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Transporter associated with antigen processing
Central memory T cell
T cell receptor
Effector memory T cell
Tumor growth factor
T helper
Tumor infiltrating lymphocyte
Toll-like receptor
Tumor necrosis factor
T regulatory
Vascular endothelial growth factor

Introduction

General Overview of the Immune System
The human immune system is a complex organization of cells and proteins
which main function is to protect the human body and clear microbes of
different kind. The immune system may also play an important role in clearing the human body from cancer cells.
Early immune response is mediated by the innate immune system which
provides the first line of defense and is characterized by its unspecific but
fast response to antigens. The major components of innate immunity are
constituted by physical and chemical barriers, phagocytic cells (neutrophils,
macrophages, monocytes, dendritic cells (DCs), and mast cells), natural killer (NK) cells, the complement system and cytokines.
Late immune response is mediated by the adaptive immune system which
is characterized by specificity and memory against distinct antigens. Upon
infection lymphocytes adapt their specificity to recognize and eradicate the
pathogen. The effector lymphocytes undergo apoptosis while memory lymphocytes remain. Upon subsequent infections with the same pathogen, the
memory cells provide a rapid and efficient response. The adaptive immune
system is divided into humoral and cell-mediated immunity. Humoral immunity is mediated by antibodies produced by B lymphocytes which defense
against extracellular microbes and their toxins. Antibodies are specific for
distinct antigens and different subtypes of antibodies activate different effector mechanisms such as phagocytosis or inflammatory protein release. The
cell-mediated immunity is mediated by T lymphocytes (CD4+ helper T lymphocytes and CD8+ cytotoxic T lymphocytes (CTLs)), which defends against
intracellular microbes, such as viruses. T lymphocytes promote destruction
of microbes residing in phagocytes or lysis of infected cells.
Innate and adaptive immune responses are integrated and act together.
One important link between the two systems is the activation of innate DCs
and their subsequent interaction with and activation of adaptive T lymphocytes. The immune system also contains suppressor functions that suppress
the immune system once the pathogens have been cleared. It is very important that effector versus suppressor functions are well balanced in order to
protect from diseases and protect against autoimmunity. This homeostatic
balance is essential for a well functioning immune system.
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Antigen Presentation
Almost all nucleated cells can present antigens via major histocompatibility
complex (MHC) class I molecules. However, proper T cell priming requires
professional antigen-presenting cells (APCs) which also express MHC class
II and co-stimulatory molecules. The most potent APC for T cell priming is
the DC but activated macrophages and B-cell blasts also have the capacity to
induce T cell activation and are of significant importance in maintaining
immunity (1). Toll-like receptors (TLRs), which are expressed by APCs, are
important danger signaling receptors which induce maturation of DCs (2).
As TLRs sense microbial products, they serve an instructive role of innate
immunity in the stimulation of adaptive immunity.

Presentation of Endogenous Proteins
The endogenous pathway is characterized by presentation of peptides on
MHC class I molecules. MHC class I present peptides (8-11 residues long)
from endogenous proteins which first are ubiquitinated in the cytosol and
then degraded by proteosomes (3,4). Proteosome-digested peptides are
transported into the endoplasmic reticulum (ER) by the TAP protein (5-7).
The MHC class I molecule resides in ER where its appropriate folding takes
place. The peptide binds to the MHC class I cleft and the MHC/peptide
complex is released from a protein called tapasin which enables the complex
to be transported to the cell surface (8). Possible sources of proteins presented on MHC class I molecules are cytosolic proteins (endogenous or viral), alternative transcripts, defective and recycled proteins, retranslocated
proteins from ER as well as cross-presented internalized proteins (discussed
below) (8-12). Peptides presented by MHC class I molecules are recognized
by T cell receptors (TCRs) on CD8+ T lymphocytes.

Presentation of Exogenous Proteins
The exogenous pathway is characterized by presentation of peptides on
MHC class II molecules. MHC class II expression is limited to APCs such as
DCs, B cells, macrophages and monocytes. However, some epithelial cells
and some tumor cells also express MHC class II (13,14). MHC class II molecules present peptides (ranged from 12-30 residues long) from exogenous
proteins. Extracellular proteins are internalized through vesicular compartments and are then degraded and processed by endosomal and lysosomal
vesicles. In the mean time MHC class II molecules are processed in ER, with
the invariant chain peptide, CLIP, bound within the MHC class II groove.
CLIP prevents loading of endogenous peptides. The blocked MHC class II
molecule is transferred from ER through exocytic vesicles and then fuse with
the peptide-containing late endosome. CLIP is removed and exogenous pep12

tides are loaded onto the MHC class II molecule and the MHC/peptide complex is transported to the cell surface (15-17). Possible mechanisms of endocytosis of exogenous proteins are phagocytosis of large particles, macropinocytosis of large quantities of extracellular fluid and fluid-dissolved proteins and a receptor-ligand complex endocytosis driven by specific proteincoated vesicles (18-21). Peptides presented by MHC class II molecules are
recognized by TCRs on CD4+ T lymphocytes.

Cross-presentation
Peptides from exogenous proteins are in some cases loaded on MHC class I
molecules and presented for CD8+ T lymphocytes. This phenomenon is refereed to as cross-presentation or cross-priming and can be mediated in either
a TAP dependent or a TAP independent manner. In TAP dependent presentation exogenous proteins are transported to the cytosol, where they are digested by proteosomes into peptides and loaded onto MHC class I molecules
(22-24). In TAP independent presentation the peptides do not require transport to the cytosol. Instead the endocytosed peptides fuse with the MHC
class I vesicle (25-28). Cross-presentation is thought to be the main pathway
for loading of viral and tumor antigens onto MHC class I molecules. DCs
could ingest infected cells or cancer cells and derive antigens from these
sources (29,30). However, cross-presented antigens do not necessarily induce immune responses. Cross-presentation is also involved in tolerance to
self-proteins. Studies have indicated that the immunogenicity of crosspresented tumor antigens ranges from tolerogenic (31) to weakly immunogenic (32). The absent or weak immune responses against tumor antigens
might depend on the absence of TLR activation or absence of inflammatory
and co-stimulatory signals (33).

Activation, Regulation and Polarization of
T Lymphocytes
Dendritic Cells - Origin and Subsets
The DC is the most potent APC and the main inducer and activator of adaptive immune responses (34,35). DCs are derived from hematopoietic bone
marrow progenitor cells and DC differentiation is characterized by two pathways: myeloid and lymphoid. The lymphoid pathway generates plasmacytoid
DCs, (pDCs) which release type I interferon upon viral infection as part of the
innate immune response (36-40). The myeloid-derived DCs are found in skin
and other tissues and induce cell-mediated immune responses. Immature DCs
residing in peripheral tissue capture antigens and present antigenic peptides
either trough the endogenous or exogenous pathway (described above).
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T Cell Polarization
There are at least four subsets of differently polarized T cells into which
naïve CD4+ T cells can differentiate; TH1, TH2, TH3/Tr1 and TH17. Which
subset a T cell differentiates into depends on the surrounding microenvironment and signals received from DCs. TH1 cells produce IFN-, IL-2, and
TNF which are involved in T cell-mediated immune responses. IFN- also
induces B cells to produce opsonizing IgG antibodies. TH2 cells produce IL4, IL-5 and IL-10 which are involved in B cell-mediated immune responses.
IL-4 allows B cells to produce neutralizing antibodies. During a TH1 response DCs produce IL-12 which further represses TH2 responses. In contrast, TH2 responsive cells repress TH1 responses by producing IL-4 and IL10. TH3/Tr1 cells produce TGF- and IL10 and have suppressive properties
through activation of peripheral regulatory T cells (41,42). TH17 cells are
dependent on IL-23 production and produce IL-17 and IL-21. TH17 cells are
thought to play a role in many autoimmune diseases (43,44). TH1 and
TH3/Tr1 polarized T cells will be discussed in more detail.

DC Priming of T Lymphocytes – TH1 Response
DCs are required for an effective activation of T lymphocytes. DCs present
peptide-antigens bound within the groove of MHC molecules (45). Immature
DCs are localized in peripheral tissue that is in contact with external environment such as skin, lungs, stomach and intestines. In the immature state
DCs express chemokine receptors that response to inflammatory chemokines
such as MIP and CCL5 (34). These chemokines recruit immature DCs toward the site of inflammation, where DCs capture antigens. In order to activate T cells DCs need to mature. Antigens that can induce maturation are
products from microbes such as LPS, Methylated CpG DNA or dsRNA
which activates TLRs expressed on DCs (46-50). DCs can also receive maturation signals from pro-inflammatory cytokines such as IL-1b, TNF, IL-6,
prostaglandin E2 (PGE2) (51), IFN-, IFN- (52) and from different cell
types such as NK cells and NKT cells (53). Mature DCs upregulate the chemokine receptor CCR7, which promotes responsiveness to the chemokines
CCL19 and CCL21. This will initiate migration of DCs into secondary lymphoid tissue for antigen presentation to T lymphocytes (54-57). In the maturation process DCs shut down their internalization capacity and upregulate
MHC molecules, different co-stimulatory and adhesion molecules. The
combination of maturation signals will affect the DC cytokine release profile
which control lymphocyte priming and polarization i.e. induction of different
subsets of memory and effector T cells and different subsets of suppressor
regulatory T cells (58). The first step of T cell activation is the interaction
between the MHC/peptide complex on the DC with the TCR on the T cell
(Figure 1). For an effective activation interactions of co-stimulatory and
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adhesion molecules must occur between the DC and the T cell leading to the
formation of the immunological synapse. The co-stimulatory molecule interactions are CD80/86—CD28, CD40—CD40L and the adhesion molecule
interactions are LFA-3—CD2, ICAM-1—LFA-1 (59). If some of above
mentioned interactions fails T cells may become anergic (unresponsiveness
to antigen presentation) or obtain suppressor function (60,61). Furthermore,
if CD80/86 is interacting
with CTLA-4, the T cell
recive a negative signal
leading to anergy or suppressor function. As a last
step DCs produce IL-12
which enhances T cell proliferation. Activated TH1
CD4+ helper T cells produce IL-2 which induces
and enhances proliferation
of both CD4+ and CD8+ T
cells. Once activated, CD8+
cytotoxic T cells and CD4+
helper T cells migrate to Figure 1. T cell priming by DC. For optimal T
the site of inflammation or cell activation the TCR must recognize the
MHC/peptide complex (1) and interaction beinfection in order to target tween CD80/86—CD28 molecules is necessary
exposed cells and tissue. to provide the important costimulatory signal
The TCR on the CTL inte- (2). Interaction between CD80/86—CTLA-4
racts with the MHC class inhibits T cell activation (-).
I/peptide complex on the
target cell which activates the killing machinery. CTLs kill target cells by
release of the cytotoxic agents perforin and granzymes, which induce intrinsic apoptosis of the target cell. Furthermore, CTLs express Fas ligand which
interacts with Fas on target cells leading to extrinsic apoptosis. CTLs also
release IFN-, which upregulate both MHC class I molecules and the Fas on
the target cell leading to an even more effective killing (62).

Memory T Cells
Memory T lymphocytes are cells with antigen experience and remain present
even in the absence of antigenic stimulation and have the capacity to expand
rapidly upon challenge (63). Antigen-experienced memory T cells can be
divided into a central memory T (TCM) and an effector memory T (TEM) phenotype which differ in homing and functional capacity. TCM express CD62L
and CCR7, which promote migration to lymph nodes. TEM cells are found
within tissues and are able to carry out immediate effector functions. TEM cells
lack CD62L and CCR7 which enables migration to peripheral tissues. Both
15

TCM cells and TEM cells proliferate and differentiate into cytotoxic effector T
cells upon antigen stimulation. TCM cells produce mainly IL-2 after TCR triggering but after proliferation and differentiation into effector cells they produce IFN- or IL-4. TEM cells produce IFN-, IL-4 and IL-5 after differentiation. Both TCM cells and TEM cells produce high levels of granzyme and perforin after differentiation into effector T cells. The majority of effector cells die
from apoptosis shortly after the end of the immune response (64-66). However, T cell memory can persist for life, indicating that some effector T cells
may have the ability to revert to the memory pool (67,68).
Memory T cells are a relative heterogeneous subsets of T cells and identification of surface- and costimulatory molecules has been used to dissect the
issue. Analysis of new surface molecules often results in the identification of
an increasing number of subpopulations. Expression of a large number of
markers significantly overlaps or associates with different subsets of T cells.
The most common markers are CD45RA, CD45R0, CCR7, CD27, CD28
and CD62L (69). Phenotypic associations within CD8+ and CD4+ T cell subsets are illustrated in Figure 2 A, B and 3 A, B.
The pathway of T cell differentiation still remains elusive in humans. It is
unclear if the differentiation progress is linear or branched, one way or reversible. Data on telomere length suggests a linear progression of differentiation (69) while in vitro (70) and in vivo (71) studies suggest that differentiation is branched and that reversions from memory/effector subset to a previous memory/effector subset can occur.
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Figure 2. Phenotypic associations within CD8+ T cell subsets in man and relationship with functional attributes. (A) Distinct subsets, relative telomere length and
expression of intra- and extracellular molecules are illustrated. (B) Phenotypic characterization of the CD8+ T cell memory subsets (65,68,69).
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Figure 3. Phenotypic associations within CD4+ T cell population in man. (A) Surface molecule expression and relative telomere length and TH1 related cytokine
profile for distinct CD4+ T cell subsets. (B) Phenotypic characterization and polarization of the CD4+ T cell memory subsets (65,69).

Regulatory T Cells – TH3/Tr1
Several regulatory mechanisms are used to maintain immune homeostasis.
One of these regulatory mechanisms is the action of regulatory T (Treg)
cells. Treg cells are the primary mediators of peripheral tolerance and have
an essential role in preventing autoimmune diseases. They suppress the effector phase of the immune system and this will occasionally lead to limited
pathogen clearance and may lead to poor antitumor response (72,73).
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Different subsets of Treg cells have been characterized. One subset is the
thymus-derived naturally occurring Treg (nTreg) cells. They express the
forkhead box p3 (Foxp3) transcription factor together with CD4 and CD25
and display a diverse TCR repertoire that is specific for self antigens (74).
The other subsets of Treg cells are T regulatory type 1 (Tr1) and T helper
type 3 (TH3), which have been peripherally induced from effector T cells
during inflammatory processes in peripheral tissue or experimentally generated in vitro. They generally do not express Foxp3. Treg cells are functionally defined as T cells that inhibit other immune cell functions. For nTreg
cells, this suppression is mediated primarily by cell-to-cell contact. In contrast, Tr1- and TH3 cells suppress other cells via soluble factors, such as
TGF- and IL-10 (75). Constitutive expression of the co-stimulatory molecule cytotoxic T-lymphocyte antigen 4 (CTLA-4) is primarily restricted to
Treg cells suggesting that CTLA-4 expression is involved in immunesuppressive mechanisms (76). The interaction between Treg cells expressing
CTLA-4 and CD80 and/or CD86 molecules on DCs condition DCs to express indoleamine-2,3-dioxygenase (IDO). IDO is known as a potent regulatory molecule which induces production of pro-apoptotic metabolites, resulting in suppression of effector T cells (77).

Figure 4. Identified molecules characteristic for regulatory CD8+ and CD4+ T cells
in man. The characterization of regulatory CD4+ T cells is far more assessed then
regulatory CD8+ T cells (78-81).

In contrast to CD4+ Treg cells, much less is known about CD8+ Treg cells.
A recent study showed that CD8+CD25+FOXP3+ Treg cells isolated from
prostate tumor infiltrating lymphocytes (TILs) suppressed naïve T cell proliferation. Interestingly, the suppressive function of CD8+ Treg cells could be
reversed by TLR-8 ligands (79). Molecules expressed by CD8+ and CD4+
Tregs are shown in Figure 4.
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Antigen Loading of Dendritic Cells
DCs are remarkably efficient in antigen capture and antigen presentation and
have a unique capacity to prime naïve T cells. Therefore, they have become
central in immunotherapeutic strategies against viral infections and cancer. By
various techniques it is possible to modify DCs to present desirable antigens.

Viral Transduction
Many viruses have been genetically modified into recombinant viral vectors
and used for antigen delivery, by introduction of transgenes encoding favorable antigens. Several kinds of viruses have been used for antigen delivery,
such as adenovirus (Ad) (82,83), retrovirus (84), herpes simplex virus (85)
and influenza virus (86). The studies presented within this thesis used
recombinant adenoviral vectors. The reason being that adenoviral vectors
can infect both dividing and non-dividing cells which makes them appropriate for DC transduction (87). Moreover, adenoviral vectors are capable of
generating a relative high transgene expression within transduced DCs leading to an effective antigen presentation mainly within the MHC class I cleft
for activation of CD8+ T lymphocytes. Transduction of DCs with viral vectors expressing a full length antigen is applicable independently on HLA
restriction.

Pulsing DCs with HLA-Restricted Peptides
Amino acid sequencing of naturally processed peptides eluted from MHC
molecules has revealed that each MHC variant efficiently binds only a subset
of peptides that share conserved amino acid residues at fixed positions.
Many antigenic peptides associated with MHC class I have been identified
while far less is known about antigenic peptides associated with MHC class
II (88,89). Both self and non-self peptides have been characterized, such as
tumor and viral epitopes but mostly to widely represented HLA alleles (90).
DCs can easily be pulsed by synthetic peptides which mediate a high homogenous peptide-specific expression within the MHC groove. This will lead to
highly specific T cell priming of selected HLA restriction. By using peptide
mixtures of 15-mer peptides that overlap by 11 amino acid residues an entire
protein can be spanned for immunogenic epitopes independently on HLA
restriction. Endogenous peptide trimming allows binding both to MHC class
I and class II and stimulation of both CD8+ and CD4+ T cells (91-94).
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Feeding DCs with Protein
DCs can be exposed to various sources of proteins such as lysate (95), acideluted peptide mixtures (96), apoptotic cells (83,97) and necrotic cells
(83,98). The advantages with pulsing DCs with protein instead of peptides are
that the DC by itself does the natural selection of preferred peptide through
the exogenous machinery. In addition, protein pulsing is applicable independently on HLA restriction. Protein pulsing will lead to presentation via the
exogenous pathway and consequently preferential presentation of peptides on
MHC class II molecules leading to activation of CD4+ T lymphocytes. Disadvantages are the low frequency of specific presentation because of the broad
selection of peptides processed within the DC. This is especially a problem
when loading self-proteins i.e. tumor-associated antigens (TAAs), which may
yield low amount of immunogenic tumor-specific antigen loading on MHC.
This may lead to a poor or absent T cell response (99).

Transfection with in vitro Transcribed mRNA
DCs can be transfected with mRNA using cationic lipids/polymers or electroporated with mRNA using a short pulse of high voltage in order to present
antigens for T cell activation (100-102). Gillboa et al pioneered this approach in the human system and have successfully delivered mRNA into
DCs (103-105). The advantage with transfected or electroporated mRNA is
that the molecule only needs to reach the cytosol for antigen translation.
However, manufacturing large amounts of mRNA is a complex and rather
expensive procedure.
This thesis focuses on antigen loading and presentation of antigens from
cytomegalovirus (CMV) and prostate cancer. Therefore, CMV and prostate
TAAs will be discussed in more detail.

Cytomegalovirus
General Overview
CMV is a linear double-stranded DNA herpes virus. Once a person becomes
infected, the virus latently persists in the body for the rest of the person’s life.
CMV evades the immune system by down-regulation of MHC molecules on
infected cells and, up-regulation of decoy-like MHC molecules in order to
circumvent both T cell and NK cell mediated killing (106-108). This disables
targeting and killing of infected cells containing dormant CMV.
More than half of the human population is infected by CMV. In healthy
CMV-seropositive individuals the cell-mediated immune system, i.e. CD8+
cytolytic and CD4+ helper T cells, represses viral reactivation and protects
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against disease (109). Patients with impaired immune system, such as hematopoietic stem cell transplanted (HSCT) patients and late stage AIDS patients may suffer from severe disease and even mortality due to CMV infection or reactivation. Immunocompromised patients with an early onset of
disease are easily treated with preempative or prophylactic antiviral medication. This treatment circumvents the severe symptoms of fibrosis within the
lungs, retina and the gastro-intestinal tract (110-112). However, the antiviral
treatment is nephrotoxic and leads to marrow suppression followed by an
increase in bacterial and fungal infections. The treatment has also given rise
to CMV strains resistant to the antiviral drug (112,113). Furthermore, effective antiviral therapy in an early phase after e.g. transplantation has led to an
increase in active CMV infection/reactivation and disease after day 100 (late
onset). Patients developing late-onset CMV disease are characterized by a
delayed reconstitution of CMV-specific T cell responses (114,115).

Immunotherapeutic Strategies against CMV
Infection/Reactivation in Immunocompromised Patients
Methods that allow for reconstitution of CMV-specific immune responses
such as adoptive T cell therapy are promising tools that might help to improve the management of late onset CMV infection/reactivation and disease.
The cell-mediated immune system has been found to target a limited number
of CMV proteins i.e. pp65, IE1 exon 4, glycoprotein B and pp150. These
proteins are the principal inducers of T cell response (116). The interest in
adoptive transfer of CMV-specific T cells in an immunocompromised patient is relevant in both a donor/recipient as well in an autologous transfer
situation. Peripheral blood lymphocytes (PBLs) of the donor usually contain
CMV-specific T cells and can therefore be transferred to the recipient to
control CMV infection. However, the potential risk of alloreactive T cells
must be considered (117,118). Another problem of using unselected populations of donor lymphocytes is the low frequency of CMV-specific T cells
(119). Enrichment of CMV-specific T cells by in vitro culture before transfer
appears to reduce the risk of graft-versus-host disease and efficiently restore
CMV-specific T cell responses (120-122). Therefore, adoptive transfer of
donor-derived or autologous CMV-specific T cells may be an attractive approach to treat immunocompromised patients with CMV disease. Riddell
and colleagues showed more than a decade ago that infusion of donorderived CMV-specific CD8+ T cells can reconstitute CMV immunity after
HSCT (121-123). They were able to reconstitute and restore CMV-specific
CD8+ T cell immunity. However, the magnitude of the CMV-specific CD8+
T cell response decreased with time in patients with no reconstitution of
endogenous CMV-specific helper T cell response. Einsele and colleagues
transferred donor-derived CMV-specific CD4+ T cells which also suppressed
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the virus, but only if the patient reconstituted an endogenous CMV-specific
CD8+ T cell response (124). Recently, Lowdell and colleges showed that is
was possible to reconstitute both a CD8 and CD4 T cell response in CMVseropositive HSCT patients. This was done by adoptively transferred donorderived CMV pp65-specific IFN--producing T cells sorted by a -capturing
column (125). Expansion of CMV-reactive T cells was observed in all patients where CMV-reactive T cells represented a mean of 9.0% of CD4+ T
cells and 7.3% of CD8+ T cells by 2-4 weeks post-infusion. A low incidence
of late CMV reactivation was seen (125). Jointly, this implies that the optimal way to treat HSCT patients with CMV disease would be to transfer donorderived CMV antigen-specific T cells of both CD4+ and CD8+ subsets.
Current techniques for enriching virus-specific T cells use monocytes,
DCs or B lymphoblastoid cell lines as APCs. Antigen can be delivered in the
form of recombinant proteins, peptides, in vitro transcribed mRNA, live or
attenuated CMV, CMV lysate or transduction with a viral vector carrying
CMV antigen (83,120,126-129). The antigen sources used for T cell expansion have advantages and disadvantages. HLA-restricted peptides are safe
and easy to manufacture. However, CMV peptides are not defined for all
HLA phenotypes and immune escape by the virus may be a problem because
of a limited epitope choice (130). Peptide mixtures (15 mers that overlap by
11 amino acids) that span the whole protein is a promising development that
generates both CD8+ and CD4+ T cells regardless from HLA phenotype
(131). The use of attenuated or live CMV and CMV lysate generates CMVspecific CD8+ T and CD4+ T cells, respectively. However, transfer of potentially replication competent CMV into a immunosuppressed patient is not
good medical practice (121,124). Recombinant protein has proven to generate CMV-specific CD4+ T cells but not a sufficient amount of CD8+ T cells
(132). Carlsson et al showed that DCs electroporated with pp65-mRNA or
DCs transduced with an adenoviral vector coding for pp65 were able to activate and induce proliferation of CD8+ T cells (100,126).
T cells can also be enriched without stimulation. For example, tetramer
technology allows for easy isolation of CMV-specific CTLs followed by
infusion into patients (133,134). Cobbold and colleagues have shown that
they were able to clear eight out of nine transplanted patients infected with
CMV by using HLA-peptide tetramers for T cell enrichment. Whether the
patients had a sustained response over time was not shown in the study
(134). The use of HLA-peptide tetramers is limited to a few HLA phenotypes and clinical grade tetramers should preferably be used.
Using a recombinant viral vector encoding for one or more full length
CMV proteins to modify DCs is a promising approach. In this thesis work I
show that by transducing DCs, the antigen-processing through the endogenous pathway generates CMV-specific CD8+ T cells. It is also possible to
generate CMV-specific CD4+ T cells by pulsing DCs with lysate from transduced monocytes. The antigen presentation will then occur through the ex23

ogenous pathway. By the means of using only one viral vector it is possible
to generate considerable quantities of activated CMV-directed CD8+ and
CD4+ T cells simultaneously (83).
The number of adoptively transferred T cells needed for an efficient control of CMV disease is not fully known. In various studies, from 8.6x103
cells/kg (6.5x105 cells for an average 75kg man) up to as many as 100x107
cells/m2 (1.8x109 cells for an average 1.8m2 man) CMV-specific T cells
(CD4+ or/and CD8+) have been transferred (121,122,124,125,134,135). The
optimal T cell number for adoptive transfer still needs to be defined. It appears that the number of transferred T cells needed for a sustained clinical
response depends on the quality and differentiation status of the T cells.
Generally, CMV antigen-specific CD8+ T cells display a phenotypical profile of CCR7- CD45RA+ CD27- CD28- during latent infection indicating a
terminally differentiated effector cell. However, there is a significant proportion of precursor memory cells, CCR7+ CD45RA+ CD27+ CD28+. Probably
the terminal differentiated effector cells rapidly intervene on antigen reencounter, while memory cells expand and ensure continuous replenishment
of the effector pool (136,137). Noteworthy, CMV-specific CD8+ T cells
isolated from CMV infected individuals seam to lose the CD45RA expression after in vitro expansion (83,138). Based on a study performed on primates, Riddell and colleagues suggested that the optimal T cells for adoptive
transfer are CMV-specific CD8+ T cells with a central memory phenotype.
These TCM cells persisted long term after adoptive transfer and acquired cytotoxic abilities (68).
In summary, clinical trials using adoptive transfer of CMV-specific T cells
to immunocompromised patients have generated important information about
cell therapy. The fact that adoptive transfer of CMV-specific T cells has
gained clinical responses in patients with CMV infection/reactivation indicates the huge possibilities for T cell therapy.

Tumor Immunology
General Overview
Cancer is thought to be caused by somatic mutations and/or introduction of
genes from cell-transforming viruses, which leads to the expression of cancer specific proteins and potential TAAs. It has been assumed that the immune system is able to recognize self TAAs and reject them. Early studies in
mice have illustrated that the immune system can recognize and reject tumors (139). A more recently study has revealed that immunodeficient patients have increased cancer incidence (140). However, while it is generally
accepted that the immune system is able to recognize viral-induced cancers it
is still somewhat controversial whether the immune system is able to reject
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tumors that are not viral-induced. There are many surveillance mechanisms
that deals with somatic mutations and the best understood and characterized
are non-immune surveillance. One is DNA repair and another is intracellular
surveillance i.e. apoptotic chain reactions. For the immune system to be able
to react against non-viral induced tumor cells it must break tolerance against
self. Autoimmune diseases are examples of immune responses against self
antigens due to imbalance in signal transduction. A great challenge for scientists is to break tolerance against tumor antigens. However, even if this can
be accomplished by modification of DCs, for T cell activation, there is still
several obstacle to overcome, (this will be discussed in the section below).
Another crucial part is to find proper TAAs (141). Finding molecules exclusively expressed by tumor cells would be of great beneficial value because
therapeutically targeting such molecules would eradicate cancer without
harming normal tissue.

Tumor Immune Escape
Numerous factors contribute to a tolerogenic microenvironment in which a
tumor has the ability to grow (Figure 5). Mainly, tumors express normal
genes which our T cell repertoire has been shaped to accept through central
and peripheral tolerance mechanisms (142). Tumors are also able to mimic
some of the immunological pathways that will favor immune tolerance and
thereby escape immunity. Presence of functional immunogenic myeloid
DCs, which induce TH1 type immune response, is rare within the tumor microenvironment. Various factors from the microenvironment inhibit myeloid
DC differentiation, such as vascular endothelial growth factor (VEGF), IL-6,
IL-10, TGF-, macrophage colony stimulating factor (M-CSF), nitric-oxide
synthase (NOS), IDO, araginase, PGE2, cyclooxygenase-2 (COX-2) and
gangliosides.
This highly immunosuppressive milieu in combination with the absence
of danger signals through TLRs causes local DCs to remain in an immature
state. Immature DCs lacking co-stimulatory signals seems to induce a regulatory response followed by poor CTL activation or induction of anergic
effector T cells (142). Tumors also grow in a cytokine environment strongly
shifted towards TH2 or TH3/TR1, a milieu favorable for the humoral and the
suppressive branch of the adaptive immune system. The presence of pDCs
has shown to induce IL-10 producing CD8+ T cells which suppress TAAspecific priming in draining lymphnodes. The absent of the crucial TH1 response necessary for effective T cell tumor elimination is due to the low
levels of TH1 cytokines, effective CTLs and co-stimulatory signals (142).
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Figure 5. The microenvironment around the tumor site is characterized by an imbalance with low levels of effector functions and high levels of suppressor functions (142).

T Cell Immunotherapy for Cancer
General overview
Several clinical trials with therapeutic cancer vaccines during the last decade
have demonstrated that the negative influences of the regulatory part of the
immune system and the tumor microenvironment hamper desirable effector
T cell responses (143,144). Ex vivo activation and expansion of tumorreactive T cell populations to large numbers of cells, followed by adoptive
transfer back to the patient has in some cases shown promising results
(145,146). For example, CD8+ T cells specific for melanoma-associated
antigens have been identified as potent effectors against melanoma cells
(147,148). Tumor-specific CD4+ T cells have also been identified but their
role in tumor clearance is contradictory due to both regulatory and effector
functions (149,150).
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Clinical Applications of Adoptive T Cell Transfer
Recently, Rosenberg and colleagues reported that adoptive transfer of autologous tumor infiltrating lymphocytes (TILs) after nonmyeloablativet lymphodepleting chemotherapy preparative regimen in combination with total
body irradiation induced objective responses in 72% of a small group of
patients with metastatic melanoma (151-153). Lymphodepletion is thought
to increase the efficacy of adoptive T cell transfer due to the fact of leaving
space to the transferred T cells. It also eliminates the regulatory T cells (150)
and unspecific T cells that compete for activating cytokines and it increases
the function and availability of APCs (143,154,155). It has been hypothesized that chemotherapy and total body irradiation cause necrosis and apoptosis of tumor cells, resulting in APC uptake of tumor antigens. These APCs
are then able to stimulate the adoptively transferred tumor-specific CD8+ T
cells through cross-presentation (156). Another effect observed after an increased lymphodepletion is elevated levels of IL-7 and IL-15 (153). Experiments on mice deficient in IL-7 and IL-15 production has revealed impaired
homeostatic maintenance and limited proliferation of memory-like CD8+ T
cells (157). IL-2 is also important for the T cell growth and promotes expansion of tumor-specific T cells (145). However, IL-2 has also been shown to
trigger the suppressor function of regulatory T cells.

Future Directions for Adoptive T Cell Transfer
Emerging findings from recent studies have stressed the importance of "correct" differentiation state of transferred T cells (158,159). Specific T cell
clones with high cytolytic activity in vitro has revealed poor or no responses
after adoptive transfer, indicating exhausted T cell clones in a state of terminal differentiation (160). Less differentiated, central memory-like T cells
might have a better chance to proliferate and become fully activated in a
lymphopenic environment (155). Analysis of co-stimulatory molecules on
transferred T cell populations with an early effector phenotype has shown an
upregulation of the CD28 molecule after transfer. The T cell clones with the
highest expression of CD28 revealed a higher response and longer survival
than T cells expressing low or no CD28 (159). High expression of CD27 has
also been shown on memory like T cell populations in vivo (161). As mentioned earlier, Riddell and colleges recently showed in primates that, antigen-specific CD8+ T cell clones derived from CD62L+ CCR7+ central memory T cells persisted long term in vivo and acquired effector functions in
response to antigen challenge (68). Findings from the last decade’s in vitro,
in vivo and clinical studies have revealed much knowledge about adoptive
immunotherapy strategies. However, there are still many issues that need to
be fully clarified in order to acquire an effective therapy, such as: target an-
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tigens, cytokine profiles, tumor microenvironment, cell number transferred,
preconditioning of patients and phenotype of transferred T cell.

Genetically Engineered TCR
Adoptive transfer of T cells transduced with genetically engineered TCR is a
promising alternative to TIL-based expansion and transfer. The requirement
to isolate tumor reactive T cells from each patient could be overcome if a
patient’s T cells were engineered to have the specificity for antigens shared
among many patients. This can be accomplished by transferring the TCR 
and  genes derived from a tumor specific T cell into T lymphocytes of the
patient. The most preferable genetically engineered TCR would be the ones
with high affinity to the MHC/antigen complex which may be used to kill
tumor or virus-infected cells more efficiently (162). Gene modification of T
cells to confer specificity using lentiviral (163) and retroviral vectors has for
example been successful in targeting T cells to melanoma (164). Such engineered T cells aquire the antigen specificity of the introduced TCRs, including the ability to lyse antigen-expressing target cells and to eliminate tumors
in vivo in animal models. Engineered T cells has also been shown to induce
objective cancer regression in a small population of patients with melanoma
(165).

Prostate Cancer
General Overview
The prostate is an exocrine gland of the male reproductive system which
main function is to produce the fluid that makes up the vast majority of the
seminal fluid. The function and growth of the prostate is androgen dependent, mainly through dihydrotestosterone, the biologically active metabolite
of testosterone.
Prostate cancer is the most common cancer in men in the Western world
and represents about 36% of all cancers affecting men in Sweden. Every
year almost 10,000 men are diagnosed with prostate cancer in Sweden (166).
During the last two decades the incidence has increased mainly due to the
introduction of serum prostate-specific antigen (PSA) screening (167).
The prostate is divided into three zones; the peripheral zone which constitutes 70% of the volume, the central zone which constitutes 25% of the volume and the transitional zone which constitutes 5% of the volume. More than
90% of prostate cancers are acinar adenocarcinomas that predominantly arise
in the glandular epithelium of the ducts in the peripheral zone. The cause of
prostate cancer is not fully characterized but it has been proposed that a prostatic lesion, proliferative inflammatory atrophy, is a precursor of prostatic
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intraepithelial neoplasm (PIN) and prostate cancer (168). Generally, depending on the extent of the cancer, prostate cancer is charactarized by loss of basal
cells, degradation of basement membrane, loss of glandular organization and
invasion of tumor cells into the stromal layers and spread to neighboring tissues, most frequently to lymph nodes and bones (169). An illustration of normal glandular epithelium of the prostate ducts is shown in Figure 6.
The
Tumor-NodeMetastasis
(TNM)
staging system used for
classification
of
adenocarcinoma is based
on size of the tumor and
whether or not it has
invaded nearby tissue.
Simplified, T1 tumors
are nonpalpable but
incidentally
detected
histologically or by
elevated PSA level. T2
tumors are palpable and
organ confined. T3
Figure 6. Schematic illustration of cell types
tumors extend through within a normal human prostate duct. PSA is
the prostatic capsule and produced and secreated into the glandular lumen.
may invade the seminal
vesicles. T4 tumors invade adjacent structures (Figure 7). Microscopically
the tumors are classified by the Gleason grading system which is based on
the degree of glandular differentiation. Generally, the Gleason grading range
from well differentiated (G1) well-formed and closely packed glands to poor
differentiated (G5) with unrecognizable gland formation. The pathologist
assigns a grade to the most common tumor pattern and a second grade to the
next most common tumor pattern. The two grades are added together to get a
Gleason score.
The treatment for localized prostate cancer includes prostatectomy, i.e.
removal of prostate gland, and/or irradiation (170). Although these treatments are fairly successful, 30-40% of the patients ultimately relapse (171).
Hormonal therapy is often given once the disease has spread beyond the
prostate gland. This therapy has a strong palliative effect and will slow down
the progress of the cancer. However, after a period of time the prostate cancer will become hormone-refractory (172), and there are no effective treatments available.
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Figure 7. Tumors predominantly arise in the peripheral zone of the prostate (T1)
and are then spread within the prostate capsule (T2) before extending through the
capsule and/or invading seminal vesicles (T3) and finally spread to surrounding
structures (T4).

Prostate Cancer Immunotherapy
Development of new powerful tools within the field of genetics and molecular biology has led to the discovery of many new proteins with specific or
preferential expression by normal prostate and malignant prostate cells. This
discovery has opened the field of cancer vaccines and T cell therapy of prostate cancer. Since the prostate is not necessary for survival it is possible to
target organ-unique proteins. Table I illustrates reported prostate cancerrelated proteins containing epitopes that can be recognized by T cells. In
Table II we present additional data from our paper of prostate cancer proteins containing epitopes recognized by T cells.
It has been reported that prostate cancer patients may have circulating
CD8+ T cells directed against HLA-A*0201-restricted peptides derived from
prostate proteins. Circulating prostate-specific CD8+ T cells has been reported against PSA165-174 (173,174), PSA108-117, PSA141-150, PSA146-165 (175),
PSCA99-107, PSCA105-113 (176), TARP27-35 (177) and STEAP86-94 (178). In
paper II of this thesis, we were able to find additional data of circulating
prostate-specific CD8+ T cells, namely PSA53-61, PAP13-21,22, PSMA4-12,
PSCA7-15, TARP4-13, STEAP165-173, STEAP262-270, hKLK117-126, PSGR202-210,
POTE323-331, STAMP1373-382/STEAP232-241 and AibZIP20-28. This strongly
suggests that the immune system is trying to mount a T cell response against
the tumor. The epitopes may be further evaluated as cancer vaccines. In addition, ex vivo stimulation of such T cell population followed by adoptive
transfer may induce tumor-specific immunity and destruction of metastasized tumor cells without detrimental effects on the host.
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Table I. Prostate cancer-related antigens containing epitopes recognized by T cells.
Protein

Peptide epitope

Prostate specific antigen

PSA 68-77
PSA 108-117
PSA 141-150
PSA 154-163
PSA 146-154
PSA 16-24
PSA 162-170
PSA 152-160
PSA 248-257
PSA 49-63
PSA 55-67
PSA 64-78
PSA 95-109
PSA 148-160
PSA 171-190
PSA 221-240

HLA restriction

Amino acid squence

References

A1
A2
A2
A2
A2
A3
A3
A24
A24
DRB1
DRB1
DRB1
DRB1
DRB1
DRB1
DRB1

VSHSFPHPLY
LTDAVKVMDL
FLTPKKLQCV
VISNDVCAQV
KLQCVDLHV
GAAPLILSR
QVHPQKVTK
CYASGWGSI
HYRKWIKDTI
ILLGRMSLFMPEDTG
SLFHPEDTGQVFQ
QVFQVSHSFPHPLYD
NDLMLLRLSEPAELT
KKLQCVQLHVISM
LQCVDLHVISNDVCAQVHPQ
GVLQGITSWGSEPCALPERP

(179)
(175)
(180)
(180)
(181)
(182)
(183)
(184)
(184)
(179)
(179)
(179)
(179)
(179)
(185)
(185)

Prostate-specific membrane PSMA 347-356
antigen
PSMA 557-566
PSMA 4-12
PSMA 711-719
PSMA 27-35
PSMA 441-450
PSMA 207-215
PSMA 431-440
PSMA 178-186
PSMA 227-235
PSMA 624-632
PSMA 334-348
PSMA 687-701
PSMA 730-744
PSMA 459-473

A1
A1
A2
A2
A2
A2
A3
A3
A24
A24
A24
DRB1
DRB1
DRB1
DRB1

HSTNGVTRIY
ETYELVEKFY
LLHETDSAV
ALFDIESKV
VLAGGFFLL
LLQERGVAYI
KVFRGNKVK
STEWAEENSR
NYARTEDFF
LYSDPADYF
TSYVSFDSL
TGNFSTQKVKMHIHS
YRHVIYAPSSHNKYA
RQIYVAAFTVQAAAE
NYTLRVDCTPLMYSL

(179)
(179)
(186)
(186)
(186)
(187)
(182)
(182)
(188)
(188)
(189)
(190)
(190)
(190)
(191)

Prostate acidic phosphate

PAP 135-143
PAP 299-307
PAP 112-120
PAP 155-163
PAP 248-257
PAP 213-221
PAP 199-213
PAP 228-242

A2
A2
A2
A3
A3
A24
DRB1
DRB1

ILLWQPIPV
LLFGYPVYV
TLMSAMTNL
LYLPFRNCPR
GIHKQKEKSR
LYCESVHNF
GQDLFGIWSKVYDPL
TEDTMTKLRELSELS

(192)
(193)
(187)
(182)
(182)
(194)
(195)
(195)

TCR alternate reading
frame protein

TARP 4-13
TARP 27-35
TARP 29-37
TARP 1-14
TARP 14-27

A2
A2
A2
DRB1
DRB1

FPPSPLFFFL
FVFLRNFSL
FLRNFSLML
MQMFPPSPLFFFLQ
QLLKQSSRRLEHTF

(196)
(177)
(177)
(197)
(197)

Six transmembrane
epithelial antigen prostate*

STEAP 262-270
STEAP 86-94
STEAP 292-300
STEAP 102-116
STEAP 192-206

A2
A2
A2
DRB1
DRB1

LLLGTIHAL
FLYTLLREV
MIAVFLPIV
HQQYFYKIPILVINK
LLNWAYQQVQQNKED

(192)
(178)
(198)
(199)
(199)
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Protein

Peptide epitope

Prostate stem-cell antigen

PSCA 14-22
PSCA 7-15
PSCA 21-30
PSCA 76-84

A2
A2
A2
A24

ALQPGTALL
ALLMAGLAL
LLCYSCKAQV
DYYVGKKNI

(200)
(201)
(201)
(202)

Prostein

Prostein 31-39
Prostein 464-472
Prostein 292-300
Prostein 464-473

A2
B5
C5
C5

CLAAGITYV
SACDVSVRV
YTDFVGEGL
SACDVSVRVV

(203)
(204)
(204)
(204)

A2

GLMKYIGEV

(205)

LLANGRRMPTVLQCVN
RMPTVLQCVNVSVVS
SVSESDTIRSISIAS

(206)
(206)
(206)

Transient receptor potential Trp-p8 187-165
p8

HLA restriction

DRB1
DRB1
DPB1

Amino acid squence

References

Kallikrein 4

hKLK4 155-169
hKLK4 160-174
hKLK4 125-139

Ephrin*

Eph 58-66
Eph 550-558

A2
A2

IMNDMPIYM
VLAGVGFFI

(207)
(207)

Parathyroid hormone
related protein*

PTH rp 59-68
PTH rp 165-173
PTH rp 42-51
PTH rp 59-67
PTH rp 36-44
PTH rp 102-111

A2
A2
A2
A2
A24
A24

FLHHLIAEIH
TSTTSLELD
QLLHDKGKSI
FLHHLIAEI
RAVSEHQLL
RYLTQETNKV

(208)
(208)
(209)
(209)
(210)
(210)

Survivin*

SVV 92-101
SVV 96-104
SVV 5-14
SVV 18-28
SVV 53-62

A1
A2
A2
A2
A11

QFEELTLGEF
LTLGEFLKL
TLPPAWQPFL
RISTFKNWPFL
DLAQCFFCFK

(211)
(212)
(213)
(211)
(211)

Human epidermal growth
factor receptor 2*

HER2 435-443
HER2 665-673
HER2 952-960
HER2 369-377

A2
A2
A2
A2

ILHNGAYSL
VVLGVVFGI
YMIMVKCWM
KIFGSLALF

(214)
(214)
(214)
(215)

Human telomerase reverse
transcriptase*

hTERT 325-333
hTERT 540-548
hTERT 865-873
hTERT 572-580
hTERT 30-38
hTERT 973-981
hTERT 324-332
hTERT 461-469
hTERT 167-175
hTERT 845-853
hTERT 1088-1096
hTERT 277-285
hTERT 342-350
hTERT 351-360

A1
A2
A2
A2
A2
A3
A24
A24
A24
A24
A24
B7
B7
B7

YAETKHFLY
ILAKFLHWL
RLVDDFLLV
RLFFYRKSV
RLGPQGWRL
KLFGVLRLK
VYAETKHFL
VYGFVRACL
AYQVCGPPL
CYGDMENKL
TYVPLLGSL
RPAEEATSL
RPSFLLSSL
RPSLTGARRL

(216)
(217)
(218)
(219)
(220)
(221)
(222)
(222)
(222)
(222)
(222)
(223)
(223)
(223)

* Antigens expressed in different tumors of epithelial or hemotopoietic origin, including prostate cancer.
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Table II. Novel T cell prostate cancer antigen epitopes identified in this thesis.
Protein

Peptide epitope

HLA restriction

Amino acid sequence

Prostate specific antigen

PSA 53-61

A2

VLVHPQWVL

Prostate acidic phosphate

PAP 13-21
PAP 13-22

A2
A2

SLSLGFLFL
SLSLGFLFLL

Six transmembrane epithelial
antigen prostate

STEAP 165-173
STEAP 232-241

A2
A2

GLLSFFFAV
LLAVTSIPSV

Kallikrein 4

hKLK4 117-126

A2

LMLIKLDESV

Novel prostate specific antigen

NPSA 20-28

A2

LLYMRICYV

Prostate specific transglutaminase 4

TGM4 612-620

A2

TLAIPLTDV

Six transmembrane protein /
Six transmembrrane epithelial
antigen prostate

STAMP1 373-382 /
STEAP 232-241

A2

LLAVTSIPSV

Prostate specific g-protein
coupled receptor

PSGR 202-210

A2

ILLVMGVDV

Expression in prostate, ovary,
testis and placenta

POTE 323-331

A2

LLLEQNVDV

Androgen-induced bZIP

AibZIP 20-28

A2

KLFIDPNEV

Clinical Investigations for Prostate Cancer
Even though several T cell epitopes have been characterized and evaluated,
only a limited number of prostate peptides have been tested clinically. The
immunotherapeutic strategies in clinical settings have so far been conducted
by DC based immunotherapy, gene-modified tumor cells, viral vector based
immunotherapy and immune blockade therapy.
Examples of completed clinical trials are DCs loaded with PSMA peptides
(224-226), DCs loaded with a recombinant fusion protein composed of PAP
and GM-CSF (later known as Provenge) (227-229), DCs transfected with
mRNA encoding PSA (230) or DCs transfected with mRNA from allogenic
prostate cancer cell lines (231). Partial responses were seen in most trials.
Examples of ongoing clinical tials are immune blockade therapy evaluating
the clinical relevance of Ipilimumab, a human monoclonal antibody against
CTLA-4. Recently, a pilot clinical trial was reported using Ipilimumab. (232).
Clinical responses where seen in form of changes in PSA levels. Ipilimumab
therapy has entered a phase II trial and is also used in combination with shortterm androgen ablation or systemically administrated GM-CSF. Even though
clinical responses have been reported using Ipilimumab, the risk of autoimmune reactions as a side effect must be taken into consideration (233).
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Provenge has also been used in a phase III clinical trial. All treated patients had progressive cancer at the end of the trial. However, the overall
survival was 4.5 months longer for treated patients than for control group
(234). Provenge is being further evaluated in a larger study of 500 men with
minimally symptomatic disease in addition to those with asymptomatic disease. Survival data from this study are expected by 2010 (233).
ProstVac is a vaccine based on two different poxviruses which each encode PSA and three immune enhancing co-stimulatory molecules, B7.1,
ICAM-1 and LFA-3 (235). One virus is replication-competent and intended
for priming while the other virus is non-replicating and intended for boosting
immunity. Results from a phase II trial showed a median overall survival of
8.5 month longer than the control group. A phase III trial is under development. ProstVac is also tested in an ongoing pase I trial in combination with
Ipilimumab (233). (Noteworthy, laboratory data have shown that vaccination
with poxvirus based vectors can expand Treg cells (236).)
An ongoing phase III clinical trial uses prostate cancer cell lines genetically modified to secret GM-CSF (known as GVAX) as a therapeutic vaccine. The results from a previously performed small scale trial showed immunological activity trough antibody response (237). This approach has
successively been used in early phase for several types of solid tumors
(238,239). The advantage of this therapy is that many TAAs are being used
simultaneously. Disadvantages are the competition between relevant and
irrelevant antigens for processing and presentation onto MHC molecules and
possible autoimmune reactions. GVAX is also tested in combination with
docetaxel, an anti-mitotic chemotherapy medication or in combination with
Ipilimumab (233).
Although several immunotherapy approaches for prostate cancer have advanced to late-phase clinical trials, it seems unlikely that monotherapy will
produce long term remission and cancer regression in patients with metastasized disease. Probably, the most effective strategy for a successful response
for the majority of prostate cancer patients would be combined multiple therapeutic strategies early on in the cancer progression.
No adequate clinical trial with adoptively transferred T cells has yet been
performed for prostate cancer. However, ongoing characterization of immunogenic epitopes of prostate cell-associated antigens together with the development of robust T cell stimulation protocols may lead to advances in the
near future.
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Current Investigation

General Aim
The work presented herein focuses on the activation of the adaptive immune
system in order to develop T cell-based immunotherapy for viral infections
and cancer. It also sets out to analyze T cells from prostate cancer patients to
investigate whether there are CTLs against tumor associated antigent and if
so, whether they are functional or not.

Specific Aims
I

Develop a robust protocol for rapid and simultaneous generation of
CMV pp65-specific cytolytic and helper T cells by using fast matured
DCs modified with an adenoviral vector to express pp65 epitopes.

II Investigated whether CD8+ T cells directed against prostate-specific
peptide epitopes can be found in peripheral blood from prostate cancer
patients. Furthermore, to investigate whether prostate antigen-specific
CD8+ T cells can be generated from naïve T cells by using DCs as stimulators modified with peptides derived from prostate tumor-associated
antigens.
III Characterize a number of prostate-derived cell lines in terms of HLA
haplotype and antigen expression to investigate the possibility to have
relevant target models for prostate cancer immunotherapy.
IV Investigate whether the protocol developed in paper I is applicable also
for tumor antigens using either PBLs or prostate infiltrated lymphocytes
(PILs) from prostate cancer patients.

35

Materials and Methods
For detailed information regarding methods, please read the materials and
methods section in the separated papers.

Results
Paper I: Strategic use of an adenoviral vector for rapid and
efficient ex vivo-generation of cytomegalovirus pp65-reactive
cytolytic and helper T cells
In paper I we demonstrate simultaneous generation of CMV pp65-restricted
CD8+ and CD4+ T cells through strategic modification of DCs with an adenoviral vector encoding pp65. The antigen-specific T cells were expanded
from peripheral blood mononuclear cells (PBMCs) obtained from healthy
CMV-seropositive donors, which implies that T cells can be generated from
HSCT donors for transfer to HSCT recipients.
As a first step we generated mature DCs from monocytes in only 3 days.
These 3 days DCs (fast DCs) had similar phenotype and stimulatory capacity
as conventional DCs generated in 9 days. Most importantly, fast DCs expressed high levels of CD40, CD80 and CD86 which are necessary costimulatory molecules for effective T cell activation. Fast DCs also expressed significantly lower amount of IL-10 than conventional DCs indicating that they are in fact more appropriate for T cell activation since high IL10 levels can block TH1 response.
We next examined whether Adpp65-transduced fast DCs were able to induce T cell proliferation, increase specificity and mediate cytolytic capacity
after a single stimulation. Adenovirus transduction leads to transgene expression inside the cells and the transgene product is processed by the endogenous pathway and presented on MHC class I, we expected activation of
CD8+ T cells. The overall results confirmed our expectations, the Adpp65transduced fast DCs were able to induce proliferation and significantly increased the percentage of CMV pp65-specific, IFN--producing CD8+ T
cells. The stimulated T cells were able to lyse target cells expressing the
pp65 antigen.
In order to have a sustained immune response after adoptive transfer of T
cells it is important to have antigen-specific CD4+ T cells to support the
CD8+ CTLs. We hypothesized that pp65-specific CD4+ T cells should be
activated if the pp65 protein was taken up by DCs as an exogenous source of
antigen. We therefore transduced monocytes with Adpp65, harvested and
lysed the cells 2 days later, and fed autologous immature DCs with the cell
lysate. The modified DCs were matured and used as stimulators. They were
able to significantly increase the percentage of IFN--producing CD4+ T
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cells as well as inducing CD4+ T cell proliferation. Furthermore, this approach also rendered CD8+ T cell proliferation as well as an increased frequency of IFN--producing CD8+ T cells, possibly due to cross-presentation
of exogenously transferred antigen onto the MHC class I molecule.
We finally combined these two strategic modifications of generating
CMV pp65-presenting DCs in order to generate pp65-specific CD8+ and
CD4+ T cells simultaneously. Simultaneous activation of IFN--producing
CD4+ and CD8+ T cells was observed in all cases (10 individual donors).
This result illustrates the effectiveness of the protocol. One advantage of
using a viral vector encoding the pp65 protein is that the protocol can be
applied to any subject regardless of HLA phenotype. Furthermore, the vector
can be produced at clinical grade at a reasonable cost.

Paper II: High frequency of prostate antigen-directed T cells in
cancer patients compared to healthy age-matched individuals
In paper II we demonstrate that it is possible to detect circulating CD8+ T
cells against multiple antigens in peripheral blood of patients with localized
prostate cancer. The frequencies were significantly higher than for healthy
age-matched control individuals. We also demonstrate that it is possible to
break tolerance and generated tumor-specific CD8+ T cells from a naïve T
cell population obtained from healthy donors by stimulation of PBLs with
peptide-pulsed DCs. However, this required repeated stimulation of T cells
and the protocol was not always successful.
Initially, we analyzed proteins that are reported to be specifically or preferentially expressed by normal prostate and prostate cancer cells for putative
HLA-A*0201 epitopes by using online computer algorithms. We selected 25
HLA-A*0201-restricted peptides from 15 proteins and characterized their
binding properties to HLA-A*0201 in a T2 cell stabilization assay. We next
analyzed whether IFN--producing CD8+ T cells directed against any of the
25 peptides couled be found in peripheral blood of prostate cancer patients
by using peptide-pulsed C1R.A2 cell-line for the read-out assay. Peptidespecific CD8+ T cells were detected in 48 out of 184 samples (26.1%) from
25 prostate cancer patients while 17 out of 214 samples (7.9%) were positive
in blood from 10 healthy age-matched male volunteers. Peptide-specific
CD8+ T cells were most often found against STEAP262-270 (53%),
STAMP1373-382/STEAP232-241 (36%), PSA165-174 (30%), TARP27-35 (24%) and
TARP4-13 (24%) in the blood of prostate cancer patients. These results suggest that the immune system is trying to mount a T cell response against the
tumor. Since many patients already have circulating T cells against these
peptides it may be easier to generate a strong response and expand such cells
ex vivo.
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In the cases where healthy volunteers did not have detectable levels of
circulating CD8+ T cells against prostate antigen peptides we investigated
the possibility to use an ex vivo stimulation protocol to generate peptidespecific CD8+ T cells. We then used peptide-pulsed DCs as stimulators for
autologous PBLs. The PBLs were then restimulated three times at weekly
intervals with peptide-pulsed monocytes. Thereafter, CD8+ T cells were analyzed for specific IFN-γ production using peptide-pulsed C1R-A2 as stimulators. By using this ex vivo activation approach we were able to generate
IFN-γ-secreting CD8+ T cells against several of the 25 HLA-A*0201restricted prostate antigen peptides.

Paper III: Characterization of human prostate and breast cancer
cell lines for experimental T cell-based immunotherapy
In order to develop experimental immunotherapy for prostate cancer it is of
outmost importance to have representative target cell lines that through HLA
class I molecules present relevant levels of peptides from tumor-associated
antigens for CTL recognition.
In paper III we sequenced the HLA-A and HLA-B loci of eight commonly used prostate and breast cancer cell lines. Among the analyzed cell lines
we found that LNCaP, PC-346C and MCF-7 are HLA-A*0201 positive.
However, the HLA-A2 expression level was low and only MCF-7 upregulated HLA-A2 in response to IFN-γ stimulation. We also analyzed the surface expression of HLA-ABC, HLA-DR, CD40, CD80, CD86 and CD54.
The results revealed that all cell lines had poor expression of nearly all surface molecules with the exception for HLA-ABC and CD54.
We also analyzed the cell lines for mRNA expression from 25 genes reported to be specifically or preferentially expressed by prostate cells. The
cell lines LNCaP and PC-346C expressed 25 and 23 out of 25 prostaterelated genes, respectively, while MCF-7 expressed 16 out of 25 genes.

Paper IV: Identification of prostate infiltrating lymphocytes and
activation of prostate antigen-specific T cells isolated from
prostate cancer patients
In paper IV we isolated and expanded PILs, taken from resected prostates by
fine needle aspiration, of patients with localized prostate cancer. By tetramers we found prostate antigen-specific CD8+ T cells infiltrating the prostate. Additionally, we generated CD8+ T cells against multiple epitopes simultaneously by using adenoviral transduced DCs as stimulators.
From paper II we concluded that prostate cancer patients often have circulating CD8+ T cells against the TARP(4-13), STEAP(262-270) and PSA(53-61) epitopes and we therefore obtained HLA-A*0201/PE-tetramers specific for
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these peptides. We isolated and expanded PILs before analyzing them. We
were able to identify prostate antigen-specific CD8+ T cells by using the
tetramers from each patient tested (5/5). CD8+ T cells restricted against
STEAP were found most frequently. However, the PILs did not response by
IFN- production upon antigen stimulation indicating a terminal differentiated phenotype or anergic T cells.
Following, by using fast-matured DCs modified with an adenoviral vector
expressing the STEAP antigen (AdSTEAP) we were able to generate
STEAP-specific CD8+ T cells against multiple HLA-A*0201 epitopes by a
single stimulation of PBLs. However, we were not able to activate STEAPspecific T cells when PILs were stimulated with AdSTEAP-transduced DCs.
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Conclusions and Future Perspectives

I

The presented protocol may yield sufficient numbers of pp65-specific
CD8+ and CD4+ T cells for adoptive transfer as such and if needed, it
can easily be scaled up. This procedure of stimulating T cells was shown
to be a rapid and straightforward strategic approach for efficient simultaneous ex vivo-generation of CD8+ and CD4+ CMV pp65-reactive T
cells. It may be used to generate donor-derived T cells for adoptive
transfer to treat and/or prevent CMV reactivation in HSCT patients. The
next step will be to isolate PBMCs from a CMV-infected immunocompromised patient and apply this technique. If we can generate pp65restricted T cells also from an immunocompromised patient it will show
that this is a robust and efficient protocol that can be used also in an autologous manner. The protocol could then be applied on patients with
severe disease where donor PBMCs cannot be obtained.

II The fact that CD8+ T cells directed against prostate antigen peptides can
be found in, or generated from, peripheral blood strongly suggests that
such T cells could be expanded ex vivo for adoptive transfer to prostate
cancer patients. To follow up this study we have now initialized the
study presented in paper IV.
III None of the analyzed prostate cancer cell lines are optimal targets for
CTL. However, the breast cancer cell line MCF-7, which expresses multiple prostate tumor-associated antigens could in many cases be used as a
complement to HLA-A*0201 positive prostate cancer cells. MCF-7 also
expresses high levels of CD54, which might improve its use as a CTL
target cell line. The LNCaP and PC-346C cell lines are rich sources of
prostate-related antigens that may be valuable for cancer vaccine development. These cell lines can be used as responder cells or as sources of
antigen for pulsing DCs for antigen presentation to T cells.
IV It is possible to find prostate antigen-specific CD8+ T cells in prostate
tissue, by using HLA*A0201/PE-tetramers, which enables future possibilities for development of immunotherapeutic strategies. One strategy
might be to isolate single cells from high avidity prostate antigen-specific
CD8+ T cells by tetramers and then clone the TCR from that specific T
cell. Genetically engineered TCR could then be transferred into peripher40

al blood T lymphocytes with a central memory phenotype, hopefully generating an effective immune response against prostate cancer.
Although we were able to generate STEAP-positive T cells by using
an adenoviral vector there are obvious differences in generating pp65activated T cells and prostate tumor antigen activated T cells. Since the
pp65 antigen is derived from a highly immunogenic virus, DCs gain
strong danger signals to mature and upregulate co-stimulatory molecules
for proper priming of T cells. Prostate tumor antigens are recognized as
self-antigens and the main uptake by DCs is not associated with crucial
danger signals. This might be one of the reasons for the limited success
rate of generating prostate tumor-directed T cells.
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