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The one who does not know but knows that he does not know, is a child, teach him,
The one who knows but does not know that he knows, is in sleep, wake him up,
The one who does not know, but does not know that he does not know, is an ignorant, avoid him,

The one who knows, and knows that he knows, is a leader, follow him.

Chinese proverb

To my family
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1 ABSTRACT

Cell and gene therapy of cancers has received much attention in the past decade. A number of
applications of cancer treatment have been developed and used. One of the recent applications
is immunotherapy of tumours with human natural killer (NK) cells. A major challenge to the
successful application of this treatment has been the identification, expansion, and gene
modification of appropriate effector cells. We therefore developed a novel expansion method
that is simple, good manufacturing practice (GMP)-compatible, cost-effective (Paper I). For NK
cell immunotherapy of patients with B-cell chronic lymphocytic leukaemia (B-CLL), efficient
NK cell expansion was obtained using the same method (Paper II). However, NK cell
expansion rates were lower in cultures from patients with progressive B-CLL, demonstrating
the negative effect of disease progression on NK cell expansion. In the same study (Paper II), it
was also demonstrated that samples obtained from the same patients at different time points had
similar NK expansion capacity, indicating reproducibility and also the reability of the method.
In addition, in both studies it was shown that half of the expanded T cells possess an NK-like T
(NKT) phenotype (CD3'CD56").

Moreover, using retroviral vector transduction, efficient gene transfer into primary human ex
vivo expanded NK cells was demonstrated. Days 5 and 6 of expansion seem to be the best days
for NK cell transduction (Paper III). In addition, the safety and the in vivo anti-tumour activity
of human ex vivo expanded NK cells were evaluated against human K562 cells in SCID-beige
mice (Paper 1V). Mice treated with expanded NK cells had significantly prolonged survival
compared to the untreated group. Finally, NK and NKT cell populations that were expanded
with GMP components were infused into patients with tumors. Such killer cells with or without
IL-2 injections were shown to be safe and to some extent had anti-tumor activity (Paper V).

In conclusion, these studies have shown that NK as well as NKT cell expansion is possible with
such a simple, cost effective and easy-to-use method. We were able to expand and gene-modify
with retroviral vectors NK cells directly from the peripheral blood of both healthy donors and
patients with B-CLL and show that NK cells can eradicate tumour cells in vivo. This may open

new possibilities for current and future cell- and gene therapy approaches.

Keywords: Natural killer (NK) cells, Natural killer-like T (NKT) cells, Gene transfer,
Retrovirus, Good manufacturing practice (GMP), Ex vivo, In vivo, SCID-beige.
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4 GENERAL INTRODUCTION

4.1 Immunotherapy Overview

The survival of cancer patients has improved steadily with the advent of effective anticancer
treatments such as chemotherapy and radiotherapy during the last century. However, the
majority of patients with metastatic disease will not be cured by these measures and will
eventually die of their disease. New and more effective methods of treatment are needed. The
immune system is a potent force for rejecting transplanted organs or microbial pathogens. Both
innate and adaptive immune responses play a role in tumour clearance. It has been estimated
that only approximately 1.4% of all multicellular animal species on this planet posses an
adaptive immune system (Parish et al., 1997). As a result, if the immune system controls
tumour development in the 98.6% of animal species that lack adaptive immunity it stands to

reason that the innate response must be involved.

In recent years, much has been discovered about the mechanisms through which the immune
system recognizes and responds to tumours. Improved adjuvants are available. Means by which
cancer cells overcome immunological attack can be exploited and overcome. Most importantly,
the immunological control mechanisms responsible for initiating and maintaining an effective
immune response against tumours and pathogens are better understood. It is now possible to
manipulate immune effector cells ex vivo in order to induce an effective antitumour response.
At the same time, it is possible to enhance other aspects of the immune system, both specific

(e.g. antibody responses) and innate (natural killer (NK) cells).

An early technique used in the modern era of cancer immunotherapy was isolation of tumour-
infiltrating lymphocytes (TIL) that were then expanded ex vivo and administered back to
patients (Topalian et al., 1988; Rosenberg et al., 1988). These cells could be given together with
systemic cytokines such as Interleukin-2 (IL-2) (Topalian et al., 1988; Rosenberg et al., 1988),
or could be transfected with cytokine genes such as TNF (TNF/TIL human gene therapy clinical
protocol, 1990; Hwu et al., 1994). A variation of this approach is to activate NK cells ex vivo

prior to reinjection.




4.2 NKcells

NK cells are one of the cellular mediators of innate defence. They are lymphoid cells that,
without the need for immunization or pre-activation, can recognize and kill aberrant cells and
rapidly produce soluble factors, cytokines or chemokines that have antimicrobial effects or that
prime other cells of the immune system. NK cells comprise ~15% of all circulating
lymphocytes and are also found in peripheral tissues, including the liver, peritoneal cavity and
placenta. Resting NK cells circulate in the blood, but, following activation by cytokines, they
are capable of extravasation and infiltration into most tissues that contain pathogen-infected or

malignant cells (Wiltrout et al., 1984; Fogler et al., 1996; Biron et al., 1997; Glas et al., 2000).

NK cells have a heterogeneous arsenal of surface receptors that allow them to respond to
microbial products, cytokines, stress signals and inducible molecules that are expressed after
target cell transformation. NK cells are therefore crucial for defence against infectious diseases

and cancer.

4.3 NK cell subsets

NK cells can be divided into two subsets based on their CD56 antigen expression. The CD56
antigen is an isoform of the human neural cell adhesion molecule with unknown function on
human NK cells (Lanier et al., 1989), although early studies suggested that this molecule might
mediate interactions between NK cells and target cells (Nitta et al., 1989; Suzuki et al., 1991).
Thus, there is no known direct functional significance of high- or low-level expression of
CD56. The majority (= 90%) of human NK cells have low-density expression of CD56
(CD56%™) and express high levels of Fey receptor IIT (FcyRIII, CD16), whereas ~ 10% of NK
cells are CD56"¢"CD16"™ or CD56"¢"CD16'.

Early functional studies of these subsets revealed that resting CD56"™ cells are the more
cytotoxic subsets (Lanier et al., 1986). However, there are a number of other cell-surface
markers that confer unique phenotypic and functional properties to CD56"€" and CD56%™ NK
cell subsets (Figure 1). Recent evidence has suggested that human NK cell subsets are distinct
lymphocytes with unique roles in the innate immune response. In addition to distinct expression

of adhesion molecules and cytokine receptors, the
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Figure 1. Outline of human NK cell subsets.

CDS56""" NK cell has the capacity to produce high levels of immunoregulatory cytokines, but
has low-level expression of killer-cell immunoglobulin-like receptors (KIRs) and is poorly
cytotoxic. By contrast, the CD56“™ NK cell appears to produce low levels of cytokines but has

high-level expression of KIRs and is a potent cytotoxic effector cell. Thus, future studies of the
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biology of human NK cells might approach NK cells as separate CD56"€" and CD56“™ subsets

rather than a homogenouspopulation.

4.4 NK cell development

NK cells are derived from haematopoietic stem cells (HSCs). Bone marrow (BM) is the main
site of NK cell generation in adults. The bone marrow microenvironment provides a rich source
of cytokines and growth factors that can support NK cell development in vitro and contains
stromal cells that are required for full maturation of NK cells. Early studies showed that NK cell
generation from human CD34" HSCs required stromal-cell contact, whereas more-differentiated
CD34°CD7" cells could generate NK cells when cultured in IL-2 alone (Miller et al, 1994).
Similarly, fetal liver CD34"CD38" cells could generate NK cells in vitro using IL-15 (Jaleco et
al., 1997). It was later reported that the stromal cell requirements could be replaced by early-
acting cytokines such as stem cell factor (SCF) also known as c-kit ligand, fetal liver kinase 2
ligand (FLK2), also known as FMS-like tyrosine kinase 3 ligand (FLT3L) and IL-7 (Mrozek et
al., 1996; Williams et al., 1997).

HSCs give rise to precursors of different haematopoietic lineages. The first step of HSC
commitment generates common lymphoid progenitors (CLPs) (Kondo et al., 1997). CLPs and
their immediate precursors, the earliest lymphoid progenitors (ELPs) (Igarashi et al., 2002),
further differentiate to give rise to B-, T- and NK-cell-restricted precursors. Although existence
of a committed natural killer cell progenitor (NKP) was assumed by analogy, definitive
evidence for its existence was, until recently, lacking. Some clues were provided from studies
of the generation of NK cells from HSCs in vitro. These studies indicated that once generated,
NKPs could be driven to become NK cells under the influence of IL-2 or IL-15 alone (Mrozek
et al., 1996; Williams et al., 1997). By culturing HSCs in these cytokines, a subpopulation of
IL-2 receptorp-chain (IL-2R)-expressing cells that presumably were NKPs were identified
((Mrozek et al., 1996; Williams et al., 1997). Human NKPs have not been fully characterized ex
vivo; however, the first IL-2RB-expressing cells that emerge following culture of human CD34"
HSCs with C-kit ligand or FLT3L have been shown to express CD38 and transcripts for IL-15R
, and are negative for CD7, CD16, CD56 and several NK cell receptors (Yu et al., 1998). The
molecular and cellular map of the maturation of NKPs to NK cells is largely incomplete. What
is known is that during this process NK cells establish a characteristic cell surface phenotype
and the capacity to elicit effector functions. Most attempts to characterize intermediates in NK-

cell development have depended on markers of mature NK cells, including NK1.1, DX5 and
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Ly49 in mice, and CD161, CD56, CD16 and KIRs in humans. Careful phenotypic and
functional analyses of rare immature NK cells isolated from fetal liver, cord blood and bone
marrow, or those that develop in vitro from HSCs (Mrozek et al., 1996; Rosmaraki et al., 2001,
Bennett et al., 1996; Miller et al., 1994) support a linear model of NK cell maturation (Figure
2).

HSCE CLP NKP élmmatureéPseudomatureg Mature
: : NK { NK : NK
KIT ¢—F—F+—»
Cytokine FLT-3 4—-—-—»
receptor LR < : >
: IL2Rp
IL2Rp : : : D >
Poom ! NKR-PI : CDS6 CD94 | KIR
HUMANS O: O: (6: @:
Commitment Maturation

Development stages

Figure 2: A working model for NK cell development (modified from Colucci et al., 2003).

4.5 NK cell recognition

Mature NK cells mainly have an ability to recognize their target cells by major
histocompatibility complex (MHC) class I alleles. Initially, Ljunggren and Karre proposed the
“missing-self” hypothesis (Ljunggren et al., 1990) (Figure 3). This hypothesis states that cells
that express host MHC class I alleles are protected from NK cells; however, if a target cell fails
to express MHC class I molecules then NK cells kill this cell. The “missing-self” hypothesis is
supported by findings that tumour cells or virally infected cells that have decreased expression
of MHC class I molecules become susceptible to NK cell killing (Karre et al., 1986; Tay et al.,
1998). An outcome of this idea is that healthy allogeneic cells are targets for NK cells because

they also lack self-MHC alleles (Yu et al., 1992).
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Figure 3. The 'missing-self' hypothesis.

In humans NK cells express receptors for MHC class I molecules which exert an inhibitory
effect on cell-mediated cytotoxicity. These surface molecules, belonging to the immunoglobulin
superfamily, have been termed killer-cell inhibitory receptors (KIRs). Two distinct KIR
families have been described: a) KIRs with Ig-like domains, recognizing HLA-A, B and C
alleles; and b) the CD94/NKG2A subtype, with a lectin domain, recognizing peptides related to
the HLA-E class I system (Braud et al., 1998). In addition, receptors important in mediating
activating signals in NK cells include the natural cytotoxicity receptors (NCRs), whose ligands
are unknown, and the C-type lectin receptor NKG2D, which recognizes a number of MHC class
I-like ligands that are induced or upregulated on target cells during “stress” or neoplastic

transformation.

The family of receptors best described on human NK cells is the MHC Class [-specific paired
activating and inhibitory KIRs. Appreciation of the function of KIR and their ligands has had
important application in immunotherapy associated with mismatched HSC transplantation.
Structurally, KIRs are characterized by either 2 Ig-like (KIR2D) or 3 Ig-like (KIR3D)
extracellular domains that specifically recognize groups of MHC class I alleles. KIR can be
further subdivided into those with long cytoplasmic tails (KIR2DL and KIR3DL) or short
cytoplasmic tails (KIR2DS and KIR3DS). Although each set of paired activating and inhibitory

14



KIR has an identical extracellular domain and therefore binds to identical ligands, functional
differences reside in alternative intracellular motifs associated with the cytoplasmic tails. The
long-tailed receptors mediate an inhibitory signal due to the presence of immunoreceptor
tyrosine-based inhibition motifs (ITIM) in their cytoplasmic domains. On the other hand, the
short tailed receptors are associated with activating signals owing to their association with
adaptor proteins bearing immunoreceptor tyrosine-based activating motifs (ITAM). HLA-C is
the main ligand recognized by paired inhibitory and activating KIRs

(Table 1).

The paired inhibitory and activating C-type lectin receptors exist as disulfidebonded
heterodimers of an invariant common subunit, CD94, linked to a distinct glycoprotein encoded
by a gene of the NKG2 family (Lazetic et al., 1996; Carretero et al., 1997; Brooks et al., 1997).
CD9%4 is a product of a single nonpolymorphic gene and lacks a cytoplasmic domain for
intrinsic signal transduction (Chang et al., 1995). The extracellular and cytoplasmic domains of
NKG2 molecules determine the functional specificity of the receptor. As shown in Table 1, only
CD94/ NKG2A (and its splice variant NKG2B) is inhibitory, whereas the other heterodimers of
this family, including CD94/NKG2C and CD94/NKG2E (and its splice variant NKG2H) are
activating receptors. The CD94/NKG2A/B and CD94/NKG2C receptors specifically recognize
the nonclassic class I MHC molecule HLA-E, which is loaded with leader peptides derived
from the signal sequences of classic class | MHC molecules HLA-A, -B, and -C (Braud et al.,
1998; Borrego et al., 1998).

The significance of the existence of paired inhibitory and activating receptors for MHC
class I remains unclear. In the cases of KIR and CD94/NKG2D receptors, the affinity of
the activating receptor is lower than that of the corresponding inhibitory receptor
(Vales-Gomez et al., 1998), ensuring a predominance of the inhibitory signal when both
activating and inhibitory receptors recognizing HLA molecules are expressed on the same NK
cells. However, only a minority of NK cell clones express both activating and inhibitory
isoforms that recognize the same HLA allotypes (Valiante et al., 1997; Uhrberg et al., 1997).
More commonly, NK cell clones expressing an activating receptor coexpress at least one
inhibitory receptor specific for a different HLA class I allele, which can be either a KIR or a
CD94/NKG2 molecule. Therefore the MHC class I-specific activating receptors may function

to detect altered class I expression on cells (Biassoni et al., 2001).
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Receptors

Inhibitory Activating
Killer Immunoglobulin-
like receptors (KIR) KIR2DL1 KIR2DS1 Group 2 HLA-C Asn77Lys80
KIR2DL2 KIR2DS2 Group 1 HLA-C Ser77Asn80
KIR2DL3
KIR2DL4t HLA-G
KIR2DS4 Unknown
KIR2DL5 KIR2DS5 Unknown
KIR3DS1 Unknown
KIR3DLA1 HLA-Bw4
KIR3DL2 HLA-A3, -A11
KIR2DL7 Unknown
C_Type lectin receptors CD94/NKG2A/Bt CD94/NKG2C HLA-E
(loaded with HLA-A, -B, -C
leader peptides)
CD94/NKG2B/H% Unknown

* Asn indicates asparagine; Lys, lysine.

T Although KIR"DL4 ha immunoreceptor tyrosine based inhibitory motifs in its long cytoplasmic tail, it is
functionally an activating KIR, and upon ligation with its ligand induces cytokine secretion of
Interferon-gamma without inducing cytotoxicity.

INKG2a/NKG2B, and NKG2B/NKG2H are splice variants.

Table 1. Paired inhibitory and activating natural killer receptors (Farag et al., 2003).

Although the activating KIR and CD95/NKG?2 receptors may be important in mediating NK
cytotoxicity in an MHC Class I-specific manner against MHC class I-bearing cells, other
activating receptors may be important in mediating cytotoxicity against abnormal, MHC class
I-deficient, or class [-negative targets. In humans, these receptors include the NCRs and the
homodimeric NKG2D receptor (Bauer et al., 1999). The NCRs are Ig-like activating receptors
that have been implicated in NK cell recognition and lysis of tumour cells (Pessimo et al., 1998;
Pende et al., 1999; Cantoni et al., 1999). Three NCR have been described, two of which
(NKp46 (Sivori et al., 1997), and NKp30 (Pende et al., 1999) are constitutively expressed on all
peripheral blood NK cells. A third, NKp44, is only expressed on activated NK cells (Vitale et

al., 1998). The ligands for these receptors are unknown, although target tumour cells appear to

differ significantly in expression (Pende et al., 2001).
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NKG2D is the best characterized activating receptor described on NK cells. The ligands for the
NKG2D receptor belong to 2 distinct families, the polymorphic MHC class | chain-related
(MIC) peptides, MICA and MICB, and the human cytomegalovirus UL16 binding proteins
(ULBP-1, -2, and -3) (Biassoni et al., 2001; Bahram et al., 2000). These ligands are not
generally expressed on normal cells, but their expression can be induced by certain noxious

stimuli, infections, and neoplastic transformation.

4.6 NK cell killing

Perforin/granzyme-mediated apoptosis is the principal pathway used by NK cells to eliminate
virus-infected or transformed cells (Trapani et al., 2000). Studies in perforin-deficient mice
have revealed that this protein is required for most NK cell cytotoxicity (Kagi et al., 1994)
(Figure 4a).

NK cells can express at least three TNF- family ligands FAS ligand (FASL), TNF and TNF-
related apoptosis inducing ligand (TRAIL) which have all been shown to induce tumour cell
apoptosis. Sensitivity to each of these ligands is controlled by several parameters, such as
cancer-cell expression of the receptors for these ligands and intracellular protective mechanisms
against apoptosis (Figure 4b). NK cells that express TRAIL kill tumour cells that are sensitive
to recombinant TRAIL in vitro (Kayagaki et al., 1999; Takeda et al., 2001). IFN-y-mediated
TRAIL induction on NK cells was also reported (Smyth et al., 2001a). NK cell expression of
FASL also contributes to the suppression of tumour growth in vivo (Bradley et al., 1998). Many
tumour cells do not normally express FAS, but NK cells directly cause cancer cells to
upregulate FAS expression and then kill them in a FAS-dependent manner (Screpanti et al.,

2001).

In addition, NK cells secrete a number of effector cytokines such as interferon-y (IFN-y),
tumour necrosis factor-a (TNF-a), granulocyte—macrophage colony-stimulating factor (GM-
CSF), IL-5, IL-10 and IL-13. Although NK cell secretion of IFN-y is involved in the
suppression of viruses and other pathogens (Biron, 1999), recent evidence indicates that IFN-y
also contributes to effector functions against tumour metastases and sarcoma induction (Street
et al., 2001) (Fig. 4c). Cytokine activation by means of IL-2, I[L-12, CD16 ligation or exposure

to tumour cells is also associated with nitric oxide (NO) production, and inhibition of NO
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Figure 4. Schematic illustration of effector functions of NK cells that control tumour cells. NK
cells can use the perforin/granzyme-containing granule exocytosis pathway (a), the death-
receptor-ligand pathway (b) or the nitric oxide pathway (c) to kill tumour cells (Reproduced
with permission from Nature Reviews Cancer (Smyth MJ et al., Nat Rev Cancer 2002, Nov:2
(1):850-861) copyright (2002) Macmillan Magazines Ltd.).
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synthesis impairs NK cell activation, IFN-y production and NK cell-mediated killing (Cifone et
al., 1999; Furuke et al., 1999).

NK cells also mediate antibody-dependent cellular cytotoxicity (ADCC) of targets through
FcyRIII (CD16), a receptor that binds the Fc portion of antibody (Lotzova et al., 1987; Oshimi
et al., 1986; Landay et al., 1987). The alpha subunit of CD16, which binds to the Fc portion of
IgG molecules, associates noncovalently with the signal transducing molecules CD3{ and
FceRI-y (Leibson et al., 1997). It is thought that antigen density and structure, as well as the
isotype specificity of Fc binding, all contribute to the induction of ADCC (Hooijiberg et al.,
1996). Addition of Trastuzumab (Herceptin), a humanized antibody against HER2/neu (Lewis
et al., 1993) to normal resting NK cells without IL-2 activation significantly enhanced killing of
all breast cancer targets (Cooley et al., 1999).

Supporting this therapy, a recent study has shown ADCC to be the mechanism of tumour lysis
in a breast cancer model in vivo (Clynes et al., 2000). The use of monoclonal antibodies in
combination with NK cells may therefore increase their specificity other than by mediating

ADCC.

4.7 NK cells in cancer

NK cells were originally defined as fresh-isolated white blood cells that are capable of lysing
certain tumour targets (Kiessling et al., 1975). Activation of NK cells with IL-2 or IFN-aof
further enhances their cytolytic function, resulting in killing of a broad array of other tumour
targets that are not lysed by resting NK cells (Henney et al., 1981). IL-2 activated lymphocytes
with the ability to kill tumour cells were initially designated "lymphokine-activated killer"
(LAK) cells (Grimm et al., 1982). However, it was subsequently demonstrated that almost all of
this activity was mediated by activated NK cells (Phillips et al., 1986). Numerous studies have
also shown that NK cells preferentially kill MHC class [-deficient tumour cells in vitro and can
reject class I-deficient tumours in vivo (Ljunggren et al., 1985). This may be relevant to human
cancer, in that human tumours apparently frequently show loss of expression of MHC class |

antigens on the cell surface (Algarra et al., 2000).

NK cells are frequently able to prevent outgrowth of small numbers of tumours, but this can be
overwhelmed by using large tumour challenges. Depending on the tumour, administration of

factors that recruit or activate NK cells may show therapeutic benefit. NK cells do not have the
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capacity for "memory" and, therefore, on a secondary exposure to a tumour that has been
eliminated by NK cells, there is no accelerated response or a larger pool of effector cells than on
the first encounter. There is an emerging concept that although NK cells alone may be
insufficient to totally eliminate established tumours, they may kill some tumour cells, providing
apoptotic tumour bodies to dendritic cells for priming of a subsequent T cell response. In
addition, IFN-y or other cytokines produced by NK cells in response to tumours may activate
local macrophages and dendritic cells, which reciprocally stimulate NK cells through cell—cell
contact or soluble factors (Ferlazzo et al., 2002; Fernandez et al., 1999; Gerosa et al., 2002;

Pawlowska et al., 2001; Peron et al., 1998; Piccioli et al., 2002).

Although IL-2 activated NK cells have the ability to kill many types of tumours in vitro, the
more relevant question is if this happens in vivo? A role for NK cells in protection against
tumour cells in vivo in experimental animal models has often relied on experiments in which
participation by B and T cells has been excluded by use of SCID mice or RAG1—/— or
RAG2-/— immunodeficient mice and through the depletion of NK cells by using anti-
NKI1.1 mAb or an antisera against asialoGM-1 (reviewed in Smyth et al., 2002). In humans,
activated human NK cells posses the capacity to secrete cytokines and kill tumour cells,
including autologous tumours. Most of the clinical trials that have been performed with
adoptively transferred activated NK cells have been performed in terminal patients with
extensive tumour burdens. Therapeutic manipulation of NK cells for cancer treatment may be

therefore more realistic in an adjuvant setting with minimal residual disease.

Numerous studies have been conducted, and are still ongoing to improve the antitumour effect
of NK cells. These include endogenous activation of the patient's own NK cells through
administration of cytokines (Maraninchi et al., 1998; Chang et al., 2001; Mulatero et al., 2001)
or through adoptive use of ex vivo expanded autologous (Benyunes et al., 1993; Hayes et al.,
1995) or donor-derived (Rosenberg et al.,, 1993), lymphokine-activated killer (LAK) cells.
Some success has been demonstrated for patients with renal cell carcinoma and malignant
melanoma (Rosenberg et al., 1993, Margolin et al., 2000) as well as in patients with lung and
hepatic cancers (Semino et al., 1999). The mechanism of antitumour efficacy of IL-2 is closely
related to its ability to expand and activate NK and T cells that express I1L-2 receptors. Affinity
columns and new culture conditions have been developed to obtain more highly purified ex vivo
populations of NK cells, and a recent study describes the use of enriched NK cells to treat
patients with breast cancer (Burns et al., 2000). Unfortunately, the efficacy of IL-2 has been

offset by accompanying toxicities that are mediated by cytokines and other small molecules that
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are secreted by IL-2-activated effector cells. Attempts to reduce IL-2-mediated toxicity have
been disappointing. Adoptive immunotherapy of cancer with regional or systemic
administration of autologous NK cells is still in an experimental phase, as the cells are difficult

to expand and gene-modify and localize poorly to tumour sites after culture.

4.7.1 Role of NK cells in autologous transplantation

Although high-dose chemotherapy with or without total body irradiation and supported by
autologous stem cell transplantation may be able to induce long-term survival in a certain
percentage of patients, relapse continues to be a major problem in autologous transplantation
settings. The immunotherapeutic approaches for decreasing the potential for post-
transplantation relapse after both autologous in specific areas of cytokine-based
immunotherapy, donor lymphocyte infusions and novel cellular therapies with T- and NK cells

therefore needs to be further investigated (Table 2).

Cytokine-Based
Interferon
IL-2
Interferon plus IL-2
IL-2 ex vivo purging with IL-2 posttransplantation
Autologous GVHD with cyclosporine

Cellular-Based
IL-2 induced LAK cells
Autologous ex vivo activated/expanded NK cells
Specific T cells
Autologous NKT cells

Table 2. Immunotherapy after autologous stem cell transplantation

In earlier studies, IL-2 with or without LAK cells represented a potentially non—cross-resistant
treatment modality for preventing or delaying relapses if used as consolidative immunotherapy
after autologous SCT and at a time of minimal residual disease. The feasibility of generating IL-
2—-induced LAK cells early after autologous bone marrow transplantation treatment for AML

with promising results has been reported (Fefer et al., 1993). This therapeutic approach was
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difficult for patients to tolerate because the administration of IL-2 soon after transplantation had
side-effects and the repeated leukaphereses could induce severe thrombocytopenia (Benyunus et
al., 1993). Other investigators have generated IL-2—activated blood mononuclear cells pre-
transplantation and then infused them with the transplant, followed by injections of IL-2 to
support the activity of the infused cells (Klingemann et al., 2000; Lister et al., 1995). Some
other investigators have also explored the administration of IL-2 with IL-2-activated NK cells
or LAK cells in the post-autologous setting (Benyunes et al., 1993 and 1995; Lister et al., 1995,
Mazumder et al., 1997). However, many patients who achieve a complete remission following
autologous transplantation will relapse and die of their disease. Most patients relapse at sites of
previous bulk disease, suggesting that one reason for treatment failure is inability to eradicate
chemotherapy-resistant clonogenic tumour. An inadequately functioning immune system may
also contribute to early relapse. Specific, and better cell based approaches are therefore needed
post-autologous transplantation. In addition, the feasibility and possibility of using different
killer cell populations that use different recognition and killing mechanisms remain to be

investigated.

4.7.2 Role of NK cells in allogeneic transplantation

Allogeneic  stem  cell  transplantation is  essentially a  form  of adoptive
immunotherapy. The recognition of major or minor histocompatibility differences by donor
lymphocytes can induce an alloimmune response which is predominantly mediated by T
cells. The immune response leads to a release of cytokines that can further support the clonal
expansion of T cells but that can also stimulate secondary effector cells such as NK
cells, monocytes, and eosinophils, all of which can have antitumour effects. NK cells have not
been given much attention until recently. Clinical studies using pure long-term expanded NK
cells have not been performed to date, and most studies have used LAK cell preparations which
only contain a small fraction of NK cells. However, newer separation and expansion
technologies may make it possible to provide activated NK cells to patients with tumour. The
immunotherapeutic approaches for decreasing the potential of post-transplantation relapse after
allogeneic transplants in specific areas of cytokine-based immunotherapy, donor lymphocyte
infusions, and novel cellular therapies with T- and NK cells also need to be further investigated

(Table 3).
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Cytokine-Based
Interferon
IL-2
IL-2 after donor lymphocyte infusion

Cellular-Based
Donor lymphocyte infusion
Selective CD8-depleted donor lymphocyte infusion
Allogeneic NK cells

Table 3. Immunotherapy after allogeneic stem cell transplantation

In human HSCT, several studies of HLA matching have suggested a role for NK cells in
mediating complications of this procedure. The predominance of NK cells in the peripheral
blood of HSCT recipients in the early stages of immune reconstitution, coupled with their
immediate functional capacity, makes this particular lymphocyte subset a highly relevant factor
in the successful outcome of HSCT. In vivo preclinical data indicated that infusion of allogeneic
in vitro 1L-2—activated NK cells provided a strong antileukemia effect in a syngeneic mouse
leukemia model (Zeis et al., 1997). Mice that received allogeneic NK cell infusions 2 h after an
allogeneic BMT to treat an established syngeneic leukemia displayed a survival rate of over
90% without graft-versus-host disease (GVHD). Syngeneic NK cells had an inferior
antileukemia effect with about 50% of mice surviving, whereas 85% of mice given an
allogeneic BMT without the addition of NK cells died from severe GVHD. This positive effect
of NK cells in decreasing GVHD was confirmed in another study (Asai et al., 1998), in which
GVHD was additionally confirmed histologically and determined to be dependent on TGF

because anti-TGF antibodies eliminated the NK protective effect.

Several clues can be drawn from clinical studies that did not specifically look at NK cells but
their setting allows for useful comparisons regarding the role of NK cells. A recent
nonrandomized study examined the effect of using narrow specificity antibodies for T cell
depletion of bone marrow grafts compared with broad specificity ones and with undepleted
grafts (Champlin et al., 2000). The study included unrelated or mismatched related transplant
recipients with CML or acute leukemias. Transplants depleted with narrow specificity
antibodies produced a similar leukemia relapse rate and treatment failure rate after 5 years

compared with non-T cell depleted transplants. In contrast, broad specificity antibody depletion
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resulted in higher relapse and treatment failure rates. Acute GVHD was decreased through both
methods of depletion whereas chronic GVHD was unaffected by broad specificity depletion but
was marginally increased when depletion with narrow specificity antibodies was performed.
Although this was a retrospective study, when NK cells are removed with the use of broad
specificity antibodies, relapse rates are higher, giving evidence for the importance of NK cells

in the GVL effect.

A second line of evidence comes from studies comparing related and unrelated allogeneic
BMT. In this case NK cells in grafts from unrelated donors would be expected more often to
display inhibitory receptors for the HLA-C molecules that are not ligated by the recipient's
HLA-C alleles than grafts from related donors. An earlier report compared 78 patients with
CML transplanted from an HLA identical sibling or an unrelated donor (Hessner et al., 1995). A
statistically significant lower relapse rate of 8% was noted in patients with chronic phase
disease who received unrelated grafts compared with sibling grafts in whom the relapse rate
was 47%. As NK cells are expected to be preserved in the graft due to the depletion technique
used, the GVL effect observed was most probably due to them. In contrast, as no KIR mismatch

is present in HLA-identical siblings, no NK against leukaemia would be present.

4721  GVHD and NK cells

The occurrence of GVHD after allogeneic transplantation is a significant cause of morbidity.
The pathophysiology of acute GVHD has recently been summarized (Ferrara et al., 2005) as a
three-step process that involves: activation of host antigen-presenting-cells (APC) and
translocation of bacterial lipopolysaccharide (LPS) as a result of conditioning regimens; donor
T cell activation with attainment of IFN-y secretion capacity through “direct” interaction with
alloantigen expressed on host APC; induction of a pro-inflammatory “cytokine storm” and
further T cell effector function, including cytotoxicity through perforin- and fas-mediated
pathways. Donor T cells present in the graft mediate GVT responses but are also able to initiate
GVHD after recognizing the host as foreign (through both major and minor histocompatibility
differences), and then they attack the host. Because NK cells do not directly induce solid tissue

destruction, these cells may be suitable mediators of GVT without exacerbating GVHD.

The contribution of NK cells in the control of tumour growth without causing GVHD is well
established in mice. Zeis et al were able to induce antileukemia effects after BMT without

inducing GVHD by infusing allogeneic donor-derived IL-2-activated NK cells in syngeneic
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mice bearing leukaemia (Zeis et al., 1994). In addition, recent studies have generated a
tremendous amount of interest in the role of NK cells in GVHD (Farag et al., 2002). Since NK
cells are negatively regulated by MHC class I-specific inhibitory receptors, HLA mismatched
transplants may trigger donor NK-mediated alloreactivity (Murphy et al., 2001). In murine
models of BMT, infusion of donor NK cells can reduce GVHD, probably through the
elimination of host APCs (Ruggeri et al., 2002), or through the secretion of TGF-3 (Asai et al.,
1998). The timing of NK cell administration also seems to be critical for the control of GVHD
in murine models. Preclinical studies indicate that NK cells must be given early after BMT
before the amplification of GVHD occurs. If the administration of NK cells is delayed after the
initiation of GVHD by the donor T cells, the incidence and severity of GVHD will increase.
This is consistent with the detection of NK cells in GVHD lesions and with the finding that
administration of cytokines such as IL-2 and IL-12 can prevent GVHD when given early but
augment it when given late after BMT. Once GVHD is active and ongoing, NK cells can
intensify GVHD and participate in GVHD pathology, possibly through the release of
inflammatory cytokines (Sykes et al., 1995). IL-2-induced GVHD protection is not inhibited by
cyclosporine and is maximal when IL-2 is given during a 25 h period beginning on the day

following bone marrow transplantation (Murphy et al., 1992).

4.7.3 Role of NK cells in haploidentical transplantation

In haploidentical transplantation, alloreactivity is mediated by NK cells through mismatches
between KIRs on donor NK cells and HLA class I molecules on recipient cells. This is known

as donor-vs-recipient NK cell alloreactivity.

As KIRs are distributed clonally, the NK cell population in each individual constitutes a
repertoire of NK cells; each bears a different receptor (or different receptor combinations) and
they therefore have different allospecificities. Some NK cells in the repertoire will mediate
alloreactions when the mismatched allogeneic target cells do not express a class I allele group

that blocks them (Figure 5).

In HLA-haplotype-mismatched haematopoietic transplantation with a potential for GVH NK-
mediated reactions, the engrafted stem cells give rise to an NK cell wave of donor origin that
regenerates the same repertoire as the donors, and so includes high frequencies of donor-vs-
recipient alloreactive NK cells (Ruggeri et al., 1999). Donor-vs-recipient NK cell alloreactivity

dramatically reduced the risk of leukaemia relapse in 57 acute myeloid leukaemia (AML)
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patients at high risk of relapse, while improving engraftment and protecting against GVHD
(Ruggeri et al., 2002; Velardi et al., 2002). Given such a powerful donor-vs-recipient immune
reaction, why do NK cells not mediate severe GVHD? Experimental evidence has suggested
that NK cells predominantly attack the haematopoietic cells of the host but not other tissues
which are common targets for T cell-mediated GVH disease. Murine alloreactive NK cells,
even when infused in large numbers, do not cause GVHD in the mouse (Ruggeri et al., 2002).
In contrast, in the same model allogeneic T cells kill all mice within 2 weeks. Interestingly,
alloreactive NK cells kill host type dendritic cells (DCs) (Ruggeri et al., 2002), thus preventing
presentation of host antigens to graft T cells, i.e. the crucial step that initiates GVH reactions
(Shlomchik et al., 1999). In the mouse model, alloreactive NK cells therefore not only fail to
cause GVHD but also block T cell-mediated GVHD. Indeed, alloreactive NK cells administered
to recipient mice during pre-transplant conditioning protected from GVHD to such an extent as

to allow a safe infusion of otherwise lethal doses of allogeneic T cells (Ruggeri et al., 2002).
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Figure 5. Donor-vs-recipient NK cell alloreactivity

Thus NK alloreactivity combines all the features that make it uniquely suited for
transplantation. As depicted in Figure 6, alloreactive NK cells eradicate leukaemia, favour
engraftment by killing host lympho-haematopoietic cells, and reduce GVHD by eliminating
host-type DCs. One consequence of these studies is the need to exploit these results rapidly by

revising current criteria for haploidentical donor selection. Donor selection for AML now
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involves a search for the donor who is able to mount donor-vs-recipient NK cell alloreactivity

(Karre et al., 2002).
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Figure 6. Summary of data from preclinical murine models and clinical transplantation.

4.7.4 Role of NK cells in solid tumour transplantation

The relevance of NK cell repertoires in the transplantation of allogeneic vascularized organ
grafts has not been established but has not yet been investigated in depth (Bishara et al., 2001;
Oertel et al., 2001). Although NK cells are traditionally thought not to be involved in solid
organ graft rejection, results from experimental animal models have suggested a contributory
role for NK cells in organ rejection in the absence of T cell responses (Maier et al., 2001). A
novel and intriguing proposal is that NK cells may be directly involved in the processes of
chronic vascular rejection (Russell et al., 2001). NK cells are known to activate vascular
endothelial cells, and therefore the potential exists for genetic NK repertoire differences to
influence this pathological process in recipients of solid organ transplants (Ayalon et al., 1998).
The highly polymorphic MIC antigens are expressed in donor organs (Hankey et al., 2002),
presumably as a result of inflammation associated with the transplant process, and can stimulate
specific antibody production in mismatched recipients. These MIC-specific antibodies are
associated with early graft rejection (Sumitran-Holgersson et al., 2002). The role of cellular

NKG2D recognition in graft rejection has not been addressed as yet but must be regarded as a
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potential contributory factor in view of the level of molecular diversity of both MIC and other

NKG2D ligands.

4.7.5 Role of NK cells in xenotransplantation

Although the use of nonhuman donor organs remains a topic of interest in the transplant
community, it has become increasingly apparent that abrogation of hyperacute rejection
mechanisms by genetically modifying donor animals will not be sufficient to ensure long-term
survival of such organs in transplant recipients. NK cells contribute to mechanisms of delayed
xenograft rejection through direct recognition of xenogeneic cells (Xu et al., 2002), antibody-
dependent cytotoxicity and procoagulant activity mediated through interaction with xenogeneic
endothelial cells (Dawson et al., 2000). Whether these obstacles can be overcome through
further genetic modulation of potential donor species with human histocompatibility molecules

remains an area of relevant scientific interest (Forte et al., 2000).

4.8 NK cells in viral infections

The importance of NK cells in immunity against viruses is well documented in humans and
experimental animals. NK cells have been implicated directly in host resistance to mouse
cytomegalovirus (MCMV). Antibody depletion of NK cells resulted in elevated levels of viral
titers in susceptible mouse strains, whereas adoptive transfer of NK cells provided protection
against MCMYV infection (Bukowski et al., 1985). Similar to certain tumours, some viruses
(including CMV) downregulate MHC class I molecules on infected cells, leading to impairment
of CD8" CTL effector function (Tortorella et al., 2000). In principle, the virus-infected cells that
downregulated expression of MHC class I may be more easily killed by NK cells because the
inhibitory MHC receptors on NK cells were no longer engaged (Cerwenka et al., 2001).
Another activating NK receptor, NKp46, which was initially discovered because of its role in
NK cell killing of human tumours (Pessino et al., 1998), has been claimed to recognize and kill
influenza virus—infected cells (Mandelboim et al., 2001). Some other experiments have also
implicated NK cells in Epstein-Barr virus (EBV) infection. Another activating NK receptor,
CD244/2B4 signals by associating with a cytoplasmic adapter molecule (Tangye et al., 1999)
called the signaling lymphocyte activation molecule-associated protein (SAP) (Sayos et al.,
1998). Patients who have X-linked lymphoproliferative syndrome were found to have a
defective SAP (Sayos et al., 1998), and the NK cells from these patients could not be activated
through CD244 (Nakajima et al., 2000; Parolini et al., 2000). Intriguingly, these patients are
highly susceptible to EBV infection. They often develop fulminating and fatal infectious
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mononucleosis or B lymphomas, indicating that NK cells may play a role in controlling EBV
infection. NK cells have also been implicated in immunity against another Herpesvirus—human
herpesvirus 8 (HHV8)—the virus causing Kaposi's sarcoma. HHV8 encodes viral proteins that
block expression of MHC class I, but that also downregulate other cell surface proteins such as
CD54 (ICAM-1), that potentiate NK cell recognition and activation (Coscoy et al., 2000 and
2001; Ishido et al., 2000). A recent study has reported that NK cell function in HIV-infected
patients inversely correlates with HHV8 viremia and that response to highly active antiretroviral
therapy resulted in enhanced NK cell activity and control of HHVS (Sirianni et al., 2002).
Collectively, these studies indicate that NK cells may actively participate in immunity against
viruses that cause cancer, such as EBV and HHVS, and that the NK cell immune strategies and
receptors that have evolved to primarily deal with virus infections are applicable to the control

of transformed cells.

CMYV and EBYV infections are particularly prevalent in the immediate post-transplant period,
especially in recipients of T cell-depleted HSCT. At the initiation of the innate immune
response to viral infection, monocyte-derived cytokines (IL-1, IL-12, IL-15 and IL-18) activate
CD56™" NK cells which in turn secrete high levels of IFN-y, IL-10, IL-13, macrophage
colony-stimulating factor (G-CSF) and TNF-a. The relative concentrations of the NK-derived
cytokines will influence the local T helper cell response and thus the nature of the acquired
immune response (Cooper et al., 2001b). This close interrelationship between NK cells and T
cells in the generation of anti-viral immunity appears to be an absolute requirement for the
generation of a primary immune response, as mice depleted of NK cells in vivo have been
shown to be incapable of generating CD8 T cell immunity to influenza virus (Kos et al., 1996).
While IFN-y has direct anti-viral activity, it also activates lytic NK cells which may target
virally infected cells. The importance of NK cell lysis in CMV infection is demonstrated by the
fact that some isolates of CMV have evolved mechanisms to downregulate LFA-3 expression
on infected cells to render them non-susceptible to NK cell-mediated lysis (Fletcher et al.,

1998).
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4.9 Exvivo NK cell expansion

4.9.1 NK cell expansion from bone marrow stem cells

The common B/T/NK lymphoid progenitor has been identified in human fetal liver, cord blood
and bone marrow in both CD34°CD38" and CD34°CD38 cell populations. Differentiation of
these early CD34" progenitors into functional NK cells was initially reported to require both the
presence of human stromal cells and IL-2 (Lotzova et al., 1993; Miller et al., 1992). Since then,
a stromal cell derived cytokine has been characterized as IL-15 (Tagaya et al., 1996). IL-15 has
emerged as a key regulator of both NK cell differentiation and activation (Puzanov et al., 1996),
displaying a similar effect to IL-2 on the different properties of NK cells. Availability of this
cytokine has greatly facilitated the generation of NK cells in vitro, as recently demonstrated for
thymic and fetal liver precursors (Mingari et al., 1997; Jaleco et al., 1997). Miller et al
demonstrated that culture of CD34 DR HPCs in the presence of an allogeneic irradiated BM
stromal cell layer and IL-2 led to 147-fold expansion of human CD3'CD56" NK cells (Miller et
al., 1992). Silva et al also established a cell culture system without stromal cells that allowed
the CD34" HPCs to differentiate into NK cells in the presence of IL-1a, IL-2, and c-kit ligand
(Silva et al., 1994). Most recently, Shibuya et a/ showed that cultures of HPCs with KL (c-kit
ligand) alone or K L and IL-3 for 7 days followed by the addition of IL-2 for 21 days resulted in
generation of CD3'CD56" NK cells (Shibuya et al., 1995). It has also been suggested that
cultivation of subsets of the human CD34" population in vitro or transplantation into SCID mice
can result in the production of human T and B lymphocytes (Baum et al., 1992). Several other
investigators have cultured BM populations with or without the depletion of mature NK to
obtain various activated NK populations (Hakoda et al., 1989; Denning et al., 1991). Although
NK cell differentiation and expansion is feasible from bone marrow cells, this is time-
consuming, expensive, and more labour-intensive way of generating NK cells for the treatment

of tumours in clinical settings.

4.9.2 NK cell expansion from cord blood cells

Human umbilical cord blood (HUC-blood) or the blood remaining in the placenta after delivery
of full-term neonates, known as placental blood, contains considerable amounts of hemopoietic
stem and progenitor cells. Study of the NK cell biology of developmentally early blood sources
such as cord blood (CB) may provide more accurate insights into the intermediate stages of NK
cell development and their proliferation capacity. CB leukocytes, including NK cells, seem to

be different from their adult blood source counterparts in frequency, function and phenotype
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(Seki et al., 1985; Lowdell et al., 2001; Kundig et al., 1993; Noguchi et al., 1993; Nguyen et al.,
1998). It has previously been shown that: (a) the majority of CB samples have less NK lytic
activity than adult PB samples (Cavazzana-Calvo et al., 1996; Lodolce et al., 2001; Kennedy et
al., 2000; Veiby et al., 1996; Moore et al., 1997; Broxmeyer et al., 1995; Mckenna et al., 2000);
(b) IL-2 or IL-12 can increase the NK activity and induce LAK activity in CB mononuclear
cells (MNC) and increase the numbers of NK cells (Cavazzana-Calvo et al., 1996; Broxmeyer
et al., 1995); (c) a novel subset of CD16"56" NK cells is present in CB (Cavazzana-Calvo et al.,
1996; Lodolce et al., 2001; Yu, 1998). The CD34" CD38 subset defines a primitive cell
population and interestingly this subset is fourfold higher in UCB than in bone marrow, which
correlates with functional assays indicating a higher proportion of primitive haemopoietic cells
in cord blood collections (Hows et al., 1992; Sutherland et al., 1989; Verfaillie et al., 1990).
Because the number of UCB cells obtained from the placental umbilical cord is limited, several
methods to expand and/or activate UCB-derived NK cells using various cytokines have been
attempted (Condiotti et al., 2001; Lin et al., 2000). Lin et al first reported that the combination
of IL-15 and FIt3L could synergistically expand and activate NK cells derived from UCB
mononuclear cells (MNCs) (Lin et al., 2000).

4.9.3 NK cell expansion from peripheral blood cells

Due to its easy accessibility, peripheral blood cells are the first-line of cells used for NK cell
expansion. NK cells can be expanded from PBMCs upon activation by cytokines, by co-
culturing with cell lines (such as K562, HFWT, RPMI 8866, LCLs) or by using irradiated
autologous or allogeneic PBMCs. NK cells could be expanded with different protocols by
directly culturing PBMCs or by separating pure NK cells for expansion. Reports from Perussia
et al and Silva et al suggested that human B lymphoblastoid cell lines and leukapheresed
peripheral blood stem cell grafts were also useful for human NK cell expansion (Perussia et al.,
1987; Silva et al., 1995). Sekine et al developed an alternative method for lymphocyte
expansion from peripheral blood by cultivating cells with IL-2 and immobilized anti-CD3
monoclonal antibodies (Sekine et al., 1993). Igarashi et al also reported NK cell expansion from
PBMC:s by isolating NK cells by magnetic depletion and culturing with or without feeder cells
(allogeneic EBV-LCL). After 14 days of expansion, NK cells were expanded 100 times without
feeder cells, whereas 1000-fold expansion was obtained using feeder cells (Igarashi et al.,

2004).
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After PBMC of healthy donors on the other hand was directly cultured on irradiated Wilms
tumour cell line, HFWT for 10-21 days, the lymphocytes expanded 58- to 401-fold. This NK
cell expansion required direct contact of PBMC with live, but not fixed, HFWT cells. The
PBMC from an end-stage brain tumour patient also expanded 156-fold, whereas those cultured
with irradiated NK-sensitive K562 grew only 30.5-fold. In a recent study, CD16'CD56" NK
cells accounted for more than 70% of the population expanded on HFWT cells (Harada et al.,
2002). Using the same feeder cell line, PBMCs from hepatocellular carcinoma (HCC) were
cultured for 10-21 days, CD56'CD16" cells comprising more than 50% of the cell population,
and more than 80% of fresh HFWT cells were killed at an effector/target ratio of 2 during 24 h
(Peng et al., 2004).

Not only the Wilms tumour cell line, but also the K562 cell line has been used for NK cells
expansion where a median of 2.5-fold cell expansion was obtained. However, when the K562
cell line transfected with 4-1BBL and used as a feeder cell line, a median of 10000-fold NK cell
expansion was obtained after 14 days of culturing (Imai et al., 2005). NK cell expansion was
also obtained from the blood of patients with acute lymphocytic leukemia (ALL) when co-
cultured with either irradiated allogeneic PBMC or the RPMI 8866 cell line. After 12 days of
expansion NK cells represented 62-95% of bulk culture. NK cell expansion was about 40-fold
(Torelli et al., 2002).

In addition, Perez et al reported NK cell expansion from healthy donor PBMCs cultured in a
medium supplemented with hydrocortisone, IL-2 and IL-15. Under such conditions 100-fold
expansion was obtained (Perez et al., 2005). Although the feasibility of NK cells expansion has
been demonstrated with different protocols, the usage of feeder cell lines or irradiation of cells
during co-culturing makes such protocols unuseful for NK cell immunotherapy in the clinic.
Thus a protocol that will give selective expansion advantage to NK cells without using tumour-

derived feeder cells may be useful for immunotherapy of such cells.
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4.10 Clinical trials with NK cells

There have not been clinical trials with NK cells until recently, mainly due to the lack of a
large-scale NK cell expansion protocol with GMP quality products. First attempts were
performed with short-term IL-2 activated cells with or without external IL-2 infusions. LAK
cells exhibit an unrestricted pattern of lysis against a wide spectrum of malignant cells (Fox et
al., 1989; Yron et al., 1980). It has been shown that LAK cells with IL-2 could result in a better
clinical response than IL-2 alone (Rosenberg et al., 1985, and 1993). For instance, out of 106
evaluable patients receiving LAK cells plus IL-2, 8 had complete responses, 15 had partial
responses, and 10 had minor responses. Of 46 evaluable patients treated with high-dose IL-2
alone, 1 had a complete response, 5 had partial responses and 1 had a minor response
(Rosenberg et al., 1987). Despite these positive results, the effect of LAK cells seems to be
limited to some certain tumour types, since the same positive effect could not be demonstrated

for other tumour types (Weiss et al., 1992; Dutcher et al., 1989; Negrier et al., 1991).

Due to limited anti-tumour activity of LAK cells and increasing knowledge of NK cell
activities, scientists began to study NK cells alone. Frohn et al/ performed a clinical trial with
purified NK cells without additional cytokines in patients with renal cell carcinoma. Although
the approach was safe and no severe side-effects were observed, no clinical response was
apparent except in 1/11 patients enrolled (Frohn et al., 2000). In a separate clinical trial with
purified heat shock protein 70 (HSP-70)-activated NK cells, in 11 patients with lung cancer,
only one patient had stable disease, although similar, no side effects were again experienced in
the same study (Krause et al., 2004). A safe and partial effective NK treatment was shown for
patients with malignant glioma and post-tranplant period for lymphoma (Ishikawa et al., 2004;
Lister et al., 1995). Furthermore, after promising results with haploidentical NK cells, such cells
have also been used in clinical trials. In the study of Miller et a/ IL-15 dependent in vivo
expansion of NK cells occured in 5 out of 19 cases of AML, and complete remission was
evident (Miller et al., 2005; Koehl et al., 2004). However, in none of these studies were long-
term IL-2 activated NK cells infused. Thus immunotherapy with long-term cytokine activated

NK cells could still be of great value in different pre- or post-transplantation settings.
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4.11 Gene transfer vectors

In general, gene transfer involves the delivery of therapeutic genes into target cells. The
administration of genes as therapy requires transportation vehicles, such as viral vectors, which
encapsulate the gene and carry it into the target cell. Once the vector binds to the target cell
membrane, internalization takes place. The administered genome is then transported into the
cell nucleus, where it is integrated into the genome of the cell (retrovirus, lentivirus ext.) or
remains

outside the genome as an episome in the nucleus (adenovirus), depending on the type of vector
used. Every step in this process and the ultimate expression of the gene constitute potential
limitations. Some characteristics of the most commonly investigated vectors are presented in

Table 4.

Vector Genome | Capacity Persistence | Titre logy, Immuno-
group IU/ml genecity
AAV ssDNA 4-5 kb Integrated 11 low
tandem
AdV dsDNA | 8 kb (E3) Transient 13 high
28-32 kb episomal
(gutless)
Retrovirus | +RNA 8 kb Integrated 6-7 low
Lentivirus +RNA 8 kb Integrated 10 low
Liposome - Unlimited | Transient - low
Molecular - 10 kb Transient - low
conjugate

Table 4. Characteristics of the most commonly used gene transfer vectors.
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4.12 Gene transfer into NK cells

A long-standing goal of cancer research has been to influence the immune system to attack and
eliminate tumour cells. Attempts to involve the immune system in the therapy of cancer are
based on either active or passive approaches. The passive or adoptive cellular immunotherapies
involve the transfer of immune competent cells into the patients. The ex vivo manipulations of
immune effector cells (such as NK cells) has involved the transfer of genes encoding immune

stimulatory or antigen-specific targeting molecules to immune competent cells.

4.12.1 Gene transfer into NK cell lines

There are several gene delivery systems available, many of which, however, are not appropriate
for gene transfer of human lymphocytes. Nonviral gene transfer methods, including calcium
phosphate coprecipitation, electroporation, and liposomal transfection, are not very efficient in
transducing both primary T and NK cells (Fregeau et al., 1991; Ebert et al., 1997; Van Tendeloo
et al., 2000). On the other hand, NK cell lines appear to be more permissive to gene transfer.
Two recent reports described instances of stable gene transfer into NK cell lines, one of the
CD18 gene into mutant YT-1 cells by electroporation (Liu et al., 1994), and the other of the
chimeric zeta-chain gene into NK 3.3 cells using a retroviral vector (Tran et al., 1995). Varying
transfection efficiencies have been achieved for different NK cell lines. Moreover, NK-92 cells
were also transfected with 5-15% efficiency using particle-mediated gene transfer (Tam et al.,
1999), and with 10-20% efficiency using retroviral transduction (Nagashima et al., 1998,
Konstantinidis et al., 2005). Nucleofection using the Amaxa system™ of NK3.3 and NKL cell
lines has been reported (Trompeter et al., 2003). For the NK3.3 cell line, only 9% efficiency
was achieved. Nucleofection of NKL cells only resulted in about 8% transfection efficiency of

eYFP expression.

4.12.2 Gene transfer into primary NK cells

A variety of tumour cell targets, normal tissue cells or progenitor cells have been successfully
transduced with cytokine genes (Foa et al., 1994; Patel et al., 1994). However, primary NK cells
appear to be resistant to retroviral transduction, as well as to infection by other viral vectors. For
reasons that are not understood, NK cells do not survive during the infection and selection
process. While considerable success has been obtained with vaccinia vectors, this technique is

limited to short-term experiments, given the transient nature of poxviral infections (Jiang et al.,
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2000). More recently, chimeric adenoviral vectors have been described for transient
transduction of primary NK cells (Schroers et al., 2004). In addition, the refinement of plasmid
electroporation of NK cells has offered an alternative to viral vectors (Maasho et al., 2004;
Trompeter et al., 2003). Retroviral vectors offer a potential complementary strategy to these
existing methods, with respect to their ability to integrate into the host genome and mediate
long-term, stable gene expression (Palu et al., 2000). In addition, hybrid EBV/retroviral vectors
transduce viral packaging lines with high efficiency, leading to high viral titers, and this is an
efficient method for retroviral infection of human primary NK cells using the PINCO hybrid
EBV/retroviral transfer vector (Grignani et al., 1998; Becknell et al., 2005).

4.12.3 Safety issues of viral gene transfer

Clinical utility of viral transduction vectors may be hampered by biosafety concerns, such as the
occurrence of replication-competent pathogenic viruses and insertional mutagenesis due to
vector integration into the host genome, which has recently been observed following
transduction of hematopoietic progenitor cells (Hacein-Bey-Abina et al., 2003; Fischer et al.,
2000; Baum et al., 2003). In addition, expression levels are often low and insertion site—
dependent silencing of the transgene expression is a frequent phenomenon (Lu et al., 1996).
Therefore, due to safety concerns, both vectors and transductions protocols need to be further

optimized in detail for different cell types and expansion protocols and application areas.

4.13 B-CLL and NK cells

4.13.1 B-CLL

B-CLL is the most common adult B-cell malignancy of the western world and is characterized
by the expansion and accumulation of malignant monoclonal B lymphocytes in blood, bone
marrow and secondary lymphoid organs (Dighiero et al., 1991). Neoplastic cells with the
appearance of small mature lymphocytes exhibit a characteristic phenotype and particularly
express CD5, CD19 and CD23 molecules in combination with an absence or low expression of
the CD20 molecule (Marten et al., 2003; Ternynck et al., 1974; Zomas et al., 1996). Although
current treatment modalities have improved secondary outcome measures (response rate and
time to progression), relapse inevitably occurs and B-CLL remains a relatively indolent yet
incurable disease (Dighiero et al., 2000). A variety of combination chemotherapy studies with

the purine analogs have yielded mixed results. Preclinical data (Hamblin et al., 2002), suggest
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synergistic interaction between DNA damaging agents and the purine analogs. Such synergy
likely occurs as a consequence of alkylator-induced DNA damage and subsequent inhibition of
DNA repair by the purine analog. Combination studies with alkylating agents and each of the
purine analogs have been performed (Cheson et al., 1996; Tobin et al., 2002).

Campath-1H is a humanized anti-CD52 antibody whose antigen is expressed on greater than
95% of mature B and T lymphocytes. Studies with Campath-1H in untreated and heavily pre-
treated CLL have yielded promising results (Flynn et al., 2000). Across all of the studies
performed in CLL it is clearly demonstrated that Campath-1H preferentially eliminates CLL
tumour cells from the blood, bone marrow, and spleen. Common toxicities observed with
Campath-1H include self-limited cytokine release syndrome, immunosuppression and
neutropenia. This immunosuppression can be quite severe when Campath-1H is administered at
high doses or for a prolonged period, resulting in a high frequency of opportunistic infections. In
addition, a good response to fludarabine has been reported, although, without significant

prolongation of survival time (Montserrat et al., 1997).

Several Phase II studies have demonstrated the feasibility of autologous stem cell
transplantation in CLL patients (Dreger et al., 2002). These studies have generally noted
improved results when patients were transplanted during complete remission or with minimal
residual clinically detectable disease and could be converted to a PCR negative status (Schultze
et al., 1999). The role of standard allogeneic stem cell transplant in CLL is much less defined,
except for the very young patient with refractory disease, due to the high treatment-related
morbidity. Less toxic preparative regimens (i.e mini transplants) that induce significant
immunosuppression to allow engraftment but do not produce significant regimen-related
morbidity have broadened the use of allogeneic stem cell transplant in CLL (Khouri et al.,

1998).

4.13.2 Role of NK cells in B-CLL

While the primary event in B-CLL is the malignant transformation of the CLL B cell, it is likely
that progression is linked to an abnormal immune system in the host. Progression of this disease
could be related to dysfunctional components of the host immune cellular arm. Early work
showed that while absolute T cell numbers are elevated in untreated B-CLL, there are a large
number of immune cell defects (Bartik et al., 1998). These defects affect all cellular components

of the immune system, including quantitative and qualitative aspects of the normal B cell pool,
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T cell subsets, NK cells, and dendritic cells. NK cells are deficient in function, as are dendritic
cells (Orsini et al., 2003). These aspects are likely to have important roles in disease
progression, since NK cells are the first line of defense in dealing with malignancy, and
dendritic cells are crucial in the induction of an effective cytotoxic T cell response to tumour
cells. In addition, since CLL patients have problems with an increased incidence of infection
(Morra et al., 1999), autoimmune disorders (Stahl et al., 2001), and increased risk of skin and

solid tumours, these cells are likely playing a role in the well-being of CLL patients.

The extensive cellular immune deficiency of B-CLL patients along with the clinical
complications apparent in CLL comprising an increased rate of bacterial infections and certain
malignancies (Manusow et al., 1975) makes immune effector cells such as NK and NKT cells
relevant for B-CLL treatment. While there are significant deficiencies of the cellular component
of the immune system in B-CLL patients (Bartik et al., 1998), the most constant defect appears
to be that of the NK cell (Ziegler et al., 1981). Although it has been shown that the function of
NK cells can be restored by IL-2 (Kay et al., 1987), there has been little or no systematic
activity directed at methods that could enlarge the resident NK population in CLL patients,
given the known deficiency of NK cells and the need for more effective therapies for B-CLL.
Even though progress has been achieved in CLL management and prolonged remissions can be
obtained, relapse inevitably occurs and the disease is presently considered as being incurable.
Novel therapeutic strategies aimed at reducing minimal residual disease are therefore very much
needed to decrease the relapse rate. The long natural course of the disease provides sufficient
time for immune intervention of tumour cells; most patients with CLL are advanced in age and

are therefore not suitable for aggressive chemotherapeutic regimens.

4.14 Natural Killer-like T (NKT) cells

Natural killer-like T (NKT) cells constitute a lymphocyte subpopulation that coexpresses the
CD56 and CD3-T-cell receptor (TCR) complex (Bendelac et al., 1997). NKT cells usually
express a heavily biased TCR (Lantz et al., 1994; Cui et al., 1997; Kawano et al., 1997; Burdin
et al., 1998). NKT cells possess activation or memory phenotype characterized by the
expression of CD44, CD69, and CD122, and are present in most tissues where T cells are
found, in particular the liver, bone marrow, spleen, and thymus (Bendelac et al., 1994; Ohteki,
1994). NKT cells are potentially capable of very rapid secretion of large amounts of Tyl and
Ty2 cytokines (Zlotnik et al., 1992; Arase et al., 1993), but also express perforin and surface
molecules such as Fas ligand (Dao et al., 1998; Arase et al., 1994). Activated NKT cells can
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mediate lysis mainly through the TCRs or CD16, and kill classical NK-sensitive targets such as
K562 in vitro (Koyasu et al., 1992, and 1994). CD1d-restricted NKT cells have been reported to
regulate a range of disease conditions, including type 1 diabetes mellitus and tumour rejection
or promotion, mainly through the secretion of Ty2 or Tyl cytokines, respectively (Wilson et al.,

2002).

The fact that NKT cells have the potential to secrete these types of cytokines and thereby of
being capable to regulate opposing immune responses, led to the conclusion that these may
consist of functionally distinct subsets. To this end, Lee et al recently reported that CD4" and
CD4°CD8 NKT cell subsets represent functionally distinct lineages with significant differences
in their profile of cytokine secretion and pattern of expression of chemokine receptors,
integrins, and NK receptors (Lee et al., 2002). CD4" NKT cells represent the exclusive
producers of the T2 cytokines IL-4 and IL-13, whereas the CD4"'CD8" NKT cell subset has a
strict Tyl profile producing TNF-a and IFN-y. NKT cells rapidly produce a series of cytokines
including IL-4, IL-10, IL-13, IFN-gamma, and TNF-alpha upon TCR engagement (Bendelac et
al., 1997; Godfrey et al., 2000). NKT cells activated in this manner possess cytotoxic activities.
However, the capacity of NKT cells to secrete large amounts of cytokines suggests that these

cells have a great impact in influencing adoptive immune responses.

Because NKT cells secrete both IFN-gamma and IL-4, these cells can promote Tyl and Ty2
responses (Joyce et al., 2001). The role of NKT cells in antitumour immunity has been
demonstrated in models of natural tumour immunosurveillance and in models where antitumour
immunity is induced by IL-12 or aGalCer (Smyth et al., 2000a, and 2001b). In these models,
the antitumour capacity of NKT cells was associated with their capacity to secrete large
amounts of IFN-y. In contrast, two other studies suggested that NKT cells might also suppress
T-cell-mediated antitumour responses by mechanisms involving production of IL-13 (Terabe et
al., 2000; Moodycliffe et al., 2000). Most recently scientists have demonstrated the capacity of
NKT cells activated in vitro by a combination of IL-12 plus IL-18 and adoptively transferred
into syngeneic animals to induce host NK-cell activation, resulting in syngeneic tumour
rejection by a mechanism involving IL-2 and IFN-y production (Baxevanis et al., 2003). Thus,
NKT cells can influence tumour immunity both positively and negatively depending primarily
on the stimulus used for their activation. Finally, a significant amount of evidence indicates that
NKT cells are critical in the regulation of autoimmune responses. Defects in NKT cell
development and function were observed in mice susceptible to induction of experimental

autoimmune encephalomyelitis and in lupus-prone mice (Godfrey et al., 2000; Joyce et al.,
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2001). Although the mechanisms through which NKT cells regulate autoimmune phenomena
are not precisely known, most studies have provided evidence for the crucial role of I1L-4 and

IL-10.

Immunotherapy using activating NKT cell ligands has so far been successful with aGalCer.
This glycolipid ligand has significant efficacy in the treatment of a variety of experimental
tumours (Smyth et al., 2000a). Although NKT cells activated with yGalCer can kill a wide
range of tumour cell targets in vitro, accumulating evidence indicates that other cell types are
the predominant effectors in vivo. The finding that CD1d expression on tumour cells is not
required for their in vivo clearance by aGalCer (Kawano et al., 1998) also implies the existence
of an alternative effector population. aGalCer-activated NKT cells produce IFN-y and induce
IL-12 production by DCs. Both of these cytokines are potent activators of NK cells, enhancing
IFN-y production and cytotoxicity. There is also evidence that [FN-y induced by aGalCer
potentiates the generation of cytotoxic T cells (Nishimura et al., 2000) which might also
contribute to the antitumour activities of aGalCer. However, NKT cells may also be induced to
engage in antitumour activities in vivo in a TCR-independent manner. For instance, IL-12 has
been demonstrated to activate in vivo NKT cells and to promote an effective collaboration with
syngeneic NK cells for chemically induced sarcomas (Smyth et al., 2000b). A recent report
demonstrated synergism between IL-12 and IL-18 in activating NKT cells to produce high
levels of IFN-y and IL-2 transactivating NK cells to exhibit strong cytotoxicity in vitro and in
vivo against syngeneic ALC lymphoma and MC57X fibrosarcoma cell lines (Baxevanis et al.,

2003).

40



5 AIMS OF THE PRESENT STUDY

The overall aim of this study was to investigate the therapeutical potential of NK cells for the
immunotherapy of cancers in order to study the biology of NK cells in vivo and their precise

role in tumour cell combat.

In addition, the more specific aims were:

[.To study the development of a new GMP compatible NK cell expansion protocol from healthy
donors (Paper I)
I.To study the feasibility of NK cell expansion from patients with B-cell chronic lymphocytic
leukemia (B-CLL) (Paper II)
III.To study optimization of conditions for gene transfer into NK cells (Paper I1I)
IV.To study immunotherapy of tumours established in SCID-beige mice with ex vivo expanded
NK cells (Paper IV)
V.To study feasibility and safety of ex vivo expanded NK and NKT cells in a Phase I/II clinical
trial (Paper V)
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6 METHODOLOGY
6.1 NK cell expansion

In papers I-V, buffy-coat cells or heparinized whole blood were obtained from either healthy
blood-bank donors (Paper I, III, and IV) or from patients (Paper II), if not from HSC donors
(Paper V) on the day before starting the cultures. On day 0, PBMCs were isolated by gradient
centrifugation using Lymphoprep. After washing twice with phosphate-buffered saline, cell
viability was assessed by trypan blue dye exclusion and the cells were plated into six-well
dishes at 0.2 to 1.0 x 10° cells/ml. CellGro SCGM serum-free medium was used in all the
cultures with the addition of 5% human serum and 500 Uml IL-2. However, in Paper I, in order
to optimize the protocol, not only CellGro medium, but other media such as RPMI 1640, In
Vivo 10, AIM-V were used with different doses and amounts of IL-2, HS, and OKT-3. For the
first 5 days, the medium was further supplemented with anti-CD3 antibody, OKT-3, to a final
concentration of 10 ng/ml. Total cell numbers were assessed by staining cells with trypan blue
dye on days 0, 5, 10, 15, and 21. Absolute cell counts were calculated by multiplying the total
number of cells in each subset with the percentage of these subsets as determined by flow
cytometry. On days 5, the OKT-3-containing medium was washed out, and fresh medium with
IL-2 (500 U/ml) but without OKT-3 was added. The cultures were replenished with fresh
medium every 2-3 days throughout the culture period. To prevent contact inhibition of cell
growth, the cells were transferred to T25 flasks on days 10-11. Ex vivo NK cell expansion is

illustrated in Figure 7.

Buffy-coat - —_— Day 0
Lymphoprep PBMC [ 0.2-1.0 x 10° cell/ml

separation

Activation

IL-2, Human serum,
OKT-3, CellGro
medium

Analysis:
Phenotype
Cytotox1c1ty

Viability Day 5

Fresh medium
without OKT-3
<+«—— | Day 15 Day 10

Figure 7. Schematic illustration of NK cell expansion.
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6.2  Flow cytometric analysis

In all papers (I-V), the phenotype of fresh and expanded cells was analyzed by flow cytometry
on days 0, 5, 10, 15, and 21. Three (Paper 1), four (Paper II, III, IV) or eight-colour (Paper V)
fluorescence was used according to standard procedures. Generally, cells were mixed with
appropriate concentrations of fluorochrome-conjugated Mabs to CD2, CD3, CD4, CDS5, CD7,
CDS8, TCRyd, CD16, CD19, CD25, CD45, CD56, CD62L, and CD69, and to further
characterize expanded cells also against CD95L, HLA-A, -B, -C, NKB1 (KIR3DL1), CD161,
CD158a (KIR2DL1), CD158b (KIR2DL2/3), Vo24, VP11, NKG2A, NKG2C, NKG2D,
NKp30, NKp44, NKp46, 2B4, and DNAM-1 receptors whenever applicable. After the addition
of primary antibody and incubation for 30 min at room temperature, cells were washed with
PBS. Propidium iodide (PI) staining was used for dead cell exclusion. For data acquisition and

analysis a minimum of 10000-100000 cells were acquired.

6.3 B cell depletion

In paper II, CD19" B cells were depleted from PBMC using MACS colloidal super-
paramagnetic microbeads conjugated to monoclonal CD19 antibody. PBMCs were washed with
PBS and spun down at 1500 rpm for 5 min. After removal of supernatant, cells were
resuspended in 80 ul of the separation buffer per 107 total cells. A volume of 20 ul of MACS
anti-CD19 microbeads per 107 total cells was added, mixed, and incubated for 15 min at 4°C.
After incubation cells were washed with separation buffer in a 10-20 x labeling volume and
spun down, after which supernatants were removed completely. Cell suspensions were then
applied to an LS+ column, which was prewashed with the separation buffer and placed in the
magnetic field of an appropriate MACS separator. The column was rinsed with 4 x 3 ml
separation buffer. Negative (B-cell-depleted) and positive (B-cell-enriched) selected cells were
collected. After separation, cells were washed with PBS and viability was assessed with trypan

blue dye exclusion.
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6.4 Cell-mediated cytotoxicity

In papers 1-V, to assess the cytotoxic capacity of cells obtained after in vitro expansion, cells
from two patients were analyzed on day 21 of culture. The NK-sensitive K562 cell line was
used as a target. The cytotoxic function of cultured cells was measured in a standard 4 h *'Cr-
release assay in triplicates at various effector:target ratios. Target cells were labeled with 100 Ci
of *'Cr for 2 h at 37°C, washed three times with PBS and resuspended in 10 ml of RPMI 1640
medium. A total of 3 x 10 target cells in 100 ul RPMI 1640 medium were placed in triplicates
into U-bottomed 96-well plates and incubated for 4 h with 100 pl of effector cells at appropriate
concentrations to obtain effector:target ratios from 0.3:1 to 10:1. Cells were then collected by
centrifugation and aliquots of supernatants were counted in a counter. The percentage specific
>'Cr release was calculated according to the formula: percent specific release= ((experimental

release-spontaneous release) / (maximum release-spontaneous release)) x 100.

6.5 Transduction

In papers III, in order to study the optimization of retroviral gene transfer into NK cells, the
stably transduced retrovirus producing cell line, SF11GFP, was grown until they become
subconfluent, then new fresh medium was added for 24 hours. Finally the supernatant was
collected, filtered through a 0.45pm filter and frozen at -70 °C. The supernatant collected and
harvested had a titer of 0.5x10° virus particles per ml measured on HeLa cells. Viral particles
produced from this producer cell line contain a GALV (Gibbon Ape Leukemia Virus) envelope.
PBMCs were subsequently transduced with the SF11GFP vector. All transductions were carried
out by replacing the media with the retrovirus-containing supernatant at a multiplicity of
infection (MOI) of 3 in the presence of 8 pg/ml polybrene and 500 U/ml IL-2 by centrifugation
at 1000 g at room temperature for two hours on days 3, 4, 5, 6, 10, 15 or 21, respectively. In
some cultures cells were transduced on day 5 as well as on day 6 of culture (double
transduction). After centrifugation, the supernatant was replaced with fresh medium and cells

were expanded until day 21.
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6.6 Cryopreservation and thawing of cells

In papers -V, PBMCs obtained by lymphoprep separation and cells after expansion were
cryopreserved using the same procedure. Briefly, cells obtained after lymphoprep or expansion
were washed 2 times with PBS and then resuspended in 0.5 ml human serum albumin (HSA)
and left on ice for 20 min. After 20 min on ice the cells in HSA were gently mixed with 0.5 ml
PBS containing 12 % DMSO and the stored at -80°C for short term or at -140°C for future use.
When needed, cells were thawed at 37°C for a couple of minutes, they were then gently mixed
with cold CellGro with 20% HS, and spun down for 5 min and then resuspended for second
wash CellGro with 5% HS. The cell pellet was then washed once with PBS and the cells were

counted in trypan blue and put into culture with fresh medium.

6.7 Human K562 leukemia/SCID-beige model and in vivo

anti-tumour activity of ex vivo expanded NK cells

In paper 1V, the mouse model of human K562 leukemia was established by titration of the
amount of K562 cells that induced leukemia in irradiated SCID-beige mice. Leukemia was
induced by the combination of sub-lethal total body irradiation (2 Gy) followed by intravenous
(i.v.) injection of 1x10° K562 cells into the tail of the mice. In order to evaluate the in vivo
antitumour activity of ex vivo expanded human NK cells, mice (n=10) were infused i.v. with 20
x 10° cells obtained on day 21 of human PBMC culture, one day after K562 cell injection.
Thereafter mice were, observed for signs of morbidity. Other groups included mice injected i.v.
with tumour cells (n=15, 1x10° K562 cells), expanded NK cell preparation (n=8, 20x10° cells)
or PBS (n=8, 200 pl) alone. Sick mice were sacrificed when presenting with more than 40 % of
body weight loss and/or worsening of symptoms. Presence of tumour cells infiltrating tissues of
sick mice was evaluated by flow cytometry analysis of single-cell suspensions from the bone
marrow, spleen, blood, lung, and liver. Tumour cells were detected using the human-specific

antibody for CD235a.
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6.8 Injection and detection of human effector cells in

SCID-beige mice

To track the enriched NK cell preparation after i.v. injection into mice, human cells pre-stained
with fluorescent dye carboxyfluorescein-diacetate-succinimydil-ester (CFSE) were detected in
single cell suspensions of mouse tissues by FACS analysis. Human cells obtained on day 21 of
culture were labeled with CFSE dye (10 uM in PBS) for 15 min at 37°C, washed once in serum
containing media and resuspended in PBS to a final concentration of 1 x 10’ cells/ml. 20 x 10°
of the labeled cells were injected i.v. into the tail of irradiated (2 Gy) SCID-beige mice. On 2, 4
or 9 days after injection, single cell suspensions of the bone marrow, spleen, blood, lung and
liver were prepared and incubated with appropriated concentrations of human-specific, direct-
labeled antibodies for CD56 or HLA-ABC molecules. After incubation for 30 min, cells were

washed and resuspended with PBS for flow cytometry analysis.

6.9 HLA and KIR typing

In paper V, HLA-A, -B and -C types were determined using polymerase chain reaction
sequence-specific primers (PCR-SSP) and a regularly updated version of the HLA genonotype
method. KIR genotyping was determined using the PCR-SSP method.

6.10 Patients

In paper V, the patients included in this study protocol had undergone allogeneic HSCT for
renal cell cancer (RCC), colorectal cancer (CRC), hepatocellular cancer (HCC) or chronic
lymphocytic leukemia (CLL). In patients with solid cancer, the allogeneic HSCT had been
performed a median of 15.5 (range 13-38) months prior to the first NK/NKT cell infusion. The
patient with HCC had undergone orthotopic necro liver grafting two months prior to allogeneic
HSCT. Pre-treatment using RIC had been applied in cancer patients. The patient with CLL had
received a booster stem cell infusion due to relapse in CLL 15.5 months prior to the first
NK/NKT cell infusion. Two patients with HCC and CLL, respectively, were on
immunosuppressive therapy during the study period. All patients with solid cancer presented
with progressive disease as evaluated by computed tomography (CT) with increasing number
and/or size of metastases. The CLL patient presented with increasing number of lymphoblasts
and increased size of lymph nodes. All patients but the CLL case had received a minimum of

three DLI without development of acute GVHD a median of 11 (range 2-26) months prior to the
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first infusion of NK/NKT cells. The booster stem cell infusion to the CLL patient was

considered as a comparable cell infusion as DLI of the other patients.

6.11 Cell infusions

In paper V, according to the study protocol, three patients received three infusions with one log
increase of the cell count per infusion of NK/NKT cells with one month interval in the absence
of acute GVHD after the previous dose. The infusions were given via a central vein catheter
(CVC) without premedication. Since none of the first three patients (NKP1-3) presented with
acute GVHD, the protocol required the next patients to be administered increasing monthly
doses of NK/NKT cell infusions with IL-2 of 6 x 10°T1U / m(2) / day (s.c.) for three consecutive
days. The first IL-2 dose was given on the day of NK/NKT cell infusion using prior oral
premedication with antihistamine, clemastine 2 mg. Patients NKP1 and NKP3 were also
included into this second group of patients receiving cell infusions with IL-2 s.c. in addition to
their initial participation when NK/NKT cells were infused without IL-2. The NK/NKT
infusions without IL-2 injections were administrated at the outpatient clinic followed by 3-4
hours of observation for possible adverse reactions. During the cell infusions with IL-2
injections the patients were at the ward for 3-4 days. Vital signs and symptoms were monitored

daily.

6.12 Follow-up of patients

In paper V, peripheral blood samples were obtained 1 hour prior, and 1 hour as well as 1 week
after, and monthly during 3 months after each cell infusion. The patients’ peripheral blood
samples were analysed for soluble serum cytokines (sIL-2R, IL-6, TNF-a, IL-8 and IL-10)
using ELISA and for lymphocyte markers (CD19", CD3", CD4", CDS", CD56", CD16", CD5",
CD52", CD25%, CD69") using flow cytometry. In addition, blood chemistry of haemoglobin
(Hb), white blood cell count (WBC), neutrophils (ANC), platelets (TRC), serum reactive
protein (CRP), liver, kidney and pancreas function tests as well as alpha-feto protein (AFP) and
hepatitis C virus (HCV) load using quantitative PCR for the patient with HCC were analysed.
Chimerism was studied in peripheral blood by PCR based analysis of sorted CD3", CD19" and
CD33" cell populations using magnetic beads before, and monthly until full donor chimera
(DC) was reached after the cell infusions. The tumour load was evaluated using CT images
performed within one-month prior to and at three months after the last cell infusion. The follow-

up of patients for this study was three months after the last NK/NKT cell infusion.
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6.13 Statistics

In papers I, and 11, nonparametric Mann-Whitney U-test was used to compare the results.

In paper 11, nonparametric Kruskal Wallis test was used for comparison of absolute cell counts
of all cultures and non-parametrical unpaired #-test for comparison of transduction rates in
percentage. In paper IV, Logrank test was performed to analyze statistical significance of the
survival curves. In paper V, nonparametric Fisher exact test (two-tailed) was used when
comparing not normally distributed measurements. P-value > 0.05 was considered to give a

statistical difference between groups in all tests performed.

6.14 Ethical considerations

All the experiments performed in this study have been done after obtaining ethical permissions

from both institutional and national ethical committees.
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7 RESULTS AND DISCUSSION

7.1 NK cell expansion (Papers I-V)

In our expansion protocol, PBMCs originating from seven human donors expanded from the
starting number to a median of 193-fold (range 21-277) after 21 days of culture (Figure 8).
Cells from seven donors, expanded in IL-2, OKT3 and HS, resulted in a median NK cell
proportion of 55% (range 7-92) CD3-CD56+ cells. Among the CD3+ cells (45%) the median
value for co-expression of CD56 was 22% (range 2—68); thus, these cells were clearly CIK cells

(Figure 9).
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Figure 8. Median cell expansion for seven donors. Values are presented as median and inter-

quartile range.

To our knowledge, no previous reports have yet dealt with the practical issues of establishing a
protocol that could potentially be used for large scale expansion of cells under GMP conditions
for clinical use. In our expansion protocol, expanding cells beyond 21 days seems to be
feasible; however, a prolonged culturing time (>21 days) does not seem to consistently increase
the final number of CD3'CD56" cells (data not included). Both IL-2 and OKT-3 proved to be
essential for the cell expansion procedure. The fact that, to our knowledge, no clinical trials
have been performed in which long-term activated NK cells are adoptively transferred as

immunotherapy is most likely due to the traditional difficulty of culturing and enriching human
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CD3-CD56+ cells in large amounts. Our findings indicate that large numbers of activated NK
cells can now be produced and used in the setting of adoptive immunotherapy. With refractory

relapses
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Figure 9. Percent CD3-CD56+ cells for seven donors. Values are presented as median and

inter-quartile range.

still being a major complication after HSCT, especially for acute leukemias, alternative DLI
regimens are clearly needed. So called non-myeloablative preparative regimens, given before
HSCT, are increasingly used, widening the applicability of HSCT for patients with such
conditions as solid tumours and autoimmune diseases. DLI is the most likely potential means of
converting these patients from a state of mixed haematopoietic chimerism to full donor
chimerism, which would, in turn, facilitate remission of the underlying disease. The novelty in
our method lies in the use of a clinically defined serum-free medium that in a simple way

promotes a selective enrichment of large numbers of activated NK cells.

7.2 Effect of tumour cells, disease progress and sampling time

on NK cell expansion (Paper 1I)

All PBMC samples from the patients with indolent disease showed a marked CD3-CD56+ NK
cell expansion. In contrast, under the same conditions, cultured PBMCs from patients with
progressive disease (LB1%™* and RL1®™") had far less NK cell expansion after 21 days.

Moreover, in patient LB1 the NK expansion capacity was restored after fludarabine therapy, at
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which time the patient had achieved a complete remission. B cells remained in the cultures but
were not expanded. B cells were more markedly reduced in cultures from patients with indolent
disease (AD1, KO2, LS1, and YO2) compared samples obtained from patients with progressive
untreated disease. In contrast, in samples obtained from patients after treatment, the number of

B cells was markedly reduced during culture.

To assess the reproducibility of our culture conditions, PBMCs obtained from the same patients
at different time points were cultured under identical conditions. The time interval between the
first and second samples was not longer than 1 month, except in patient KO2, for whom it was 4
months, and for LB with 3 months between the sample before therapy and the sample after
therapy. As indicated in Figure 10, the absolute NK cell counts were quite similar in repeated
samples, both in those obtained from patients with indolent (KO and YO) and progressive
disease (LB), indicating a high degree of reproducibility in NK cell expansion capacity from the

same patients at different time points.
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Figure 10. CD3'CD56" NK cell expansion rates in repeated samples obtained from three
individuals and cultured under identical conditions. Two patients had indolent (KO and YO)
and one patient had progressive (LB) disease. Samples from the patient with progressive disease
were labeled with the symbol '# '. 'Before' after patients' initials refers to samples obtained
before fludarabine treatment. Numbers after patients' initials refer to sample numbers. Time
interval between first and second samples of the same patients was 1 (LB, YO) to 4 (KO)

months.
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Our finding that cells with the NK as well as the NKT phenotype can be expanded in culture
indicates that multiple subsets of killer lymphocytes utilizing partly different killer mechanisms

are generated simultaneously, which may be therapeutically beneficial.

In conclusion, our results clearly demonstrate that several potentially cytolytic subtypes of
lymphocytes from B-CLL patients can be expanded in vitro. These cells express CD16 and
Granzyme B and have cytolytic capacity, indicating that their use alone or in combination with

Mab may be a feasible clinical strategy for controlling B-CLL.

7.3  Gene transfer into NK cells (Paper III)

For detailed studies of the efficiency of retroviral transduction, two transduction strategies were
employed (Figure 11). In single transduction experiments, cells were transduced on day 5. In
double transduction experiments, cells were transduced on days 5 and 6. In both settings
transduced cells were readily detectable 24 h after exposure to retrovirus (Figure 11b and c;
days 6 and 7, respectively). In the following experiments, transduction efficiency was always
evaluated 24 h after exposure to retroviral vectors unless otherwise noted. In single transduction
experiments the median transduction efficiency of NK cells was 27.2% (range 16.3-41.5%) and
in double transduction experiments 47.1% (range 35.0-64.7%) (Figure 11b and d; days 6 and 7,
respectively). Due to the selective expansion of NK cells during the total culture period, median
percentages of transduced NK cells were 51.9% (range 31.7-72.3%) in single transduced
cultures and 75.4% (33.5-76.7%) in double transduced cultures after 21 days of culturing

(Figure 11c and e; day 21).

Several factors may contribute to the efficient expansion of NK cells in the present protocol,
including the specific tissue culture medium used. Although the reason for this outcome is not
entirely clear, the OKT-3 mediated stimulation of T cells in the cell culture may have
contributed to the secretion of cytokines and/or other growth factors necessary for optimal NK

cell growth.
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Figure 11. Percent of total cells as well as NK cells transduced by retroviral transduction after
single and double transduction. (a) Experimental set-up and transduction rate (%) of total cells
in (b) single and (c) double transduced cell cultures, as well as transduction rate (%) of CD3"
CD56" NK cells in (d) single and (e) double transduced cultures at time points indicated.
Results are presented as median + percentile (0.25) of three individual experiments. P-value >

0.05 for all analyzed data groups.

Our study indicates that a single round of transduction yields a high percentage of transduced
NK cells. Efficient transduction with single transduction and a low MOI may therefore prevent
possible problems with gene transfer such as insertional mutagenesis. Importantly, we found
neither any significant inhibition of NK cell proliferation and/or NK cell death among
transduced cells, nor any loss of cytotoxic activity after gene transfer into NK cells when

compared to parental nontransduced cells.
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With respect to the possible implications of the present protocol, gene transfer of cytokines such
as IL-2, IL-12, IL-15, or IL-21 might create NK cells that are less dependent on such cytokines
for growth and effector mechanisms. Apart from cytokines, chemokine receptors such as
CXCR3 and CXCR4 have been shown to be important for NK cell homing to different organs
in mice in vivo. Therefore, introduction of different chemokines into NK cells may enable NK
cells to migrate in vivo to more specific target areas of interest. Moreover, retargeting NK cells
to some specific molecules on tumour cells such as CD19 or Erb/neu may make NK cells more
powerful tools in immunotherapy regimens against tumour cells such as B-cell chronic
lymphocytic leukemia or breast cancer. Furthermore, over-expression of activation receptors,
e.g., for stress or transformation-associated target cell molecules, or the silencing of inhibitory
receptors on NK cells for target cell MHC class I molecules may serve as attractive possibilities

for gene therapy approaches using NK cells.

7.4  Toxicity, distribution and survival of human ex vivo expanded

NK cells in SCID-beige mice (Paper 1V)

An enriched NK cell population (74 %) obtained after ex vivo expansion was labelled with
CFSE fluorescent dye prior injection into the tail vein of mice. Dot plots obtained from FACS
analysis of single cell suspensions of mouse tissues are presented in Figure 12. At day 2, CFSE
labeled human cells were found at high numbers in the lungs and liver of mice. At day 4, lung,
liver, bone marrow and blood presented a reduction in the percentage of CSFE labeled cells
compared with day 2, and they were not detected in the mouse spleen. After that time, human
cells were no longer detected in mouse tissues. Taken together, CFSE labeled cells detected in
the spleen, lungs and liver of the mice represented 86 % of the total of human cells detected by

FACS, whereas the other 14 % was found in the bone marrow plus blood.

In our animal model of K562 leukemia the number of tumour cells detected infiltrating mouse
tissues were similar to those found in residual disease. Within the first 24 hours following i.v.
injection low numbers of tumour cells were found infiltrating mostly the blood and liver of
mice, though bone marrow, spleen and lungs were also infiltrated to a lesser extent. Despite the
low number of tumour cells present in mouse tissues, total body pre-irradiation favoured
leukemia development, since leukemia was not observed when non-irradiated SCID-beige mice
were injected with the same amount of tumour cells. FACS analysis showed that the number of

human cells in the mouse tissues decreased gradually with time, supporting that the life-span of
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human NK cells in immunodeficient mice might not be longer than 4 days when cytokines such

as IL-2 or IL-15 are not provided.

Control Day 2 Day 4

Bone marrow
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Blood
HLA ABC

Lung

Liver

Figure 12. Flow cytometric analysis of organ distribution of the NK enriched effector cell
preparation in SCID-beige mice on days 2 and 4 after i.v. injection of CFSE-labelled effector
cells. Single-cell suspensions were prepared from different mouse tissues were stained with
anti-human HLA-ABC mAb and analyzed by FACS. In each sample a minimum of 100,000

cells were acquired.
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7.5 Anti-tumour activity of expanded cells in vivo (Paper 1V)

Effector cells were injected i.v. into mice one day after tumour cell injection. Figure 13 depicts
the in vivo therapeutic effects of the effector cell preparation against K562 tumour cells as

measured by the survival of tumour-bearing treated versus tumour-bearing untreated animals.
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Figure 13. In vivo therapeutic effects of the NK enriched effector cell preparation obtained after
21 days of culture from human PBMC. Leukemia was induced in irradiated mice by i.v.
injection of K562 tumour cells. 24 h after tumour cell injection mice were treated with the
effector cell preparation. Treatment with the effector cell preparation resulted in a significant
increase in survival (solid line), as compared to untreated tumour-bearing mice (dashed line).

(p=0.015 Log rank test).

As indicated, the enriched NK cell preparation was effective in preventing leukemia
development, resulting at the end of the observation period in a higher number (p=0.015) of
surviving mice in the treated group than in the untreated group. In the untreated group, 80 % of
the mice were sacrificed within 80 days after tumour cell injection due to leukemia
development. In contrast, 70 % of the mice treated with the enriched NK cell preparation
remained healthy until 100 days after tumour cell injection. Presence of tumour cells was
confirmed in the blood of untreated mice during the sickness period, whereas in the treated

survivor mice tumour cells were not found (data not included).
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Our data confirmed what has been shown for in vitro IL-2 activated lymphocyte trafficking, i.e.
a tendency of these cells to migrate towards the liver and inflammatory areas. However, we also

confirmed the presence of CD56+ cells in the blood and bone marrow of the mice.

However, the fact that cells with the NK as well NKT phenotype could be expanded in culture
indicates that multiple subsets of killer lymphocytes utilizing partly different killer mechanisms
were generated simultaneously, which may be therapeutically beneficial. As an advantage of
our system, human effector cells were expanded in compliance with GMP conditions and the
adoptive treatment of mice was performed systemically in an attempt to mimic the therapy
applied to human patients. In conclusion, the data presented validates our method of NK cells

expansion as a source for cellular immunotherapy.

7.6  Safety and possible anti-tumour activity of NK/NKT cells in
a Phase I-II clinical trial (Paper-V)

Infusions of the NK/NKT cells, either fresh (n=2) or thawed (n=7), without IL-2 injections did
not give any immediate allergic signs or symptoms. None of the three patients developed any
infectious complications. Cell infusions with the IL-2 s.c. injections were associated in all
patients with fever for up to one week. A spontaneous regression was seen within 24 hours.
Both patients were known to have progression of lung metastases. A decrease of AFP from 117
to 13 ng/ml within 11 weeks as well as regress of pleural fluid after the third NK/NKT cell
infusion was recorded in the patient with known increasing AFP coexisting with findings of
lung metastases of hepatitis C virus (HCV) associated HCC and progress of right-sided pleural
effusion (data not included). The level of HCV RNA in serum was not influenced in connection
to NK/NKT cell infusions and the period of progressive metastatic disease. In all remaining
patients, the malignancy progressed during the follow-up of three months after the last cell

infusions. All patients were alive at the end of the follow-up time.

Although the cell infusion consisted of mixed cell populations including CD3" cells, only one
patient was considered to develop limited and short duration of skin rash similar to acute

GVHD (Table 5).

The immunological setting with sibling donors and without the required NK cell receptor/ligand
mismatches for NK cell killing demonstrated that adjuvant cell infusions with this type of
mixed cell populations of CD3'CD56" and CD3'CD56" were safe. Purposeful selection of

unrelated donors with mismatch of inhibitory NK cell receptors that ligate HLA molecules of
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patients with haematopoietic or solid malignancy might be argued to benefit from anti-leukemic
and anti-tumour effects of allogeneic NK cells. In conclusion, infusions of ex vivo long-term
expanded NK/NKT cells was proven to be safe with no risk of GVHD or other severe side-
effects either with or without IL-2 infusion. Separation and infusion of ex vivo expanded pure

NK cells could be an alternative approach in the future of cancer immunotherapy.

Irradiation
Pat. ID RFA prior to prior to Surgery prior
NK/NKT NK/NKT to NK/NKT | Tumor status
infusion infusion infusion after NK/NKT Patient
(months) (months) (months) cell infusions outcome
NKP1/ 02 3.5/livermet. |0 0 P lungtliver met. | Alive
R pleurat+lung
NKP2/ 02 0 0 0 met. Alive
a-FP 117-->13 Stable HCV-
after NK/NKT#3 | RNA in serum
SD lung+liver
NKP3/02 16 /liver met. | 16/ lung met. | 0 met. Alive
NK/NKT cell infusion + IL-2 s.c
NKP1/02,G2 | 11/liver met. |1/lungmet. |0 P lung met. Alive
NKP5/03 0 0 0 P 1gll met. Alive
P pleura, lung,
NKP3/02,G2 |26/ liver met. |26/ lung met. | 0 bone met. Alive
NKP6/ 03 0 0 2 / lung met. P Igll, lung met. | Alive

Table 5. Additional tumor reducing therapy, tumor and patient status 3 months after the last
NK/NKT cell infusions. RFA indicates radio frequency ablation; P progression; SD stable

disease; R regression; Igll lymph node
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8 CONCLUDING REMARKS

There has been increasing knowledge in the area of NK cell biology and of their clinical and
therapeutical potential in tumour as well as infection settings. Allogeneic T-lymphocytes
possess a powerful anti-tumour activity. However, they also play a key role in the induction of
GVHD. Severe GVHD after hematopoietic stem cell transplantation is associated with a high
morbidity and mortality. The role of new cytokines in enhancing the anti-neoplastic activity of
NK cells and the infusion of expanded NK cells instead of DLI for GVL without severe GVHD
need to be investigated. Achieving more detailed data regarding the anti-leukemic effect of the
NK cells will be crucial in order to develop a new therapeutic modality for treatment of minimal
residual disease after allogeneic hematopoietic stem cell transplantation. Patients undergoing
autologous hematopoietic stem cell transplantation for diseases such as myeloma, and
lymphoma have in general a poor prognosis with high incidence of post transplant progressive
disease. We believe that immunotherapy with ex vivo expanded autologous NK cells, or gene
modified NK cells could potentially help these patients in raising an immune response against
their tumour and increase the chances of a remission. In addition, their vital role was also shown
in haploidentical transplantation and in adoptive immunotherapy in animal models. However,
there is still much more to learn about NK cells in terms of NK cell development,
differentiation, receptor acquisition, role of different subsets, ex vivo expansion kinetics,
biodistribution kinetics after expansion and gene modification. One of the important drawbacks
in the studies of NK cell biology and immunotherapy has been the lack of a large scale NK cell
expansion method. Being able to expand such cells ex vivo provides us with an opportunity to
study their exact role, especially in human cancers. In the future, being able to proliferate NK
cells or a specific subset without decreasing their killing capacity and changing the receptor
profile may be instrumental for their clinical usage. NK cells in cancer patients need to be
further studied, in order to understand why and how they become unresponsive to tumour cells
and how they can be reactivated. Since NK cells do not rearrange their receptors as do T cells, it
seems the gene modification of NK cells is essential in order to make them a better killers in the
complex tumour environment. Gene transfer of different cytokines, chemokines, activatory
receptors and even specific T cell receptors may induce specific NK cell killing and make their
responses more targeted. One of the other areas that needs to be studied more is the crosstalk of
NK cells with other elements of the immune system such as T cells and dendritic cells. Even the
role of NK-NK cell contact in the initiation of other effector functions could be studied in order

to better understand the communication between NK cells in tumour combat. The large scale
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expansion of very specific NK cell subsets will provide cancer patients with specific and
targeted NK cell lysis. In addition, their vital role was also shown in haploidentical
transplantation and in adoptive immunotherapy in animal models. However, there is still much
more to learn about NK cells in terms of NK cell development, differentiation, receptor
acquisition, role of different subsets, ex vivo expansion kinetics, biodistribution kinetics after
expansion and gene modification. One of the important drawbacks in the studies of NK cell
biology and immunotherapy has been the lack of a large scale NK cell expansion method. Being
able to expand such cells ex vivo provides us with an opportunity to study their exact role,
especially in human cancers. In the future, being able to proliferate NK cells or a specific subset
without decreasing their killing capacity and changing the receptor profile may be instrumental
for their clinical usage. NK cells in cancer patients need to be further studied, in order to
understand why and how they become unresponsive to tumour cells and how they can be
reactivated. Since NK cells do not rearrange their receptors as do T cells, it seems the gene
modification of NK cells is essential in order to make them better killers in the complex tumour
environment. Gene transfer of different cytokines, chemokines, activatory receptors and even
specific T cell receptors may induce specific NK cell killing and make their responses more
targeted. One of the other areas that needs to be studied more is the crosstalk of NK cells with
other elements of the immune system such as T cells and dendritic cells. Even the role of NK-
NK cell contact in the initiation of other effector functions could be studied in order to better
understand the communication between NK cells in tumour combat. The large scale expansion
of very specific NK cell subsets may provide cancer patients with specific and targeted NK cell

lysis.
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