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1. SUMMARY

Natural killer (NK) cells are dependent on the presence of interleukin-2 (IL-2)
for their survival and for their cytotoxicity against tumor cells. Currently, for in
vitro expansion of NK cells from peripheral blood mononuclear cells
(PBMCs), IL-2 is of great importance. Moreover, during the infusion of NK
cells back into patients, systemic IL-2 administration enhances their
proliferation and immunological properties. However generic IL-2
administration is frequently impeded by undesirable side effects, such as high
toxicity and undesired activation of neighboring cell populations. The latter is
extremely unfortunate especially after allogeneic hematopoietic stem cell
transplantation, where activation of, e.g., T cells and Treg cells could lead to
GVHD and immunosuppresion. The aim of this thesis was to investigate
whether NK cell activity can be improved by transduction with IL-2 with
regard to in vitro expansion leading to the independence from exogenous IL-2
administration and thus a more promising cancer therapy solution. However,
since secreted interleukins have proven to be non-specific, leading to
undesirable toxic side effects, we reasoned it would be better if interleukins
were expressed in a localized and controlled manner. Initially, as proof of
principle, the I1L-2-dependent NK-92 cell line was transduced with wild type
IL-2 (IL-2WT) or an IL-2 vector targeted to subcellular organelles, including
ER (IL-2ER) (Paper I). NK-92 cells were also transduced with GFP as a
positive control. When populations of modified and non-IL-2 modified NK-92
cells were mixed, it was shown that the ER-targeted IL-2 did not support the
growth of neighboring NK-92 non-I1L-2-modified cells. This indicated that, in
the case of endoplasmic reticulum targeting, the IL-2 does not leak to the
supernatant. Next, in order to establish an efficient protocol for retroviral
transduction of primary NK cells, PBMCs, including NK cells were transduced
with GFP on several timepoints during a 21-day expansion, with day 5 showing
the best transduction rate (Paper Il). In order to test the above IL-2 constructs
in vivo, an animal model had to be established, where cells could be monitored
(Paper I1I). For this purpose 5T33MM cells were transduced with GFP,
injected into C57BIl/KaLwRij mice, and monitored for homing and mice
survival purposes. Finally this GFP MM mouse model was used to assess the
therapeutic potential of IL-2-induced NK cells (Paper 1V). NK cells separated
from single-cell suspensions derived from mouse organs, and activated with
IL-2, were shown to eliminate syngeneic myeloma cells in vitro and to prolong
the survival of 5T33MMGFP*-immunized mice in vivo.
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3. LIST OF ABBREVIATIONS

ASCT, autologous stem cell transplantation
BM, bone marrow

CINK, cytokine induced natural killer cells
DLI, donor lymphocyte infusions

ER, endoplasmic reticulum

FACS, fluorescence activated cell sorting

GFP, green fluorescent protein

GVHD, graft versus host disease

HLA, human leukocyte antigen

HSCT, hematopoietic stem cell transplantation
HS, human serum

IFN-y, interferon gamma

IL-, interleukin

IL-2WT, interleukin 2 wild type (secreted form)
IL-2ER, interleukin 2 endoplasmic reticulum retained expression
I.v., intravenous

IU, international unit

IRES, internal ribosome entry site

HSV-tk, herpes simplex virus thymidine kinase
LAK cells, lymphokine activated killer cells
MHC, major histocompatibility complex

MM, multiple myeloma

NK cells, natural killer cells

NKT cells, natural killer-like cells

OKT-3, othoclone monoclonal antibody against CD3
PBMCs, peripheral blood monocuclear cells
PBS, phosphate buffered saline

s.c., subcutaneous

SCID, severe combined immunodeficient

TNF, tumor necrosis factor



4. GENERAL INTRODUCTION

4.1 The immune system

The study of the immune system dates all the way back to ancient Greece,
where the historian Thucydides describes the importance of immunity during
the plague epidemy of 430 B.C in Athens[1]. More specifically he mentioned
that ‘the same man was never attacked twice, at least never fatally’. However,
it took several centuries until the science of immunology was established in
1796 with the discovery of the smallpox vaccine by Edward Jenner. Since then,
there have been many developments in this field. Notably, during the last
century, no less than 23 distinguished scientists have received the Nobel Prize
for their lifetime achievements related with 17 discoveries in the field of
immunology.

The immune system is the body’s complex system of defense against infections
and foreign substances. During this section and the following subsections -
4.1.1 and 4.1.2- | refer to the textbook ‘Immunobiology — the immune system
in health and disease’ by Charles Janeway et al.,1999 and ‘Immunology’ by
Janis Kuby, 1994[2,3]. The reactions of the immune system to infectious agents
are crucial to survival and hence, usually, beneficial for continued health.
However, occasionally our immune system can be responsible for the cause of
autoimmune diseases, such as multiple sclerosis and rheumatoid arthritis. In
those cases, where the immune system attacks its own self, the reaction of the
immune system can lead to tissue damage and organ failure.

The immune system can be divided in non-specific (innate-natural) and specific
(adaptive-acquired) immunity. For a schematic view see Figure 1.
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Figure 1. Schematic view of the interactions between innate and adaptive
immunity
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Nevertheless, as illustrated in Figure 1, the constant interaction of the latter two
types of immunity makes their delineation complicated. Both innate and
adaptive immunity interact intimately and stimulate each other. Innate
immunity may be more primitive, from an evolutionary aspect, but adaptive
immunity improves and amplifies the efficiency of natural mechanisms, as well
as memorizes and acts quicker next time the same infection is encountered.
Finally, innate immune receptors show a high degree of specificity, though
different from the adaptive immune receptors T and B cell receptors.

4.1.1 The innate immune system

The innate immune system is the first line of defense against foreign intruders
and is responsible for the initial immune reactions before the adaptive system is
activated. Its response to infection is non-specific and it does not generate any
immunologic memory. The innate immunity consists of cellular and molecular
components.

The cellular components of the innate immune system consist of phagocytes
conferring resistance to intracellular mediators (macrophages, monocytes,
neutrophils), cells releasing inflammatory mediators (basophils, eosinophils,
mast cells) and natural killer cells that destroy infected and malignant cells.
The properties and functions of NK cells, one of the main protagonists of this
thesis, will be described in detail in a section below (Section 4.2).

The molecular components of the innate immune system are the acute-phase
proteins that enhance resistance to infection and promote repair of the damaged
tissue, the complement system and the cytokines. The immune contribution of
the complement is based on a group of serum proteins that are involved in the
control of inflammation, the activation of phagocytes and the lytic attack on
cell membranes. The complement system that includes more than 30 soluble
and cell-bound proteins is divided into three activation pathways; the classical-,
the alternative- and the lectin pathway. The two latter ones conform part of the
Innate immune system, since the complement binds to foreign cell surfaces. In
contrast, the classical pathway is activated by specific antibodies, and is
therefore part of the adaptive immune response. The cytokines include the
interleukins, the interferons, colony stimulating factors and tumor necrosis
factors and act as signals of the immune system. The immune cells make more
than one cytokine when activated and each individual cytokine can have
several functions depending on the cell that it binds to. This multi-functional
effect of cytokines is called pleiotropy. However, in order for the cell to
respond to a cytokine, it has to express the appropriate receptor.

Innate immunity provides non-specific protection through a series of defense
mechanisms. Firstly, the anatomic barriers, the skin and the surface of mucous
membranes, prevent the entry of pathogens and thus provide an effective
barrier to micro-organisms. The skin, which consists of the epidermis — a thin
outer layer- and the dermis — a thick inner layer-, when intact prevents



pathogen penetration and inhibits bacterial growth due to a low pH. Secondly,
there are physiological mechanisms; the body temperature inhibits pathogen
growth, the interferons induce an antiviral state to nearby binding cells, the
lysozyme cleaves the peptidoglycan layer of the bacterial cell wall and the
complement system acts as mentioned above. Thirdly, the innate system
employs phagocytic mechanisms, where the phagocytes bear several receptors
that recognize microbial components and induce phagocytosis, as well as
cytokine release. Finally innate barriers are created by inflammatory response.
In this latter case, upon tissue damage, bacteria attract macrophages that are
triggered to release cytokines and chemokines. In parallel, the inflammatory
cells migrate to the tissue, releasing inflammatory mediators that in turn cause
pain.

4.1.2 The adaptive immune system

The adaptive immunity has, in contrast to the adaptive immunity, the ability to
specifically recognize and eliminate foreign bodies and infected cells. Here,
host defenses are mainly mediated by B, T and antigen presenting cells
following exposure to antigen, which can exhibit specificity, diversity,
immunologic memory, or self/nonself recognition. B and T lymphocytes are
derived from a lymphoid stem cell, called the lymphoid progenitor.

The development of T cells takes place in the thymus, a specialized organ,
where T cell progenitors mature and differentiate into cells that can Kill
infected cells or activate other cells of the immune system. The thymus is
divided into the following anatomical regions; the subcapsular epithelium, the
cortex, the cortico-medullary junction and the medulla. T cell progenitors enter
the thymus through endothelial venules and migrate to the subcapsular
epithelium, where they start the maturation process by rearrangement of their T
cell receptor genes.

During this maturation stage, the developing thymocytes express both the CD4
and CD8 cell receptors. Cells with a receptor that recognize a self MHC class |
molecule, receive a survival and a maturation signal that results in a halt of
CD4 expression and initiates the gene expression characteristics of cytotoxic
CD8 T cells. On the contrary cells that are capable of recognizing a self MHC
class Il molecule, receive the survival and maturation signal to stop expressing
CD8 and to start expressing genes characteristic of helper and inflammatory
CD4 T cells. Those thymocytes that are unable to recognize either MHC | or
MHC 1I, or express these molecules too avidly, or recognize self-antigen
receive a programmed cell death signal. The surviving T cells migrate from the
cortex to the medulla and return at last to the blood stream.

On the other hand B cells develop in the bone marrow (BM) and then migrate
to the lymphatic tissue. Each B cell expresses a unique antigen-binding
receptor; a membrane bound immunoglobulin on the cell surface. B cells can
differentiate into effector plasma cells that secrete large amount of
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immunoglobulins and to memory B cells that remain resting in the bone
marrow. Plasma cells secrete soluble antibodies that inhibit the binding of
microorganisms to the cellular receptor on the target cells. Plasma cells can
also activate other components of the immune system, such as the complement,
that can result in lysis of bacteria, or enhancement of phagocytosis of
complement-coated microorganisms. Memory cells are assigned the task of a
faster and more specific immune response during re-infection of the same
pathogen.

4.2 Natural killer cells — An overview

Natural killer cells were discovered in the middle 1970s by Rolf Kiessling and
colleagues here at Karolinska Institutet in parallel with a research group in the
USA[4-7]. While measuring the cytotoxic activity in vitro, they observed a
murine lymphocyte population with an unusual spontaneous cytotoxicity
against certain tumor cells.

NK cells are non-T and non-B cytotoxic lymphocytes that are involved in the
killing of tumor cells[8]. NK cells are usually confined to the bone marrow, the
spleen and the peripheral blood, but they can also be found in inflammatory
tissues due to their response to chemoattractants. In the blood, NK cells are
abundant, and comprise 5%-20% of the circulating lymphocytes. When an NK
cell contacts its target, it causes the event of cytolysis. The majority of NK cells
express the surface antigens CD56, CD16, CD7, CD8 and CD2 and at the same
time they express the high and the intermediate affinity IL-2 receptor (IL-
2R)[9].

In humans, NK cells develop very rapidly during the ontogeny[10]. They
appear during the gestation period, even before the development of T cells. In
newborn mice, NK cells lack many of their usual receptors, but only a few
weeks of maturation are required till their receptors are fully expressed[11].
NK cells have many different properties [12]. NK cells can e.g. contribute
significantly to immunoregulation by secreting high levels of lymphokines,
such as the interleukins group. NK cells may also affect the in vivo growth
control of a tumor and its metastatic speed. The same NK cells that target
tumor cells also play a key role in innate immunity to viruses. Furthermore, NK
cells contribute to monocyte and granulocyte cell growth, as well as
haematopoiesis. In addition, they provide defense against intracellular
bacteria[13], control some types of viral infection[14] and contribute to
antitumor activity both in vitro[6] and in vivo[15].
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Figure 2. NK cells and the immune responses to tumor cells. Reproduced from
Nature Reviews Cancer, Smyth et al., 2002.

4.2.1 Natural Killer cell receptors — Activation and inhibition

In order for a human NK cell to be activated, the engagement of a number of
receptors is required[16]. During a natural cytotoxic response the following
receptors are responsible for NK activation; NKp46, NKp30 and NKp44[17].
Lately a new triggering molecule, NKp80, which is expressed in human NK
cells, has been identified[18]. Together these four receptors are part of a group
of receptors that are known as natural cytotoxicity receptors (NCRs). NCRs
participate in the lysis of many tumor cell lines[19].

The deactivation of NK cells is achieved when inhibitor surface receptors
recognize specific MHC class | molecules[16]. The signaling cascade is
deactivated through a NK cell inhibitor receptor mechanism. NK cells,
according to the ‘missing self’ hypothesis, identify and eliminate cells that do
not express the self major histocompatibility complex class I molecules[20].

There are four known inhibitory NK receptor families[21]. The first inhibitory
receptor that was discovered was the Ly49 in rodents and it has the ability to
bind directly to MHC class | molecules. Another family consists of the killer
immunoglobulin (1g)-like receptors (KIRs) that bind directly to MHC class I. In
humans KIRs, comprise a diverse family of receptors with unique structures
that are responsible for the recognition of the allelic groups of HLA-A, HLA-B
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or HLA-C molecules[22]. The diversity of KIR expression creates a repertoire
of NK cells with different MHC specificities[23]. The third receptor is the
leukocyte immunoglobulin-like receptor-1 (LIR-1), which when binding to
MHC class | molecules diplays an inhibitory signal[24]. The fourth family that
can be found in humans and in rodents alike consists of CD94/NKG2
heterodimers.

CD3E. FCRy.
DaP12 CD28, DAR10 Ly49, KIR

Activation signal ° Ll Inhibitory signal
MEK-cell activation Mk-cel inhibition
(turmcur-cad killing, (sall-protection, mmune escaps)

cytokine production)

Mature Reviews | Cancer
Figure 3. The balancing act of activation and inhibitory receptors is directly
responsible for the function of NK cells. Reproduced from Nature Reviews
Cancer, Smyth et al., 2002.

4.2.2 Natural Killer cell applications

From the 1980’s, when lymphocyte-activated killers were firstly used in end-
stage patients with solid tumors, till recent days, many advances have been
made in the NK cell field[25]. The idea of using NK cells in therapy is
promising, especially in the fields of cancer, haematopoietic stem cell
transplantation (HSCT) and infectious diseases[26,27]. The application of
activated NK cells in haematological patients is currently being explored. One
strategy is the enhancement of NK cells’ anti-neoplastic activity and the
infusion of selected NK cells as an alternative to CTLs for graft versus
leukemia (GVL) and thus avoiding GvHD [25].

Hematopoietic stem cell transplantation is a possible treatment for patients with
hematologic malignancies[28,29]. The patient is provided with stem cells in
order to replace the damaged or destroyed ones after chemotherapy/radiation
therapy. The healthy stem cells may be derived either from a donor or from the
patient’s treated marrow or peripheral blood. The absence of any infection is
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critical, during the time that the transplanted hematopoietic stem cell begins to
produce white blood cells. However, side effects such as infection, bleeding
and graft-versus-host-disease (GvHD) may not be excluded especially in the
occasion of an allogeneic donor-received hematopoietic stem cell graft.

One interesting example of cellular therapy closely connected with the above
fields, is the NK cell-mediated Kkilling of leukemic cells[30]. This
hematopoietic transplantation is based on NK cell alloreactions and it is crucial
to improve engraftment, to prevent the GvHD and to reduce toxicity. The
prevention of the GvHD, along with the absence of leukemic relapses, is
achieved when HLA-C mismatches exist between the donor and the recipient.
In fact, these HLA-C mismatches reflect also a difference in the KIR repertoire,
which results in that donor NK cells do not always express specific inhibitory
receptors to the recipient’s HLA-C alleles. Donor NK cells that express for
example p.58.1 KIR specific for HLA-Cw2 and HLA-Cw4 alleles, do not
match with a recipient expressing HLA-Cw1 and HLA-Cwa8 alleles. This way
these donor NK cells contribute to the killing of recipient leukemic cells,
minimizing the chance of leukemic relapses.

4.2.3 Natural killer cells in hematopoietic stem cell transplantation and
GvVHD interactions

Currently hematopoietic stem cell transplantation (HSCT) offers the possibility
to cure patients with hematological malignancies[31]. Despite the intensive
conditioning regimens used, the effect of GVHD develops after transplantation
and is often associated with morbidity and mortality. Ex vivo marrow graft T
cell depletion and post HSCT immunosuppresion are usually not able to
prevent graft rejection and leukemic relapses[32]. Working towards the
reduction of the incidence of relapses two strategies have been developed;
intensified myeloablative conditioning and immunotherapy. In contrast to
intensified conditioning that results in increased toxicity[33], immunotherapy
has provided some encouraging data particularly in relapse treatment, due to
donor lymphocyte infusions (DLI) that lead up to 70% remission[34].
However, as shown from Kolb et al., 1995 there is still a high possibility (41%)
to develop GvHD of grade 11[35].

Additionally, Asai et al., 1998 have used SCID (severe combined
immunodeficient) mice, lacking both T and B cell function, as donors to obtain
pure NK cell preparations[36]. This study supports that transplanted NK cells
in conjunction with systemic administration of IL-2 promote bone marrow
engraftment and have potent anti-tumor effects without inducing GvHD. Due
to difficulties in expanding and purifying NK cells in sufficient amounts,
clinical studies involving adoptive NK cell transfer have been very limited.
Recently, though, a new protocol has been established for large-scale
expansion of human NK cells[37], showing that stimulation of donor
lymphocytes in vitro can lead to a 200-fold expansion after 21 days of
culturing. In this study, the term, cytokine-induced natural killer cells (CINK),
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will be used for the expanded cell population, since it consist of 55% CD3-
CD56" cells. Based on preliminary data, it such cells may not induce GvHD to
the same extent as T cells.

4.2.4 Natutal killer-related cytokines - Interleukin-2 and others

IL-2 is considered to be a NK cell survival factor that is responsible for their
survival and enhanced killing activity[38]. IL-2 was the first cytokine to be
identified and cloned almost 25 years ago[39]. IL-2 is a multifunctional
cytokine. In B cells it stimulates growth and the synthesis of the J-chain and in
T cells it stimulates growth -in particular inducing a large number of CD4+ T-
cells[40]. Among other hematopoietic cells it stimulates NK cell growth, and
induces lymphocyte and NK activity[41]. It also has a role in antigen-induced
cell death and it induces antitumor effects. The clinical interest for IL-2 and its
receptor is based on the fact that it has a central role for the immune response.
Interleukin-2 is a cytokine shown to be released from T cells when they are
activated by the presence of a foreign molecule.

The receptor components of the IL-2 family of cytokines are type | cytokine
receptors (hematopoietic receptors)[42]. IL-2R can, due to its structural motif,
share a receptor component with other cytokines[43,44]. This receptor
component is y. and is shared by IL-2R, IL-4R, IL-7R, IL-7R and IL-15R. The
basis of the fact that y. can be shared is that it is a component that can be
utilized differentially from one receptor to another depending on the presence
of different ligands. However sharing receptor components, like in the case of
Ye, May provide a mechanism through which different cytokines control each
other’s activities and can allow for the sharing of actions.

Other interleukins such as IL-12, IL-15, IL-18 and IL-21 have also been
suggested to contribute to NK cell function[45-49]. In particular 1L-12
activates NK cells that secrete IFN-y, switches T cells to T helper cells (Thl)
and inhibits IL-4-induced IgE secretion. IL-12 was initially discovered due to
its ability to stimulate interferon-y production by NK cells and to enhance CD8
cytotoxicity. Similarly, IL-15 induces growth and cytotoxicity of NK cells and
it leads to NK cell differentiation. The combination of IL-15 and IL-21
enhances the production of IFN-y in human NK cells, fact that can be achieved
from the synergetic effect of IL-12 and IL-18 as well.

The analysis of cytokine production can be either quantitative or
qualitative[50]. For a quantitative investigation, methods such as Northern
Blotting, Polymerase Chain Reaction, In Situ Hybridisation, ELISA and
Immunofluorescence (flow cytometry, immunohistochemistry) can be used.
For qualitative analysis the ELISPOT method, which is similar to ELISA and is
based on the analysis of color spots can be used.
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4.3 Gene therapy- An overview

Gene therapy in the medical field, normally, implies the cure of an inherited
disease by supplying the patient with a correct copy of the defective gene[51].
The two basic approaches to gene therapy are somatic cell therapy and
germline therapy. Somatic cell therapy is engaged in the manipulation of
ordinary cells that are transfected upon removal from the organism and at a
later timepoint injected back in the body, while germline therapy can
potentially be used to treat an inherited disease. This thesis is deals with
somatic cell therapy. The success of gene therapy is accounted to a large extent
to the success of gene transfer. Gene transfer implicates the delivery of a
potential therapeutic gene into target cells and different methods for this
transfer can be applied e.g. electroporation, gene-gun, or viral vectors. In this
thesis only viral gene transfer vectors will be described, with a further
emphasis given on retroviral vectors and the model gene of GFP.

4.3.1 Viral gene transfer vectors

Viral vectors offer high gene transfer efficiency both in vitro and in vivo. The
characteristics of the most commonly used vectors are summarized in Table 1.
In this thesis, retroviral vectors are used and will be described in further detail.

Titre
Vector Group | Genome | Capacity | Persistence | Log;y | Immunogenicity
1U/ml
Retrovirus +RNA 8kb Integrated 6-7 Low
Lentivirus +RNA 8kb Integrated 10 Low
8kb (E3) Transient
Adenovirus dsDNA 28-32 . 13 High
episomal
(gutless)
Adeno- - DNA  45kp  Imegrated oy, Low
associated virus Tandem
Herpes Virus dsDNA 30kb Episomal 8 Low

Table 1. Properties of viral gene transfer vectors

4.3.2 Retroviral vectors

Recombinant retroviruses are commonly used to deliver genes to mammalian
cells[52]. Retroviral vectors can be custom-made and they are efficient gene
delivery vehicles, because they do not cause any damage during their entrance
in the target cells. They consist of a large class of enveloped viruses that
contain single-stranded RNA as viral genome. In the nucleus, the retroviral
nucleic acid becomes integrated into the chromosomal DNA, a fact that
stabilizes the transmission and ensures a long term persistence[52]. The limit of
foreign gene sequence that can be packed into a retroviral vector is 8kb. Their
advantage is the high transfection efficiency that enables a large proportion of
the extracted cells to receive the gene of interest. In this thesis two genes,
GFP[53,54] and IL-2[53,55] have been successfully inserted in the genome of
both NK cell lines and primary NK cells.
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Usually retroviral vectors are obtained from the Moloney murine leukemia
virus (MoMLV)[56]. The long terminal repeats (LTRs), the Psi (y) and the
viral genes are three structural parts of the MOMLYV. LTRs are responsible for
the initiation and the termination of transcription. The y - encapsidation
contributes to the packaging of the RNA viral genome into viral particles and
the viral genes gag, pol, env encode viral structural proteins, enzymatic
proteins and the envelope protein respectively.

Lately there have been many concerns for the clinical safety of retroviral
vectors, due to complications over clinical trials. During a trial on the
correction of X-linked severe combined immunodeficiency by gene therapy
using retroviruses, a retrovirus-mediated gamma gene was transferred into
autologous CD34" bone marrow cells. This retroviral insertion triggered
deregulated premalignant cell proliferation[57]. Additionally in a non-primate
study, a replication-defective retroviral vector-associated neoplasia was
observed in a rhesus macaque, suggesting that currently available retroviral
vectors may have long-term side effects[58]. In order to improve safety,
prognosis and efficiency, we need to study and classify potential side effects,
such as target cell manipulation, transgene insertion, vector expression[59].
Possibly, retroviral vectors that are carrying a ‘safety switch’, e.g. suicide gene
such as thymidine kinase, may be the way to prevent insertional
mutagenesis[60].

4.3.3 A model gene - Green fluorescent protein

Green fluorescence protein (GFP) is a very commonly used marker that was
originally isolated from the jellyfish Aequorea Victoria[61,62]. It can be
expressed in either eukaryotic or prokaryotic cells and produces a green
fluorescent color when illuminated by blue or UV light. GFP is a useful
reporter for monitoring gene expression both in vivo and in situ without the
need for incubation with a second reagent. Detection of GFP can easily be
performed in living cells, in tissues, as well as fixed samples [63-65]. GFP has
been used throughout our in vitro experiments as a positive transduction
control, as well as a marker gene for the establishment of a syngeneic model of
multiple myeloma through in vivo detection of 5T33 GFP* myeloma cells.

4.3.4 Gene transfer into NK cell lines and primary NK cells

Stable gene transfer into NK cell lines e.g. the electroporation of the CD18
gene into mutant YT-1 cells[66] and the retrovirally transduction of the
chimeric zeta-chain gene into NK3.3 cells was reported already in the mid
1990s[67]. In recent years, there have been several studies that show successful
gene transfer into NK cell lines. For example, the IL-2-dependent NK-92 cell
line has been transfected with up to 15% efficiency using particle-mediated
gene transfer[68] and with up to 20% retroviral transduction efficiency[69].
Similarly, the effect of nucleofection technique using the Amaxa system™[70]
on the tested NK3.3 and NKL cell lines was around 8%.
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During the last 20 years there has been a series of attempts to transduce
primary NK cells, as well, using calcium phosphate coprecipitation,
electroporation and liposomal transfection[71,72]. These attempts have been
met with mixed success and low efficiency. Recently, there has been some
success in transduction of primary NK cells with adenoviral vectors[73],
electroporation[74] and hybrid EBV/retroviral vectors[75]. The retroviral
transduction of primary PBMCs and NK cells[54,55], which is presented in this
thesis, is a complimentary approach to the above techniques.

4.3.5 Cytokine gene-modified cells

Cytokines, which have been widely used as immune modulators, usually work
in a paracrine form, after cell-to-cell interaction and the therapeutic levels of
systemically applied cytokines are frequently toxic[76-78]. Systemic cytokine
delivery should therefore be substituted with a more localized method of
cytokine release. An alternative approach for application of cytokines to
stimulate immunocompetent cells could be the production of auto stimulated
cell lines expressing the gene of the cytokine of interest.

The cytokine of interest can be successfully expressed from the target cells
(REF), however the non-localized delivery remains a critical issue, since it
leads to certain side effects and the activation of neighboring cell
populations[79,80].

The concept of cytokines expressed in a strictly localized and confined space
has been around for some time now, with attempts to induce endogenous
cytoplasmic 1L-3[81] and to target chemokines intracellularly in the ER[82].
However not until recently, was it shown that cytokines can be targeted to
particular intracellular regions using specific localization signal peptides[83]. A
stable and active form of GM-CSF was successfully target into the subcellular
compartments of the cytoplasm, the endoplasmic reticulum and the
nucleus[84].

Our approach here, was to express intracellular forms of IL-2 into NK
cells[53]. Our aim was to generate IL-2 independent NK cells, but that
expressed IL-2 into two ways; one naturally and the other in the confined to the
endoplasmic reticulum.

4.4 Multiple myeloma — An overview

One hematological malignancy that is a potential candidate for immunotherapy
is multiple myeloma (MM)[85,86]. MM is a B cell malignancy that is
characterized by the accumulation of malignant plasma cells within the bone
marrow, the presence of a monoclonal immunoglobulin in the serum or urine
and the development of osteolytic bone lesions. In general, plasma cells are
produced by stem cells in the BM. When foreign substances enter the body, B
cells develop into plasma cells to help fight infection and disease. In the case of
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MM, a genetic damage to a developing B cell transforms it into malignant
plasma cell. These cells become abundant in the BM, leading to soft spots
(osteolytic lesions) in the bone. These regions weaken the bone, causing pain
and increasing the risk of fractures. Although it affects the bone, MM is
considered to be a hematologic cancer, since it is transported through the blood
stream. MM accounts for 20% of all hematological malignancies deaths.

Bone destruction by osteolytic lesions is caused by two separate events; firstly
the rapid growth of myeloma cells pushes aside normal bone-forming cells
resulting in bone damaging, and secondly the production of substances that
activate osteoclasts (bone-resorbing cells) is increased. Normally osteoclasts
break down old or worn out bone and work with osteoblasts (bone-forming
cells) to repair the bones. In MM, the increased activity of osteoclasts causes
osteoporosis (bone loss). Moreover, the condition of hypercalcemia becomes
apparent in cases where the level of calcium in the bloodstream rises due to
bone destruction. Due to myeloma cell growth the production of normal blood
cells is impaired. The production of the M protein that is produced by MM
cells can thicken the blood. Meanwhile, the reduction of white and red blood
cells, as well as of platelets, can result in increased infection risk, anemia and
prevention of blood clotting respectively. Finally, the secretion of the M
protein results in kidney circulation problems, as well, reducing calcium
excretion and increasing urine production and the chance of dehydration.

Up to this date, no cause of MM is identified. The immune system, genetic
factors, chemicals and exposure to radiation are thought to be associated with
MM.

4.4.1 Multiple myeloma treatments

MM treatment focuses mainly on suppression and disease containment. After
MM diagnosis, an initial therapy includes regimens such as dexamethasone
with or without thalidomide and VAD, a cocktail of vincristine, adriamycin and
dexamethasone. In a latter stage, if patients show disease progress,
chemotherapy and autologous stem cell transplantation (ASCT) is
recommended. Despite of the advances in ASCT with high melphalan doses
and chemotherapy treatment[87,88], MM still remains largely an incurable
disease[89]. Therefore a more effective treatment is warranted.

4.4.2 Multiple myeloma mouse models

For the better understanding of MM, it is of great importance to monitor MM
cells during the progression of the disease. Up to now there have been some
studies where myeloma cell lines [90,91]and BM cells from myeloma patients
were injected in to SCID mice[92,93]. Furthermore, NOD/SCID and
C57BL/KaLwRij mouse strains have been used as experimental models[94].
However it was not until recently that a study using NOD/SCID mice aimed in
detecting myeloma cells in real time by marking them with GFP[95]. Although
these data showed the anatomical distribution and pathophysiological
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manifestations of developed MM, the immunodeficient nature of NOD/SCID
mice ignores the role of the immune system in the development and treatment
of MM. Additionally, it has been suggested that the immunocompetent
C57BL/KaLwRij mouse strain is a favorable model due to spontaneous
development of MM[96]. Following these lines, we transduced 5T33MM cells
with GFP and injected them intravenously into C57BL/KaLwRij mice[97].

4.4.3 Natural Kkiller cells in multiple myeloma

NK cells, as previously mentioned, do not require preactivation in order to
recognize and kill tumor and infected cells. Myeloma cells are susceptible to
NK cell lysis[98] and during MM, the number and the state of activation of NK
cells increases. NK cells have an innate anti-MM cytotoxic activity. Drugs,
such as thalidomide may further augment this effect[99,100].

Furthermore, IL-2 activated lymphocytes have been shown to have a potential
antitumor efficacy against autologous and allogeneic human myeloma
cells[101]. Additional clinical IL-2 studies indicated that plasma cells are
sensitive to LAK cell lysis and moreover that IL-2 infusions result in a
substantial increase in TNF and IFN-g production[102]. However, none of the
above studies examined which cells were capable of exerting an autologous
anti-myeloma activity after cytokine induction. Our group has shown that IL-2
activated NK cells are the major effector cells responsible for this antitumor
activity[103].
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S. AIMS OF THE PRESENT STUDY

The long-term objective of this study is to generate natural killer (NK) cells to
be used for clinical therapy, without the need of exogenous interleukin 2 (IL-2)
administration. The aim was also to test the possible effect of IL-2 activated
NK cell in an experimental multiple myeloma (MM) model.

The specific aims leading step-by-step to our main goal are listed below:

I) To genetically modify the IL-2-dependent NK-92 cell line, to express IL-2 in
a localized and controlled manner

I1) To establish an experimental protocol for retroviral gene transfer into
primary human NK cells, using a green fluorescent protein (GFP) vector and to
initiate studies aiming at expressing IL-2 in CD56"CD3” PBMCs, in order to
obtain NK cells independent of exogenous IL-2 for survival and function.

[11) To establish a murine multiple myeloma model using GFP MM cells

IV) To identify the effector cells in peripheral blood that are capable of
autologous cell killing in a myeloma model and to use these cells for adoptive
immunotherapy
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6. METHODOLOGY

6.1 Plasmids — Retroviral vector coding for IL-2 and other control genes

Three transgenes expressing IL-2 were designed in Paper I. The first transgene
was targeted to the IL-2 subcellular receptor alpha, the second to the cytoplasm
and the third to the endoplasmic reticulum. The IL-2 variants were cloned
using PCR. The PCR products were later cloned into pCR4BluntTOPO vector.
Clones were characterized by using restriction analysis and cycle sequencing.
In paper | of this thesis, the emphasis was limited to two of the three original
constructs; one expressing wild type IL-2 (secreted — IL-2WT) and one
targeted to the ER (IL-2ER).

The green fluorescent protein (GFP) gene was used as a positive control in
transduction experiments in papers I, Il, 11l and for sorting purposes in paper
IV. The red fluorescent protein (RFP) was used for control and sorting
purposes in paper 1V. The plasmid pMO3TIN, containing the herpes simplex
virus thymidine kinase (HSV-tk) and NeoR genes linked by poliovirus IRES in
the MoMLYV backbone, was used for selection purposes in paper lI.

6.2 Transfection and retroviral transduction of cell lines and PBMCs
Phoenix GP cells were transiently transfected with 3ug of vector construct
plasmid (IL-2WT, IL-2ER, GFP and RFP) and 1lug pMD-G (encoding
vesicular stomatitis virus envelope glycoprotein) per 35 mm cell culture well,
using the Fugene 6 reagent according to manufacturer's instructions in papers I-
IV. Virus supernatants were collected from transfected PhoenixGP cells 24 and
48 hours after transfection, filtered through 0.45um Millex-GP syringe-top
filter and used immediately for transduction. The obtained virus titers varied up
to 10-fold (10°-10° virus particles/ml). The vector-containing supernatants were
used to transduce different cell types, such as NK-92 (Paper 1), 5T33MM
(Paper 111) and DX5" NK mouse cells (Paper 1V), by centrifugation at 1000xg
for one hour in the presence of 4ug/ml polybrene, or by different modifications
thereof (see below).

All PBMCs (Paper Il) were transduced, on day 5 of culture, with PG13-
collected supernatant either by a 2 hour-centrifugation at 1000g in the presence
of 4ug/ml polybrene and 5001U/ml IL-2. After 48 hours the cells were washed
to remove polybrene, and divided in groups for further culturing and analysis.
As a control, PBMCs of the same donor were grown and mock transduced
under similar conditions as transduced cells.

In all cases viral titers were estimated indirectly by transducing HeLa cells with
different volumes of retroviral-containing supernatant. Increasing volumes of
supernatant (2, 20 and 200 ml) were plotted against the percentages of
fluorescent target cells determined after 48 hours by FACS analysis. Titers
were calculated according to the following formula: Titer (HeLa-transducing
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units/ml) = (number of HeLa cells infected) x (% of positive cells/100)/volume
of supernatant (in ml). In the case of IL-2 positive cells, cells were stained with
intracellularly with anti-1L-2, prior to FACS sorting.

6.3 Ex vivo expansion of PBMCs and subpopulations thereof

The ex vivo culture and expansion of PBMCs was performed as described in
more detail in papers Il. Briefly, buffy-coat preparations from healthy blood
donors were obtained from the blood bank at Karolinska University Hospital
Huddinge, Stockholm, Sweden. They were isolated by gradient centrifugation,
using Lymphoprep. After washing twice with PBS, cell viability was assessed
by trypan blue dye exclusion and the cells were plated onto six-well dishes at
0.5 X 10° cells/ml. CellGro medium was used in all the cultures with the
addition of 10 ng/ml OKT-3. OKT-3, an anti-CD3 antibody, stimulates T cells,
whose cytokine and growth factor secretion seems to promote NK cell growth.
On day 5 of expansion, OKT-3 was washed out and PBMCs were cultured
there after in CellGro medium supplemented with 5% HS and 500 IU/ml IL-2.
The culture medium was replaced every 1-2 days until the end of culture.

6.4 EX vivo separation of mouse cells

In order to obtain mouse NK cells from C57BIl/KaLwRij mouse single-cell
suspensions (Paper 1V), the DX5+ Mouse Microbeads kit (Miltenyi Biotech
Inc., CA, USA), was used according to manufacturer’s instructions.

6.5 Flow cytometric analysis

The phenotype of the cell lines, PBMCs and single cells suspensions from
different mouse organs (spleen, liver, BM, and thymus) were analyzed using a
FACSCalibur flow sorter (Papers I-1V). Four-color fluorescence was used
according to standard procedures. Cell were mixed with appropriate
concentrations of different dye-conjugated monoclonal antibodies, incubated
for at least 15 minutes at room temperature and finally washed with PBS prior
to flow analysis. The most frequently used antibodies were the CD56APC, the
CD3PerCp and the anti-I1L-2PE, all purchased from BD Pharmingen, CA, USA.
NK cells were defined as CD56°CD3’, T cells as CD56'CD3", and both NK and
NKT as CD56". Propidium iodide (PI) staining was used for dead cell
exclusion. In each sample, at least 10.000 cells were acquired in the analysis
region of viable cells, defined by side and forward scatter.

6.6 Cytotoxicity Assay

The cytotoxic function of NK and/or T cells as effector cells was measured by
a standard 4 hour >'Cr-release assay during different timepoints of culturing. As
targets, the NK-sensitive K562 cell line (Papers I-1l1) and in Paper IV the
5T33MM, YAC-1 cell lines and fresh autologous cells, were used. Target cells
were labeled with 100ul *'Cr and incubated for one hour at 37°C. Effector cells
were counted using trypan blue dye exclusion and mixed with target cells to
obtain an effector: target ratio of 10:1, 3:1, 1:1 and 0.3:1. Culture medium was
used as a negative control, and for a positive control cells were incubated with
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1% Triton X. After incubation in a V-bottom shaped 96-well plate for 4 hours
at 37°C, 70ul of each supernatant was aspirated from each well and counted in
a gamma counter. The percentage of spontaneous release was calculated from
the following formula: % specific >'Cr release = (sample release-spontaneous
release) / (maximum release — spontaneous release) x 100.

6.7 Immunostaining of IL-2 modified cells

To verify the expression of IL-2 in the endoplasmic reticulum area, IL-2-
modified Cos-7 cells were co-stained with an anti-human IL-2 antibody, as
well as with an ER-marker, in order to verify the location of IL-2 expression
(Paper ). During this process, initially, the Cos-7 cells were fixed,
permeabilised and incubated with a blocking buffer containing goat serum.
Subsequently, cells were incubated with a mix of primary purified rat anti-
human IL-2 antibody and a rabbit anti-calreticulin ER-Marker. After washing
out this mix, cells were incubated with a mix of secondary goat anti-rat 1gG
antibody and a goat polyclonal antibody to rabbit 1gG. Finally, stained cells
were rinsed and counterstained with propidium iodide, prior to visualization by
a fluorescent microscope.

6.8 ELISA

For the quantitative determination of human IL-2 (Paper 1), mouse IL-6 (Paper
[11) and mouse IL-2 (Paper 1V), the OptEIA Human IL-2 ELISA Kit Il, the
murine 1L-6 and IL-2 BD OPTEIA ELISA Kit, respectively, were used
according to the manufacturer’s (BD Biosciences, CA, USA) instructions. The
interleukin levels were determined by comparing the optical density results to
standard curve using recombinant IL-2 or IL-6 provided by the manufacturer.

The levels of 1gG2b in the cell culture supernatants were measured by a
sandwich enzyme-linked immunoabsorbent assay (ELISA) (Paper Ill). Micro-
ELISA plates were coated overnight at 4°C with goat anti-mouse IgGb in
carbonate buffer pH 9.8. The plates were then blocked for 2 hours at room
temperature with phosphate-buffered saline (PBS) containing 1% bovine serum
albumin (BSA). After blocking, the samples or standard 1gG2b in serial
dilutions with PBS containing 1% Tween-20 were added, and the plates were
incubated overnight at 4°C. Thereafter, the plates were washed three times with
PBS containing 1% Tween-20. For 1gG2b measurement, the plates were
incubated goat anti-mouse 1gG2b for 2 hours at RT. Finally, all the plates were
developed. After 20 to 30 minutes of incubation at RT, the color reaction was
quantified by an ELISA reader at 405 nm.

6.9 Mice and cell lines in the multiple myeloma study

Female and male C57BL/KaLwRij mice were purchased from Harlan CPB
(Horst, The Netherlands) and kept in our animal facilities at the Clinical
Research Centre at Huddinge University Hospital, Karolinska Institutet for
studies in paper Il and I1V. They were housed under conventional conditions
including access to tap water and standard chow ad libitum. All mice were 8 to
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10 weeks old at the beginning of each experiment. Experiments performed in
this study were approved by the local ethical committee in South Stockholm,
Sweden.

6.10 Adoptive transfer of natural killer cells

Transduced and control NK cells were injected i.v. at established doses in
C57BI/KaLwRij mice that had been previously inoculated with 5T33MM cells
(Paper 1V). Mice were then monitored for survival and flow cytometric
analysis was performed.
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7. RESULTS

7.1 Targeting interleukin-2 to IL-2-dependent NK-92 cells (Paper I)

The IL-2-dependent NK-92 cell line was genetically modified by the
introduction of the IL-2 gene in two different ways, in order to eliminate the
need of exogenous IL-2 administration. As a positive control the GFP gene was
used. The two forms of IL-2 that were expressed in NK-92 cells differed in that
one generated secreted IL-2 (IL-2WT) and the other one generated
endoplasmic reticulum-resident IL-2 (IL-2ER). Both forms of IL-2 sufficed to
promote growth and survival of the IL-2-dependent NK-92 cells.

The extent of paracrine and autocrine growth stimulation was also assessed.
More specifically, mixed populations of modified and non-IL-2-modified NK-
92 cells, demonstrated that ER-targeted IL-2 did not support the growth of
neighboring NK-92 non-IL-2-modified cells, and indicated that IL-2 does not
leak to the supernatant (endoplasmic reticulum targeting). In contrast, the IL-
2WT form was secreted in a natural way and supported the growth of
neighboring cells. These data were also confirmed by determination of the IL-2
concentration levels in cell culture supernatant by ELISA. Both types of IL-2-
transduced NK-92 cell lines showed comparable functional activity and
cytotoxicity to parental NK-92 cells.

Figure 4. NK-92 cells transduced with IL-2WT (left panel) and IL-2ER (right
panel).

The data obtained in Paper | demonstrate the ability of ER-retained IL-2 to
provide autocrine growth stimulation to NK-92 cells, without the secretion of
the cytokine to the extracellular compartment. Hence, therapy with IL-2ER
gene-modified autoactivating NK cells should potentially avoid side effects
imposed by exogenously administered IL-2.

7.2 Green fluorescent protein gene (GFP) transfer into primary human
natural Killer cells (Paper II)

The efficiency of retroviral transduction, into primary human NK cells, was
assessed after the transduction of PBMCs with a GFP vector. Consequently,
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PBMCs from healthy donors were expanded ex vivo for a period of 21 days.
Retroviral transductions were carried out by replacing the culture media with
retrovirus-containing supernatants during 2-hour incubations on days 3, 4, 5, 6,
10, 15, or 20 (single transduction) or days 5 and 6 (double transduction). The
optimal time for retroviral transduction was determined to be day 5.

NK (CD56°CD3") cells showed a median of 27.2% transduction efficiency after
a single transduction (transduction on day 5) and a median of 47.1%
transduction efficiency after two transductions (transduction on days 5 and 6),
24 hours after exposure to retrovirus-containing supernatants. On day 21 after
initial culture, 51.9% of NK cells were transduced after one transduction round
(transduction on day 5) and 75.4% after two transductions (transduction on
days 5 and 6).

During this study, it was thus successfully shown that primary NK cells can be
transduced with GFP, without any detectable changes in phenotype, such as
receptor expression or cytotoxic function. This may open up new possibilities
in the studies of NK cell biology and the development of NK cells for
immunotherapy regimens.

In preliminary studies, IL-2WT and IL-2ER constructs (from Paper 1) were
used to transduce PBMCs cells, in order to produce IL-2-independent primary
NK cells. PBMCs from healthy donors were expanded and transduced on day 5
by pre-coating, using IL-2 or GFP retroviral supernatants. Forty eight hours
later, in order to assess if IL-2-transduced PBMCs were independent of IL-2
administration, the cells were either washed twice to remove exogenous IL-2,
or continuously kept with exogenous IL-2 added in the culture medium. All
groups of PBMCs showed comparative proliferative capacity during the first
ten days of expansion. However, IL-2-transduced PBMCs, showed higher
survival at all observation times in the absence of exogenous IL-2, in
comparison with non-IL-2-transduced cultures. The percentage of CD56°CD3
cells increased within the bulk PBMC population, irrespectively of exogenous
IL-2 administration, however the absolute CD56°CD3" cell number increased
only in the presence of exogenous IL-2. The CD56"CD3’IL-2" cell population
continued to expand after removal of exogenous IL-2 only in PBMC cultures
transduced with IL-2ER (and not when transduced with IL-2WT), despite the
fact that the total absolute CD56"CD3" cell numbers decreased. These results
indicate that CD56"CD3’IL-2ER" cells are capable of proliferation even in the
absence of exogenous IL-2. These studies are currently in progress.

7.3 Establishment of a GFP multiple myeloma mouse model (Paper I1I)

In order to establish a mouse model, where the MM cells could be monitored in
vivo, 5T33MM cells were retrovirally transduced with GFP and injected
intravenously into C57BI/KaLwRij mice. In addition, 5T33MM cells were
transduced with herpes simplex virus thymidine kinase (HSV-tk) as a control.
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Functional characteristics of GFP transduced and non-transduced cells were
compared in vitro as well. After inoculation of GFP positive 5T33MM in
C57BI/KaLwRij mice, the survival kinetics and distribution of GFP positive
cells in tissues were evaluated. Transduced and non-transduced 5T33MM cells
exhibited a similar growth rate and produced comparable 1gG2b and
interleukin-6 levels as assayed by ELISA. Injection intravenously of both non-
transduced and GFP-transduced MM cells to C57BL/KaLwRij mice resulted in
paraplegia. At the time of paraplegia, a substantial number of GFP-transduced
MM cells were detected in the BM, the spleen, and the liver, and to a lesser
extent in the lymph nodes. The BM of paraplegic mice contained higher
numbers of GFP-transduced MM cells compared to that of non-paraplegic
mice.

B Blood B Thymus B Lymph Node O Liver O Spleen [ Bone Marrow

Figure 5; Biodistribution of myeloma cels by ex vivo FACS analysis

This study demonstrates that MM cells can be easily traced in an
immunocompetent host, when injected MM cells are GFP-transduced. This
model simplifies the analysis of homing pattern studies and the evaluation of
therapeutic effects of various treatment approaches.

7.4 The protective role of IL-2-activated natural killer cells in a multiple
myeloma model (Paper IV)

In this study, the cytotoxic effects of IL-2 activated NK cells and cytotoxic T-
cells (CTLs) towards 5T33MM cells were compared in vitro and in vivo.

In vitro, NK cells and cytotoxic T lymphocytes (CTLs), originated from single-
cell suspensions (spleen, liver, thymus, lymph nodes and BM) of
C57BL/KaLwRij mice previously immunized with irradiated 5T33MM cells.
NK cells obtained using CD49b (DX5') magnetic microbeads (positive
fraction) and T cells (negative fraction) were compared in co-cultures with
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irradiated 5T33MM cells for 5 days with or without IL-2. Using a >'Cr release
cytotoxic assay, we could demonstrate that IL-2 activated NK cells display a
significantly higher killing efficacy than IL-2 activated CTLs against syngeneic
5T33MM tumor cells.

Anti-NK1.1 and anti-CD8 monoclonal antibodies were used for in vivo
depletion. Retroviral transduction of the marker gene DsRed2 into NK cells
was tested for its tracking feasibility in an adoptive transfer setting. In vivo,
following IL-2 administration, mice that did not undergo any effector depletion
showed the longest survival, followed by, in decreasing order, CD8-depleted
and NK-depleted ones, indicating that NK cells were the major effectors
exerting autologous tumor clearance after cytokine induction. Gene transfer of
RFP into NK cells was successful and it did not have any side effect during our
in vivo studies. Moreover, the adoptive transfer of gene modified and
unmodified IL-2 activated NK cells showed a significant delay in tumor
development.

IL-2 activated NK cells efficiently killed 5T33MM cells in vitro, and were also
the main effector cells in myeloma studies in vivo. This study highlights the
potential beneficial use of IL-2-induced NK cells after adoptive transfer in an
immunocompetent mouse model. Such cells could potentially result in
elimination of autologous myeloma cells and prolonged mice survival.

8. DISCUSSION

NK-92 cells transduced with either IL-2WT or IL-2ER (the latter confined IL-2
expression in the endoplasmic reticulum) were compared for their ability to
proliferate and survive without exogenous IL-2. Both constructs could be
successfully transduced into NK-92 cells, enabling them to proliferate and
survive without exogenous IL-2 administration. Our results with IL2WT
transduced NK-92 cells were similar to those obtained by Nagashima et al,
1998[69], who attempted to deliver the IL-2 gene into the NK-92 cells.
However, there was no effort of targeting IL-2 into specific subcellular
compartments in that study. In our report we could show that by targeting IL-2
into the confined area of the ER, IL-2 did not leak to the supernatant and could
thus not support the growth of non-1L-2 transduced cells. Our results acted as
the first proof of principle that it is possible to express IL-2 intracellularly. This
way it is possible to avoid the toxic effects of systemic IL-2 administration and
the activation of neighboring cell populations, e.g., in the treatment of a
relapsing  hematological tumor  after  hematopoietic  stem  cell
transplantation[30]. In the case of the activation of neighboring cells, e.g. T cell
activation leads to GvHD[104] and in case of Treg overstimulation to severe
immunosuppresion[79].

Following the above findings, we decided to move on to primary NK cells and

examine the possibility of transducing primary NK cells and in general
PBMCs. GFP was initially employed to transduce primary NK cells. GFP is
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generally a stably expressed protein, and can easily be visualized under a UV
microscope and detected during flow cytometric analysis. PBMCs were
acquired from healthy donor buffy coats and expanded for 21 days.
CD56°CD3" cells within PBMCs were successfully transduced with GFP on
day 5 of culture and until day 21 the majority of the transduced cells had a
CD56°CD3" phenotype. Furthermore, gene transfer did not show to affect the
survival, proliferation and phenotype of the GFP-transduced cells. These
results were similar to that of a recent study by Becknell et al., 2005, who
could also demonstrate that it was possible to infect primary NK cells and NK
cell lines with GFP and other genes of interest using an EBV/retroviral hybrid
vector [75]. Our second study proved that it was possible to successfully
transduce NK cells with a retroviral vector and opened the way for further
experimentation with therapeutic genes, such as IL-2.

A further step in this study would be the retroviral transduction of CD56"CD3"
PBMCs with the IL-2WT and IL-2ER constructs, in order to produce IL-2-
independent NK cells. Such cells could have an immunotherapeutical potential.
For example, patients may benefit from the infusion of autologous NK cells,
which have been obtained by a blood sample, ex vivo, isolated from the other
PBMCs, IL-2 modified and expanded (Figure 6). At the same time, such a
patient would avoid the process of systemic IL-2 administration with its
undesired side effects. These IL-2-independent NK cells could, for safety
reasons, be further transduced with vectors carrying a suicide gene, e.g.
thymidine kinase. Such cells will need to be expanded into large numbers
before infusion back to patients, but most importantly it is of major importance
to test their therapeutical potential experimentally, e.g. in @ mouse model.
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Figure 6. Schematic diagram of a potential gene modified NK cell clinical trial
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In parallel, to our studies on the transduction of IL-2 and GFP into NK cells, in
order to obtain an in vivo model, and due to our prior experience in the MM
field, we investigated the possibility to monitor multiple myeloma cells in vivo.
For this purpose 5T33MM cells were transduced with GFP and injected into
the immunocompetent C57BI/KaLwRij mice. As a result, it was not only
possible to detect and localize the myeloma cells in vivo during the course of
the disease, but also to assess the behavior of retroviral transduced cells in a
mouse model.

This GFP multiple myeloma mouse model and the potential of using IL-2
transduced cells for immunotherapy, spurred the investigation of the effect of
cytokine induced NK cells in a MM setting. The 5T33MM cell line was
inoculated into C57BI/KaLwRij mice and it was shown that exogenously IL-2-
activated NK cells can efficiently eliminate these syngeneic MM cells and
prolong the survival of the mice. These findings are in line with reports that
show lymphokine activated NK cells could increase the response to in renal
cell carcinoma and relapse melanomas cases[105], and the autologous activity
in hematological malignancies[106,107]. However there are also studies that
present CD8" T cells as responsible for autologous tumor metastatic melanoma
clearance[108]. Additionally, the transduction of NK cells with RFP and
5T33MM cells with GFP enables as to monitor the disease development and to
study the importance of their co-localization.

A future perspective of this project could be to transduce NK cells derived
from mice, with the above mentioned human IL-2 constructs, which should
then be tested for their efficiency in a mouse setting, or to use similar murine
IL-2 constructs. This way it will be possible to compare the effects of
exogenously IL-2-activated NK cells with the IL-2ER transduced NK cells
against MM.
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9. CONCLUSIONS

Our conclusions, step by step are listed below.

= An autocrine growth stimulation, without IL-2 secretion to the extracellular
compartment, could be obtained in the cell line NK-92 after retroviral
transduction with ER-retained IL-2 (IL-2ER). (Paper I)

» Primary human NK cells (CD56+/CD3-) could be transduced and express
green fluorescent protein (GFP) without detectable alterations in phenotype or
function. (Paper 1)

= Retrovirally GFP-transduced 5T33MM cells could easily be traced in an
immunocompetent C57BI/KaLwRij mouse model. (Paper I11)

= |L-2 activated NK cells were responsible for myeloma cell killing and
increased survival of C57BI/KaLwRij mice. (Paper 1V)
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