to bind a 
variety of peptides with different specificities. The amino acid polymor-
phisms are mainly located in the peptide binding cleft of MHC I. The poly-
morphic nature of MHC genes is also the reason they are one of the most 
immunogenic antigens and T cell responses are efficiently directed against 
them in an organ transplantation setting (discussed later).  

All endogenous proteins expressed by a cell are processed into peptides in 
the proteasomes after their ubiquitination in the cytoplasm [16]. The pro-
teasome-generated peptides are generally short (8-9 amino acids). They are 
subsequently transported to the endoplasmic reticulum by the transporter 
associated with antigen processing (TAP) protein, where they associate with 
the MHC class I forming a complex. The MHC I-peptide complex is then 
transported through golgi vesicles and expressed on the cell surface for 
presentation to T cells [17]. All self-peptides that are presented on MHC I 
are generally tolerated by the T cells, as the self-reactive T cells undergo 
apoptosis during their development in the thymus. In contrast, when intracel-
lular pathogens (viruses and some intracellular bacteria) enter a cell, presen-
tation of their peptides by the cellular machinery leads to rapid recognition 
by CD8+ cytotoxic T lymphocytes (CTLs), which then target the infected 
cell by lysis.  

The CTLs are one of the main mediators of immunity against viruses, 
usually responding with Th1 type cytokines like interferon (IFN)-γ. Follow-
ing TCR ligation, CD8 binds conserved parts of the MHC to strengthen the 
interaction. This type of cellular immunity is also common against cancers 
where mutated or overexpressed peptides may be loaded on MHC class I of 
the tumor cells or DCs presenting internalized proteins from tumor cells that 
underwent apoptosis. This is the foundation for using CTL therapy as a tool 
against cancer.  

MHC class II presentation to T cells 
In contrast to MHC I, MHC class II (MHC II) is only expressed on special-
ized antigen presenting cells (DCs, B-cells, macrophages, monocytes etc). 
MHC II genes are also polymorphic and encode a heterodimer consisting of 
an and a β chain.  
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MHC II molecules have a signal targeting them to the endoplasmic reticu-
lum (ER) where they are residents. Their function involves presentation of 
peptides derived from exogenous proteins.  In order to prevent loading of 
MHC II with endogenous peptides in the ER, they are associated with a pep-
tide sequence that prevents peptide loading onto the peptide binding cleft 
(invariant chain).  

Exogenous proteins are internalized by phagocytosis and degraded into 
peptides in endosomes [18] where the association of MHC II and exogenous 
peptides occurs. When MHC II molecules reach the endosome, the invariant 
chain is degraded and the small residual peptide sequence that is left in the 
MHC II peptide-binding cleft (CLIP) is exchanged for antigenic peptides. 
The exchange is facilitated by the HLA-DM molecule of the chaperone pro-
tein family (H2-DM in mice).  

MHC class II presentation is vital for CD4+ T cell activation and function. 
The MHC II/peptide complexes on the APC are recognized by the TCR of 
CD4+ T cells, and the binding is strengthened by interaction between con-
served parts of MHC II and the CD4 co-receptor. Binding of TCR in a CD4-
independent manner has been reported and it has been suggested that the 
affinity of the TCR has an importance in that process [19]. The helper T cells 
are then activated to secrete cytokines and aid CTLs in eradication of infec-
tious agents or tumors. 

Cross-presentation 
The mechanism of MHC class I presentation of intracellular antigens by 
virus-infected and tumor cells is well understood, but for their priming T 
cells need presentation by DCs. The source of antigen for the DCs that are 
presenting on MHC I is rarely endogenous, as DCs are not infected by all 
pathogens, and whenever infected they are defective in their function of 
priming T cells. To explain how viral and tumor antigens are loaded onto the 
DCs, Bevan et al proposed that exogenous antigens that are internalized can 
be presented by DCs on MHC class I and termed the process “cross-
priming”, later known also as cross-presentation [20]. There are different 
proposed mechanisms as to how cross-priming occurs [21, 22].  

Two major mechanisms constitute the cytosolic and the vacuolar path-
ways [22]. The first one is characterized by transport of extracellular anti-
gens to the cytoplasm and their subsequent entry to the proteasome degrada-
tion pathway. This mechanism is proteasome-dependent and sensitive to 
proteasome inhibitors. The peptide loading on the MHC can occur at differ-
ent sites (in a TAP-dependent or independent way). The second mechanism 
involves degradation of the antigens in the endocytic pathway. Cross-
presentation via this pathway is unaffected by proteasome inhibitors but is 
inhibited by lysosomal degradation blockage.  



 17

It is only a fraction of DCs that have acquired cross-presentation function, 
and knowledge is limited as to which DC subsets are the best “cross-
presenters” in humans in vivo. Cross-presentation is essential for priming T 
cells against tumor antigens, as the DCs do not have an internal source of 
those antigens.  

Licensing of DCs 
As DCs become activated, they gradually mature and migrate to the lymph 
nodes guided by chemokine receptors such as CCR7, which helps DCs mi-
grate towards CCL19 and CCL21 in lymph nodes. That is accompanied by 
up-regulation of co-stimulatory molecules. DC binding to TCR on T cells 
provides the first signal to T cells, and co-stimulation through molecules 
such as CD28 provides the second one. It is hypothesized that a third signal 
exists between the DCs and the T cells, that signal determines the subsequent 
type of response by the T cell [23]. The process of polarizing the response 
towards Th1 (directed towards CTLs, cellular immunity), Th2 (B cell activa-
tion and antibody production), Th9, regulatory T cells or Th17 is regulated 
by the microenvironment and by the cytokines secreted from the DCs. The 
process of “educating” the DC before it is able to polarize the T cell re-
sponses is referred to as “licensing” of the DC. Different cytokines, antigen 
properties, tissue factors and co-stimulation extent are involved in the way a 
DC is going to polarize the Th response. CD4+ T helper (Th) cells play a 
vital role in licensing of the DCs, but viruses and bacteria are also capable of 
delivering strong signals to the DC. In the context of cancer, often Th1 re-
sponse is desirable and polarizing T cell response towards CTL activation is 
potentially going to benefit cancer therapy. The importance of DC licensing 
in expansion of T cells for therapy is discussed under the “Quality of the 
transferred T cells” section. 

Antigen presentation in allogeneic stimulation 
Due to the polymorphic nature of the MHC genes, an immune response is 
mounted when lymphocytes from two different donors are mixed together. 
The foreign MHC can be recognized either directly by binding of a relatively 
high frequency of pre-existing T cells (cross-reactive) or indirectly [24]. The 
direct recognition is believed to be due to recognition of the non-self MHC, 
and work on determining the specificity of those cells has proven difficult. 
The indirect binding involves processing and presentation of foreign anti-
gens (MHC derived peptides, mutated or polymorphic genes) by APCs on 
self MHC. Such allogeneic reactions are potent inducers of T cell activation 
and proliferation. In an organ transplantation setting, the major problem in 
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accepting the transplanted organ is the initially small proportion of T cells 
that recognize allogeneic peptides that are presented on the self MHC of 
recipient DCs. Chronic rejection ultimately follows, and patients are put on 
immunosuppressive drugs.  

Such strong stimulation strongly polarizes the T cell response towards a 
Th1 type. As suppressing this response in organ transplantation and graft-
versus-host disease (GvHD) is essential, advantage of this process can be 
taken in T cell expansion protocols. Stimulating the T cell of interest with 
irradiated peripheral blood mononuclear cells (PBMC) from three different 
donors (feeder cells) causes up to 1000 fold expansion of T cells when they 
are additionally stimulated non-specifically through their TCR using an anti-
CD3 (OKT-3) antibody [25]. The method is based on allo-recognition of the 
foreign PBMCs as well as immobilization of the OKT-3 antibody onto the 
Fc receptors expressed by the feeder cells. Adding feeder cells to the expan-
sion protocols dramatically improves the proliferation of T cells compared to 
stimulation through the TCR only using OKT-3 antibody or even anti-CD3 
anti-CD28 beads that also provide co-stimulation. Although such protocols 
function efficiently in vitro, if in vivo expansion of those cells is required, 
they are suboptimal. Pre-conditioning of the DCs and enabling them to po-
larize the T cell response towards a CTL response could be even more bene-
ficial in such setting. In this thesis, a protocol including mature DCs and 
irradiated allosentisized allogeneic lymphocytes (ASALs) as T cell stimula-
tors is proposed and described in more detail under the Methods section. 
Licensing of mDCs through ASALs would facilitate stimulation of Th1 re-
sponse, and improved priming of the T cells. 
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T cells - receptors, activation and function 

TCR genes 
The TCR gene consists of an α-chain and a β-chain, which associate with the 
CD3 molecule in the plasma membrane of T cells for signaling [26]. The α- 
and β-chains of the TCR are rearranged on the DNA level to achieve the 
specificity of the TCR during the T cell development in the thymus. The α-
chain of the human TCR has variable (V) and joining (J) segments as well as 
a constant (C) domain. In addition to V, J and C domains, the β-chain has an 
additional diversity (D) segment. The V and J segment of the α-chain and the 
V, D and J segment of the β-chain recombine on the DNA level, creating 
unique combinations of V, (D) and J segments, but also unique junctions 
between the different segments as nucleotides are added and deleted during 
this process, Figure 1 [27-29].  
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Figure 1. The V(D)J recombination in T cells. The unique process of DNA re-
combination in T cells is mediated by Rag1/Rag2 enzymes and recombines a select-
ed V, D (only for the TCR β chain) and J segments to form a unique combination 
that would determine the subsequent TCR specificity. After the recombination, the C 
(constant) segment is added by splicing at the RNA level (in the TCR β chain there 
are two splice variants containing either of the C segments). After splicing and trans-
lation of the TCR chains, the TCR heterodimer is formed and transported to the cell 
membrane. 

The V(D)J recombination is facilitated by Recombination activating gene 
(Rag)-1 and Rag-2 enzyme complexes. The human TCR α chain contains 45 
V segments, 50 J segments and 1 C domain, whereas the beta chain contains 
39-46 V segments, 2 D segments, 13 J segments organized in two different 
clusters (the first constant domain is located between them, see Figure 1) and 
2 C domains. Different TCR combinations allow for a high diversity of spec-
ificities of T cells to be produced in the body.  

T cells develop from lymphoid progenitors in the thymus, and as they ma-
ture they undergo several development stages and selection processes [30]. 
During development, cells that have good MHC binding are selected through 
positive selection and the cells strongly recognizing self-antigens are re-
moved by negative selection. The process of positive selection is facilitated 
essentially by the cortical thymus epithelial cells (cTECs), which have been 
suggested to process peptides in a unique manner compared with other 
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APCs. The unconventional peptide epitopes generated in those cells present-
ed on MHC I have been attributed to the function of a unique catalytic subu-
nit of the proteasome, which is only present in those cells. As of the MHC II 
presentation, another two proteases restricted to the cTECs were identified 
that facilitate the selection process. Also, a predominant loading of MHC II 
with intracellular peptides is observed in those cells. Negative selection is 
crucial for establishing central tolerance. Although the fact that after the 
selection process mostly TCRs with non-self specificities remain and many 
auto-reactive clones are thought to be deleted in the process of clonal dele-
tion, evidence exists that some auto-reactive clones survive. It is suggested 
that the negative selection process can be regulated, in addition to clonal 
deletion, by development of T regulatory cells. 

There are 3 CDR regions in the α- and β-chains of the TCR (formed at the 
junctions of the gene segments during recombination) and it is the CDR3 
region that defines specificity and recognizes MHC-peptide complexes [31]. 
The CD4 and CD8 co-receptors are also facilitating the contact by binding to 
a different and constant site of the MHC. The TCR binding is highly specific 
and in many cases one amino acid change on the peptide can abolish the 
binding [32]. The binding is also MHC-restricted, thus specific to the partic-
ular MHC allele. Different TCRs bind antigen-MHC complex with different 
affinity and high affinity also is a pre-requisite for a strong and long lasting 
T cell response. The TCR needs to be cross-linked in order for it to be acti-
vated. When binding multiple MHC peptide complexes the TCR complex is 
formed, which contains the alpha and beta chain, CD3 γ, ε, δ and ζ chains. 
The ζ chain contains 3 ITAM (immunoreceptor tyrosine-based activation 
motif) domains which get phosphorylated by Lck, which leads to activation 
of the Ras-Erk pathway, NF-kB activation and Ca2+ flux mediated signaling 
[33] (Discussed under T cell activation section, Figure 3).  

T cell activation  
T cells circulate in the blood and flow into the lymphoid tissues through the 
high endothelial venules (HEV). The migration of the T lymphocytes 
through the HEV is mediated by chemokines, mainly CCL19 and CCL21 
that are expressed in the HEV lumen [34]. The shared receptor for those two 
chemokines, CCR7, is expressed on naïve T cell to facilitate their transmi-
gration to lymph nodes, but is also responsible for the intranodal migrations 
as the T cells scan DCs for antigen interactions. At the secondary lymphoid 
organs, naive T cells actively search for an APC that has been activated and 
has migrated from the tissue to the lymph node. The interaction with the 
APC is established through the TCR recognizing a peptide presented on 
MHC class I or class II molecule on the APC, which activate the T cells. 
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The initial interaction between the T cell and the APC is integrin mediat-
ed and short-lived (LFA-1, CD2, ICAM-3 on the T cell and ICAM-1 and 2, 
LFA-3 and DC-SIGN), followed by the TCR-MHC interaction [35, 36]. The 
latter interaction causes a stronger association between the T cell and the 
APC via strengthening the initial integrin interaction as the interacting T cell 
and DC are close enough to initiate it. The TCR/MHC-peptide interactions 
initiate signaling pathways that are also able to activate integrins and create a 
much higher affinity integrin-mediated bond. The signaling from the TCR 
towards the integrins is referred to as “inside out signaling” [37]. There are 
several models as to initial TCR activation, which were recently reviewed 
[38]. 

As discussed above, together with the TCR ligation the co-stimulation 
gives survival signals to the T cell. Among the most important co-
stimulatory molecules are CD28 which binds CD80 and CD86 on the APC, 
CD40L which binds to CD40, 4-1BB which binds to 4-1BB ligand, OX-40 
and OX40L, CD27 that binds to CD70 but many more co-stimulation mole-
cules exist. The co-stimulatory molecules that are expressed by the T cell 
differ dependent on the T cell phenotype. For example, for naïve T cell prim-
ing CD28, CD27 and CD40L expression is crucial, in contrast to OX-40 
expression, which is important at a later stage to prevent antigen-induced T 
cell death. Many of those receptors on the T cells belong to the TNF protein 
family (CD40L, CD27, OX-40, 4-1BB and others) and activate the NF-kB 
pathway. The CD4/CD8 co-receptor binding to MHC class I/MHC class II 
also contributes to the formation of the immunological synapse, by both 
stabilizing the complex and increasing signal transduction by activation of 
CD4/8 associated Lck (discussed below). The immunological synapse is a 
dynamic structure consisting of many interactions (Figure 2) [3, 39, 40]. 
Besides all receptor-ligand interactions that form the complex, cytoskeleton 
proteins are involved in the dynamics of the immune synapse interactions.  
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The T cell receptor signals through the ζ chain of the CD3 molecule, which 
intracellular part contain ITAM domains that become phosphorylated upon T 
cell activation. When the immune synapse is formed, clustering of the TCR 
occurs and the ITAM domains become phosphorylated by Lck, which is 
associated with CD4/8 and is brought in proximity to the CD3 ζ chain by the 
immunological synapse formation. Phosphorylated ITAMs then create a 
docking site for Zap70 kinase, which is a central protein in the activation of 
signaling cascades that lead to T cell activation and proliferation. Zap70 
regulates activation of Ras/MAPK, NF-kB, NFAT and Jun/Fos (AP-1 for-
mation) pathways. In addition, Ca2+ influx is induced upon T cell activation, 
which leads to NFAT activation. The activation of those transcription factor 
leads to cytokine secretion, up-regulation of survival and co-stimulatory 
molecules and proliferation of the T cells (Figure 3).  
 

Figure 2. The immunologi-
cal synapse. The initial un-
specific interaction between 
integrins is followed by anti-
gen-specific binding of the 
TCR. The complex is 
strengthened by the CD4/8-
MHC interaction, as well as 
various co-stimulatory mole-
cules. The figure is a sche-
matic representation only and 
is not to scale 
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Figure 3. TCR activation and downstream signaling. Forming the TCR/MHC 
peptide complex triggers signaling downstream of the TCR. As CD4/CD8 binds to 
MHC simultaneously, the interaction brings in close proximity the CD4/8 associated 
kinase Lck, which phosphorylates ITAMs on the zeta chain of the CD3 molecule. 
That interaction releases a docking site for the ZAP70 kinase, which is central in the 
TCR signaling pathway. ZAP 70 activates various proteins, which results in activa-
tion of the transcription factors NFAT, NF-kB, Fos and Jun, which in turn drive 
transcription of target genes involved in proliferation, cytokine production, up-
regulation of co-stimulatory molecules and molecules required for T cell survival.  

T cell differentiation 
During the priming phase of T cells, they receive signals from DCs that af-
fect their further differentiation (see Licensing of DCs). Upon interaction 
between the T cell and the DC, differential intracellular signaling in the T 
cells will be initiated dependent of DC polarization signal. That would lead 
to production of different cytokines that are able to induce T cell polarization 
towards a particular subset. It is generally accepted that cytokines are the 
main factors regulating Th subset polarization, but a recent study shows that 
strong TCR signaling polarizes the Th cells towards the Th1 type [41].  

Different T cell responses are needed to respond to different pathogens, 
and the process of T cell differentiation towards the Th1, Th2, Th9, Th17, 
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regulatory T cells (Treg) or follicular T helper cells (TfH) is tightly regulated 
by lineage-specific transcription factors, Figure 4 [42, 43]. The Th1 respons-
es are mainly regulated by Tbet, which is induced upon IFN-γ stimulation. 
Th1 cells are main mediators of viral infection control. The Th2 immune 
response is induced by IL-4 and controlled by GATA3 transcription factor. 
The Th2 responses control humoral immunity and are important in helminth 
and other extracellular pathogen eradication. Th9 is controlled by PU.1 tran-
scription factor and induced by IL-9. Th17 responses are normally induced 
under TGF-β and IL-6 presence and are controlled by the RoRγT transcrip-
tion factor. Th17 cells are involved in extracellular bacteria immunity and 
immunity to fungal infections. Tregs differentiate in response to TGF-β and 
IL-2 their master transcription regulator being the FoxP3 transcription factor. 
Tregs function as negative immune regulators and their function is described 
in more detail in the T cell inhibition section. Finally, TfH cells differentiate 
under IL-6 conditions and are controlled by the Bcl6 transcription factor. 
They are important in helping and activating B cells during B cell maturation 
in the lymph nodes.  

It is of paramount importance what type of immune response that is 
mounted after the immune synapse formation. For example in cancer, it 
would be advantageous to have a Th1 response, with production of IFN-γ 
and domination of cellular immunity. In wound healing, it may be advanta-
geous to activate Treg populations where their suppressive function can pre-
vent continuous inflammation and establish homeostasis [44]. Although 
transcription factors control T cell differentiation, there is certain plasticity 
between the different Th subsets and in response to cytokines or other fac-
tors one subset can change its phenotype and turn into another one.  
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Figure 4. T cell differentiation following DC polarization of the T cell response. 
Different cytokines activate different signaling pathways in the T cells that lead to 
transcription directed by different transcription factors. The master regulator of the 
Th1 response is thought to be Tbet, its activation leading to production of cytokines 
like IFN-γ and others. Th2 cells differentiate under the transcriptional control of 
GATA3 and secrete IL-4, IL-5, IL-10 and other cytokines typical of the Th2 re-
sponse. RoRγT drives the Th17 cell differentiation and cytokine production (e.g. IL-
17). FoxP3 is expressed in Treg cells, which produce IL-10 and TGF-β but are de-
pendent on IL-2 produced by other T cells. PU.1 drives Th9 differentiation, which is 
followed by IL-9 production, and Bcl-6 is known to be important in TfH cell devel-
opment. 

T cell function 
As discussed above, a third signal from DCs polarizes the T cell response. 
After recognition of antigen MHC complexes, the specific T cells undergo 
expansion and differentiate into effector cells that migrate back to the blood 
and eventually to the peripheral tissues and find the sites of inflammation 
[45, 46]. When migrating to inflammation sites, lymphocytes rely on adhe-
sion molecules like integrins and after interaction they infiltrate the tissues. 
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They find cells expressing the relevant target and kill them or secrete in-
flammatory cytokines depending on the T cell type. 

In a Th1 response, helper T cells (CD4+) produce cytokines that aid cyto-
toxic T cells to perform their killing function [47]. They secrete “survival” 
cytokines and create the necessary microenvironment for the CTLs to work. 
Th cells are the major source of IL-2, which is required for T cell survival 
and function. Th cells get a polarization signal from DCs and dependent on 
which signal they receive they can have different functions (see T cell dif-
ferentiation).  

Once the CTLs have been activated they are able to secrete cytokines 
such as IFN-γ and TNF-α. IFN-γ is an important cytokine involved in mac-
rophage activation and is able to act on APCs to up-regulate their MHC ex-
pression [48]. IFN-γ has different roles in cancer development [49]. Alt-
hough IFN-γ can aid cytotoxic T cells and is involved in Th1 immune re-
sponses, which are beneficial, it can also help tumor immune escape by in-
hibiting NK cell-mediated killing and recruiting immune cells that can 
become immune suppressor cells at the tumor site.  IFN-γ is also able to 
directly inhibit viral replication. CTLs (CD8+) are the killers of the immune 
system and use perforin and granzymes to lyse target cells [50]. During 
granule release, they protect themselves from the perforins by surface ex-
pression of CD107a molecule, which is therefore a marker for degranulating 
T cells (and NK cells) and can be used to assay T cell cytotoxicity [51-53]. 
CTLs can also kill via the Fas/FasL pathway [54]. 

T cell inhibition 
Immune responses are regulated carefully and the immune system has mech-
anisms to terminate the response when the pathogen/threat is eliminated. 
Cancers take advantage of such mechanisms to turn off anti-tumor T cell 
responses. On the other side, T cell inhibition may be desired when strong 
immune activation leads to pathology (autoimmune diseases) or tolerance is 
important to be induced towards a transplanted organ or cells. 

Regulatory T cells 
Regulatory T cells regulate T cell responses on many levels. Most studied 
Treg cells express CD4 (discussed in this thesis), but CD8+ Tregs also exist. 
CD4+ Treg cells have high expression of CD25 (IL-2Rα), low/absent expres-
sion of CD127 (IL-7Rα) and expression of the transcription factor FoxP3, 
which is currently the most used Treg marker. Tregs are activated through 
their TCR. Tregs are potent inhibitors of effector T cell responses and medi-
ate their inhibition via four main routes: contact inhibition (cell lysis), inhibi-
tion by cytokine release, metabolic disruption (sequestering important cyto-
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kines and metabolites from effector T cells), and by inhibition of DC func-
tion [55]. Proof of the importance of FoxP3 expression comes from experi-
ments both in mice showing severe autoimmune disease in FoxP3 deficient 
mice (scurfy mouse) and FoxP3 mutations found in humans [56, 57].  

T cell inhibition by direct contact involves direct binding between the T 
effector and Treg cell. It could involve release of perforin and granzymes 
that could lead to lysis of T effector cells [58]. Tregs have also been shown 
to kill through the TRAIL pathway [59]. MHC class II on the Tregs can en-
gage LAG3 (a CD4 homologue) on the effector T cells, which leads to a 
strong negative signal for the effector T cells [60].  

Cytokine-mediated Treg suppression is mainly due to the release of IL-
10, TGF-β and IL-35. IL-10 is important for controlling allergy and asthma 
by Tregs, and its suppression function is crucial for establishing tolerance. 
IL-10 suppresses effector T cell proliferation, migration and cytokine pro-
duction functions. IL-10 also impairs antigen presentation by DCs by down-
regulating their MHC expression. Although considered immunosuppressive, 
there is also evidence for an immuno-stimulatory role of IL-10, and it is not 
known which signaling pathways are utilized under those conditions. The 
multifaceted functions of IL-10 and its role in cancer is summarized by Den-
nis et al [61]. TGF-β is an immuno-suppressor that affects many cell types 
[62]. It is also considered a vital cytokine in regulating immune responses, 
and establishment of tolerance, regulating both the initiation and inhibition 
of ongoing immune responses. TGF-β inhibits T cell proliferation via block-
age of important cyclins and other molecules involved in the cell cycle pro-
gression. It is also capable of inhibiting IL-2 production by T cells.  

Regulatory T cells strongly inhibit DCs as well, impairing their matura-
tion and antigen presentation. CTLA-4 on the Tregs binds CD80/86 on the 
DCs, which leads to their sequestering and down-regulation.  

Inhibitory molecules on T cells 
As it is discussed above, co-stimulatory molecules have paramount im-
portance in T cell activation and responses. To counteract their action, inhib-
itory molecules are also expressed on T cells. Activated T cells express 
higher level of inhibitory molecules compared to naïve T cells that almost 
lack inhibitory molecule expression. Two of the most commonly expressed 
inhibitory molecules are CTLA-4 and PD-1 that bind CD80/86 and PD-L1 
respectively. The expression of CTLA-4 is induced upon T cell activation. 
CTLA-4 ligation brings a strong negative signal for effector T cells, and 
leads to dephosphorylation of the ITAM domains on the CD3 ζ chain. ITAM 
dephosphorylation in turn results in blocking the activation of transcription 
factors that direct activation of cytokine, survival and proliferation-related 
gene expression (such as NFAT, NF-kB and AP-1). CTLA-4 also competes 
for the CD80/86, the ligand for CD28. Importantly, CTLA-4 has shown to 
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have much higher affinity for the common ligand. The PD-1 molecule be-
comes up-regulated as T cells get activated and brings inhibitory signals into 
the T cells [63]. PD-1 ligation (binding to PD-L1) leads to activation of 
phosphatases that are involved in de-phosphorylation of PI3K kinase, which 
abolishes the activation of Akt kinase, involved in cytokine and cell survival 
gene up-regulation. 

Impact in cancer  
Despite recognition of tumor epitopes by T cells, cancer cells not only lack 
co-stimulation signals usually provided by dendritic cells, but possess inhibi-
tory molecules that turn T cells into unresponsive state. Tumors have various 
ways of escaping T cell mediated killing, some of which are listed below: 

Suppression by soluble factors: Tumors and inhibitory immune cells (see 
below) secrete many soluble factors that affect T cell function. Inhibitory 
cytokines like TGF-β and IL-10 can be produced by tumors, but also by Treg 
cells [64-67]. Reactive oxygen/nitrogen species present in the tumor micro-
environments (mainly produced by myeloid-derived suppressor cells) block 
T cell function [68, 69]. Another factor secreted by alternatively activated 
macrophages into the tumor microenvironment is indoleamine 2,3-
dioxygenase (IDO). It permits tumor cells to escape the immune system by 
depletion of L-Tryptophan, which leads to T cell proliferation arrest [70]. 

Antigen presentation inhibition: Cancers often down regulate MHC ex-
pression and secrete inhibitory cytokines to escape immune recognition and 
inhibit dendritic cell presentation at the tumor site [67, 71]. In addition, tu-
mors can down-regulate tumor-associate antigen expression if the antigen is 
not necessary for tumor growth [72]. It is essential to target antigens that are 
vital for the tumor cells when possible. Tumors can also become deficient in 
presentation by accumulating defects in their presentation pathways [72]. To 
further escape immune recognition, cancers express non-functional MHC or 
MHC-like molecules that are unable to present antigens to T cells [73]. This 
is a tumor strategy used as a way to avoid recognition by NK-cells, which 
respond to lack of MHC expression. Finding ways to accomplish good anti-
gen presentation by tumors is vital for a successful immunotherapy. 

Inhibitory molecules on T cells: Tumors can also target T cells themselves 
in various indirect ways including inhibitory molecules and lack of co-
stimulation [72, 74-77]. Tumor cells have also been shown to inhibit T cells 
directly [75]. T cells can be targeted for apoptosis by tumor cells through the 
Fas/FasL pathway, or their signaling can be impaired by the CD3 ζ chain 
down-regulation [78]. Often the T cells need to travel to the tumor draining 
lymph node to be re-activated by dendritic cells due to the immunosuppres-
sive microenvironment in the tumor. Another mechanism is the expression 
of hypoxia-related genes that inhibit T cell proliferation and function. 
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Inhibitory cells: Besides the inhibitory cancer cells, immune cells can also 
contribute to inhibition of T cells. Tumor-associated macrophages, Tregs 
(discussed above) and myeloid derived suppressor cells contribute to the 
immune suppressive environment in the tumor, inhibiting T cells to function 
[67]. Other non-cancer cells capable of inhibiting the immune response 
against tumors are tumor-associated fibroblasts as well as mesenchymal 
stromal (stem) cells.  
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Adoptive T cell transfer 

Adoptive T cell transfer for cancer 
Adoptive T cell transfer is a relatively new form of therapy for cancer, where 
tumor-infiltrating lymphocytes (TILs) are isolated from the tumors or tumor-
draining lymph nodes [79], expanded in vitro and infused back to the patient. 
The first reports of adoptive T cell transfer date to 1988 at the Surgery 
Branch of the National Institutes of Health (NIH), where TILs from patients 
with metastatic melanoma were used [80]. Early attempts to treat melanoma 
with adoptive T cell therapy were not very efficient [81]. In an effort to im-
prove results from initial trials, a protocol was developed to precondition the 
patients prior to adoptive transfer. Non-myeloablative lymphodepleting pre-
conditioning regimen significantly improved the clinical outcome [82-84]. 
The lymphodepletion allows for the new infused cells to proliferate, and 
avoids competition for IL-2 and other important cytokines, leaving room for 
the specific antitumor T cells [85]. Importantly, regulatory T cells are also 
removed during lymphodepletion, which minimizes inhibitory signals for the 
adoptively transferred T cells [86].  

Although successful, this kind of therapy was limited to the ability to iso-
late T cells from the tumor and their expansion in vitro. In this approach the 
T cells are cultured in high doses of IL-2 and require IL-2 treatment after 
adoptive transfer to the patients, with severe toxicity as a consequence. 
When the T cells are isolated from the resected tumor, they are expanded 
and can later be tested for reactivity in an IFN-γ assay. Only reactive cells 
are selected and given back to the patient, although there has not been a clear 
correlation between the IFN-γ secretion and clinical response [87]. On the 
other hand, it may be advantageous to treat patients with minimally cultured 
lymphocytes [88, 89] and telomere length is associated with persistence of 
the T cells and improved clinical responses [90-92]. Methods for efficient 
expansions of minimally cultured TILs are under development [93]. Since it 
is not always possible to isolate good quality and enough quantity T cells 
from all the patients, new approaches have been tested involving genetically 
modified T cells. T cells of any specificity and from any patient can be iso-
lated from blood, and given a new TCR or a chimeric antigen receptor 
(CAR) to redirect their specificity to target molecules expressed only on 
tumor cells (tumor associated antigens, TAAs). Then they could be adoptive-
ly transferred back to the patients.  
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The basic principle of T cell immunity against cancer is illustrated in Fig-
ure 5. Tumor cells divide quickly, which leads to apoptosis and release of 
tumor antigens. The tumor antigens are then picked up by resident immature 
DCs. When immature DCs internalize antigens, they can get activated (pro-
vided they get the right signals) to mature and migrate to the lymph nodes. In 
the lymph nodes DCs are capable of priming naïve T cells that have TAA 
specificity. T cells become activated, and migrate to the tumor site, where 
they exert their effector functions. CD8+ T cells turn into CTLs and kill tu-
mor cells directly through perforin and granzyme release, or indirectly by 
secreting cytokines that promote T cell proliferation (e.g. IL-2) or eradica-
tion of tumors (indirect and direct effect of IFNγ [94]). CD4+ T cells turn 
into Th cells and promote proliferation and function of both CTLs and Th 
cells. There are reports that also CD4+ T cells could directly kill cancer cells 
[95, 96].  
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Figure 5. A much simplified view of the mechanisms of T cell killing in the tu-
mor microenvironment and cancer’s ways to counteract them. Mature DCs that 
have taken up tumor cell debris and gotten maturation signals migrate to lymph 
nodes where the activate CD4+ and CD8+ T cells. The activated T cells migrate to 
the tumor and exert their cytotoxic functions. CTLs bind and kill tumor cells, and Th 
cells provide cytokine support for CTLs and other Th cells. Tumors have many 
escape mechanisms, some of them being expression of many immune inhibitory 
molecules (like PDL-1), secretion of inhibitory cytokines, and induction of anergy in 
T cells (no costimulation), down-regulation of the components of the antigen presen-
tation pathways such as MHC. 

To isolate and expand T cells directed against TAA is a time-consuming and 
difficult process, because their frequency in the blood of patients is usually 
very low or too low to be detectable. One approach is to predict immunogen-
ic epitopes from TAA, immunize mice and select and expand the T cells that 
were evoked in response to vaccination. Another approach is to stimulate 
PBMCs with antigen presenting cells like DCs, that are also able to provide 
co-stimulation, with the TAA epitope peptide. Often there is a need of mul-
tiple stimulations until the TAA-specific T cells can be detected.  
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TCRs and CARs 
The first successful clinical trial to treat tumors with T cells carrying a genet-
ically modified TCR was reported in 2006 [97]. For the TCR T cell therapy 
to work, it is necessary to make TCRs restricted to a certain HLA allele, 
which limits the patients that can be treated with that kind of therapy. On the 
other hand, one advantage with TCR gene therapy is that one can also target 
intracellular antigens presented by HLA molecules.  

Chimeric antigen receptors contain a single-chain antibody domain, 
which recognizes tumor targets on the cell surface, fused to a signaling do-
main from the TCR and often also a signaling domain from a co-stimulatory 
molecule. The first generation CARs were reported in 1989, and did not 
contain any additional signaling domains [98, 99]. Later on different co-
stimulation domains were included and tested in the clinic [100]. Different 
CARs were tested in the clinic or preclinically with promising results [101]. 
It has been suggested that combining immune-stimulatory domains may 
improve in vivo results. In a mouse model, synergistic effect of a 4-1BB and 
CD28 has been reported [102]. Interestingly, in that study the in vivo out-
come did not mirror in vitro results where inclusion of 4-1BB had a better 
cytotoxic effect compared to CD28. 

 Successful treatment of B cell chronic lymphocytic leukemia was report-
ed by the group of Carl June at U Penn in 2011 [103] followed by successful 
treatment of B cell acute lymphocytic leukemia in 2013 [104]. 

 In some cases, genetically modified T cells are known to induce on-
target/off-tumor toxicity which has led to at least three patient deaths, one in 
a lymphoma trial and another one in a trial against ERBB2-expressing tu-
mors (CAR molecules containing the single-chain fragment of herceptin) 
[105, 106]. Although unclear in the lymphoma anti CD19 CAR trial, the 
reasons for patient death in the Her2 (ERBB2) CAR trial were attributed to T 
cells attacking lung cells, which have lower expression of ERBB2. The acti-
vation of Her2 CAR-expressing T cells in this case led to a cytokine storm 
and patient death. Care should be taken to prevent the TCR/CAR recognition 
of off-target but related proteins and their processing into peptides should be 
taken into consideration. A TCR directed against the MAGE-A3 (melanoma 
antigen)-derived peptide also resulted in severe neurotoxicity and patient 
death due to targeting a related protein (MAGE-A12) that was expressed in 
the brain and was recognized with much higher affinity by the TCR-
modified T cells [107].  
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Table 1. A summary of recent clinical trials using redirected T cells was published 
in Nature Reviews Cancer, 2013. Adapted from [108] with some recent clinical 
study additions.  

 

Antigen 
target Cancer Receptor Year 

Number 
of pati-

ents
Responses 

CD19 

Lymphoma and 
CLL CAR-CD28CD3ζ 2012 7 

One CR, five PR, 
one SD 

CLL and B-
ALL CAR-CD28CD3ζ 2011 8 Three SD (6mo) 

NHL CAR-CD28CD3ζ 
and CD3ζ 2011 6 Two SD (10mo) 

CLL CAR-CD137CD3ζ 2011 3 Two CR, one PR 
ALL CAR-CD137CD3ζ 2013 2 Two 
ALL CAR-CD28CD3ζ 2013 5 Five 

B-ALL CAR-CD28CD3ζ 2014 16 14 
CD19 and 

CD20 DLCL or NHL CAR-CD3ζ and 
HSV-TK 2010 4 None 

CD20 NHL 
CAR-CD3ζ 2008 7 

One PR, four SD, 
two NED 

CAR-
CD137CD28CD3ζ 2012 3 One PR, two 

NED 
CAIX RCC CAR-CD3ζ 2011 11 None 
CD171 Neuroblastoma CAR-CD3ζ 2007 6 One PR 

CEA 
Colorectal and 

breast CAR-CD3ζ 2002 7 
Minor response 

in 2 patients 
Colorectal TCR 2011 3 One PR 

ERBB1 Colorectal 
CAR-

CD28CD137CD3ζ 2010 1 Patient death 

GD2 Neuroblastoma CAR-CD3ζ 2011 19 Three CR 
αFR Ovarian CAR-FcRγ 2006 12 None 

gp100 Melanoma TCR 
2009 16 One CR, two PR 
2010 10 NI 

Lewis Y AML CAR-CD28CD3ζ 2013 4 None 

MART-1 Melanoma TCR 

2006 15 One PR 
2006 
and 

2009
31 Four OR 

2009 20 Six PR 

2014 13 
9 (Not durable, 

combination with 
DC vaccine) 

MAGE-A3 Melanoma TCR 2013 9 
One PR and 4PR, 

patient death 

NY-ESO Melanoma nad 
sarcoma TCR 2011 17 Two CR and 

seven PR 
P53 Melanoma TCR 2010 14 NI 

PSMA Prostate CAR-CD3ζ 2013 5 Two PR 

TAG 72 Colorectal CAR-CD3ζ 1998 16 One SD 
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ALL, acute lymphoblastic leukemia, AML, acute myeloid leukemia, B-ALL, B cell 
acute lymphocytic leukemia, CAIX, carbonic anhydrase IX, CEA, carcinoembryonic 
antigen, CLL, chronic lymphocytic leukemia, CR, complete response, DLCL, dif-
fuse large cell lymphoma, MAGE, melanoma antigen, MART, melanoma antigen 
recognized by T cells, NED, no evidence of disease, NHL, non-Hodgkin’s lympho-
ma, NI, no information, OR, objective response, PR, partial response, PSMA, pros-
tate-specific membrane antigen, RCC, renal cell carcinoma, SD, stable disease, TAG 
72, tumor-associated glycoprotein 72 

The clinical trial effort using redirected T cells was summarized by Kershaw 
et al [108] (Table 1). It is evident that the clinical data available to date still 
provides insufficient results in terms of clinical outcome. Improvements in 
the T cell receptor affinity and expression that have been tested pre-clinically 
may influence future treatment. Increasing the affinity of the TCR leads to 
better antitumor activity and can be utilized in the TCR design [109]. Other 
obstacles like mispairing of the introduced TCR chains with the endogenous 
TCR chains could be targeted by murinization of the constant domains for 
better pairing [110], although the clinical significance of this method could 
be hindered by antibodies directed towards the murine molecules [111]. Oth-
er improvements like introducing additional bonds between the introduced 
TCR’s chains have also been described [112]. Both those methods are stabi-
lizing the introduced TCR and result in better pairing, but is not ideal since 
the endogenous TCR is still expressed, which can lead to residual mispairing 
but also competition for association with the CD3ζ signaling chains. The 
possibility to limit or eradicate the expression of the endogenous TCR has 
been tested either using RNAi or TCR chain disruption by the zink-finger 
nuclease approach [113, 114].  

It should be appreciated that a large number of the clinical trials that are 
published are using first generation CARs, and the improved CAR signaling 
in pre-clinical model holds a promise for the future trials. Ongoing trials 
would focus on comparing the various versions of second generation CARs 
with third generation CARs. 

The prostate and prostate cancer  
The prostate is an exocrine gland, and is a part of the male reproductive sys-
tem. It is involved in production and storage of the semen and seminal fluids. 
It requires androgen hormones for its function. The normal prostate tissue 
consists of secretary luminal, basal and neuroendocrine cells. The origin of 
prostate cancer is currently debated [115, 116]. There are hypotheses that 
favor the existence of cancer initiating cells or cancer stem cells, which pos-
sess higher capacity to initiate cancer, and help in cancer metastasis [116, 
117]. Prostate cancer is generally classified as adenocarcinoma, with most of 
the cancer cell mass having the luminal phenotype.  
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Prostate cancer is one of the most common cancers in men in the devel-
oped world. It is the second most common cancer in men and sixth most 
common cause of death by cancer in men worldwide [118].  Treatment of 
organ-confined prostate cancer is often surgery combined with radiotherapy 
and has mostly a good outcome and could be curative in the case of localized 
disease [119, 120]. However, metastatic prostate cancer is considered an 
incurable disease. Though hormonal treatment is available it is only pallia-
tive, shortly after androgen deprivation therapy the cancer progresses into 
hormone-refractory disease and is generally not responding to any treatment 
[120]. Chemotherapy has been used with limited success, and often pallia-
tive therapy is applied at the latest stages of the disease [121]. 

Immunotherapy of prostate cancer 
Besides the above-mentioned treatments also immunotherapy has been de-
veloped for prostate cancer [122-124].  Sipuleucel-T (Provenge) is an adop-
tive cell immunotherapy based on autologous dendritic cells, which have 
been stimulated by a fusion protein between the PAP (prostatic acid phos-
phatase) antigen and GM-CSF (granulocyte macrophage colony-stimulating 
factor). Three clinical trials have shown increased survival compared to pla-
cebo controls. Prostvac-VF is a vaccinia virus based vaccine, which express-
es prostate specific antigen (PSA) together with co-stimulatory molecules 
and a boost fowlpox vaccination. The vaccine showed some benefit though 
the results were still inconclusive.   

With the development of immunotherapy, many antigens and antigen-
derived peptides have been discovered.  T cell immunotherapy is an attrac-
tive alternative for metastatic prostate cancer; prostate tissue has unique an-
tigens, which can be targeted. Once the prostate is removed, there will be 
just the prostate cancer cells and metastases that would express the prostate 
tissue antigens, which can be then targeted with immunotherapy. Immuno-
therapy holds significant promise for hormone-refractory prostate cancer 
treatment. Results of immunotherapy trials were summarized by Agarwal et 
al [122]. 

Genetically modified T cells for prostate cancer 
As prostate cancer has not been targeted by T cell therapy, the promising 
results from the melanoma trials prompted us to develop a TCR against the 
prostate-specific antigen TARP (TCR gamma alternate reading frame pro-
tein) [125], which is over-expressed in prostate and breast cancer [126]. 
Since most prostate patients that relapse are already treated with surgery and 
do no longer have a prostate, the only source of antigen for the T cells re-
main the tumor cells. We chose a predicted HLA-A2 peptide, as approxi-
mately 50% of the Caucasian population bears that allele. After growing 
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single cell clones and amplification of the α and the β chain, a lentivirus 
expression vector was designed to express the TCR (Figure 6). The trans-
duced T cells were efficient in recognizing and killing HLA-A2 positive 
tumors. Of great importance for the T cell to work in vivo is the expression 
of MHC I and antigen presentation by tumor cells. The advantage of using a 
TCR is clearly that intracellular antigens that are presented can be targeted. 
The disadvantages include defects in antigen presentation in tumor cells and 
MHC down-regulation, pairing problems between the introduced and endog-
enous TCR chains can also arise.  

As there are some disadvantages in using TCR-modified T cells, we also 
developed a CAR (Figure 6) against the prostate stem cell antigen (PSCA). 
Compared to TCR T cell, the CAR T cells are not dependent on MHC 
presentation and the expression of antigen on the surface of cancer cells is 
sufficient to initiate binding and subsequent killing of target cells. The CAR 
T cells were generated using lentiviral vectors as well. Even though the TCR 
and the CAR T cells were never compared in the same experiment, less CAR 
T cells were required to kill equal amount of target tumor cells. CAR T cells 
are a potent tool but care must be taken to ensure that targeted antigen’s ex-
pression is confined to the cancer.  
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Figure 6. Schematic representation of a TCR and a CAR molecule. Left: TCR α 
and β chains combine to form the highly variable peptide-binding site. In this thesis, 
TCRs ware developed against the TARP-derived FLPSPLFFFL peptide (shown 
above) and the pp65-derived NLVPMVATV peptide (not shown), both HLA-A2 
restricted. Right: CARs typically consist of a single chain fragment of an antibody 
(light and heavy chain) fused to one or more signaling domains of co-stimulatory 
molecules and the signaling domain from the TCR CD3 ζ chain. The CAR against 
PSCA that is a focus of this work is a third generation CAR and uses CD28, OX-40 
and CD3 ζ chain for signaling. 

Common issues with genetically modified T cells (as well as TIL therapy) 
are lack of co-stimulation and presence of inhibitory molecules like PD-1 
and CTLA-4. The quality of the transferred cells, their age and their ability 
to survive in the heavily suppressive tumor microenvironment is critical for 
the success of T cell therapy. 

Quality of the transferred T cells 
The rapid expansion protocol (REP) of expanding T cells is an efficient 
method to get a large number of T cells from a relatively small number [25]. 
The protocol uses allogeneic PBMCs from at least three different donors that 
are irradiated and used as stimulators. Additionally, IL-2 and OKT-3 are 
used, providing a T cell survival factor and unspecific TCR stimulation re-
spectively. The protocol uses the availability of FC receptors on the feeder 
cells to bind OKT-3, which in turn induces a better stimulation of the T cells.  

Although the REP protocol is very efficient at expanding cells, often the 
cells have been in culture for a long time and have exhausted phenotype and 
fail to persist in vivo. Despite the fact that allogeneic PBMCs and TCR stim-
ulation provide an activation signal, it may not be sufficient in comparison to 
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the co-stimulatory signal that a mature dendritic cell provides for T cells. As 
we are developing a therapy for prostate cancer, it’s highly suppressive mi-
croenvironment should be taken into account. Solid tumors like prostate 
cancer have a particularly immunosuppressive microenvironment, consisting 
of many inhibitory cells (tumor-promoting fibroblasts and macrophages, 
myeloid-derived suppressor cell, mesenchymal stem cells and Tregs), and 
suppressive soluble factors (suppressive cytokines, reactive oxygen/nitrogen 
species, hypoxia-related proteins) which all have strong suppressive effect 
on the T cells. All those tumor properties suggest that it may be difficult for 
the T cells to function if they are sub-optimally activated.  

To generate T cells that could persist in vivo, and are resistant to the high-
ly suppressive tumor microenvironment, mature DCs may be required. As 
discussed above, the licensing of DCs is vital for their function and their 
subsequent influence on T cell polarization. CD4+ T cells play an essential 
role in this process, in particular CD40/CD40L(CD154) interaction is of 
importance [23, 127-130]. Therefore we propose that mature DCs that have 
been “licensed” by CD4+ helper cells are the best choice when stimulating T 
cells (Figure 7). The AEP (ASAL expansion protocol) uses allogeneic 
PBMCs to “license” dendritic cells [131]. Mature DCs are then optimally 
stimulated to be able to direct all three activation signals to T cells (TCR 
ligation, co-stimulation and polarization signals). The DCs and ASALs are 
then used together to stimulate T cells, all cell types being allogeneic to-
wards each other. 
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Figure 7. A working hypothesis of the mechanism of T cell activation by li-
censed DCs. The immature DCs get a positive signal from the ASALs to mature, 
produce IL-12 and up-regulate co-stimulatory molecules. T cells are then stimulated 
by licensed DCs through the formation of the immune synapse. We suggest that 
CD70/CD127 interaction, CD40-CD154 interaction and IL-12 production are im-
portant in providing survival signal for the CTLs. 

Adoptive transfer of regulatory Tregs 
Due to their immunosuppressive properties, Tregs could be of interest for a 
therapy where inhibition of the immune system is required, like autoimmune 
diseases and in transplantation patients. T regulatory cells have been used to 
treat autoimmune disease before [132-134]. The studies show a safe profile, 
but their activation is unpredictable due to an unknown TCR repertoire in the 
transferred cells. We hypothesized that it is possible to give a Treg a new 
(second) specificity, and were interested to know how that cell would react 
to antigen stimulation through the new receptor. Advantage could be taken 
of an antigen expressed at the inflammation site (autoimmune disease-
affected organ or transplant in transplantation patients) [134]. We chose to 
describe the potential function of Tregs as a transplantation therapy, as it is a 
simpler system compared to autoimmune disease where genetic and other 
underlying factors can complicate predictions of the possible outcomes of 
the therapy.  
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Transplantation, transplant rejection and graft versus host disease 
(GvHD) 
Transplantation of organs/tissues/cells is widely used in current medicine. 
The polymorphic nature of MHC genes and other genes often causes com-
plications in allogeneic transplantation. The hyperacute and acute rejection 
of transplanted tissue is easily managed with immunosuppressive drugs, but 
the chronic rejection of transplants remains a challenge [135-137]. T cells 
are a major component of the chronic rejection process, where donor’s pro-
teins are internalized, processed into peptides and presented on APCs to be 
recognized by recipient’s T cells [138]. T cells are extremely potent in rec-
ognizing, eradicating and forming memory against allogeneic cell, which 
could ultimately lead to graft rejection. Another possible complication may 
arise if immune cells are transferred along with the graft and are not properly 
eradicated by the host immune system. In that case, the donor T cells attack 
the recipient organs, which could lead to systemic inflammation and organ 
failure. Treatment for both transplant rejection and GvHD is needed in the 
long term.  

General immunosuppression is not desirable for longer periods of time. 
On the other hand, Tregs provide an interesting possibility for long-lasting 
treatment as they have memory and are highly immunosuppressive. A pro-
posed mechanism of Treg immunosuppression is depicted in Figure 8. Treg 
could inhibit the T cell responses both by blocking the direct interaction 
between T cells and allogeneic cells and the indirect interaction where the 
presentation of foreign peptides is facilitated by DCs. As Tregs have many 
mechanisms of suppression (discussed above) they could intervene and in-
hibit both T cells directly but also affect DC function. It is also recognized 
that organ transplant rejection can be mediated not only by T cells, but by 
antibodies as well [139]. Interestingly, Tregs are also capable of inhibiting B 
cell responses [140], which may also be beneficial when using adoptive Treg 
therapy. The goal of using Tregs to treat post-transplant patient would be to 
induce local immunosuppression and induce durable tolerance at the trans-
plant site, while avoiding general immunosuppression. 

It would be a challenge for Tregs to be able to preserve their suppressive 
function in the highly inflammatory environment of the transplanted organ. 
Our studies focus on whether antigen stimulation can be used for more pre-
cise activation of Tregs. If an antigen present at the transplant site is target-
ed, it may induce long lasting immunosuppression or Tregs could alter func-
tion to become effector cells. An interesting concept is the use of cytomegal-
ovirus (CMV)-specific Tregs as most of the patients would have already 
experienced CMV and each reactivation of the virus will provide a boost for 
those cells. 
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Figure 8. A proposed mechanism by which T regulatory cells could inhibit 
transplant rejection. Upon transplantation of allogeneic cells, tissues and organs, 
the non-self MHC on their surface is recognized directly by some T cells that have 
rather high frequency (up to 10%). That fast initial recognition process (indicated 
with 1) activates the T cells to proliferate and target the allogeneic cells. The alloge-
neic cell death is a source of antigen release, which is then followed by antigen in-
ternalization by DCs and their activation and maturation. The following antigen 
presentation to T cells leads to T cell activation, and is one of the major causes of 
organ rejection in transplantation. Adoptive transfer of Tregs could lead to blockage 
of T cell activation, proliferation and counteract the effector mechanism of the T 
cells by cytokine release (e.g. TGF-β and IL-10), direct lysis of T effector cells, 
metabolic inhibition or indirectly by inhibiting DC presentation and maturation. 

CMV as a model system for T cell activation 
Cytomegalovirus (CMV) has been extensively studied and has a potent abil-
ity to activate the immune system and generate CMV-specific T cells. To 
address how genetically modified Tregs will react to antigen, we created a 
CMV-specific T cell with a TCR that recognizes the HLA-A2 restricted 
peptide (NLVPMVATV), derived from the pp65 protein of CMV. We grew 
clones with pp65-specific TCRs and sequenced the and the β TCR chains. 
That MHC class I restricted TCR could be then expressed into T regs. Model 
systems where CD4+ T cells received a MHC class I-restricted TCR (nor-
mally reacting with CD8+ T cells) have been tested [141, 142], that could 
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require [143] or be independent of CD8 expression [19]. We hypothesized 
that our TCR may be able to bind in a similar manner. Such binding would 
indicate a strong TCR, and it was of interest to investigate whether such 
strong TCR stimulation induces a phenotype and function change in Treg 
cells. As CMV is a virus and elicits a strong immune response, it was a good 
candidate both for cloning a TCR but also for being able to identify a high 
affinity TCR. 
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Methods 

T cell cloning and 5’RACE PCR  
To be able to clone a specific T cell receptor against the desired antigen, T 
cells against that antigen must be obtained first. To generate cells that recog-
nize the HLA-A2-restricted TARP peptide (FLPSPLFFF), peptide-pulsed 
DCs were used as stimulators. Since the frequency of the TARP-specific 
cells is very low in the blood of a healthy individual, four subsequent stimu-
lations were required to obtain a percentage of specific cells that is adequate 
for subsequent flow cytometry sorting [144]. After a pure population of 
TARP-specific T cells was obtained, the cells were plated in 96-well plates 
using limiting dilution at concentration of 1 cell/well. The T cells were ex-
panded with irradiated PBMCs from three different donors, IL-2 and OKT-3 
antibody over one month time. The cell cultures of growing clones were then 
split and a portion of the cells were used to test reactivity (IFN-γ production) 
of the clones against the specific TARP peptide. Cells were co-cultured with 
peptide-pulsed T2 cells and IFN-γ in the supernatant was measured 24 hours 
later.  

Reactive clones were selected, mRNA was isolated and reverse tran-
scribed with a oligo dT(18) primer. The resulted cDNA was amplified using 
5’RACE PCR, which uses an adapter primer that binds the polyA tail on the 
cDNA. The adapter primer contains a polyT stretch and a specific sequence 
where a forward primer can bind for the subsequent PCR amplification. At 
the 3’ end, reverse primers were designed complementary to a part of the 
sequence of the constant domain of the TCR chains. The resulting PCR 
product was cloned into a pCR2.1 vector and sequenced. The obtained se-
quences were then analyzed using software resources at www.imgt.org. The 
TCR α and β chains were then subcloned together into a lentiviral vector for 
expression in T cells. The 5’RACE PCR method is described in Figure 9. 
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Figure 9. Amplification of the TCRα and TCRβ genes using 5’RACE technolo-
gy. To amplify the TCR chains which 5’end sequence is not known, a 5’RACE PCR 
was used. Oligo dT primers are used to synthesize the first cDNA strand. The nature 
of the reverse transcriptase enzyme allows for the addition of multiple A nucleotides 
at the end of the cDNA strand. An anchor primer containing multiple Ts followed by 
specific sequence (undisclosed by Clontech®) is used as a template (as the RT en-
zyme has also template-switching ability) to synthesize the second cDNA strand. 
The double stranded cDNA is then used for amplification with the anchor primer (in 
the undisclosed sequence) and a sequence-specific primer at the 3’end (in the con-
stant domain of the TCR chains). The PCR products were T/A cloned and then se-
quenced and then subcloned together into a lentiviral vector for expression in T 
cells. 

Lentiviral design and gene-modified T cells 
There are different ways to deliver TCR genes to the T cells [145-151]. In 
the past, mostly γ-retrovirus vectors were used, which require rapid cell divi-
sion for efficient transduction and integration. Although very efficient at 
transducing T cells, retroviruses have a preference for integrating into highly 
transcriptionally active sites in the genome, which can lead to insertional 
mutagenesis. The advantages are long-term expression, integration into the 
genome and high transduction efficiency. In the recent years, transposons 
have been used to express TCRs on T cells. They mediate a relatively good 
expression of the TCRs, but the transfection efficiency and the viability of 
the cells is not as high as when transducing the cells with virus. The trans-
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posons require a separate plasmid, which encodes the transposase enzyme, 
making the co-transfection less efficient.  

In this work, lentiviruses were used for TCR gene delivery. Lentiviruses 
integrate into the host cells genome, ensuring long-lasting gene expression. 
In contrast to retroviruses that need highly proliferating cells, lentiviruses are 
able to transduce non-dividing but activated (cell cycling) cells. VSV-G-
pseudotyped lentiviruses have been shown to infect a broad range of cell 
types [152]. Lentivirus transduction is efficient for activated T cells, but has 
a very low efficiency in quiescent T cells. That may be due to lack of recep-
tors necessary for virus entry [153]. A measles virus envelope preudotyped 
lentivirus has been reported to efficiently transduce quiescent T cells and B-
cells [154]. 

Different promoters have been tested to find optimal expression in lym-
phocytes [155]. After testing several promoters (CMV, SFFV and MESV) 
for their capacity to drive transgene expression in T cells, we found that the 
best promoter with the highest and longest expression was the SFFV (spleen 
focus forming virus) promoter. Therefore the SFFV promoter was chosen for 
TCR and CAR expression.  

TCR design 
The α and β chain of the TCR have been separated by a 2A self-cleaving 
peptide to ensure their equimolar expression [156]. Since the T cell to be 
modified still expresses its native TCR, consideration could be taken to 
avoid mispairing of exogenous and endogenous TCR chains. Different modi-
fications have been used in the past to improve pairing between the alpha 
and beta chain of the TCR, including murinization of the constant domain 
(used in this work) or introduction of cysteines which allows formation of 
disulphide bonds between the exogenous TCR α and β chains [110, 112, 
157]. In the TCR against TARP that is described in this thesis, the human 
constant domains of the transferred TCR α and β chains were substituted 
with their mouse counterparts. The mouse α constant domain pairs better 
with a mouse β constant domain than with a human β constant domain. The 
same strategy was used when developing a TCR against the CMV pp65 pep-
tide NLVPMVATV where generation of the specific T cells used for clones 
was considerably easier. 

CAR design 
An antibody sequence recognizing human PSCA has been reported [158]. In 
this work, this sequence for the CAR against PSCA was obtained through 
reverse genetics and cloned into a lentivirus vector. The intracellular parts of 
CD28 and OX-40 that have been reported were used in the design of the 
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CAR construct [159]. The CAR was expressed from a lentiviral vector under 
the SFFV promoter. 

Tetramer and dextramer technology 
To visualize the specific binding of the TCR to its target, advantage can be 
taken of tetramer/multimer technology. The TCR recognizes its target pep-
tide in the context of the MHC presentation, and this thesis contains work 
involving MHC class I presentation. The multimers are synthetic 
MHC/peptide complexes that are conjugated to a fluorophore for flow cy-
tometry detection. Binding of the multimers to T cells will render them fluo-
rescent and detectable by flow cytometry. That way, it is easy to quantify the 
percentage of specific T cells in a particular population of T cells, and the 
tool is useful when measuring transduction efficiency or screening for spe-
cific T cells by flow cytometry.  

Antigens of choice 
TARP is a small protein expressed in the prostate, and overexpressed in 
prostate cancer [125, 126]. Its expression has been shown to correlate posi-
tively with the growth of prostate cancer [160]. Several epitopes from TARP 
have been predicted to be immunogenic and T cells against them were found 
circulating in prostate cancer patients’ blood [161]. This suggests that it is 
also possible to generate those cells in vitro and use them to identify and 
clone the TCR sequence. We raised T cells against the TARP4-13 epitope 
FPPSPLFFFL and the affinity-enhanced TARP(P5L)4-13 epitope FLP-
SPLFFF. The T cells against the mutated epitope efficiently recognized also 
the wild type epitope.  

PSCA is a cell surface glycoprotein expressed on the prostate epithelial 
cells and overexpressed in prostate cancer [162, 163]. Although the function 
of PSCA in normal and tumor cells still remains to be elucidated, it is clear 
that it could be different dependent on whether it is expressed in normal or in 
tumor cells [164]. PSCA has been used for diagnostic purposes for detection 
of prostate cancer metastases, and its expression has been associated with 
worse prognosis. Its high expression on tumors and cell surface localization 
makes it an attractive target for antibody or CAR T cell therapy. Importantly, 
PSCA is highly expressed on prostate cancer metastases, which could make 
it an excellent target in metastatic prostate cancer where no current treatment 
exists [165]. PSCA has also been reported to be overexpressed in other can-
cers like pancreatic and urinary bladder cancers [166-169], which makes it 
possible to develop therapy for prostate and pancreatic cancer utilizing the 
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same cells. PSCA CAR-modified T cells were able to efficiently kill pancre-
atic cell lines that express PSCA [170].  

REP and AEP protocol 
As mentioned before, the REP protocol efficiently expands T cells. The T 
cells are stimulated with OKT3 and feeder cells (irradiated PBMCs from 
different donors). The feeder cells induce a mixed leukocyte reaction (MLR) 
where the T cells recognize directly and indirectly another donor’s leuko-
cytes (similarly to the way a T cell recognizes an allogeneic cell, see Fig 8). 
Feeder cells from three different donors are selected to be sure that a strong 
enough reaction will be initiated, in case the lymphocytes from one donor 
fail to induce it. The MLR normally results in strong proliferation. Another 
important part of the protocol is the OKT3 antibody, which binds and acti-
vates the T cells through the TCR and it has been shown to be most effective 
when it is immobilized [171]. That is accomplished when the Fc part of the 
OKT3 antibody binds to the FcγRI (Fcγ receptor I) on the feeder cells [172]. 
Adding IL-2 to the cultures to endure T cell survival completes the protocol. 

The REP protocol has been extensively used to expand TILs or genetical-
ly-modified T cells for use in clinical trials [173-175]. Although the protocol 
can expand T cells to high numbers, it is not always optimal when it comes 
to the quality of the resulting T cells, which has been attributed to their in 
vivo persistence [176]. We hypothesized that the suboptimal in vivo function 
of the REP-expanded T cells may be due to the lack of mature DC stimula-
tion, which cannot be fully replaced by the interaction with OKT3 and al-
logeneic PBMCs, or by CD3/CD28 beads. The AEP protocol that we pro-
pose uses mDCs in combination with irradiated allo-activated PMBCs 
(ASALs) to stimulate the T cells. The DCs were matured with IL-4 and GM-
CSF, and the ASALs were generated by co-culture of PBMCs from one do-
nor with irradiated PBMCs from another donor (autologous to the DCs). 
When the T cells, DCs and irradiated ASALs are combined for T cell expan-
sion, apart from all interactions that are undergoing similarly to the REP, T 
cells would experience an additional stimulation from mDCs. The ASALs 
would also be re-stimulated since the mDCs and the PBMCs used to gener-
ate ASALs are from the same donor. ASALs stimulated in such way would 
secrete cytokines and provide signals necessary for DC “licensing”. Such 
optimally produced mDCs, we suggested, would induce optimal T cell pro-
liferation and but also their polarization towards the Th1 immunity. 
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Summary of papers 

Paper I 
Aims 
In Paper I we aim to create a prostate cancer specific T cell that is able to 
efficiently recognize and kill tumor cells expressing TARP [177]. 

Methodology 
We used peptide-pulsed DCs to expand the very low frequency of TARP-
specific T cells. Flow cytometry was used to sort tetramer-labelled T cells 
and they were plated to grow clones using the limiting dilution method. The 
growing clones were tested for reactivity using IFNγ ELISA, and TCRs of 
reactive clones were sequenced. TCRs were introduced using a lentivirus 
vector, and transduced T cells were used in the following effector assays 
against tumor targets:  

 
- IFNγ  ELISA to verify cytokine production;  
- CD107a degranulation marker localization; 
- Proliferation in response to target tumor using CFSE labelled T cells;  
- Radioactive chromium release from 51Cr labelled tumor cells as they 

die as a result of T cell killing; 
- Luciferase based assay where the target cells are modified to express 

luciferase was also used to measure T cell killing. As the targets die, 
the luciferase level expressed from the total number of live cells is 
decreasing over time. 

Results and Discussion 
We succeeded in sequencing TCR β genes from 13 clones and TCR α genes 
from 17 clones. We identified two different β and one α chain, and after 
testing for dextramer binding one α and one β chain were selected. The len-
tivirally introduced TCR bound the HLA-A2 FLPSPLFFF dextramer in flow 
cytometry assays. The transduced T cells secreted IFN-γ when stimulated 
with TARP peptide-pulsed T2 cells and mel526 cells expressing TARP. 
They were also able to degranulate (CD107a surface expression was detect-



 51

ed by flow cytometry) and kill both peptide-pulsed cells and TARP express-
ing cells (in the chromium release and luciferase killing assays). Further-
more, we showed that killing was also HLA-A2 restricted, by using overex-
pressing TARP in an HLA-A2-negative cell line (293T). In the luciferase 
assay, the TCR transduced T cells were able to kill cells that endogenously 
express TARP (LNCaP and MCF7). The TCR transduced T cells were ex-
tremely efficient in recognizing, reacting to and killing T2 peptide-pulsed 
cells and less efficient in doing so against the TARP expressing HLA-A2+ 
mel526, LNCaP and MCF7 cells. Using our assays, it is difficult to compare 
mel526 that expresses TARP from a transfected plasmid, and LNCaP and 
MCF7 that express TARP endogenously, because they were not directly 
compared in the same assay. We speculate that this is due to inefficient 
presentation of antigen, but also competition for MHC by other peptides. 
The concentration of peptide used for pulsing was quite high, and the nature 
of T2 cells that have unstable MHC class I molecules unless pulsed, due to 
defective intracellular pathways, leaves only the TARP peptide present on all 
surface MHCs. As discussed in the Introduction part, cancer cells are often 
defective in presentation pathways, down-regulate MHC or express MHC-
like molecules that are unable to present antigens.  

Paper II 
Aims 
The study aims to generate T cells engineered with a chimeric antigen recep-
tor against PSCA [178].  

Methodology 
The methods used in Paper II are similar to the ones used in Paper I. Addi-
tionally other methods were used: 

 
- IL-2 production was measured upon target stimulation along with 

IFNγ; 
- An animal experiment including inoculation of subcutaneous mel526 

(PSCA-expressing) tumors in nude mice was performed to study T 
cell killing in vivo. Tumor volume and survival of mice was analyzed. 

Results, Discussion and Future Perspectives 
The CAR-transduced T cells efficiently expressed CAR against PSCA on 
their surface. They recognized and killed PSCA expressing tumor cells in 
vitro, as measured by IFNγ, degranulation, and luciferase killing assay. They 
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also migrated to and recognized and killed tumor cells in vivo, as mice treat-
ed with CAR PSCA-transduced T cells survived longer than mice treated 
with mock-transduced T cells.  

The CAR-transduced T cells were able to kill targets in vitro at very low 
ratios, but they were not able to completely eradicate tumors in mice. Even 
though the tumors were big and vascularized when the mice were sacrificed, 
the T cells may have not trafficked fast enough to prevent tumor growth, 
alternately the T cells may not survive in vivo due to the ex vivo handling. 
From previous experience we have found the T cells to stay in the lungs after 
i.v. injection for at least 24 hours. Despite that, we treated mice very early, 
when tumors have not been formed so the T cells would theoretically have 
the time to migrate to secondary lymphoid organs. Because we treated the 
mice several times, one week and 2 weeks post tumor inoculation, it is un-
likely that the cells could not reach the tumor because of lack of time. An-
other possibility is that the tumor was inaccessible when small because it 
was not vascularized enough and later it became too immunosuppressive for 
the T cells to work. Migration studies of how many T cells reach the tumor 
and at what stage of its development that happens would be needed to an-
swer that question. Studying whether the tumors are CAR T cell infiltrated 
or not, and what is the phenotype and functions of those T cells in the tumor 
microenvironment would shed more light on how we should design future 
experiments. The incapability of the CAR-transduced T cells to cure tumors 
could also be attributed to the strain of mice used, as the nude mice still have 
functioning immune system components that can recognize the non-self 
MHC.  

To improve the response in the mice, their pre-conditioning may be nec-
essary in order to create better conditions for the adoptively transferred T 
cells in the host. Irradiation followed by supportive IL-2 treatment of mice 
has been used by the Rosenberg group, which is also their protocol for pre-
conditioning human patients in clinical trials that are about to receive T cells. 
In their recent publication where they target PSCA by CARs containing dif-
ferent co-stimulatory domains, they also administer IL-2 in their in vivo 
studies [179]. They saw an improvement of the response when using only 
the CD28 signaling domain, and a better response as compared to our re-
sults. Signaling through the CAR is certainly important, but differences can 
certainly be attributed to the administration of IL-2 and the different mouse 
strain used in that study. IL-2 may be an important factor in the survival of 
the T cells and may be necessary to be included in the adoptive T cell proto-
cols. The use of nude mice, which are less immunocompromised (which 
were used in our study) could be a hurdle for the adoptively transferred hu-
man T cells as well. It remains to be determined whether a second or a third 
generation CAR could be a better therapy choice.  
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Paper III 
Aims: 
The aim of Paper III is to create an optimized protocol for expansion of ge-
netically modified tumor-specific T cells, which will make them better sur-
vivors in the harsh tumor microenvironment. 

Methodology: 
The T cells were expanded using two different protocols: The rapid expan-
sion protocol and the ASAL expansion protocol (AEP). In the REP the T 
cells were expanded using irradiated PBMCs from three different donors as 
feeder cells. In the AEP, the T cells were stimulated with DCs and irradiated 
ASALs. ASALs were generated through stimulation of PBMCs from one 
donor with irradiated PBMCs from another donor that was autologous to the 
DCs. The T cell effector function was measured as described above, the T 
cell viability was measured using Annexin V/PI staining for flow cytometry. 

Results, Discussion and Future Perspectives 
The AEP was expanding T cells as efficient as the REP. DCs that were ex-
posed to ASALs expressed increased levels of CD80 and CD70, and in-
creased cytokine production (IFN-γ, IL-2 and most importantly IL-12). 
CD70 up-regulation was important for IL-12 production from DCs as its 
blockage abolished the increased IL-12 production. CD40 blockage affected 
expression of CD70 and IL-12 production, as well as CD27 and CD40L 
expression and cell viability under stress on expanded T cells. The T cells 
expanded with AEP preserved their cytotoxic properties, and were clearly 
better effectors under stress conditions like oxidative stress (H2O2), inhibito-
ry cytokines (TGFβ and IL-10) or apoptosis-inducing cytostatics (doxorubi-
cin). It is clear that genetically modified T cells used in clinical trials have 
some success, but often cannot achieve complete responses. The challenging 
immunosuppressive tumor microenvironment consisting of many inhibitory 
cells and cytokines is turning off T cell effector functions.  

Currently T cells that enter the clinic have been expanded with anti-
CD3/anti-CD28 beads or using REP protocol. We argue that such expansion, 
although efficient in achieving large T cell numbers, does not prepare the T 
cells for the tough conditions they meet in the tumor. It may be that those 
expansion methods stimulate T cells to some extent, but are not able to fully 
replace a mature DC, which gives an optimal T cell stimulation. An addi-
tional plus of the AEP protocol is that DCs have an additional interaction 
with ASALs, which turns them to IL-12 secreting DCs, which in turn are 
able to polarize the T cell response to the Th1 type. Although more time 
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consuming, the AEP protocol provides a better stimulation for T cells, and as 
the ASAL and mDC compounds can be prepared in advance and frozen, it 
would be feasible to use them in the clinic in the future.  

Although we have seen a better expansion with the AEP protocol, there is 
much that is unclear as to the mechanism how the ASALs work. Future ex-
periments will focus on pin-pointing the functions of those cells, the interac-
tion between ASAL, mDC and effector T cell, and elucidating the role of the 
different cell types in the process. Future work will also focus on soluble 
factors that are secreted from those cell types and their functional role for the 
optimal activation of the effector T cells. 

Paper IV  
Aims 
The aim of this study was to generate antigen-specific regulatory T cells, 
investigate their response to antigen stimulation with regard to their regula-
tory phenotype. The aim was also to determine whether it is possible to in-
troduce a MHC class I restricted TCR into CD4+ T cells and still retain TCR 
binding to the specific MHC class I-restricted peptide.  

Methodology 
T cell clones against a peptide from the CMV pp65 protein were generated 
through limiting dilution (see Paper I Methodology). One TCR was isolated 
and subcloned into a lentiviral vector and used to transduce T cells. The 
Tregs were isolated using flow cytometry sorting, selecting 
CD4+CD25highCD127low/negative cells. A small fraction of sorted cells were 
stained additionally with FoxP3 to estimate purity. The Treg suppressive 
function was measured in a CD4+ T effector cell activation assay, where the 
CD4+ effectors were activated using anti-CD3/anti-CD28 magnetic beads. 
Transduction of Tregs was measured with flow cytometry using tetramer 
technology. The cytokine profile of the transduced Tregs upon antigen stim-
ulation was studied using Luminex assay. 

Results, Discussion and Future Perspectives 
Sorting of Tregs was feasible with the FACS Aria III sorter following their 
expansion using high doses of IL-2 and initial stimulation with anti-
CD3/anti-CD28 beads. After expansion, the Tregs retained their suppressive 
properties. In the Treg suppression assay, the Tregs were able to block ex-
pression of CD69 and CD154 activation molecules on the effector CD4+ T 
cells.  
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We were able to transduce Tregs with lentivirus encoding GFP or TCR. 
The transduction efficiency was consistently close to 50%. Being able to 
measure the efficiency of the TCR-transduced T cells using tetramers veri-
fied the expression and pairing of the introduced TCR, but also it’s binding 
to MHC class I independently of the CD8 co-receptor. This binding is spe-
cific, and it may indicate a strong affinity of the CMV pp65 TCR.  

When we investigated the response of TCR-transduced Tregs to antigen 
stimulation, we saw a mixed cytokine profile produced by the Tregs upon 
antigen stimulation. Although the hallmark Treg cytokine IL-10 was ex-
pressed to a high level, many inflammatory cytokines like IFN-γ, TNF-α and 
IL-17 were induced. A possible conversion of phenotype by some of the 
cells could explain those results. Why some of the cells would change phe-
notype but not all is unclear. The strong TCR that the transduced T cells 
possess may turn them to effectors upon target binding. As Tregs are a po-
tential therapy for autoimmune disease and organ transplantation patients, 
much care should be taken and many questions should be answered before 
using them in the clinic.  

To follow up the function of the Tregs, more functional studies need to be 
performed, looking not only at their cytokine profile, but at their ability to 
functionally suppress by other mechanisms upon antigen stimulation. The 
optimal TCR should be chosen to be introduced into the Tregs, ideally 
against an antigen that would be expressed in the respective autoimmune 
disease or after organ transplantation. It would be of interest to test different 
affinity TCRs, and also CARs to see whether the possible phenotype change 
could depend on the affinity of the binding. 
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Discussion and future perspectives 

The immune system has a primary purpose to protect the human body. It is a 
fine-tuned machine of cells and soluble factors that holds a great potential 
for therapy, but must be used with great caution. T cells have many faces 
and are a powerful tool when their biology is properly applied. Efficiency of 
eradication of pathogens gives the first clue that T cells could be used to also 
fight cancer. The model of non-infectious self/infectious non-self recognition 
of peptides suggested by Janeway cannot fully explain autoimmune disease 
where self-peptides are efficiently recognized and lead to detrimental results 
when T cells get activated.  

The danger model proposed by Matzinger suggests that responsibility for 
immune activation is with the tissues[180]. Her updated view on the danger 
model was summarized in an interview in 2012 [181]. According to the dan-
ger model it is vital that a danger signal is delivered to the immune cells at 
the antigen site. Such alarm signal can be provided when the tissue is in-
jured, where many soluble factors are recruited, and many toll-like receptors 
(TLRs) get activated. Those signals can include proteins released from ne-
crotic cells, pathogen associated molecules and others. In that setting, an 
APC would be optimally activated to prime a T cell. As tumors divide very 
fast, necrotic tumor cells that have accumulated many mutations release 
alarm signals.  

Despite that, it is clear that factors secreted from and receptors on live 
cancer cells are able to counteract that effect. Not only tumors inhibit T cells 
directly, but they are able to completely change the microenvironment to the 
type of immunity that would aid cancer growth. By secreting inhibitory cy-
tokines, tumors are able to block the Th1 response efficiently, and change 
phenotype of macrophages and neutrophils to an immunosuppressive pheno-
type. In that way not only macrophages are not able to mount efficient re-
sponse against the tumor, but they also promote tumor growth. In our CAR 
PSCA T cell study (Paper II), the CAR T cells could only prolong the sur-
vival of mice, but there was no cured mouse. Inhibitory cytokines recruit T 
regulatory cells and myeloid-derived suppressor cells that are additionally 
inhibiting T cell responses, maybe even more efficiently than tumors them-
selves, and aiding tumor spread and growth. In that kind of environment any 
T cell that is transferred is futile. We need to consider the Danger model and 
find a way to break tolerance to tumors, recognizing “the dangerous self”. 
Recent clinical trials data suggests that cells that are extremely potent in 
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killing tumors in vitro are not efficient in vivo due to lack of persistence, and 
the persistence of T cells in the tumors is correlated with clinical responses 
in metastatic melanoma patients [182]. Preconditioning of T cells, for exam-
ple using the AEP protocol gives them an important pro-survival signal, 
which could be beneficial for increasing of T cell persistence but may not be 
enough in vivo. Using young T cells with long telomeres and stem-like prop-
erties may also contribute to their resistance in the tumor [91, 92] as termi-
nally differentiated T cells were not found to be efficient in mouse models 
[176]. A recent clinical study shows a correlation between the expansion of 
the adoptively transferred T cells in B cell malignancy patients and the sub-
set type of the T cell being of the T memory stem phenotype [183]. Even 
when preconditioned in vitro, T cells may not keep their phenotype when 
transferred and it is important to consider the subset of the transferred T 
cells. 

Although it is important what the phenotype of T cells transferred is, 
much work must be dedicated to studying the tumor microenvironment and 
blocking the pathways that lead to T cell tolerance. Clinical trials with TILs 
in melanoma that have shown success should be evaluated and the differ-
ences between responders and non-responders should be studied in more 
detail. The tumor infiltration and microenvironment in the responder patients 
might give an insight of under what conditions the TILs were able to get 
activated and eradicate tumors. Antigen presentation and release from the 
tumor may play an important role, as Rosenberg and colleagues have found 
that total body irradiation added value to the current protocols. Proteins from 
the innate immune system or oncolytic viruses or combination of both could 
be used as a pre-T cell therapy, which could possibly break tolerance and 
ensure an optimal environment for the T cells to function. Improving current 
protocols for T cell expansion plays a crucial role for the product delivered 
to patients. Protocols using DCs may have beneficial results as we show in 
Paper III. Additional licensing of the DCs is also important for the following 
T cell response. Inappropriate T cell responses can contribute to tumor 
growth instead of inhibiting it. A way to improve T cell responses and acti-
vate them is through treatment with checkpoint blockade antibodies [184]. 
Clinical success of the treatment of melanoma using anti CTLA-4 antibody 
(ipilimumab) [185] led to its FDA approval. Binding of CTLA-4 early dur-
ing T cells activation hampers T cell responses and that effect could be cir-
cumvented by the ipilimumab treatment. Importantly, besides its activation 
effects towards effector T cells, the anti CTLA-4 antibody depletes Tregs 
that have constitutive expression of CTLA-4 which partly mediates their 
suppressive function [186].  

Another problem that may arise for the T cells (and other therapies) is the 
accessibility to tumor, making solid tumors generally more difficult to treat. 
It is not surprising that T cell therapy has been most successful in hemato-
logic malignancies [103]. Tumor infiltration is an issue, and in the case of 
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prostate cancer the heavily immunosuppressive microenvironment as men-
tioned above. As to immunosuppression the tumors of B cell origin may 
provide some co-stimulation for T cells (the hematologic malignancies that 
express co-stimulatory molecules like CD80 induce a better antitumor T cell 
response [187]) which is absent in the case of solid tumors, where the T cells 
are often dysfunctional and exhausted [188, 189]. Only a small fraction of 
the transferred T cells is able to reach the tumor, and that results in a re-
quirement of a high dose of T cells to infuse. Better ways of delivery are 
needed.  

As we have seen above, one of the most inhibitory cell type in cancer are 
Tregs. Looking from the cancer perspective and knowing that, it is intuitive 
to use them for therapy in disease where immunosuppression is needed.  It 
may be a challenge for a Treg to preserve its suppressive properties in highly 
inflammatory environment, and that is what we aim to bring to tumors to 
break tolerance. On the other hand, tolerance is what is necessary to achieve 
for organ transplantation patients. Antigen-specific Tregs would allow for 
more controlled activation of Tregs compared to unmodified Tregs. In order 
to use antigen-specific Tregs for therapy, the biology of their activation must 
be further investigated. It is not uncommon that cytokines and the microen-
vironment can contribute to phenotype changes in T cells. A Treg cell that 
has turned into Th17 cells could have detrimental effects.  

I believe that T cell therapy has a future in the clinic. The different faces 
of T cells and their multifaceted functions open endless possibilities for their 
use with a possible application in almost every disease. Genetically modified 
T cells have been used to treat cancer, autoimmune disease, HIV and oppor-
tunistic infections in immunocompromised patients, but have potential in 
transplantation to treat GvHD and transplant rejection [132, 134, 190-196]. It 
is the commercialization and production of T cells that needs to be devel-
oped further, bringing the costs down, and trying to universalize the therapy 
by possibly using biobanks with cells reactive to the most common tumor 
antigens and with different HLA restrictions. The use of allogeneic cells 
would also open new possibilities to universalize adoptive T cell therapy. As 
gene modification technologies are advancing it has become possible to 
eliminate expression of endogenous TCR chains on allogeneic T cell making 
them more universal [197]. Patient-tailored therapy could be available and 
patients could be screened for antigen expression in the blood before admin-
istration of cells. 

In terms of durability, T cell therapy has the advantage that a T cell has 
memory. One of the best qualities of a memory cell is its ability to quickly 
activate the immune system when re-encountering the same antigen. That 
property of the T cells could be taken advantage of regardless of the disease 
treated. To date, there are durable responses to T cell therapy in metastatic 
melanoma that last 10 years, which cannot be said about many other thera-
pies. Although a large proportion of melanoma patients respond very quickly 
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to targeted therapies that response is transient and resistance ultimately fol-
lows in most patients. For example, melanoma patients treated with the 
BRAF inhibitor show dramatic results with 50-80% objective response rates 
in patients with specific mutations in the BRAF pathway [198]. Unfortunate-
ly, the response is not durable as the patients relapse within months with 
resistant cancer. On the other end, immunotherapy has shown response in 
much lower number of patients, but the responders maintain a long-term 
benefit from the therapy [199]. The targeted therapy and immunotherapy for 
melanoma have been compared in [199]. Although the initial response ap-
pears to be much improved in targeted therapy, the beneficial effect in the 
long-term survival does not differ much from available standard therapy. On 
the contrary, the small numbers of patients that are responding to immuno-
therapy often remain disease-free and have more long-term survival com-
pared to standard therapy (Figure 10). Focusing on increasing the responder 
rate of immunotherapies may provide better treatment options. One possibil-
ity is the use of combination therapies, and as the heterogeneity of most solid 
tumors is enormous, it may not be possible to achieve durable complete re-
sponses with a single treatment agent. 

 
 
Figure 10. Comparison between targeted therapy and immunotherapy survival 
curves. Ribas et al, Clin Cancer Res 2012,18:336-341 
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Regarding toxicity of the transferred cells, it is uncommon that off target 
toxicity is observed. Compared to current chemotherapy, T cell therapy has 
milder side effects. Much caution must be taken when target antigens are 
selected, as on-target toxicity has been shown to be an issue in patients with 
adoptive T cell transfer. But it is the researchers, not T cells that are at fault 
here - the T cells are only doing what they have been instructed to do. The 
number of clinical trials using ACT is continuously increasing and there is 
significant improvement in efficacy of ACT bringing it closer to an approved 
feasible clinical treatment [200]. The success of immunotherapy led for its 
selection as the top breakthrough of the year 2013 by Science [201]. 

In conclusion, it is important that T cells used for T cell therapy should 
have the right subset, receptors, should be provided the right environment to 
work and should be administered during the right window of time, or in oth-
er words can be described like that: 

 
“Success is simple: do what’s right, the right way and at the right time” 

A.H.Glasgow 
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