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Introduction

2 INTRODUCTION

2.1 Hypothesis

The role of different receptors in natural killer (NK)-cell-mediated cytotoxicity against
multiple myeloma (MM) cells is unknown. It was investigated if an enhancement of
NK-cell-mediated cytotoxicity against MM could be reached by blocking of the inhibitory
leukocyte immunoglobulin like receptor 1 (LIR-1). These investigations revealed high
levels of LIR-1 expression not only on the NK cell line NK-92 but also on myeloma cells
(MOLP-8, RPMI8226) as well as on a lymphoblastoid cell line (LBCL; IM-9).
Subsequent cytotoxicity assays were designed to show the isolated effects of LIR-1
blocking on either the effector or the tumor side to rule out receptr-receptor
interactions.

MM is a plasma cell disorder that is characterized by the clonal proliferation of
terminally differentiated cells. Due to their high similarity to healthy plasma cells, an
effective immune defense seems to be hindered (Cook and Campbell, 1999; Carbone
et al., 2005). Despite new therapy approaches, MM is still considered to be incurable.
Stem cell transplantation is so far the only option to achieve long time remission, but
has the disadvantages of a high therapy-related morbidity and mortality (Palumbo and
Anderson, 2011). Following a year or more after reinfusion of cluster of differentiation
(CD) 34+ progenitor cells, newly arising B cells and T cells show restricted functions.
Only NK cells with their innate capability of defending foreign pathogens return to their
post within the first month after stem cell transplantation (SCT), thus being the
predominant leukocyte subset within the first 90 days (Ault et al., 1985; Mandelboim et
al., 2001; Porrata et al., 2001; Chalifour et al., 2004).

Approaches for an increase of immune reaction against the residing myeloma burden
after SCT focus on a disinhibition of NK cells, leading to an increased graft-versus-
myeloma (GvM) effect. LIR-1 is one of the major inhibitory NK cell receptors in the
early phase after stem cell transplantation (SCT) and might therefore be considered to
be an ideal goal for immune modulation (Porrata et al., 2001; Nguyen et al., 2005;
Godal et al., 2010).

LIR-1 ligates most classical and non-classical human leukocyte antigens class |
(HLA-1), thus being a general sensor for aberrations from the healthy surface pattern
(Chapman et al., 1999). As MM retains high levels of HLA-I during growth, the
intentional blockade of LIR-1 on NK cells was suspected to increase NK cell

cytotoxicity towards a level sufficient to overcome myeloma resistance against lysis.
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2.2 Multiple myeloma

2.2.1 Definition, incidence and prevalence

MM is a plasma cell disorder, which is characterized by extended proliferation of
terminally differentiated cells that displace healthy bone marrow. They comprise
> 10 percent of bone marrow, secrete monoclonal proteins and cause end organ
damages.

MM accounts for approximately 13 percent of hematologic cancers and 1-2 percent of
all malignancies. Though primarily a disease of the elderly population, still 37 percent
of the patients are younger than 65 years, which is the median age at diagnosis.
Incidence is stable at 4/100.000 and is twice as often for Afro-Americans compared to
Caucasians. The disease is still incurable despite new therapy approaches within the
last years (Palumbo and Anderson, 2011).

2.2.2 Diagnostic criteria and pathogenesis

MM is one of the diseases classified as plasma cell disorders that include
Waldenstrdm’s macroglobulinemia, primary amyloidosis and the heavy chain diseases
(Fauci and Harrison, 2008) .

In 2009, the criteria for diagnosis of MM have been reviewed and were updated in 2011
(Table 1 - Diagnostic criteria for MM) (Kyle and Rajkumar, 2009; Rajkumar, 2011).
More than 10% plasma cell infiltrations of the bone marrow, detection of monoclonal
proteins in serum and/or urine, as well as end-organ damages define the disease. MM
itself can be subdivided by the type of secreted immunoglobulin (Ig) (A, D, E, G, M) and
the secreted light chains (A or x) or the lack of Ig secretion. Suppression of bone
marrow leads to anemia, while high expression of unfunctional immunoglobulins
(‘paraproteins') causes severe organ dysfunctions such as kidney failure (Rajkumar,
2011). Infections are a severe problem in patients with MM. They harm the patient
directly, but also provide a high proliferative stimulus for MM cells via their pathogen
associated molecular pattern (PAMP) recognition capability (Jego et al., 2006). Bone
lesions are caused by suppression of osteoblasts through changes in the RANK
pathway and activation of osteoclasts by macrophage inflammatory protein 1 «
(MIP1a) (Roodman, 2010).
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Diagnostic criteria for multiple myeloma

Clonal bone marrow plasma cells >10%

Presence of serum and/or urinary monoclonal protein

(except in patients with true non-secretory multiple

myeloma)

Evidence of end-organ damage that can be attributed to the

underlying plasma cell proliferative disorder, specifically

hypercalcemia:

serum calcium > 11.5 mg/d|

or renal insufficiency:
serum creatinine > 1.73 mmol/l (>2 mg/dl)

or estimated creatinine clearance < 40 mL/min

and anemia: normochromic, normocytic

hemoglobin > 2 g/dl below the lower

limit of normal

or<10 g/l

and bone lesions

lytic lesions, severe osteopenia or pathologic
fractures

Table 1 - Diagnostic criteria for MM
Diagnostic criteria for MM according to Kyle and Rajkumar (Kyle and Rajkumar, 2009;
Rajkumar, 2011).

The most important differential diagnosis to MM is monoclonal gammopathy of
undetermined significance (MGUS) with a high prevalence among the elderly that does
not require treatment. It is described by <10 percent clonal bone marrow plasma cells
and no myeloma related organ or tissue impairment. Serum monoclonal protein must
be lower than 3g/dl. The risk for evolving MM is about 1 percent per year, and survival
of the MGUS patients is reduced by about 2 years compared to healthy age matched
individuals (Fauci and Harrison, 2008; Kyle and Rajkumar, 2009). Smoldering or
asymptomatic MM shows serum monoclonal protein >3g/dl as well as plasma cell
infiltration of >10 percent, but lacks end organ damages. Solitary lesions of bone or
tissue with clonal plasma cells are defining plasmocytoma, while clonal proliferation as
well as the concomitants is missing. Waldenstrém’s macroglobulinemia is an IgM

producing gammopathy. The bone marrow infiltrating lymphoplasmacytic cells have a
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distinct immunophenotype. As indicated, systemic amyloid light chain (AL) amyloidosis
is characterized by amyloid-related systemic tissue damage, while in POEMS
syndrome a conglomerate of polyneuropathy, organomegaly, endocrinopathy, MM and
skin changes is exhibited (Fauci and Harrison, 2008; Kyle and Rajkumar, 2009).
Staging of MM involves the detection of bone lesions by conventional radiography and
optional magnetic resonance imaging (MRI) or fluorodeoxyglucose positron emission
tomography/computed tomographic scans (PET-CT) (Rajkumar, 2011).

Today, the International Staging System (SS) and the older Durie-Salmon Staging
(DSS) are used together for staging and for prediction of survival (Table 15 -
International Staging System for multiple myeloma ) (Durie and Salmon, 1975; Greipp
et al., 2005).

2.2.3 Etiology

The cause for MM development is unknown. Incidence is elevated in those exposed to
high radiation, as well as among farmers, wood workers, leather workers and people
exposed to petroleum products. As circulating B cells within patients with MM show to
express the same myeloma specific idiotype, the neoplastic event might occur in early
B cell differentiation, but has not yet been identified (Fauci and Harrison, 2008).
Development of MM out of a post-germinal-center B cell is commonly assumed to be a
multistep process that begins with MGUS and can eventually turn into Plasma-cell
leukemia (PCL) (Kuehl and Bergsagel, 2002; Palumbo and Anderson, 2011).

MGUS

Smoldering
myeloma

Intramedullary
multiple
myeloma

Extramedullary
multiple
myeloma

Plasma-cell
leukemia

Hyperdiploidy (50% of patients)
Increased expression of cyclin D1,D2,D3

Early aberrations

Late aberrations

Angiogenesis, bone lesions

Figure 1 - Stages of development from MGUS to plasma cell leukemia

Commonly assumed stages in development of MM. While hyperdiploidity and increased
cyclin D expression can be detected in all stages, other specific mutations or translocations
might be acquired later in the course of disease [figure adopted from Kuehl and Bergsagel,
2002; Palumbo and Anderson, 2011].
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High- and intermediate-risk aberrations correlate with fast disease progression and
reduced therapy outcome. Today, they are defined as deletion (del) of the short arm (p)
of chromosome 17 (del17p), translocation (t) between chromosome 4 and chromosome
14 (4;14), t(14;16), t(14;20) and del13p according to the Mayo Stratification for
Myeloma and Risk-adapted Therapy (mMSMART) (Table 2 - Mayo risk stratification for
MM) (Kumar et al., 2009).

The high-risk aberrations all promote tumor growth, either by loss-of-function of tumor
suppressor genes or by gain-of-function mutations of so called oncogenes:

Del17p leads to loss of p53, a well described tumor suppressor gene that is involved in
DNA excision repair and initiation of cell cycle arrest and apoptosis, which are induced
by damaged DNA as well as hypoxia (Levine, 1997; Kumar et al., 2009). P53 deletion
can be observed in about 9-55% of patients with advanced stage of MM (stage lll,
primary PCL, secondary PCL, or relapse) with a wide range between the observers
(Drach et al., 1998; Avet-Loiseau et al., 1999). Drach et al. found a reduced median
overall survival of patients with p53 deletion, compared to patients without these
aberrations, that was 14 months versus 39 months after conventional chemotherapy,
respectively.

Del13g14 leads to deletions of the retinoblastoma-1 (rb-1) gene, another major tumor
suppressor gene (Zojer et al., 2000).

The three risk translocations in MM involve the immunoglobulin heavy chain region on
the long arm of chromosome 14 (14q32):

Translocation (4;14)(p16.3;032.3) is present in 10-18% of MM. In almost all cases it
leads to increased expression of Multiple Myeloma SET domain protein (MMSET) on
4p16.3, while the same translocation activates the tyrosine kinase fibroblast growth
factor receptor 3 (FGFR3) on 14932 in about two thirds of affected myelomas. FGFR3
is so far assumed to act as an oncogene by stimulating cell proliferation (Chesi et al.,
1998b; Santra et al., 2003), while MMSET allows adhesion to extracellular matrix and
annulling of cell-cycle arrest (Lauring et al., 2008).

t(14;16)(p32;023) seems to be prevalent only in a small number of MM patients as
investigated in a recent retrospective study and was not prognostic for outcome (Avet-
Loiseau et al., 2011). On a biological level, it causes expression of the transcription
factor and oncogene c-maf on 16923 (Chesi et al., 1998a).

t(14;20)(g32;912) is a new high-risk classified translocation resulting in expression of
transcription factor V-maf musculoaponeurotic fibrosarcoma oncogene homolog B
(MAFB). MAFB is usually expressed on hematopoietic cells of the
myelo-monocytic lineage and therefore ectopic in MM. The consequence of MAFB
expression on plasma cells is not quite clear but expression might hinder normal B-cell
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differentiation and proliferation (Hanamura et al., 2001; Boersma-Vreugdenhil et al.,

2004).

Mayo Stratification for Myeloma And Risk-adapted Therapy (mMSMART)

High-risk Intermediate-risk * Standard-risk *f

FISH t(4;14) £ All others including
del17p Cytogenetic deletion 13 Hyperdiploidity
t(14;16) Cytogenetic hypodiploidity t(11;14)* *
t(14;20) PCLI > 3% 1(6;14)

GEP: High risk signature

Table 2 - Mayo risk stratification for MM

Definition of high risk disease, updated June 2010/June2011, version 2.0
(www.mSMART.org). High risk disease results in fast progression of MM (Kumar et al.,
2009).

* Note that a subset of patients with these factors will be classified as high-risk by GEP

T LDH >ULN and beta-2 M > 5.5 may indicate worse prognosis

¥ Prognosis is worse when associated with high beta-2 M and anemia

**t(11;14) may be associated with plasma cell leukemia

FISH = fluorescence in situ hybridization, PCLI = Plasma cell labeling index, GEP =Gene

expression pattern

2.2.4 Myeloma immune evasion

As most of the mechanisms of immortalization described above (2.2.3 Etiology) are
quite common among malignancies, they do not explain the outraging success of
untroubled expansion (Hanahan and Weinberg, 2000).

MM seems to persist within the so called 'myeloma niche'. Significantly increased
cytokine levels characterize the bone marrow of newly diagnosed patients of which
interleukin-16 (IL-16) and hepatocyte growth factor (HGF) correlate positively with bone
marrow infiltration and might be essential in adhering MM (Cao et al., 2010). By this,
MM persistence exhibits clear analogies to viral strategies, that themselves use the
induction of cytokine secretion as well as stimulation of bystander cells to create a
co-operative environment (Alcami and Koszinowski, 2000).

Furthermore, MM cells interact with the immune cells in their surroundings. They
change the CD8/CD4 T-cell ratio towards a decrease of CD4 cells, what is associated

6
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with a lower survival rate and an increased relapse probability rate compared to
patients with a normal ratio. In normal T-cell activation, after MHC-II-mediated antigen
presentation, an indispensable second co-stimulatory signal needs to be provided by
B cells or other antigen-presenting cells via CD80 and its ligand CD28 on the T-cell
surface. Interestingly, plasma cells from MM patients, plasmocytomas and human
myeloma cell lines (HMCL) do not express co-stimulatory CD80 but do express CD28
levels that are as high as on T cells (Zhang et al., 1998). Additionally MM takes profit of
the maintenance of HLA-class-I molecules, by which they retain a surface pattern that
does not provoke NK-cell activation (Carbone et al., 2005). Though MM expresses the
idiotype (ld), a clone specific antigenic determinant of the produced immunoglobulin,
they are poor presenters and remain undetected. Secretion of TGF-f mediates T-cell
cycle arrest, and the increased IL-10 serum levels in MM patients efficiently reduce
NK-cell responses (Cook and Campbell, 1999; Chalifour et al., 2004).

Both T cells as well as NK cells express FasL after activation and induce apoptosis of
their target cell via Fas. Afterwards, the immune cells themselves express Fas and
undergo apoptosis to limit the immune reaction (Nagata, 1996). MM express both Fas
and FasL on their surface, but have an intrinsic and not yet fully understood resistance
towards Fas-mediated apoptosis (Greil et al., 1998; Cook and Campbell, 1999).
Therefore, they are able to evade immune cells and what is more, to induce their
death. With this mechanism, MM just mimics the behavior of tissues in the so called
'immune-privileged' sites such as eye, brain, placenta, uterus and testis. In those sites,
FasL expression on non-lymphoid cells and consecutive killing of invading immune
cells prevents destructive immunological responses. The expression of FasL has been
shown for various MM cell lines and lymphoblastoid cell lines (LCL), including
RPMI-8226 and IM-9, and in vivo assays with T-ALL target cells have proven the ability
of MM cells for Fas-mediated target killing (Greil et al., 1998).
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Figure 2 - Mechanism of FasL mediated tumor survival

After MHC or antigen contact, NK cells as well as T cell express apoptosis-inducing FasL. To
down regulate immune response, the interaction is followed by Fas induction on the immune
cell. MM cells bear Fas and FasL on their surface but are themselves resistant to Fas

mediated apoptosis [figure adopted from Nagata, 1996].

Recently detected survival factors for MM cells are constitutively expressed toll-like
receptors (TLR), that are functional and stimulate MM growth after PAMP recognition
by autocrine IL-6 secretion (shown for primary myeloma cells and HMCL such as
RPMI-8226). The pattern of TLR (mainly TLR 1, 7 and 9) is hereby different from that of
B cells. Ligands like oligo-DNA with CG palindromes (CpG) protect the MM cells from
serum deprivation and dexamethasone-induced apoptosis and stimulate cell
expansion, so that infections of MM patients are harmful in two ways: They weaken the
patient but furthermore are a stimulus for the growth of plasma cells (Jego et al., 2006).

2.2.5 Therapy

Today, a broad spectrum of therapies is available to prolong the life span of patients.
Therapy is generally not started before the disease becomes symptomatic. Besides
conventional chemotherapy, new immunomodulatory drugs (ImiDs) like thalidomide,
lenalidomide and bortezomib lead to prolonged life spans and therefore limit the
indications for stem cell transplantation (SCT), but are still under extensive evaluation
(Singhal et al., 1999; Barlogie et al., 2006; Palumbo et al., 2006; Kumar et al., 2009).
Patients who undergo SCT receive high-dose chemotherapy to eliminate their own
blood formation (myelo-ablative therapy). Reinfusion of previously collected own
(autologous) stem cells is well-tolerated, but lacks additional anti-tumor effects. Donor-
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derived (allogeneic) stem cells additionally recognize the transplanted patient as
'foreign' and the stem cells offend the residing tumor burden (graft-versus-myeloma
effect), but might also damage the healthy tissue (graft-versus-host effect) (Tricot et al.,
1996).

Choice of therapy is related to age and risk factors (Table 2 - Mayo risk stratification for
MM). While patients younger than 65 years without severe organ dysfunctions might
receive induction therapy with thalidomide, lenalidomide or bortezomib, autologous
SCT with reduced conditioning regimes is an option for the elderly (Palumbo and
Anderson, 2011). It is important to determine early during treatment, if transplantation
is eligible, in order to spare stem cell toxic reagents such as melphalan. After
conditioning regimes with melphalan with or without total body irradiation (TBI), patients
receive single or repeated (tandem) grafts during transplantation. As autologous cells
do not exhibit additional anti-tumor effects, high relapse rates (about 80%) within the
first five years after transplantation are still a major problem, and optimizing immune
response against the residing tumor cells is aim of many investigations (Table 16 -
Outcome of MM patients after autologous stem cell transplantation) (Attal et al., 1996;
Bourhis et al., 2007).

Allogeneic stem cell transplantation can potentially cure MM, but shows only a median
overall survival of 50 months with a median survival of ~60% after 2 years,
accompanied with high relapse rates up to 20% within this time span (Gahrton et al.,
2001).

2.3 Natural killer cells

2.3.1 Characterization and classification

Natural killer (NK) cells were named for their ability to instantly and efficiently Kill tumor
cells, bacteria or virus infected cells without the need of prior antigen contact
(immunization) (Herberman et al., 1975; Garcia-Penarrubia et al., 1989; Biron and
Brossay, 2001). By this, they were initially considered as a part of the innate immune
system, while an advanced view acknowledges their role as an interlink between the
innate and the adoptive immune system, due to an immense excretion of cytokines
(Lanier et al., 1986; Fehniger et al., 2003; Caligiuri, 2008).

NK cells represent only 10-15 percent of peripheral blood lymphocytes (Lanier et al.,
1986). While a unique NK cell marker is still missing, NK cells are merely defined by
surface expression of CD56 and lack of CD3 (Robertson and Ritz, 1990). NK-T cells
are a CD56+CD3+ subset of T-lymphocytes that is not further discussed within this
work (Pittet et al., 2000).
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Surface density of CD56 divides two NK cell subsets (CD56°"™ and CD56%™) that have
different key aspects in cytokine production and cytotoxicity, reflected by differences in
their receptor patterns (Lanier et al., 1986; Cooper et al., 2001). The phenotype of NK-
92 effector cells, which were used within the present experiments, resembles mostly
the CD56""9" subset.

CD56"" cells have no or very low amount of CD16 and add up to 10 percent of
NK cells in peripheral blood but 90 percent of the NK cells in the lymph nodes
(Campbell et al., 2001; Fehniger et al., 2003). This subsets’ preference of the lymph
nodes is explained by the particular expression of chemokine receptors and adhesion
molecules (Frey et al., 1998; Campbell et al., 2001). Just as known for B and T cells,
the high expression of CC chemokine receptor 7 (CCR7) might allow NK cells to
migrate into lymph nodes, where the adhesion molecule L-selectin is necessary for
homing through high endothelial venules (Warnock et al., 1998; Warnock et al., 2000).
L-selectin expression is increased by interleukin (IL)-12, IL-10 and interferon (IFN)-o on
both CD56°"™ and CD56™ cells, while downregulation follows NK cell activation via IL-
2, IL-15 and TGF-B, thus increasing the NK cell count in the blood stream during
inflammation. Crosslinking of L-selectin leads to activation of lymphocyte function-
associated Ag 1 (LFA-1) that is the necessary following step for leukocyte
extravasation (Frey et al., 1998).

Especially CD56"9" cells are assumed to play a key role in the early immune reaction
on pathogens due to expression of high affinity IL-2 receptors (IL-2Rofy) and growth
promoting c-kit tyrosine kinase (CD117) that lack on CD56%™ cells (Caligiuri et al.,
1990; Matos et al., 1993; Frey et al., 1998; Fehniger et al., 2003).

Interaction between NK cells, dendritic cells (DC) and T cells in the lymph nodes is
strong. Upon antigen contact, DC activate NK cells by monokines such as IL-12, IL-15,
and IL-18. Vice versa NK cells stimulate DC by subsequent release of interferon (IFN)-
Y, tumor necrosis factor (TNF)-a, and GM-CSF for proliferation and antigen
presentation. IFN-y primes DC toward an IL-12 producing phenotype that induces
strong protective CD8 T cell responses. IL-10 and TGF-p secreted by DC can on the
other hand diminish NK cell responses (Fehniger et al., 2003; Mocikat et al., 2003;
Caligiuri, 2008).

CD56""9" cells also exhibit the same or even higher cytolytic capacity against tumor
cells compared to CD56"™ cells despite the lack of CD16 (Lanier et al., 1986; Ellis and
Fisher, 1989; Caligiuri et al., 1990).

About 90 percent of NK cells in the peripheral blood are characterized by expressing
CD56 at a very low surface density (CD56°™) while showing high amounts of FcyRlll
(CD16°"9™). The later enables them to exhibit strong antibody dependent cytotoxicity
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(ADCC) (Campbell et al., 2001; Cooper et al., 2001). Small amounts of L-selectin and a
high expression of LFA-1 explain the preference of CD56%™ cells to persist in peripheral
blood (Frey et al., 1998).

Differences in chemokine receptor patterns lead to the proposal that CD56""" cell
interaction might have its focal point in chronic inflammation like monocytes, while the
CD56°™ cells might be involved predominantly in acute inflammation like neutrophils
(Campbell et al., 2001). Another distinction can be seen in the pattern of the subsets
inhibitory NK cell receptors. While CD56” " cells express high levels of the
CD94-NKG2A heterodimer but diminishing amounts of KIR and LIR-1, the CD56%™
subset exhibits the opposite configuration (Cooper et al., 2001).

A

Figure 3 - Human Natural killer cell subsets
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CD56%™ NK cells and (B) depicted surface
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2.3.2 Development

Though little is known about the detailed steps of NK cell development, it is assumed
today that the initial development occurs in the bone marrow and requires IL-15 (Lanier
et al., 1986; Mrdzek et al., 1996). For expansion, c-kit ligand (KL) and flt-3 ligand (FL)
are necessary (Mrézek et al., 1996; Yu et al., 1998). Most likely, the main process of
NK cell development is located in the lymph nodes. Here, almost all CD34+ cells can
be defined as CD34°"CD45RA+p;"". They differentiate to CD56°"" NK cells under
the influence of IL-2/ IL-15 that is expressed by activated T cells and
antigen-presenting cells, but cannot be prompted for progression to CD56%™ cells
(Freud et al., 2005). The current model for NK cell development assumes a more
mature CD56%™ subset to evolve from C56"%" progenitor cells under the influence of
interactions between CD56 and fibroblast growth factor receptor-1 (Chan et al., 2007;
Caligiuri, 2008).

pro-NK pre-NK i(mmature)NK CD56”"NK  CD56%™ NK
CD34 CD34
CD45RA CD45RA
CD10
CD161+/- CD161
CD117 CD117 CD117+/-
KIR+/- KIR
CD94/NKG2 CD94/NKG2A
A +/-
CD16

Figure 4 - Development of NK cells
Current model of NK cell development. CD34°™"CD45RA+37"%" NK cell progenitors in the BM

bright

might traffic to the lymph nodes and differentiate to CD56 cells under the influence of IL-2/

IL-15, while CD56%™ cells seem to evoke from the bright subset as initially proposed in 1986
(Lanier et al., 1986; Freud et al., 2005; Freud and Caligiuri, 2006; Caligiuri, 2008) [figure
adopted from Caligiuri (2008)].

Unlike T cells, NK-cell receptors do not undergo rearrangement, for pathogen
recognition of NK cells is not antigen dependent but dictated by the sum of incoming
signals via ligands of the target surface (Leiden et al., 1988; Lanier, 2005). During a
process called licensing, NK cells with receptors for self MHC-I molecules are positively
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selected and stimulated for proliferation. Missing receptors against self MHC-I
molecules do not lead to depletion but to a second subset of resting NK cells that might
be activated via IL-2 (Kim et al., 2005). Thus, apart from missing-self recognition,
activating signals are required to achieve cytolysis or cytotoxicity (Karre et al;
Ljunggren and Karre, 1990).

2.3.3 NK cell signaling pathways

Though the signaling pathways of NK cells are not fully understood, there seem to be
great similarities to B- and T cells. For the best described groups of activating and
inhibitory NK cell receptors, the signaling occurs via cytoplasmic immunoreceptor
tyrosine-based inhibitory or activating motifs (ITIMs, ITAMs) (Lanier, 2005).
ITAM-mediated signaling mostly requires the recruitment of adapter molecules and
leads to Ca” influx, degranulation, and transcription of cytokine and chemokine genes.
The sequence of ITAMs s aspartic acid/ glutamic acid-x-x-tyrosine-x-x-
leucine/isoleucine-(x6-8)-tyrosine-xx-(leucine/isoleucine), where x denotes any
optional amino acid. The three main ITAM-containing adapter proteins are the gamma
chains of high-affinity receptor for the Fc region of immunoglobulin E (FceRly),
CD3¢ chain (CD3¢) and killer cell activating receptor-associated protein /DNAX
activating protein of 12kDa (DAP12/KARAP). Tyrosine phosphorylation of the ITAM is
followed by recruitment of spleen tyrosine kinase (Syk) and Zeta-chain-associated
protein kinase 70kDa (ZAP70) (Lanier, 2005; Vely and Vivier, 2005).

ITIMs consist of an amino acid domain with the conserved sequence
(isoleucine/valine)-x-tyrosine-x-x- (leucine/valine) (Muta et al., 1994; Burshtyn et al.,
1997).

Crosslinking of inhibitory receptor leads to the inhibition of Ca* influx (Muta et al., 1994;
Colonna et al., 1997; Lanier, 2005). Src-family kinases recruit SH2-containing protein-
tyrosine phosphatase (SHP)-1 and SHP-2 or SH2-containing inositol polyphosphate 5-
phosphatase (SHIP) and a direct interaction between inhibiting and activating receptors
via SHP has been proposed (Thomas, 1995; Borges and Cosman, 2000). While SHIP
exhibits its inhibitory function by preventing Ca*® mediated signaling, SHP-1 and SHP-2
recruitment leads to a reduction of signal protein phosphorylation (Lanier, 2005; Vely
and Vivier, 2005).

LIR-1 signaling is mediated by SHP-1 but not SHP-2 or SHIP (Colonna et al., 1997).
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Figure 5 - NK cell effector signaling pathways

Inhibitory MHC-1 dependent receptors (red) and activating receptors (blue, green) in human

(h) and mice (m). Presence of a transmembrane charged amino acid is marked with

asterisks. KIR-S represents KIR with a short intracytoplasmic domain and no intrinsic

signaling properties, KIR-L are inhibitory receptors with an intracytoplasmic ITIM. NGK2D

splice forms do only exist in mice but not in humans [picture and legend adopted from Vely

and Vivier, 2005].

2.3.4 NK cell regulation and defense mechanisms

Natural killer cells originally obtained their name due to the detection of instant

lymphocyte-mediated killing of mouse Moloney leukemia cells in vitro that did not

involve T cells or B cells (Herberman et al., 1975; Kiessling et al., 1975). Their

activation mechanisms allow them to detect and deteriorate foreign or internal

pathogens without the necessity of additional co-stimulation or prior immunization. As a

part of the innate immune system, they play a key role in the defense against bacteria

and viruses. They are the main subset of peripheral blood mononuclear cells (PBMC)

that responds to a bacterial stimulus by proliferation and upregulation of activation

markers CD25 as well as CD69 (Haller et al., 2000).
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Multiple ways of activation are known that lead to cytokine production, distribution of
perforin/granzyme containing granulae or induction of apoptosis via TNF death
receptor family members like Fas ligand (FasL) and TNF-related apoptosis-inducing
ligand (TRAIL) (Figure 6) (Lanier, 2005; Smyth et al., 2005). In many studies the
relevance of the presence of accessory cells such as monocytes and DC for successful
target lysis has been emphasized, though in certain experimental settings deterioration
could be achieved without any bystander cells (Haller et al., 2000; Newman and Riley,
2007; Esin et al., 2008).

The interaction occurs via direct contact with co-stimulatory receptors such as CD28 or
the secretion of type I IFNs (IFNa and IFNB), that are other crucial activation factors
for NK cells that lead to the induction of apoptosis-inducing FasL (Haller et al., 2000;
Gerosa et al., 2005). While in the early immune response to pathogens, monokines
such a IL-12, IL-15 and IL-18 submit dominant stimulatory signals, later on
T-cell derived IL-2 becomes a predominant mediator (Morgan et al., 1976; Gillis et al.,
1978; Trinchieri et al., 1984; Fehniger et al., 1999). Lately, even in the stimulation via
cytokines, the direct contact between NK cells and accessory cells has been proposed
to be vital by transferring IL-12 via synapse formation or by re-binding and presenting
the soluble IL-15 (Borg et al., 2004; Schluns et al., 2005).

The activation via IL-2 is mediated by different IL-2 receptor complexes. The low affinity
IL-2 receptor a chain (IL-2Ra, CD25, binding affinity Kd ~10nM) does itself mediate
signal transduction, but requires rather high levels of stimulation. Intermediate affinity to
IL-2 is mediated by a complex of IL-2RB chain (Bc, CD122) and yc (CD132) which
together reach a binding affinity of Kd ~ 1nM. The three subunits together mediate high
IL-2 affinity (Kd ~ 10pM) (Wang and Smith, 1987). Both CD56"" cells as well as
activated T cells express IL-2Ra chain, and are therefore able to take advantage of the
high affinity IL-2 receptor (IL-2Rafy) that lacks on CD56°™ cells (Caligiuri et al., 1990;
Nelson and Willerford, 1998).

Activation leads to proliferation and to production of various cytokines and chemokines
by the NK cells, such as IL-10, IFN-y, granulocyte-macrophage colony-stimulating
factor (GM-CSF), macrophage inflammatory protein (MIP)-1a, -1B, IFN-y, thus
classifying NK cells as an interlink between the innate and the adoptive immune
system (Cuturi et al., 1989; Fehniger et al., 1999; Fehniger et al., 2003). As most of the
NK-cell defense mechanisms against tumor cells seem to be designed for bacteria or
virus infected cells, they will be described separately within this context (2.3.4.1
Bacterial defense, 2.3.4.2 Viral defense, 2.3.4.3 Detection of infected or altered cells by
MHC expression) and be specified in regard to myeloma immune evasion (2.2.4

Myeloma immune evasion).
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Figure 6 - NK cell activation by accessory cells and target cells

Variant types of NK cell activation mainly lead to a few reactions like FASL or TRAIL induced
apoptosis as well as release of toxic substances (like perforine, LL-37 and HPN 1-3) that
disrupt the targeted cell membrane (Hristova et al., 1997; Agerberth et al., 2000; Smyth et al.,
2005).

Monocytes and DC secrete IL-12,-15 and -18 to stimulate NK cells for production of GM-CSF,
MIP1a ,-1B and IFN-y, of which the latter is mainly induced by DC derived IL-12, while release
of T cell growth factor IL-2 also promotes NK cell proliferation (Trinchieri et al., 1984;
Fehniger et al., 1999; Haller et al., 2000; Nguyen et al., 2002).

IFN-y not only induces FasL and TRAIL expression, but exhibits various ways in target cell
and virus destruction (Schroder, 2003). On the target side, altered MHC-I expression is a
strong but not sufficient stimulus. Stress-induced proteins MIC-A and —B correspond via NK
cell receptor NKG2D, while PAMP like CpG and LPS as well as surface bound antigens
directly stimulate the NK cell via PPR and FcyllIR (CD16), respectively (Perussia et al., 1983;
Ljunggren and Karre, 1990; Haller et al., 2000; Chalifour et al., 2004; Sivori et al., 2004;
Carbone et al., 2005).

Downregulation of NK cell reaction can be mediated by DC or CD4+CD25"" regulatory

T cells (Treg) via transforming growth factor (TGF)-f as well as by IL-10, a late
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cytokine derived from macrophages as well as T cells and other NK cells. IL-10 inhibits
IFN-y production even in the presence of otherwise stimulating PAMPs. Other inhibitory
signals are triggered by human MHC-I molecules as well as viral and bacterial surface
molecules in order to evade immune response (Hsu et al., 1992; Chalifour et al., 2004;
Ghiringhelli, 2005; Lanier, 2005).

2.3.4.1 Bacterial defense

Extracellular gram-positive as well as gram-negative bacteria are killed by NK cells
(Garcia-Penarrubia et al., 1989). Most invaders are successfully coated by B cell
derived antibodies. The free Fc part of the antibody (Ab) corresponds with Fcylll
receptors (CD16) to activate NK cells via a mechanism called Ab dependent cellular
cytotoxicity (ADCC) (Holm and Hammarstrém, 1973; Perussia et al., 1983).

NK cells recognize pathogen-associated molecular patterns (PAMPs) by
pattern-recognition receptors (PPRs), mostly members of the Toll-like receptor (TLR)
family. They express mRNA for TLR 1-8, with highest expression of TLR 2 and 3.
Those TLRs are activated by bacterial membrane proteins or bacteria double strand
(ds) RNA that can experimentally be replaced by oligo-DNA with CG palindromes
(CpG) (lho et al, 1999; Chalifour et al, 2004; Sivori et al., 2004).
Monocytes/macrophages produce NK cell stimulating IFN o/p upon activation by CpG
(Yamamoto et al., 1992). Further bacterial stimulation occurs by lipopolysaccharides
(LPS) or NK cell contact to bacterially primed monocytes (Haller et al., 2000).

Esin et al. (2008) have demonstrated that NK cells bind directly to mycobacteria and
Pseudomonas aeruginosa but not to other bacterial species via NKp44 (but not NKp30
or NKp46). Binding to Mycobacterium bovis bacillus Calmette-Guérin (BCG) leads to
upregulation of NKp44, INFy production, proliferation and cytotoxicity without the need
of accessory cells (Esin et al., 2008).

Upon activation, NK cells distribute various other cytokines and release toxic granulae
(Fehniger et al., 1999; Haller et al., 2000). They produce IFNy and a—defensins 1 to 3
(human neutrophil a-defensin, HPN 1 to 3) as well as the antibacterial peptide LL-37
(Agerberth et al., 2000; Chalifour et al., 2004). LL-37 and HPN 1-3 are not only found
on NK cells but also on B-cells and ydT cells as well as monocytes and neutrophils,
thus providing a general immune response towards invaders (Lehrer and Ganz, 1999;
Agerberth et al., 2000).

While cytokine production is predominant in the CD56"" subset, the CD56%™ subset
preferentially degranulates upon antigen contact and seems to co-stimulate the
CD56°™ subset (Chalifour et al., 2004; Bottai et al., 2005).
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HPN 1-3 are defensins that kill bacteria by disrupting the cell membrane via
aggregation to membrane pores (Hristova et al., 1997). Furthermore, a-defensins have
a chemotactic effect on monocytes, T-cells, immature dendritic cells and can activate
complement factors, thus exhibiting an additional indirect way of immune response (de
Yang et al., 2002). LL-37 is an antibacterial protein that shows a broad spectrum of
antimicrobial activity against extracellular as well as intracellular bacteria, fungi, and
viral pathogens also by disrupting the cell membrane due to its amphipathic properties
(Darr et al., 2006). It is expressed on human lymphocytes and a broad range of tissues
such as the epithelial cells of gastrointestinal tract and the respiratory tract. It has
chemotactic activity towards CD4+ T cells and can be induced by stimulation via IFNy
or TLR and is therefore a peptide with relevance for the early immune defense
(Agerberth et al., 2000; Rivas-Santiago et al., 2008).

Figure 7 - NK cell degranulation upon bacterial contact
E.coli bacteria associate with the NK cell membrane and induce degranulation. Persistent
granules are shown by arrows (x8000) [according to Garcia-Penarrubia et al., 1989].

2.3.4.2 Viral defense

NK cells are strong combatants against viral offenses: IFN-y secretion by NK cells is
assumed to be a part of the early host defense against infection, while the later
provision is due to T lymphocytes in the adaptive immune response, IFN-y up regulates
MHC-I expression of the surrounding cells, marking them as a target for T cells. It
exhibits strong antiviral effects and has a pro-apoptotic effect via upregulation of death-
associated proteins (DAP) as well as FasL (Schroder, 2003). IFN-y induces synthesis
of anti-viral nitric oxide (NO) and interacts with LRG-47, a 47-kilodalton guanosine
triphosphatase (GTPase) family that has been shown to be involved in defense of
murine tuberculosis infection (MacMicking et al., 1997; MacMicking et al., 2003). The

monokine induced by IFNy (Mig/CXCL9) is required for viral resistance in the liver and
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a potent chemokine for T-cell and monocyte activation (Salazar-Mather et al., 2000;
Chalifour et al., 2004; Groom and Luster, 2011).

Just as bacteria, viruses have efficient immune evasion mechanisms that are copied by
tumor cells and are extensively studied in human Cytomegalovirus (CMV) infection.
CMV down regulates MHC-I expression of the infected cell to evade T cells by retaining
the MHC molecules in the endoplasmic reticulum or re-internalizing the heavy chains. It
blocks the transporter associated with antigen processing (TAP) and can control the
expressed epitopes to remain invisible for the T cells (Ploegh, 1998).

The virus also induces expression of the high-affinity LIR-1 ligand UL18 to inhibit NK
cell cytotoxicity and up regulates HLA-E by glycoprotein UL40 for the same reason
(Chapman et al., 1999; Tomasec et al., 2000). The CMV encoded protein UL16 can
block interaction with the activating NK cell receptor NKG2D, while the main tegument
protein (pp65) of HCMV inhibits NK cells by interference with the activating NKp30
(Cosman et al.,, 2001; Arnon et al.,, 2005). Other viral defense strategies are the
expression of viral hemagglutinins that bind to inhibitory NKp46 and NKp44
(Mandelboim et al., 2001; Arnon et al., 2004).

2.3.4.3 Detection of infected or altered cells by MHC expression

An immense number of inhibitory and activating signals seem to be integrated in the
NK cell via a set of receptors that recognize aberrations from the healthy MHC-I pattern
of the host. Those alterations are due to intrinsic defects or bacterial and viral infection
(2.3.5 NK cell receptors; Table 17 - NK cell receptors). While those reactions were
initially assigned to the lack of MHC-I molecules ('missing self' hypothesis), the present
theories emphasize the requirement of additional stimulating signals. This is a
necessary safety mechanism, for some body tissues like neurons and erythrocytes
express low or no MHC-I. A growing number of involved receptors and co-factors are
identified for which the respective ligands often remain unknown (Karre et al.;
Ljunggren and Karre, 1990; Lanier, 2005).

2.3.5 NK cell receptors

NK cell receptors are functionally divided into activating and inhibitory receptors. Their

main ligands are MHC-I molecules, while some of the receptors can directly recognize

specific antigens on bacteria or damaged cells. Mainly three different subclasses of NK

cell receptors (NKR) can be distinguished:

- Type | transmembrane proteins of the immunoglobulin-like receptor superfamily
(IgSF), which include killer immunoglobulin like receptors (KIR) and leukocyte
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immunoglobulin like receptors (LIR). Both recognize classical MHC-I molecules, while
LIR can also ligate non-classical MHC-I.

- Natural cytotoxicity receptors (NCR) that also belong to type | transmembrane
proteins but have diverse and poorly defined ligands.

- Type Il transmembrane proteins of the C-lectin type superfamily, that are activated by
non-classical MHC class | and class-I like molecules (Lanier, 2005).

2.3.5.1 KIR

Killer immunoglobulin like receptors (KIR) belong to the immunoglobulin like
superfamily (IgSF). The 15 KIR genes and 2 pseudogenes are located on chromosome
19g13.4. The expression of a distinct gene content leads to at least 37 haplotypes that
are further varied by high allelic polymorphisms. Like the other NK cell receptors, no
rearrangement but rather a stable expression during cell progeny occurs (Lanier,
2005). On NK cells, the CD56""9" subset is the main KIR bearing subset (Cooper et al.,
2001).

KIR receptors are classified by the number of extracellular Ig-like domains into KIR2D
and KIR3D (Colonna and Samaridis, 1995; Wagtmann et al., 1995). On the
cytoplasmic side, receptors with long domains possess one or two ITIMs and are
therefore considered inhibitory, naming the receptor KIR2/3DL1 or KIR2/3DL2 (Lanier,
2005). Inhibitory KIR are stimulated by binding to the highly polymorphic regions o2
and o3 of classical MHC-I molecules HLA-A, -B and —C (Borges and Cosman, 2000).
Receptors with short cytoplasmic tails associate with the adaptor molecule DAP12 via
a lysine residue in their transmembrane region and are assumed to fulfill activating
functions. Unlike the inhibitory KIR receptors, their ligands are still unknown and they
show only little or no binding to HLA molecules (Lanier, 2005).

The only KIR receptor known today to not fit that pattern is KIR2DL4 (CD158d). Upon
stimulation, it is triggering IFNy production by resting NK cells and additional
cytotoxicity in activated NK cells (Rajagopalan et al., 2001; Kikuchi-Maki et al., 2005).
Due to its structural characteristics, it shows inhibitory as well as activating functions
that seem to work independently in an experimental setting, but physiological
stimulation always leads to activation. KIR2DL4 specific is the expression of one
cytoplasmic ITIM with a unique C-terminal extension that can bind the phosphatases
SHP-1 and SHP-2 as the ITIMs of other KIR plus expression of an ITIM-like motif of
unknown function. Furthermore it shows characteristics of activating NK cell receptors
but not KIR receptors as there is an arginine rather than lysine transmembrane residue
(Faure and Long, 2002). Thereby it associates with FceRly adaptor protein instead of
DAP12 (Kikuchi-Maki et al., 2005). Abrogation of the protein adaption still leads to
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cytokine production, what indicates a second and direct activation pathway different
from the one mediated by FceRly (Miah et al., 2008). The extracellular domains consist
of DO and D2, rather than the expected D1 and D2 domains of other KIR2D receptors
(Selvakumar et al., 1996).

The data concerning its ligand are contradictory as some suggest stimulation by
soluble HLA-G while others do not (Cantoni et al., 1998; Allan et al., 1999; Ponte et al.,
1999; Rajagopalan, 1999; Boyson et al., 2002).

2.3.5.2 LIR-1/ILT-2 / CD85j

Leukocyte immunoglobulin-like receptor (LIR)-1 is an inhibitory receptor also known as
immunoglobulin like transcript-2 (ILT-2) /CD85j or leukocyte immunoglobulin-like
receptor, subfamily B member 1 (LILRB1) (Samaridis and Colonna, 1997). It has first
been detected in searching for the counterpart of UL18, a cytomegalovirus encoded
MHC-I homolog that is expressed on infected cells (Beck and Barrell, 1988;
Fahnestock et al., 1995; Cosman et al., 1997).

Classification of LIR molecules

LIR are structurally similar to KIR. Like KIR proteins, LIR belong to the immunoglobulin
superfamily (IgSF). Three groups of LIR can be defined according to the presence or
lack of ITIMs and the lack of the transmembrane domain, which leads to a single
soluble protein. The LIR gene family is located on chromosome 19q13.2-q13.4, close
to the genes of human KIR and FcaR (Borges et al.,, 1997; Cosman et al., 1997;
Wagtmann et al., 1997). Their extracellular Ig domains share high sequence identities
of up to 84 percent between the family members (Chapman et al., 2000).

LIR are expressed on subsets of NK cells and T cells, as well as on monocytes,
B cells, and DC, with the widest distribution for LIR-1. Most LIR are predominantly
expressed on monocytes and B-cells (LIR-1,-2,-5,-6) (Borges et al., 1997; Cosman et
al., 1997; Samaridis and Colonna, 1997; Godal et al., 2010). NK cells express LIR-1,-
2,-4, -5, -7 and -8 with the later only found on NK cells (Borges et al., 1997; Borges and
Cosman, 2000).

LIR-1, -2, -3, -5, and -8 show long cytoplasmic domains with two or four
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that deliver inhibitory signals
by association with the protein tyrosine phosphatase SHP-1 (Borges et al., 1997;
Cosman et al., 1997; Samaridis and Colonna, 1997).

LIR-1 has four Ig domains as well as four cytoplasmic ITIMs of which only one shows
the typical sequence (Isoleucin/Valin)-x-Tyrosin-x-x- (Leucin/Valin), that seems to be
responsible for SHP-1 binding (Burshtyn et al., 1997; Colonna et al., 1997; Cosman et
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al., 1997). There is an LIR-1 variant with a difference of 6 amino acids (ILT-2a) as well
as two splice variants (ILT-2b and c) of which one has a cytoplasmic tail without ITIMs.
LIR-1 signals via SHP-1 but not via SHP-2 or SHIP (Colonna et al., 1997).

LIR-2  (LILRB2/ILT-4/CD85d) and LIR-3 (LILRB3/ILT-5/CD85a) have four
Ig-like domains and three to four ITIMs, respectively (Borges et al., 1997).

LIR-3 cDNA has been shown to exhibit a high diversity. LIR-2 and -3 have at least 6
alternatively spliced forms each, of which some do not have ITIM. LIR-8
(LILRB5/CD85¢c) has only two ITIMs, whereas LIR-4 (LILRA3, ILT-6, CD85e) is a
soluble molecule with no transmembrane domain and with no ITIM (Borges et al.,
1997; Colonna et al., 1997).

The only activating members of the LIR family are LIR-6 (LILRA1/CD85i) and LIR-7
(LILRA2/ILT-1/CD85h) with short cytoplasmic domains and a positively charged
arginine residue within the transmembrane domain that associate with FcyR that
contains a signaling ITAM sequence on the cytoplasmic region. LIR-6a,-6b are splice
variants of LIR-6 (LILRA1/CD85i) (Borges et al., 1997; Samaridis and Colonna, 1997).
LIR-6 has been shown to bind to HLA-B (Allen et al., 2001), whereas the ligands for
other LIR are so far unknown (Samaridis and Colonna, 1997; Borges and Cosman,
2000).
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Figure 8 - Leukocyte immunoglobulin like receptors (LIR)

Receptors of the LIR family differ in the number of extracellular and intracellular domains. Out
of the eight family members, most exhibit inhibitory intracellular motifs, while LIR-4 is a
soluble and LIR-6 and -7 associate with activating FcRy chain [figure adopted from Borges
and Cosman, 2000].

LIR-1

The frequency of LIR-1 expression varies highly among individuals, with a range of
25-75 percent positive staining of NK cells (Davidson et al., 2010). LIR-1 is more likely
to be co-expressed on KIR+ than on KIR- NK cells (Godal et al., 2010). It has been
proposed, that LIR-1 co-operates with ITIM deficient KIR in a way, that allows
stimulated KIR to transduce its signals via a LIR-1 dependent signal way, providing a
bypass mechanism in cell that lacks other inhibitory receptors (Kirwan and Burshtyn,
2005). lts expression is known to increase during B-cell maturation, being absent in the
pre-B cell stage but ubiquitous on mature B cells (Borges and Cosman, 2000). It is so
far the only LIR receptor that has been detected on CD4+ and CD8+ T cells, and
Young et al. (2001) proposed a model where LIR-1 expression is followed by KIR
expression on cells that survive activation induced cell death by activation through
TCR/CD3 complex and then turn into memory T cells. On the other hand, Young et al.
found LIR expression on KIR- T cells to render them susceptible to activation-induced
cell death (Young et al., 2001).

LIR-1 and LIR-2 have a broad spectrum of ligands, as they bind to HLA-A, -B, -C, -E
and G. LIR-1 does not bind to HLA-Cw3 (Colonna et al., 1997; Chapman et al., 1999;
Borges and Cosman, 2000). It has a 2-3 fold higher affinity to HLA-G than to classical
MHC-I molecules as shown in surface plasmon resonance studies, but lately
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HLA-B*2705 rather than HLA-G has been claimed to be the main ligand for LIR-1. As
LIR-1 competes successfully with CD8 in MHC-I binding, it might provide an additional
inhibitory immune effect beside transmission of NK cell arrest (Shiroishi et al., 2003;
Morel and Bell6n, 2008).

From the very beginning it has been asked, if LIR have a biological significance, due to
the very low affinity to their ligands (Borges and Cosman, 2000; Chapman et al., 2000).
HCMV expresses UL18, a MHC class | homolog that has only 25% amino sequence
identity with MHC class (Beck and Barrell, 1988). LIR-1, but not the other LIR binds to
UL-18 with a 1000-fold higher binding affinity than for class-I MHC proteins which are
their main ligands (Borges et al., 1997; Chapman et al., 1999). The high affinity of
UL18 to LIR-1 is assumed to be a viral evasion mechanism from immune defense.
HCMV induces MHC-I downregulation at the host cell, thus evading T-cells but risking
the attention of NK cells that would likely react on this lack of MHC-I, but can be
inhibited by UL-18 via LIR-1 (Fahnestock et al., 1995; Wiertz et al., 1997; Chapman et
al., 1999).

LIR-1 recognizes both class | molecules and UL18 at their relatively low polymorphic
o3 domain with its N-terminal domain D1, what might be the reason for showing
binding affinities to a broad range of classical and nonclassical MHC class | molecules.
Receptors of the KIR family bind to highly polymorphic regions a1 and o2 in a region
located nearby the interdomain hinge of D1 and D2 - therefore being more specific and
restricted in their binding capability (Chapman et al., 1999; Boyington et al., 2000;
Chapman et al., 2000).
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Figure 9 - LIR-1 and p58 KIR binding to
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LIR-1 and KIR2DL1 bind to MHC class |
molecules by red-marked residues on the
left. It is assumed that binding of LIR-1 to
MHC-I and UL18 involves the same
residues [figure according to Chapman et
al., 2000].

Artificial crosslinking of LIR-1 can block B-cell-receptor- and FcR-mediated activation of
B cells and monocytes. It can downregulate HLA-DR mediated stimulation of
macrophages and DC, whereas MHC-I engagement by LIR-1 has been shown to
prevent T-cell and NK-cell signaling (Colonna et al., 1997; Colonna et al., 1998; Fanger
et al., 1998; Saverino et al., 2000; Dietrich et al., 2001; Riteau, 2001).

In cytotoxicity assays, an increase of targets cell lysis can be achieved by blocking
antibodies against LIR-1 in some but not all cases (Discussion).

There are many indications for other functional capacities of LIR molecules rather than
the widely proclaimed direct inhibition of cytotoxicity via HLA. Interestingly,
LIR-5 (ILT-3) might be involved in antigen presentation, for after stimulation it is
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internalized together with the bound antibody and transported to a compartment, where
MHC-II molecules are loaded with peptides (Cella et al., 1997). This function has not
yet been described for other LIR molecules (Borges and Cosman, 2000). It has been
suggested, that LIR-1 and LIR-2 on DC might prevent them from producing T-cell co-
stimulatory factors, thus hindering T cells from autoaggression, which are not fully
resistant to self-antigens despite of selection in thymus (Borges and Cosman, 2000).
An increase of LIR-1 on NK cells and T cells has been detected in latent CMV infection
and has been proposed to serve as an early marker for CMV infection.
Berg at al. (2003) suggested that either CMV induces clonal expansion of LIR-1
positive cells or that LIR-1 could predispose for CMV development (Berg et al., 2003).
LIR-1 as well as its mouse homolog PIR-B are furthermore receptors for bacteria such
as S. aureus and E. coli (Nakayama et al., 2007).

2.3.5.3 CD94/NKG2A (CD159a)

Natural killer cell lectin like receptor group 2 (NKG2) receptors belong to the C-lectin
like family. The members form heterodimers with CD94 that show inhibitory as well as
activating functions.

The genes for CD94/NKG2 are conserved between mice and humans. In humans, one
gene for CD94 and five for NKG2 have been detected: NKG2A, B, C, D, E and an F, of
which the last one is not found in mice (Vance et al., 1998; Sobanov et al., 1999; Takei
et al., 2001). CD94 has a short cytoplasmic domain and is either expressed as a
homodimer or as a heterodimer with NKG2 proteins (Pérez-Villar et al., 1996; Vance et
al., 1998).

NKG2A and -B are splice variants with the same function. They bind to HLA-E, a non-
classical HLA molecule that is loaded with leader peptides of HLA-A, -B, or -C.
Therefore, binding of HLA-E serves as a signal for overall HLA expression on the
sensed cell. NKG2A has a long cytoplasmic tail containing two ITIMs (Braud et al.,
1998; Takei et al., 2001). As a defense strategy in HCMV infection, HLA-E is
upregulated by glycoprotein UL40, a homolog for the HLA-E binding peptide (Tomasec
et al., 2000).

Inhibitory NKG2A is expressed on about 53% of NK cells and is the dominant inhibitory
receptor on KIR- NK cells (Godal et al., 2010). Studies indicate that NKT cells are more
likely to express activating CD94/NKG2 heterodimers while NK cells express mostly
inhibitory CD94/NKG2A (Takei et al., 2001).

CD94/NKG2A is also expressed on CD8+ T cells and NKT cells (Mingari et al., 1998a;
Takei et al., 2001). In trials with murine cytotoxic T cells (CTL), it seems to have an
inhibitory function in contact with non-classical MHC-I, but is also shown to take part in
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regulation of cytolytic activity and lymphokine production as soon as linked with
monoclonal Abs (Le Dréan et al., 1998; Bellén et al., 1999; Speiser et al., 1999;
Lohwasser et al., 2001). On CD8+ T cells, expression of NKG2A can be induced by IL-
15 and TGF-B (Mingari et al., 1998b; Bertone et al., 1999).

The other transcripts of the NKG2 gene on chromosome 12p12.3-13.1 work as
activating receptors as there are NKG2C, -E (splice variant -H) and F. They have a
short cytoplasmic tail and adapt to proteins that contain ITAMs (Farag and Caligiuri,
2006). NKG2D is not a member of the NKG2 family. Though the gene is located on the
same part of the chromosome as the other NKG2 proteins, it is an activating
homodimer with the signaling performed by DAP10 that recruits phosphatidylinositol
(P1)-3-kinase which induces cytotoxicity. NKG2D takes an important role in immune
defense, for it is known to bind to stress induced MHC class | chain related proteins A
(MICA) and MICB, that are highly expressed on certain tumor cells, as well as to the
human cytomegalovirus UL16 binding proteins (ULBPs) (Farag and Caligiuri, 2006).

2.3.5.4 NCR

Natural cytotoxicity receptors (NCR) are a group of vigorous activation receptors
(NKp46/NCR1, NKp44/NCR2, NKp30/NCR3) that are Ig-like transmembrane
glycoproteins but not involved in interaction with HLA. All NCR lack ITAMs and owe
their potential to linkage to the adaptor proteins CD3¢, FcRy or DAP12. Their surface
expression is mostly restricted to NK cells. All NCR have been shown to be strongly
involved in tumor cell lysis (Moretta et al., 2001).

The first NCR to be detected in 1997 was NKp46. It was named according to its
glycoprotein size of 46kDa and initially believed to be restricted to NK cells, but is also
expressed on yoT cells (Sivori et al., 1997; Walzer et al., 2007). Virus detection by
NKp46 is based on interaction with viral hemagglutinins as well as signal transduction
via FceRly and CD3¢ (Lanier et al., 1989; Mandelboim et al., 2001; Moretta et al.,
2001). NKp30 was revealed only shortly thereafter in 1999 and acquires functionality
via CD3¢ (Pende et al., 1999). Other than these, NKp44 with its adaptor protein DAP12
is a marker for activated NK cells, being found after IL-2 stimulation but not on resting
NK cells (Vitale et al., 1998).

Though similarly named, the recently found activating NKp80 and NKp65 are not
classified as NCR, showing a C-lectin-like rather than an immunoglobulin-like
extracellular domain (Vitale et al., 2001; Spreu et al., 2010).

A study by Poggi et al. (2005) revealed another important tumor escape mechanism.
Though formerly only known as tumor defending structures, NCR interaction seems to

27



Introduction

lead to the upregulation of FasL by the tumor cell and the induction of NK-cell
apoptosis (2.2.4 Myeloma immune evasion) (Poggi et al., 2005).

2.3.6 Role of NK cells in the treatment of multiple myeloma

The presented experimental results of this work contribute to the efforts that are made
to improve the myeloma patients’ outcome after SCT. Transplantation is an incisive
event, which leaves the recipient in a state of severe immune deregulation for the
course of years.

Following a year or more after donation of CD34+ progenitor cells, B cells show high
deficiencies in number and production of antibodies. T-cell reconstitution is equally low
within the first 3-18 months and shows an inverted CD4/CD8 ratio. The number of
circulating CD4+ T cells can be low for years. Only NK cells with their innate functions
return to their post within the first month after SCT, thus being the predominant
leukocyte subset within the first 90 days (Ault et al., 1985; Porrata et al., 2001). In
settings where G-CSF was used to mobilize peripheral blood stem cells (PBSC), all
lymphocyte subsets develop faster, but NK cells are still among the first cells to
reconstitute (Rondelli et al., 2000). Moreover, immature NK cells in the early phase of
development in the bone marrow do not express any inhibitory receptors, while their
cytolytic capacity is increased by surface expression of NKp46 and NKp30 (Sivori et
al., 2002).

Those NCR as well as the activating receptor NKG2D are considered to be the main
receptor entities responsible for the effective killing of the residing tumor burden after
SCT, what is called the graft-versus-leukemia (GVL) effect (Gasser et al., 2005;
Moretta et al., 2005). On the other hand, NK cells do not seem to be involved in the
immune reaction of the transplanted graft against the receiving host. This graft-versus-
host disease (GVHD) is an often severe tissue damage that occurs mainly in the
gastrointestinal tract, skin and liver. A recent investigation showed that NK cells can
even reduce GVHD that is mediated mainly by alloreactive T cells. They induce their
apoptosis, while still proceeding against the tumor cells (Olson et al., 2010).

To evaluate the influence of self-MHC-I molecules in resistance of MM against NK-cell
mediated lysis, Carbone et al. (2005) investigated the susceptibility of MM cells from
bone marrow (BM), pleural effusion (PE) and peripheral blood (PB). They found out
that BM and PB cell lines were highly sensitive to killing, representing early stage MM
with hardly any expression of MHC class | but high levels of stress induced MICA. The
opposite was true for late stage PE cells with a poor vulnerability but high MHC-I and
low stress induced proteins. Increase of MHC-I during disease progression could be
confirmed with samples from 14 patients and came along with the additional increase

28



MATERIAL AND METHODS

of CD28, a confirmed marker for disease progression. As lysis of PE cells could be
restored by either blocking of MHC-1 or NCR, NKG2D or MICA, those were claimed
responsible for the former NK resistance (Carbone et al., 2005). On the opposite,
Frohn et al. have detected strong NK response towards MM cell lines and towards one
patient sample despite high HLA-I expression (Frohn et al., 2002).

Taken together, NK cells seem to play an important role in myeloma defense despite
the diverse mechanism of MM cells to evade recognition. Keeping or regaining high
expression of MHC-I seems to be an effective but not sufficient strategy of MM cells for
survival.

To further rule out MHC-I mediated MM escape, interactions with the inhibitory NK cell
receptor LIR-1 are of special interest. Due to its broad spectrum of HLA ligands
(HLA-A, -B,-C,-E ,-G) the maturation of MM might be associated with an enhanced
protection against immune control (Colonna et al., 1997; Braud et al., 1998).

3 MATERIAL AND METHODS

3.1 Material

3.1.1 Cells

Natural killer cell line NK-92 was obtained from American Type Culture Collection
(ATCC, Manassas, USA) and cultured in appropriate medium (Table 5 - Culture and
freeze media) (Davidson et al., 2010). NK-92 is a cell line that has been derived from
peripheral blood of a 50-year-old male with rapidly progressive non-Hodgkin
lymphoma. The cell line was established from the patient’s PBMC that contained large
granular lymphocytes (LGL) that revealed multiple aneuploidies and structural
rearrangements. Those cells were regarded as NK cells due to the expression of CD56
and the lack of CD3. Additional surface markers are CD2 +, CD7 +, CD11a +, CD28 + ,
CD45 +, CD54+, CD56""", CD1 -, CD3 -, CD4 -, CD5 -, CD8 -, CD10 -, CD14 -, CD16
-, CD19 -, CD20 -, CD23 -, CD34 -, HLA-DR - (Gong et al., 1994). Since NK cells
account for only 10-15 percent of total lymphocytes in the peripheral blood, the use of
NK cell lines is an established and convenient method for studying NK cell receptors.

NK-92 cells differ from normal NK cells by the lack of CD16, as well as a quite untypical
receptor expression: NK-92 are positive for LIR-1 and NKG2A as well as CD94, but
express only KIR2DL4 and its homolog NKp49, while other KIR molecules are lacking
(KIR3D family, KIR2DL1-3, KIR2DL5, KIR2DS1-5, KIR44, KIR48). Activating lg-like
receptors NKp30 and NKp46 can be detected (Maki et al., 2001; Davidson et al.,
2010). The NK-92 phenotype might most likely resemble the CD56"9" NK cell subset
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with high surface expression of NKG2A and low KIR receptor expression, though this
subset is described to show vanishing LIR-1, unlike results in the present study
(Colonna et al., 1997; Cooper et al., 2001).

Furthermore, NK-92 cells have been shown to kill the MHC class | negative cell line
K562 with a specific lysis of >80 percent at a 1:1 E:T ratio in a 4h chromium release
assay and are therefore regarded as a valuable tool for studying the biology of
activated NK cells (Gong et al., 1994).

Cell lines RPMI-8226, MOLP-8 (both MM), IM-9 (lymphoblastoid B cell line, BLCL),
HL60 (acute myelogenous leukemia, AML) and K562 (chronic myelogenous leukemia,
CML) were used as target cell lines in the conducted functional studies. K562 were
used as a control cell line, as they are known to be highly sensitive for NK cell
mediated killing (Lozzio and Lozzio, 1975; Yan et al., 1998). All tumor cell lines were
maintained in RPMI1640 supplemented with antibiotics and fetal calf serum (FCS)
(Table 5 - Culture and freeze media).

MOLP-8 is an EBV negative MM cell line established from a 52-year old Japanese
patient with Bence—Jones &/A type MM. The cell line is positive for cyclic IgA light chain,
d heavy chain, CD4, CD9, CD10, CD29, CD38, CD39, CD44, CD49b, CD49d, CD49f,
CD51, D54, CD56, CD58, CD71, CD126, CD130 and CD138. After co-culture with
direct contact to bone marrow stromal feeder cells, MOLP-8 cells turn positive for CD28
like almost all myeloma cells. MOLP-8 chromosomes have structural abnormalities
including t(11;14)(q13;032) that is common in myeloma (Drexler and Matsuo, 2000;
Matsuo et al., 2004). MOLP-8 expresses high levels of the short and long splice
variants of myeloid cell leukemia-1 protein (Mcl-1S/Mcl-1L) that belongs of the Bcl-2
family (Bae et al., 2000; Legartova et al., 2009). The implications for Mcl-1 on MM are
still unclear (Le Gouill et al., 2004). The Mcl-1 gene is located on the 1921 region, a
common site for chromosomal aberrations in MM (Legartova et al., 2009). Hanamura et
al. showed that 1g21 amplification increases from the stage of MGUS to MM and to
relapse (Hanamura et al., 2006). While the pro-apoptotic short 32kDa variant of the
Mcl-1 protein might serve as a prognostic marker for MM, the longer 40kDa variant is
also expressed on both MM and lymphoblastoid cells and has anti-apoptotic functions.
Mcl-1L can form heterodimers with Mcl-1 and other pro-apoptotic Bcl-2 family
members, that antagonize the pro-apoptotic effect (Bae et al., 2000; Legartova et al.,
2009).

RPMI8226 is the oldest MM cell line and was established in 1966. It was derived from a
61-year old male and is Epstein-Barr-virus (EBV) negative. Most of the cells resemble
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immature plasma cells. The cell line produces up to 20ug A-type light chains of
immunoglobulin per 10° cells per day plus another small peptide that could not be
characterized at time of exploration but might be an intermediate of light chain
synthesis. While 1gG heavy chain production of the MM cells was detected within the
donor, the cells have lost this productive ability in culture (Matsuoka et al.; Drexler and
Matsuo, 2000).

IM-9 is not a MM cell line but an EBV positive lymphoblastoid B cell line (BLCL) derived
from a patient with MM (Fahey et al., 1971; Drexler and Matsuo, 2000). In contrast to
plasma cells, LCL are capable of producing more than one Ig at the same time, but
have little endoplasmic reticulum. Immunoglobulins are only produced during the G1
and S-Phase in contrast to a more constant synthesis within plasma cells (Fahey et al.,
1971). They can grow in large dense clumps, while MM cells mostly stay in single cell
suspension. Its phenotype resembles B-cells (CD19, CD20) (van Boxel and Buell,
1974; Pellat-Deceunynk et al., 1995; Drexler and Matsuo, 2000).

Cell line EBV CD19 CD20 CD28 CD38 Surface Ig

RPMI 8226 - - - + + -

MOLP-8 - - - i + -
(inducible)

IM-9 + + + - - A G,k

Table 3 - Comparative analysis of myeloma and lymphoblastoid cell lines

Outline of characteristic differences in the expression of surface markers by MM cell lines
(RPMI8226, MOLP-8) and lymphoblastoid cell line IM-9 according to precedent publications
(van Boxel and Buell, 1974; Pellat-Deceunynk et al., 1995; Drexler and Matsuo, 2000;
Matsuo et al., 2004).

HL-60 is a common AML cell line, established in 1976 (Collins et al., 1977). In the
present experiments, it was used in order to verify, if certain experimental effects were

restricted to MM alone or could be transferred to other tumor entities.

K562 is an erythroleukemic cell line, which has been widely used as a control in NK cell
cytotoxicity assays, due to its lack of HLA molecules. It was established in 1975 from
pleural effusion cells of a CML patient in terminal blast crisis and is positive for the
Philadelphia chromosome. No infection with EBV virus or herpes-like viruses has been
detected (Lozzio and Lozzio, 1975; Maki et al., 2008).
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K562 cells are commonly described to lack HLA molecules inclusively HLA-E (Drew et
al., 1977; Benz et al., 1980). They lack staining with the antibodies W6/32 and B1.23.2
(HLA-A,-B,-C) as well as with 87G (HLA-G1) in flow cytometric analysis as well as with
4H84 (HLA-G o1 domain) in western blot, but Ziegler et al. (1981) showed that K562
express B2m and react with W6/32 in binding assays. Furthermore, SDS-gel
electrophoresis with W6/32 showed bands in the height of HLA-A, -B, - and C heavy
chains, while others found a band at about 46kDa in W6/32 immunoprecipitation that
was claimed to be unspecific (Ziegler et al., 1981; Khalil-Daher et al., 1999). In
unstimulated K562 cells, only very low levels of HLA-E mRNA are detectable, but
stimulation with IFNy leads to an immense increase of both HLA-E transcripts of 1.8
and 2.7 kb size. At the time of HLA-E detection, its surface expression could not surely
be defined, due to the lack of specific antibodies (Ulbrecht et al., 1992). Palmisano et
al. (2005) suggested that the discrepancies in detected surface expression of HLA-E
on tumor cells might be associated with culture time, with long-time culture favoring the
expression. They could not detect HLA-E on the surface of K562 cells, using the new
antibodies MEM-E/06, /07 and /08 that have been confirmed in flow cytometric analysis
and at the Third International Conference on HLA-G in 2003. Confirming western blot
analysis with MEM-E/02 did not detect HLA-E on K562 cells at a band size of 43kDa
despite the detection of HLA-E mRNA transcripts. Generally, mRNA was detected in
the whole broad panel of investigated tumor cell lines that did not correlate with
western blot or fluorescence-activated cell sorter (FACS) detection (Palmisano et al.,
2005).

The present analysis has shown negative surface staining of K562 with antibodies
against HLA-I, HLA-E, and —G (Figure 13 - Expression of surface antigens).

JEG-3 is a choriocarcinoma cell line that is commonly used as a control cell line for
HLA-G expression and also expresses HLA-C molecules. It does not show any HLA-E
on the cell surface, though little mRNA can be detected by PCR (Paul et al., 1998;
Apps et al., 2009; Huang et al., 2009).

COS-7 African green monkey kidney cells were used as a positive control for LIR-1
expression after viral transfection with a LIR-1 containing vector (Gluzman, 1981).
PBMC from one donor were obtained after written consent, isolated by standard Ficoll-
Hypaque density centrifugation and stored at -80°C after for later use as a positive
control for HLA-E expression (Furukawa et al., 1999).
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3.1.2 Technical equipment

Cell culture

Incubator 37°C HERA cell 240

Microscope BIOMED

Microscope WILOVERT S

Ice maker FM-120DE

Refrigerator -80°C HERAfreeze

HFU 686 Top

Refrigerator -4°C

Centrifuge MULTIFUGE 3 S-R
Bench-top centrifuge BIOFUGE fresco
Water bath 70°C

Water bath 37°C GFL-1083

Vortex device VWR™ LAB DANCER S40
Omnilab

Shaker IKA-VIBRAX-VXR

Scale TE412

PIPETBOY acu

NALGENE™ Cryo1°C Freezing Container
24 Well Cell Culture Plate CELLSTAR®
96 Well Cell Culture Cluster costar®
CELLSTAR® Tubes 15mL/50mL
CELLSTAR® Culture flasks

CryoTube™ Vials nunc™

Eppendorf tubes

Serological pipets FALCON®

Biocoll (Ficoll)

Medium preparation

Thermo Fisher
Scientific
Esselte Leitz
Helmut Hund
Hoshizaki
Thermo Fisher
Scientific
Bauknecht
Heraeus
Heraeus

Koéttermann

Gesellschaft f.
Labortechnik

VWR

Janke & Kunkel
Janke & Kunkel
Sartorius

INTEGRA Biosciences
Thermo Fisher
Greiner Bio-One
Corning Incorporated
Greiner Bio-One
Greiner Bio-One
Thermo Fisher
Eppendorf

Becton Dickinson

Biocompare

Waltham, USA

Stuttgart, Germany
Wetzlar, Germany
Minamiyakata, Japan

Waltham, USA

Stuttgart, Germany
Hanau, Germany

Hanau, Germany

Uetze/Héanigsen,
Germany

Burgwede, Germany

Batavia, USA
Staufen, Germany
Staufen, Germany
Gottingen, Germany
Fernwald, Germany

Waltham, USA

Frickenhausen, Germany

Corning, USA

Frickenhausen, Germany

Frickenhausen, Germany

Waltham, USA
Hamburg, Germany
Franklin Lakes, USA

Berlin, Germany

RPMI 1640
DMEM Glutamax
HAM’s F12

Minimum Essential Medium (MEM) a 22561

Equine serum 16050-122 not heat-inactivated

Life Technologies
Life Technologies
Life Technologies
Life Technologies

Life Technologies
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Medium preparation

Fetal bovine serum 10270-106 not heat-

activated

Fetal calf serum heat inactivated
PenStrep 10.000 Units/mL Penicillin
10.000 pg/ml Streptomycin

Dulbecco’s Phosphate Buffered Saline 1X
(DPBS)

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Carlsbad, USA

Carlsbad, USA

Carlsbad, USA

Carlsbad, USA

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Steinheim, Germany
Myo-Inositol 17508-50G Sigma-Aldrich Steinheim, Germany
Folic acid F8758-5G Sigma-Aldrich Steinheim, Germany
Interleukin 2, CS-C1061 CellSystems Troisdorf, Germany
2-Mercaptoethanol Sigma-Aldrich Steinheim, Germany
Chromium—release assay

WALLAC TRILUX 1450 Microbeta Counter PerkinElmer Waltham, USA
WALLAC 1450 MicroBeta Windows WS V. PerkinElmer Waltham, USA

2.70.004

[Cr51] Sodium chromate (Na>CrO4) 74MBq
(2mCi)

Rotiszint eco plus

Isoplate 96
Viewseal 80.0/140 MM

Eppendorf research plus multi-channel pipette
Pipetus®

Eppendorf LoRetention Dualfilter pipet tips
Roller, flexible

Vortex Genie 2 Model No 6560E
Contamination monitor CoMo170

Incubator 37°C

Centrifuge 5430R

Centrifuge 5702R

Thermomixer comfort

Re-Blot Plus Strong Solution (10x)

Hartman analytic

Carl Roth

Perkin Elmer

Greiner Bio-One

Eppendorf
Hirschmann
Eppendorf
Hama
Scientific Industries
Rapp
Heraeus
Eppendorf
Eppendorf
Eppendorf
Millipore
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Hanau, Germany
Hamburg, Germany
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Flow cytometric analysis

BD FACSCanto II™ flow cytometer
BD FACSDIVA Software v.6.1.3
Flow Cytometry Tubes

Western blot

Becton Dickinson
Becton Dickinson

Sarstedt

Franklin Lakes, NJ, USA
Franklin Lakes, NJ, USA

Nirnberg, Germany

Amersham Hyperfilm™ MP (18 x 24 cm)
ECL solution Amersham™

Rego Intensifying Screen

Hyper processor Amersham Pharmacia
TETENAL SUPERFIX MRP

TETENAL ROENTOROLL HC

Curix 60 (radiographic development)
Electrophoresis Power Supply Consort EV2
XCell SureLock™ Mini-Cell

XCell 1I™ Blot Module

NuPAGE® 4-12% Bis-Tris Gel 1.0mm12 well
Sponge Pad for XCell [I™ Blotting
Whatman® Gel Blot Paper GB003

Whatman® PROTRAN®
Nitrocellulose Transfer Membrane

NuPAGE® LDS Sample Buffer(4x)
NuPAGE® Sample Reducing Agent (10x)
PeqGold Protein Marker V

Bio-Rad Protein Assay Dye Reagent
Concentrate

GeneQuant Pro photometer
Albumine bovine serum, Fraction V > 96%

Re-Blot Plus strong solution (10x)

Transformation and transfection

GE Healthcare
GE Healthcare
rego X-Ray
Biotech
TETENAL
TETENAL

AGFA Healthcare
BioPoint

Life Technologies
Life Technologies
Life Technologies
Life Technologies
Whatman

Whatman

Life Technologies
Life Technologies

PEQLAB

Bio-Rad

GE Healthcare
Sigma Aldrich

Millipore

Munich, Germany
Munich, Germany
Augsburg, Germany
Freiburg, Germany
Norderstedt, Germany
Norderstedt, Germany
Mortsel, Belgium
Cambridge, England
Carlsbad, USA
Carlsbad, USA
Carlsbad, USA
Carlsbad, USA
Dassel, Germany

Dassel, Germany

Carlsbad, USA
Carlsbad, USA

Erlangen, Germany

Hercules CA, USA

Munich, Germany
Steinheim, Germany

Temecula, CA, USA

6 well culture plate

Opti-MEM
One Shot® TOP10/P3 Competent cells
SOC medium

Greiner Bio-One

Life Technologies

Life Technologies

Life Technologies
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Transformation and transfection

FastMedia™ LB Agar Amp IPTG/X-Gal Fermentas
FastMedia™ LB Liquid Amp Fermentas
EndoFree® Plasmid Purification Kit Qiagen
FuGene® HD Transfection Reagent Promega
BioPhotometer 6131 Eppendorf
Sorvall® 5¢ Plus ThermoScientific
Certomat IS shaker ((37°C) B. Braun

Viability assay

St. Leon-Rot, Germany
St. Leon-Rot, Germany
Hilden, Germany
Madison, WI, USA
Hamburg, Germany
Waltham, MA, USA

Melsungen, Germany

Trypan Blue Stain 0,4% 15250 Life Technologies

Neubauer Improved counting chamber Karl Hecht

Carlsbad, USA

Sondheim, Germany

Table 4 - Technical equipment

3.1.3 Medium

Culture medium for MOLP-8

500 ml RPMI 1640 1x
20% Heat inactivated FCS
1% PenStrep

Culture medium for IM09, RPMI 8226, K562, HL60

500 ml RPMI 1640
10% Heat inactivated FCS
1% PenStrep

Culture medium for COS-7

500 ml DMEM
10% Heat inactivated FCS
1% PenStrep

Culture medium for JEG-3

500 ml Ham’s F12
10% FCS
1% Pen-Strep
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Culture medium for NK92

500 ml Minimum Essential Medium (MEM) a
12.5% Equine serum, not heat inactivated
12.5% Fetal calf serum, not heat inactivated
1% PenStrep

0.2mM Inositol

0.1 mM 2-mercaptoethanol

0.02 mM Folic acid
200 U/ml rhiL-2

Freeze medium for tumor cell lines and PBMC

70% Culture medium
20% Heat inactivated FCS
10% DMSO

Freeze medium for COS-7

95% Culture medium

5% DMSO

Freeze medium for NK92

40% Culture medium
50% FCS
10% DMSO

Table 5 - Culture and freeze media

3.1.4 Western blot solutions

Lysis buffer

10 ml Lysis buffer stock solution

1 tablet Complete Mini EDTA-free Protease Inhibitor
Cocktail Tbl.
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MATERIAL AND METHODS

Lysis buffer stock solution

10 mM Tris-HCI (pH 7.9)
Trizma®base
Hydrochloric acid (HCL)
150 mM Sodium chloride
1% NP-40 (Igepal CA-630)
1% Sodium deoxycholate
0.1% Sodium dodecyl sulfate (SDS)

Aqua bidest

Running buffer

Sigma-Aldrich, Steinheim, Germany
Merck KGaA, Darmstadt, Germany

Mallinckrodt Baker B.V.,Deventer,
Netherlands

Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany

BIOMOL, Hamburg, Germany

50 ml NuPAGE® MES SDS Running Buffer (20x)

950 ml Agua bidest

Transfer buffer

Invitrogen, Karlsruhe, Germany

100 ml Methanol

50 ml NuPAGE® Transfer Buffer (20x)
1 mi NuPAGE® Antioxidant

849 ml Aqua bidest

TBS-T stock solution (10x) pH7.5

Mallinckrodt Baker, Inc, Phillipsburg, USA
Life Technologies

Life Technologies

0.5M Tris-HCL
Trizma®base (78.8g/L) Sigma-Aldrich, Steinheim, Germany
Hydrochloric acid (HCL) Sigma-Aldrich, Steinheim, Germany
1.5M Sodium chloride (87.66g/L) Mallinckrodt Baker B.V.,Deventer,
Netherlands
TBS-T (1x)
100 ml TBS 10x
1ml Tween® 20 Sigma-Aldrich, Steinheim, Germany
899 ml Aqua bidest

Blocking solution

39 Skim milk powder, spray-dried

100 ml TBS-T (1x)

Spinnrad, Bad Segeberg, Germany

see above

Table 6 - Western blot solutions
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3.1.5 Antibodies and vectors

Transfection
cDNA Vector Transcript Cat.-
No./Distributor

CD85j pCMV6-AC  Homo sapiens leukocyte immunoglobulin-like receptor, 3(3_320409
subfamily B (with TM and ITIM domains), member 1 OriGene
(LILRB1), transcript variant 4 (NM_001081639.1)

CD159a pCMV6-XL5 Homo sapiens killer cell lectin-like receptor subfamily C, 80_125810
member 1 (KLRGA), transcript variant 3 (NM_213658.1) O1oene

Table 7 - Vector LIR-1 (CD85j) and NKG2A (CD159a — mock transfection)

Western blot

Target Size Clone Distributor

CD85j 110/90 kDa VMP55 Santa Cruz

B-Actin 42kDa C4 Santa Cruz

Goat anti-mouse 1gG HRP
conjugated

HAF007 (Cat. No)

R&D Systems

Table 8 - Antibodies western blot

Blocking assay

Target Isotype Clone Solvent Distributor
CD85j lgG2b 292319 *1 R&D Systems
CD159a IgG2b Z199 *2 Beckman Coulter
HLA-I IgG1 HP-1F7 anti-human *3 Santa Cruz
HLA- A,-B,-C,-E,-G
IgG Fcy F(ab')2 F(ab'). fragment goat *4 Jackson
ImmunoResearch

Isotype IgG2b
Isotype IgG1

anti-mouse IgG Fcy frgmnt., polyclonal

20116
11711

*1
*1

R&D Systems
R&D Systems

Table 9 - Antibodies blocking assays
*1: Lyophilized, diluted with PBS

*2: freeze-dried

*3: PBS, < 0.1% sodium azide, 0.1% gelatin

*4: 0,01M Sodium Phosphate,

0,25 NaCl, pH 7,6
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Viability assay

Target Isotype Clone Solvent  Distributor

HLA-I IgG1 HP-1F7 anti-human *1 Santa Cruz
HLA- A,-B,-C,-E,-G

Isotype IgG1 11711 *2 R&D Systems

Table 10 - Antibodies viability assays
*1: PBS, < 0.1% sodium azide, 0.1% gelatin.

*2: Lyophilized, diluted with PBS

Flow cytometry

Target Conjugation  Isotype Clone Distributor

CDh2 PE IgG1 k RPA-2.10 BD Pharmingen

CD16 Pacific Blue™  IgG1k MOPC-21 BD Pharmingen

CD25 FITC lgG2a B1.49.9 Beckman Coulter

CD56 APC IgG1, k B159 BD Pharmingen

CD85j PE IgG1 HP-F1 Beckman Coulter

CD159a PE lgG2b Z199 Beckman Coulter

HLA-I unconjugated  1gG1 HP-1F7 Santa Cruz

Anti-lgG1 PE Goat polyclonal anti-mouse IgG Santa Cruz

HLA-G unconjugated  1gG1 MEM-G/09 Abcam

HLA-E unconjugated  1gG1 MEM-E/08 Abcam

Anti-lgG1 FITC Goat polyclonal anti-mouse IgG - H&L Abcam

Isotype PE IgG1, k MOPC-21 BD Pharmingen

Isotype PE lgG2b k 08G9 BD Pharmingen

Isotype FITC IgG2a G155-178 BD Pharmingen

Isotype APC IgG1 679.1Mc7 Beckman Coulter

Isotype Pacific Blue™  1gG1, MOPC-21 BioLegend

Isotype unconjugated  1gG1 11711 (MAB002) R&D Systems
(HLA | expression)

Isotype unconjugated  1gG1 X40 BD Pharmingen
(titration HLA 1)

7AAD PerCp Cy5 7-Amino-Actinomycin D BD Pharmingen

Anti A,B reagent

IgM polyclonal

Ortho-Clinical
Diagnostics

Table 11 - Antibodies flow cytometry

40



MATERIAL AND METHODS

3.2 Methods

3.2.1 Cell culture and isolation of PBMC

As described above (3.1.1 Cells), all cell lines were maintained in appropriate media
(Table 5 - Culture and freeze media). Cells were kept in culture flasks in a humidified
incubator at 37°C with 5% CO, and splitted every second to third day. NK-92 received
supplementary 200U IL-2 /ml with each fresh medium provision. COS-7 cells are
adherent cells that required trypsinizing for subculturing. PBMC from one donor were
isolated by Ficoll-Hypaque density centrifugation and stored at -80°C before use as
control cells for HLA-E expression in flow cytometric immunophenotyping.

3.2.2 Flow-cytometric analysis

Flow-cytometric analysis of cell surface antigens was done initially before the start of
cytotoxicity assays and after a period of 4 weeks without changing of settings. Staining
antibodies and isotype controls are listed above (Table 11 - Antibodies flow cytometry).
Clone MEM-G/09 was used for HLA-G detection. The clone reacts with the native form
of HLA-G1 and soluble HLA-G5, but not with HLA-G2, -G3, and -G4 (Menier et al.,
2003; Palmisano et al., 2005; Maki et al., 2008).

MEM-EO8 was chosen as the anti-HLA-E antibody (Ab) and is assumed to exhibit a
remarkably small cross-reactivity, as confined at the Third International Conference on
HLA-G (Paris, July 2003) and in different studies (Palmisano et al., 2005; Coupel et al.,
2007; Lo Monaco et al., 2008).

20ul Anti A,B reagent was used in each sample to block unspecific bindings. Dead cells
were stained with 7-Amino-Actinomycin D (7AAD). Cells were incubated with the Ab or
isotype control for 30 minutes at 4°C and washed with PBS. Unconjugated anti-HLA
Abs were marked with fluorescent secondary Abs that were recommended by the
manufacturer and were washed after an incubation of additional 15 minutes at room
temperature. All samples were stained with 7AAD and fluorescence was measured on
BD FACSCanto II™ flow cytometer. Analyzing software was BD FACSDIVA Software
v.6.1.3. To exclude harmful effects in blocking assays, analysis of anti-HLA-I toxicity
was performed with three different Ab concentrations. Secondary Ab was always used
in an amount of 8 pg/sample; 7AAD for dead cell staining was used in an amount of 5

pl in every sample.
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group a (25:1) b (1:1) ¢ (manufacturer)
subgroup 1 2 1=2 2 1

pl 300 1000 1000 1000 300
number of cells 2x10° 6.66 x 10° 7.5x 10* 6.66 x 10° 2x10°
ug anti-HLA-I 10 33.3 1 0.66 0.2
factor 50 50 13 1 1

Table 12 - HLA-| titration for flow cytometric analysis

groups

subgroups:

factor:

a = free chosen setting*

b = relation cells/Ab according to 1:1 E:T ratio
similar to present CRA

¢ = conditions recommended by manufacturer

1 = experimental setting in CRA,

2= amounts calculated for 1000ul cell suspension and used in FACS

analysis

1 = recommended relation of Ab for number of cells (1ug/10° cells)

others = x-times higher amount of Ab

* breaking down this concentration results in a 25:1 (exactly 26.6:1) E:T ratio as commonly

used in CRA with an amount of 5000 target cells and 125.000 effector cells per 200 ul well.

The used amount of 33.3 pg Ab/ml exceeds the common concentrations of 10-20 pg/ml.

Only the centrally marked steps of titration were performed. Columns at left and right show

comparatively calculated titration steps.
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3.2.3 \Viability assay

For further examination of HLA-I toxicity, direct influence of the Abs to the cells was

determined within a titration assay. Toxicity was tested exemplarily with IM-9, MOLP-8

and K562. Cells were adjusted to required concentration 3.75 x 10° cells/ well with
500ul assay medium consisting of RPMI160 with 10% FCS and 1% PenStrep. Cells
were incubated with different amounts of HLA-I antibody for one hour. Afterwards, the

content was transferred to FACS tubes and was washed with PBS for 5 minutes at

1400rpm. Supernatant was discarded. Pellets were resolved within the residual 200pl

of fluid 200ul. 20ul of this cell suspension were investigated for viable cells after

staining with 10ul trypan blue.

group (E:T) 5:1 10:1 1:1 M. (18:1) CRA (0:1)
assumed target cell no. 3.75x10" 3.75x10* 3.75x10%ml  3.75x10" 5x10°/ml
[ assumed total cell 5x10%/mi
S conc. 0.45x10°/ml 0.83x10%ml ~ 7.5x10*/ml  6.66x10°/ml
assumed total Ab conc. 20 ug/mi 20 ug/m 1 ug/ml 0.66 ug/ml | 1 Hg/1000u
> cell no. 3.75x10* 3.75x10* 3.75x10* 3.75x10* 3.75x10°
§ pl 500 500 500 500 500
% total pg anti-HLA-1 * 1.7 0.9 05 0.0375 0.75
g Factor 45 24 13 1 20

Table 13 - HLA-I titration for viability assay

group:

assumed

amounts:

assay cell no.:

*.

factor:

Sample group by standard E:T ratios in cytotoxicity assays as well as
recommended relation of cell number and antibody as stated by
manufacturer (M). Relations of present CRA are not equally adopted but

can be classified on the basis of "factor" between group 1:1 and 10:1

Cell

experimental settings and manufacturers recommendations as well as

numbers and Ab concentrations deduced from standard

adapted from own CRA setup

Number of cells/well in this assay

Amount of Ab used after adjustment to assay cell humber but without
adjustment to amount of medium.

[(assay cell no.)/(assumed total cell con.) x (assumed total Ab
concentration)]

factor by which used cell/Ab relation exceeds manufacturers
recommendation:

[assay total ug anti-HLA-I) / (0.0375)]
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3.2.4 Transfection of COS-7 with LIR-1

As a positive control for western blot experiments, COS-7 cells were transfected with
pCMV6-AC vector encoding CD85j (LIR-1) (Colonna et al., 1997). All steps were

performed according to the manufacturer’s instructions.

fl ori flori
’ CMV promoter ’ CMV promoter

Amp resistant gene 7 Amp resistant gene sacl
/S| T
pCMVE-AC e Y CMVEXLS i
~Xho! P T Smal
5939 bp 4482 bp
PolyA signal PolyA signal

Colft A‘MU ofi Coll Awn ori

Ned

Figure 11 - Physical map of pCMV6-AC (LIR-1) and pCMV6-XL5 (NKG2A/mock transfection)
Map of pCMV6-AC as provided by the manufacturer (OriGene). The CMV promoter is used to
express the cloned cDNA and is followed by multiple cloning sites (MCS). Poly A is a human
growth hormone located downstream of the insert. SV40 ori, ColE1 and f1 ori are mammalian,
bacterial and filamentous phage origins of replication, respectively. While the ampicillin
resistant gene allows selection of the plasmid in E.coli during transformation, the neomycin
resistant gene allowed the creation of a stable cell line (COS-7) expressing LIR-1. pCMV6-XL5
was obtained from the same manufacturer and used for comparative mock transfection of
COS-7. The plasmid encodes for Homo sapiens killer cell lectin-like receptor subfamily C,
member 1 (KLRC1), transcript variant 3 (NKG2A).

To obtain large amounts of plasmids, transformation of competent E.coli cells
(One Shot® TOP10/P3 Competent cells) was performed. One vial of cells was thawed
on ice and plasmids were dissolved in 100 pl aqua bidest 1 pl plasmid dilution was
transferred to one vial of E.coli, mixed and incubated on ice for 30 minutes. Additional
incubation was done for 30 seconds at 42 °C water bath and cells were cooled down
on ice. 250 pl of SOC medium was added and cells were incubated additional 60
minutes at 37 °C in a shaking incubator. Subsequently, cells were plated on previously
prepared LB agar plates. Incubation was done overnight in a 37°C humidified
incubator.

Purification of the expanded plasmids was done with Qiagen EndoFree Plasmid Maxi
Kit. Briefly, two colonies of the transformed E.coli cells were picked with a pipette tip
and transferred to a 10 ml Falcon containing 3 ml LB Liquid Amp. After 4 hours of
incubation in a 37°C shaking incubator, the liquid was completely converted to 200 ml

of the same prewarmed medium in an Erlenmeyer flask. Following incubation was
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done overnight under the same conditions. The whole medium was centrifuged
afterwards in appropriate flasks for 15 minutes at 5000xg at 4 °C. Supernatant was
dismissed and the pellet was resuspended in 10 ml Buffer P1. 10 ml Buffer P2 was
added, and incubated at room temperature for 5 minutes. 10 ml chilled Buffer P3 was
added. The lysate was carefully mixed by shaking the flask and transferred to a
QlAfilterCartridge. After additional 10 minutes, the cell lysate was filtered to obtain
DNA. 2.5 ml Buffer ER was added to the filtered lysate, gently mixed and incubated on
ice for 30 minutes Meanwhile, the Qiagen-tip 500 was equilibrated with 10 ml Buffer
QBT and the tip was allowed to drain completely. Subsequently, the filtered
DNA-containing lysate was applied to the Qiagen-tip and collected for further use.

The DNA was precipitated by adding 10.5 ml isopropanol and by subsequently
centrifugation of the tube at 4000xg for 60 minutes. Supernatant was discarded and the
pellet was washed with 5ml 70% ethanol. After an additional centrifugation at 4000xg
for 10 minutes, the pellet was air-dried, resolved in Buffer TE and stored at 4 °C
overnight. After measuring DNA content, the DNA was frozen at -80°C in 1.5 ml
Eppendorf tubes for further use.

Transfection of COS-7 cells was performed as described before (Carretero et al., 1997;
Colonna et al., 1997). Cells were plated out in a 6-well plate the day before transfection
at a density of 3x10°/ 2000 pl cell culture medium (Table 5 - Culture and freeze media)
per well, to obtain 50-80% confluency on the following day. 2 ug purified DNA and 3 ul
FuGene HD Transfection Reagent were added to 100 ul OptiMEM and incubated for 15
minutes at room temperature (RT). This solution was sufficient for transfection of one
well and was added drop-wise without prior change of COS-7 culture medium. Cells
were harvested at the desired density the next day. Since no functional assays with the
need of a permanent LIR-1 expression were required, additional selection with
neomycin was spared. Lysates were prepared immediately as described (3.2.5
Western blot) and used in western blots.

3.2.5 Western blot

Western blot was used as a common method to analyze expressed surface molecules
of effector and target cells (Renart et al., 1979; Towbin et al., 1979; Burnette, 1981b).
Cell lysates were prepared by disrupting about 1-5x10° cells in 80-100 pl buffer within
30 minutes of soft shaking at 4 °C. Protein-containing eluent was obtained by
subsequent centrifugation at 1.3x10* rpm at 4 °C and dismissing the precipitate. Lysate
was stored in Eppendorf tubes at -80 °C for further use.

Protein content of the lysates was measured by standard Bradford assay, in which
protein content of the samples was compared to a standard curve, established prior the
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assay by measurement of several concentrations of bovine serum albumin (BSA)
binding to Coomassie Brilliant Blue with a resulting shift in absorption between 465 and
595 nm (Bradford, 1976). For measurement of samples 30 ul of 0.1 M HCL and 240 pl
aqua bidest were added to 30 pl lysate. 25 pl of this specimen were further diluted with
875 ul Coomassie Brilliant Blue. After 5 minutes of incubation in a dark place, samples
were photometrically measured and protein content was determined by the standard
curve.

Western blot is a method that allows the detection of distinct proteins by their individual
size (Burnette, 1981a). During electrophoresis on sodium dodecyl sulfate-
polyacrylamide gels, the proteins are separated by their size. Submission to a
nitrocellulose membrane is followed by visualization on film material.

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
5-15 pl lysate were mixed with 2 pl NuPAGE® Sample Reducing Agent and
5 ul NuPAGE® LDS Sample Buffer within Eppendorf tubes. After short centrifugation at
1.3x10° rpm, samples were incubated for 10 minutes at 70°C and transferred to the
gel. The gel-chamber was filled with running buffer containing 500 ul antioxidant.
PegGold Protein Marker V was used as reference for protein size. Electrophoresis was
done at 195 V constant current for 60 minutes.

After protein separation, gels were transferred to a blotting chamber, enabling the
transfer of the proteins to a nitrocellulose membrane. Layers of paper and sponges
soaked with transfer buffer provided adequate supporting material for plane surface of
gel and membrane, respectively, and facilitated the transfer by sufficient pressure
under 25 V constant current.

Membranes were coated with 3% blocking solution for 1 h and subsequently incubated
with the appropriate antibody at a concentration of 1:500 — 1:2500 overnight at 4 °C
under gentle agitation.

In the next morning, four washing steps were accomplished with TBS-T solution at
15 minutes, respectively. As a secondary antibody, 2.5 ul-3.5 ul anti-mouse IgG were
diluted in 10 ml 3% blocking solution. Incubation was done for 1 hour under agitation
and followed by four washing steps with 25 ml TBS-T each. ECL solution was freshly
prepared according to the manufacturer’s instructions within a 15 ml Falcon and
directly given onto the drained membrane. After one minute of incubation, the
membrane was taken out and dried on absorbent paper for transfer to a film cassette.
The film was exposed in the darkroom with reasonable exposure times. After
developing the membranes of interest with anti-LIR-1 Ab, Reblot stripping solution was
used according to the manufacturer’s instructions to prepare the membranes for re-

incubation with housekeeping B-Actin (ACTB) antibody. Reblot solution (10x) was
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diluted in aqua bidest. Membranes were washed in TBS-T and aqua bidest for
5 minutes, respectively. Diluted stripping solution was added for a period of 20 minutes.
Afterwards, two more washing steps with aqua bidest and TBS-T followed before
another hour of blocking and subsequent ACTB incubation and film development.

3.2.6 Chromium-release assay

Introduction

Radioactive chromium as sodium-51-chromate (51Cr(VI), half-life time of 26.5 days)
has already been used since 1950 as a cell label (Gibson and Weiss, 1946; Sterling
and Gray, 1950). The use of radioactive release of 51Cr from lysed cells as a marker
for cytotoxicity was introduced in 1961 (Goodman, 1961). It is commonly assumed, that
water soluble 51Cr(VI) enters the cell unidirectional through the same non-specific
anion channel as sulfate and phosphate ions (SO42-, HPO42-), due to their structural
similarity (Connett and Wetterhahn; Levina A). Its influx follows Michaelis-Menten-
kinetics and is increased at higher temperatures. Chromium VI is reduced to chromium
[ll in the cytoplasm and cannot pass the cell membrane. After membrane damage,
51Cr(lll) can be detected by gamma- or beta counters (Connett and Wetterhahn;
Levina A; Lilien et al., 1970).

Physiologically, Cr(lll) is supposed to be an important factor for glucose metabolism as
it improves glucose tolerance and increases circulating insulin and glucagon in vivo
(Anderson et al., 1991; Mertz, 1993).

Standard chromium-release assays

Cytolysis was determined in a 4h chromium-release assay (CRA) according to
standard protocols (Goodman, 1961; Newman, 1982; Le Gal et al., 1999).

Target cells and NK-92 were splitted the day before the functional assays to
standardize the chromium uptake and cell viability. NK-92 cells were freshly supplied
with medium enriched with 200U rIL-2 ml™ at a density of approximately 5x10*ml™ for
optimal growth conditions.

Directly before the assay, 1x10° targets cells were pelleted within assay medium
(RPMI1640, 10% FCS, 1% PenStrep), supernatant was dismissed and cells were
resuspended within the residual liquid. Target cells were labeled with 100 uCi 51Cr for
an incubation period of 1.5 h at 37 °C in a humidified incubator with 5% CO..

After washing the tumor cells for 5 minutes at 300xg with PBS and assay medium,
respectively, cells were resuspended to a dilution of 5x10° cells/100 pl. NK-92 and
targets cells were coincubated at effector:target (E:T) ratios of 10:1, 5:1, 2.5:1, 1.2:1
and 0.6:1 in U-bottomed microtiter plates at a total of 200 pl assay medium.
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Maximum lysis and spontaneous release of 51Cr were induced by adding 100 pl
dilution of 5% Triton-X / PBS or assay medium to 100 pl target cells, respectively.
Background radiation was measured from pure assay medium. All samples were plated
out in triplicates. Prior to the 4 h incubation period, plates were centrifuged 1 minute at
300xg to facilitate effector-target contact. Additional centrifugation for 5 minutes at the
same speed was done after the 4 h incubation period and 25 ul supernatant was
transferred with a multi-channel pipette to a 96-well plate. To each well, 150 pl
scintillation liquid was added. Plates were closed with Viewseal foils. The suspension
was mixed thoroughly for 15 minutes at 19 °C on an Eppendorf thermomixer and then
measured on WALLAC TRILUX 1450 Microbeta Counter with 2 minutes counting time
and a measurement delay of 10 minutes to avoid chemiluminiscence effects.

Percent specific lysis was calculated as follows:

(c.p-m. experimental release — c.p.m. spontaneous release) .
X

(c.p-m. maximum release — c.p.m. spontaneous release)
Results are shown as the means of triplicates of at least three independent

experiments. In all experiments, spontaneous release (SR) was <20% (Whiteside et al.,
1990).

3.2.7 Blocking experiments

NKG2A and LIR-1 interaction with their respective ligands was done according to
standard protocols with appropriate isotype controls. HLA-A, -B, -C, -E, and -G
engagement was blocked by pan-HLA Ab clone HP-1F7 (Riteau, 2001; Bryceson et al.,
2009; Godal et al., 2010).

To prevent ADCC, F(ab'"), fragments against the Fc region of the blocking Abs were
used in experiments with blockade of target cell receptors as well as in blocking NK-92
surface molecules, due to little but detectable expression of CD16 and in order to
provide comparability between all experimental settings (Le Gal et al., 1999; Riteau,
2001). Controls without F(ab'), are explicitly named. Figures D, E and F depict a model
of the intended interaction (Figure 12 - Experimental setup of blocking assays).
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Figure 12 - Experimental setup of blocking assays

In all experiments, prevention for ADCC (A) was taken into consideration. As NK-92 do not
bear CD16 on their surface, activation via redirected killing (B) could be excluded.

To crosslink Ab against LIR-1, pre-incubation of target cells with LIR-1 was considered (C)
but excluded, for some of the targets were bearing LIR-1, also. Therefore, anti-LIR-1 was
preincubated with the effector or target cell and subsequently coated with F(ab'), against the
Fc region of IgG (D, E). The same procedure was chosen for MHC-I blockade, despite the
lack of CD16 on NK-92 (F).

Abbreviations: E= Effector, T=Target, FCR= Fc Receptor

Is:
Symbols |:| = Receptor

_( = Antibody
< = F(ab"),

Blocking of effector cells

CRA were performed as described above. Heat inactivated human serum was
prepared from donated blood, which was obtained after written formal consent. Serum
tubes were centrifuged for 10 minutes at 1000xg. The serum was transferred to Falcon
tubes and heated in a 56 °C prewarmed water bath for 30 minutes and mixed gently
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every 5 minutes to ensure uniform heating. Serum was cooled down and aliquots were
stored at -20 °C until further use.

NK-92 cells were preincubated with RPMI1640 supplemented with 1% PenStrep and
10% heat inactivated human serum for 30 minutes and kept within the same medium
during an additional incubation period with Ab concentrations of 0.1 ug ml”, 1 ug ml”
and 10 pg ml”, respectively. Target cells were marked with 100 pCi 51Cr as done
before. NK-92 cells were washed twice to avoid interactions of the Ab with the later on
coincubated target cell line. Cells were adjusted for a fix E:T ratio of 1.2:1, using 5x10°
target cells / 100 pl as before. In half of the experiments, this step was followed by
additional preincubation with 11 pg / ml F(ab'), 15 minutes prior to coincubation of NK
and tumor cells. In samples classified as ‘'untreated, no F(ab')., was used
(Rouas-Freiss et al., 1997; Riteau, 2001).

Spontaneous release (SR) was always <20% for all cell lines except from MOLP-8,
which showed a constantly high SR up to 36% (Whiteside et al., 1990).

Toxicity of antibodies

To evaluate the toxicity of the Abs, in four experiments NK-92 were radioactively
labeled (51CrNK) and incubated with antibodies under the same conditions as
unlabeled cells, thus using different ab concentrations as well as treatment with or
without F(ab'), . As the conditions for >’CrNK cells were set up at the same day and
performed in parallel to the experimental series of the effector blockings with F(ab').,
systemic errors such as cell growth performance or cell viability could be eliminated.
51CrNK showed SR < 6% for all conditions with a standard deviation (SD) < 3%. No
differences related to parameters F(ab'),, antibody or concentration could be detected
(Riteau, 2001).

Blocking of tumor cells

Target cells were incubated with 1 ug ml™ of the respective antibody at a cell density of
5x10* cells mI". For pan HLA-I staining, this concentration was still 20-times higher
than the recommended concentration for staining with the same antibody in flow
cytometry assays according to the manufacturer. Procedure and incubation times were
the same as described for NK cells. Radioactively labeled target cells were
preincubated with medium, supplemented with 10% human serum before blocking.
F(ab'). was used at a concentration of 1.7 ug/ ml for all samples, inclusively the
‘untreated' control.

Tumor cell incubation with Abs led to SR of <25% for MOLP-8 and RPMI8226, and up
to 11% for all other cells.
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3.2.8 Statistics

To control for indirect effects, statistical interpretation was done by multivariate
Analysis of Variance (ANOVA). In all calculations, specific lysis was defined as the
dependent variable. Antibodies, concentrations of the Abs, of the targets and the use or
no use of F(ab'), were defined as independent variables. Wherever appropriate,
interdependencies between the variables were taken into account.

All calculations were done by SPSS (IBM® SPSS® Statistics Version 19,
Release 19.0.0).

Due to the complexity of the setting, assistance and counseling was provided by the
Department of Medical Biometry and Epidemiology, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany.

4 RESULTS

4.1 Preliminary studies

4.1.1 Expression of LIR-1 and NKG2A on NK-92 and tumor cells

In order to evaluate the expected binding properties of NK-92 and tumor cells, flow
cytometric analysis of surface antigens was performed. Analysis of all receptors was
repeated after a course of four weeks to exclude changes caused by cell culture. As
shown in Figure 13 - Expression of surface antigens, receptor expression on NK-92
and tumor cells varies strongly between cell lines but only little during time.

As expected, NK-92 seem to resemble the CD56°"" subset of NK cells with a high
expression of activation marker CD25, diminishing amount of FcyRIll (CD16) and bright
staining for NKG2A. Unlike CD56°"™ cells and in contrast to results by other authors,
this subset was found to express high levels of LIR-1 that is usually associated with
high KIR levels on CD56°™ cells (Colonna et al., 1997; Cooper et al., 2001; Godal et
al., 2010). NK-92 has been described before to lack most KIR molecules except from
KIR2DL4 and its homolog NKp49 (Maki et al., 2001; Davidson et al., 2010).
Noteworthy, no target cell line expressed NKG2A, whereas LIR-1 was present on
myeloma cells as well as on IM-9 but not on K562 or HL60. CD56 was present on all
lines except from IM-9 and K562 as assumed (van Camp et al., 1990).

To validate these findings, LIR-1 expression was additionally investigated by western
blot analysis. As a control cell line for further analysis, COS-7 were transfected with
vectors containing mock DNA and DNA for LIR-1. Untransfected COS-7 cells served as
auxiliary negative controls. As expected, western blot analysis confirmed the previous
findings, and the strength of band representation reflected flow cytometric staining
intensity (Figure 14 - LIR-1 expression on NK-92 and target cells).
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Figure 13 - Expression of surface antigens

A. Flow cytometric phenotyping of all cell lines was done with mABs against LIR-1, CD56,
CD16, CNKG2A, CD2 and CD25 as shown for NK-92.

B. Surface antigen expression on NK-92 and tumor cell lines. Values given as % positive
staining after subtraction of isotype control.
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Figure 14 - LIR-1 expression on NK-92 and target cells

Western blot analysis of LIR-1 expression on NK-92 cells and tumor cell lines. Untreated as
well as LIR-1 or mock transfected COS-7 cells negative and positive controls, respectively.
After film development, the membrane was stripped and re-incubated with ACTB antibodies
as a loading control. 4 ug anti-LIR-1 and 10 pug anti-ACTB (1:1000) were used for antigen
detection. Lanes contended 35 ug of total protein. As also shown by flow cytometric analysis,
NK-92 as well as IM-9 and MOLP-8 express high levels of LIR-1, whereas no detection of
LIR-1 was possible on HL60 and K562 cells.

4.1.2 Titration of HLA class | antibodies

Total HLA-I expression was evaluated via FACS based analysis with K562 as negative
controls, whereas PBMC and JEG-3 cells were used as positive controls for HLA-E and
HLA-G expression, respectively. While K562 were HLA class | negative as expected,
all other cell lines were HLA-I positive. This correlated with the common investigations
made with MM cell lines and patient derived MM cells from different stages of disease
(Carbone et al., 2005; Palmisano et al., 2005).

In Figure 15 - Titration of HLA-I surface antigens, exemplary results from HLA-| staining
in FACS analysis are shown. For all cell lines, HLA-I Ab was used in three different
concentrations to evaluate toxicity. In all cases, the highest concentration led to a
considerable proportion of dead cells, even leading to almost total annihilation of IM-9
cells. The lowest concentration resulted in sparing cell viability, while efficiently staining
the desired surface antigens. Interestingly, the highest concentration (a) resembles a
commonly used amount (20 pg / pl) in CRA with a 50-times higher than recommended
Ab usage, while (b) still exceeded the manufacturers proposal by factor 13 and reflects
the setup of later  on conducted experiments (Table 12 - HLA-
| titration for flow cytometric analysis). Further examination of dead cell staining
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additionally underlined the correlation of cell death with Ab concentration (Figure 16 -
Dead cell staining in HLA-I titration for flow cytometric antigen detection).
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Figure 15 - Titration of HLA-I surface antigens (continued on the following page)
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Figure 15 - Titration of HLA-| surface antigens

Evaluation of HLA-I expression of NK-92 and all other experimentally used cell lines. Here, a
representative selection of results is shown. All cells were treated with three different
concentrations of HLA-I antibody, respectively, while amount of 7AAD for dead cell staining
(5 ul / sample) and secondary fluorescent antibody (8 ug / sample) remained stable.
concentration a = 27:1 (E:T) with 33.3 pg / ml Ab (conditions similar to standard CRA)
concentration b = 1:1 (E:T) with 1ug/ ml Ab  (conditions similar to actual CRA)
concentration ¢ = 27:1 (E:T) with 0.66 pg / ml Ab (manufacturer’s proposed cell/Ab ratio)
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Figure 16 - Dead cell staining in HLA-I titration for flow cytometric antigen detection

Concentrations as described in Figure 15 - Titration of HLA-I surface antigens. Dead cells
were stained with 7AAD. After gating out viable (P1) and non-7AAD labeled cells (P2), all
other cells were regarded as dead (gating strategy also shown in Figure 15). To evaluate the
effect of the used antibodies, the amount of dead cells in unstained samples was subtracted
from the results. While IM-9 cells seemed to be highly responsive towards the used HLA-I
antibody, a clear decline of toxicity with decrease of antibody amount could be detected in all

other samples.

To clarify, whether the toxicity resulted from the amount of antibody or other side
effects, a simple viability assay was performed, in which again the antibody
concentration was adjusted to the cell number. The same HLA-I antibodies were used
throughout FACS analysis, viability assays and later on conducted blocking assays. In
the present viability assay, no toxicity could be detected, and cells proliferated
extensively within the short incubation time (Figure 17 - Viability assay). The easiest
explanation would be that the cross-linking by secondary fluorescent antibodies was
the factor of influence that resulted in apoptosis. Whether or not a similar effect
by F(ab'), fragments in subsequent CRA played a role could not be ruled out.
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Figure 17 - Viability assay

Cell viability measured by trypan blue staining after 1 hour of incubation with anti-HLA-I Ab.
Titration according to Table 13 - HLA-I titration for viability assay. The same number of target
cells was incubated with a decreasing amount of Abs, reflecting the cell:mAb [(E:T) : mAb]
ratio within the later on conducted blocking assays . All samples were incubated in 500 pl
assay medium. Isotype control consisted of 1.5 pug IgG1 /500 pl.

(fx) = factor, by which the recommended amount of Ab was increased in relation to the cell
number

M. = manufacturer’s recommended cell/Ab ratio of 1 ug / 1x10”6 cells

'Starting point' denotes the number of cells present at the beginning of the assay. Obviously,
exposure to the Abs did not hinder cell growth within the short time until counting cells.
Relations of the presently conducted CRA are not equally adopted, but can be graded
between groups 1:1 and 10:1 (equal to f 20).

4.1.3 Expression of HLA class | molecules on NK-92 and tumor cells

LIR-1 has a broad spectrum of ligands, due to its binding to highly preserved parts of
MHC-I molecules (Chapman et al., 1999). As these binding properties are weak and
HLA-G is one of the strongest binding partners, expression was also evaluated
(Chapman et al., 1999; Borges and Cosman, 2000; Chapman et al., 2000; Shiroishi et
al., 2003). Only JEG-3 were positive for HLA-G. Thus, interaction of LIR-1 in later on
conducted CRA was restricted to other binding partners. HLA-E as the ligand for
NKG2A lacked on all cell lines except of a minor staining on IM-9. As HLA-E is so far
the only known ligand for NKG2A, no increase of cytotoxicity could be expected in
subsequent blocking assays (Braud et al., 1998). While PBMC are known to express
HLA-E, their staining remained undetectable (Furukawa et al., 1999; Palmisano et al.,
2005).
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Figure 18 — Gating strategy for HLA surface antigen expression
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A. Representative flow cytometric gating strategy for analysis of HLA expression on all used

cell lines (shown for HLA class | expression on RPMI8226). All cells were stained with anti-
HLA-1 (5 pg), anti-HLA-E (1.3 pg) or anti-HLA-G IgG1 (1ug), followed by secondary goat anti-
mouse IgG1 FITC (8ug).
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(continued on the following page)
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Figure 19 - Cumulative view of HLA surface antigen expression

HLA class | molecules were detectable on all cell lines except of negative control K562.
JEG-3 cells were strongly positive for HLA-G, while detection on NK92 and HL60 was
marginal. HLA-E as the ligand for NKG2A lacked on all cell lines except of a minor staining on
IM-9.

4.1.4 Myeloma cells are highly susceptible to NK-92 mediated killing

Cytotoxicity of NK-92 against a panel of tumor cell lines was investigated in CRA at
5 different E:T ratios as described above (3.2.6 Chromium-release assay) (Whiteside et
al., 1990). MM cell lines and IM-9 were efficiently lysed by NK-92, with highest results
for IM-9 cells (E:T 10:1; specific lysis 69.9 + 6.3%) followed by MOLP-8, K652 and
RPMI8226 at 21-30%. HL60 could be regarded as resistant to lysis even at the highest
E:T ratio of 10:1 (specific lysis 4.5% * 2.5%) (Figure 20 - NK-92 mediated killing of
target cell lines is dependent on applied E:T ratio). NK-92 culture conditions and
conductance of the assays were considered applicable for subsequent blocking
assays. Interestingly, sensitivity to lysis could not be equated with spontaneous release
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(SR) of 51Cr, what could have been expected at least for MOLP-8 cells, which were
used despite of high SR (17.3 = 1.6%). In fact, SR did not correlate with cell viability or
sensitivity to NK cell mediated lysis, what was true for all performed experiments (data

not shown).
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Figure 20 - NK-92 mediated killing of target cell lines is dependent on applied E:T ratio

CRA revealed a clearly E:T dependent level of NK-92 mediated cytotoxicity. Results of CRA
are represented as means of at least three independent experiments £ SD. Values in the
table below are given as % specific lysis. AML cell line HL60 was almost resistant to NK-92
mediated killing. NK-92 cells were stimulated with 200 U/ml IL-2 the day before the assay.

4.2 Blocking assays

4.2.1 Blocking of neither LIR-1 nor NKG2A on NK-92 cells increases target cell
lysis

To evaluate the influence of LIR-1 in myeloma cell lysis, mAbs were used to blockade
receptor-ligand interactions. As target cells lacked the expression of the HLA-E,
blocking of NKG2A was used as a negative control. Taking into account, that LIR-1
was present not only on NK cells, but also on most targets, experimental settings were
designed to restrict the influence of the blocking Abs mostly to NK-92. Therefore, mAbs
were incubated with effector cells alone, followed by extensive washing. All
experiments were performed at least three times, each in a series with or without use
of F(ab'),, respectively, in order to prevent ADCC. Although other authors restrict the
use of F(ab'), to target blocking, this decision was made to exclude any systematic
errors when comparing the outcome with that of later target blocking. NK-92 is

commonly described as lacking the FcyRlll, but little staining of CD16 was done by
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FACS, and influence of other FcR like CD32 and CD64, as well as further unknown
interactions with blocking Abs could be excluded by this procedure (Gong et al., 1994).
Toxicity of any of the used reagents was excluded (Figure 24 - Neither antibodies nor
F(ab'), show toxic effects on NK-92 cells).
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Figure 21 - Blocking of CD85j and CD159a at NK-92 effector cells does not increase specific lysis

Blocking assays were performed as 4-hour CRA. NK-92 were preincubated with human serum and
treated with the respective mAb (0.1, 1 and 10 pg/ml). E:T ratio of 1.25:1 was used throughout all
experiments with a total of 5x10° target cells/200 pl. Results are shown as means of triplicates of at
least three independent experiments.

(A/B): F(ab'), was added after the last washing step prior to co-incubation with target cells and
maintained within the medium throughout the whole experimental period.

(C/D): Samples without F(ab'),

In samples classified as 'untreated’, neither F(ab'), nor Abs were used. SR was always <20% for all cell
lines except from MOLP-8, which showed a constantly high SR up to 36%.

Statistical analysis was performed by ANOVA and did not show any significant effect of Ab use.
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No significant increase of tumor cell lysis could be achieved by any of the blocking Abs
despite high concentrations (Figure 21 - Blocking of CD85j and CD159a at NK-92
effector cells does not increase specific lysis). Results are shown as means of at least
three independent experiments. E:T ratio was 1.2:1 in all experiments. SR was always
<20% for all cell lines except from MOLP-8, which showed a constantly high SR up to
36%. This finding implicated a high sensitivity towards any further treatment, what was
contrary to the obtained effect.

What first might appear as a protective effect of the applied F(ab"), towards a reduced
lysis of target cells, must be considered to be a side effect caused by cell culture
period, for it included the results for the untreated sample, that did not obtain treatment
with either F(ab”), or Abs.

This culture effect is highlighted in Figure 22. As specific lysis of target cells by NK-92
was found to be independent from Ab concentration and type, results are presented as
means of the used concentrations (0.1 /1 /10 pug ml™) or in a separate bar as means
of concentration and Abs (CD85j, CD159a, 1gG2b). For MOLP-8, RPMI8226 and HL60,
a significant influence of F(ab’), towards a decreased lysis seemed relevant, but as
said before, could not be taken into account. Only experiments with K562 were
performed on the same day with and without additional F(ab’), treatment. Their equal
outcome confirms the thesis of culture side effects being responsible for significant
changes in experimental results. All other tests were done with a delay of one to two
weeks. As described above (Figure 13 - Expression of surface antigens),
FACS analysis before and at the end of the assays did not reveal changes in surface
molecules that were detected with a four week delay and included
activation marker CD25.

64



Results

Experiments in different dates

One date

50 - n.s. m Untreated
O CD85j mean
@ CD159a mean
40 ® lgG2b mean
all AB mean
%)
2 30
Q
:‘S
[0}
@
2 20 -
10 +
0 -
+
IM-9

Figure 22 - False appearance of F(ab'), influence in blocking of NK-92 cells

Statistical analysis (ANOVA) reveals a seemingly protective effect by F(ab'), fragments

against NK-92 mediated lysis. As influence of the type of antibody and the used concentration
were excluded, experimental data were merged.

Results were highly significant (untreated + F(ab‘)z/ Ab use + F(ab‘)z):

IM-9 p=0.317 / p=0.211; MOLP-8 p=0.017 / p=0.002; RPMI8226 p=0.052 / p<0.001;
HL60 p=0.009 / p<0.001; K562 p=0.692 / p=0.771.

The same settings were used throughout all experiments. In the experimental row, K652 tests
were performed at the same day and within the same panel. For all other target cells, tests
including F(ab'), were performed first and were followed by those without additional treatment

1 week later. Though IM-9 renders more susceptible to lysis to a non-significant degree, time
is the factor most likely to be taken into account, for targets incubated with 'untreated’ NK
cells showed the same changes in sensitivity towards lysis.
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4.2.2 Blocking of neither LIR-1 nor HLA-I on target cells increases target cell
lysis

According to the experiments done before, antibodies were used to block LIR-1
receptors in the tumor cells. Unlike experiments, where anti-HLA-I Abs are commonly
used as a positive control to reach a maximum value for NK cell mediated lysis, in this
setting no alteration of lysis was expected, since blocking of LIR-1 as the only relevant
inhibitory NK cell receptor on NK-92 had already not shown any influence in tumor cell
lysis. Neither blocking of LIR-1 nor HLA-A,-B,-C,-E and -G showed any influence on
tumor cell lysis (Figure 23).
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Figure 23 - Blocking of LIR-1 and HLA on tumor cells does not lead to increased lysis by NK-
92 cells.

LIR-1 (CD85j) and HLA class | molecules of the tumor cell lines were blocked as before on
the NK-92 cells. After incubation and extended washing, standard CRA were performed.
Neither LIR-1 nor HLA blocking showed no significant increase of tumor cell lysis. All
experiments were performed with the use of F(ab'), to prevent ADCC. Statistical analysis
performed by ANOVA excluded any significant effect of either isotype or Ab on target cell
lysis, compared to untreated samples. Discrete investigation of K562 treatment, performed as
a comparison of cumulated values for all Ab-incubated samples with or without F(ab'),,
excluded any influence of additional F(ab'), on the results (p= 0.218).
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4.3 Evaluation of reagent-based side effects

4.3.1 Ab or F(ab'), have no toxic effects on NK-92 under experimental
conditions

To rule out toxic effects of blocking Abs to NK-92 under experimental conditions, NK-92
were labelled with 51Cr and incubated with the respective Ab in parallel to the
conducted experiments. In four independent experiments, each assessed as a means
of triplicates, no harmful effect of anti-LIR-1, anti-NKG2A or F(ab'), could be observed
(Figure 24 - Neither antibodies nor F(ab'), show toxic effects on NK-92 cells).
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Figure 24 - Neither antibodies nor F(ab'), show toxic effects on NK-92 cells

NK-92 were labeled with 51Cr and incubated with Abs against LIR-1, NKG2A or IgG2b.
Isotype control with (+) or without (-) F(ab"). under the same conditions as the unlabeled
effector cells in the blocking experiments. SR is given as mean of four independent
experiments for untreated NK cells and as mean of an experimental series with concentration
of 10, 1 and 0.1 pug/ml. 'All Ab mean' integrates those results. F(ab'), concentration was 11
u/ml. Spontaneous release was <6%. As this control panel was performed in parallel to regular
NK-92 blocking experiments, interferences by reagents, temperature, incubation period, cell
viability or technical equipment can be excluded.
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4.3.2 F(ab’), might balance tumor lysis pattern

Nevertheless, there is an influence of the F(ab'), fragments, for they seem to stabilize
the results. The findings did not reach the level of significance but should be regarded
relevant. Usually no prevention from ADCC is included in assays that only block
NK-cell receptors. Figure 25 (B) represents the results of such a standard assay
compared to (A) in which this prevention is included. Apart from outliers, use of F(ab’),
seems to even out Ab effects in the blocking experiments, leading to values that
oscillate close to the origin in both directions (A). Sparing those fragments decreases
relative lysis, thus exhibiting a protective effect to the targets that is predominant in
MOLP-8 and RPMI8226 cells. Only K562 cells render more susceptible to NK mediated
lysis by usage of F(ab’), though not at a significant level (B).
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Figure 25 - Use of F(ab’), after blocking NK-92 receptors seems to balance lysis pattern

Values show the % relative increase or decrease of target cells lysis in a standard 4-hour CRA,

calculated as follows:

% relative change of specific lysis = [(%specific lysis ‘antibody’) - (%specific lysis ‘untreated’)] /

[Yespecific lysis ‘untreated’].

Though no concentration of the used mAbs showed a significant change in tumor lysis, interesting

differences in the resulting lysis-patterns could be detected.

(A) Apart from outliers, use of F(ab’), evens out mAb effects in the blocking experiments, leading to
values that oscillate close to the origin in both directions.

(B) Sparing F(ab’), decreases specific lysis, predominantly for MOLP-8 and RPMI8226 cells.
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5 DISCUSSION

5.1 Evaluation of the present experiments

5.1.1 Characteristics of the experimental setup

The aim of the present investigations was to evaluate, if LIR-1 works as an inhibitory
receptor concerning NK-92 mediated cytotoxicity against different tumor cell lines,
especially MM. Secondly, presence of LIR-1 on the tumor cells was to be evaluated
regarding its influence on immune escape. For this reason, standard 4h CRA were
performed under various conditions, modulating the receptor interactions with their
respective ligands. Hereby, influence of NKG2A as the second predominant inhibitory
NK cell receptor on NK-92 was ruled out by a parallel series of CRA.

To my knowledge, these experiments provide the first data concerning the influence of
isolated LIR-1 inhibition on NK cells towards an alteration of MM lysis. Additionally, the
experiments revealed a considerably high expression of the receptor on MM and IM-9
cell lines (Figure 14 - LIR-1 expression on NK-92 and target cells). For the first time,
LIR-1 was not only modulated on the effector cells, but was rather treated with blocking
agents to specifically aim the tumor surface.

NK-92 cells are commonly considered as appropriate NK cell representatives (Gong et
al.,, 1994). They are positive for LIR-1 and NKG2A, but express no KIR molecules
except from KIR2DL4 (Maki et al., 2001; Davidson et al., 2010). Inhibitory influence of
KIR2DL4 on the results was taken as negligible. It has structural characteristics and
functions of inhibitory as well as activating NK cell receptors, but physiological
stimulation always leads to activation, that might be triggered by soluble HLA-G, which
also lacked on the target cells (Cantoni et al., 1998; Ponte et al., 1999; Rajagopalan,
1999; Faure and Long, 2002).

Thus, inhibition of NK-92 mediated lysis could be expected mainly from the other two
dominant NK cell receptors NKG2A and its splice variant —B, as well as the LIR family,
of which LIR-1 is the receptor with the brightest distribution among human tissues
(Borges et al., 1997; Cosman et al., 1997; Samaridis and Colonna, 1997; Godal et al.,
2010). Taking this into account, MM cells and additional control cell lines were chosen,
that did or did not express LIR-1 on their surface.

Target cell lines were mainly negative for HLA-E, the so far only known ligand for
NKG2A, so that NK-92 could virtually be considered NKG2A negative despite their
surface expression of this receptor (Braud et al., 1998; Lee et al., 1998). FACS
analysis showed vanishingly low HLA-E staining IM-9. Therefore and as a negative
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control, blocking experiments also included the inhibition of NKG2A interactions. As
expected, no influence of NKG2A in the present setting could be detected.

5.1.2 LIR-1 does not influence cytotoxicity

LIR-1 interaction was investigated by selectively blocking either the receptor on the
effector or on the target cell side. No enhancement of tumor cell lysis was detected in
either of both cases. This finding was confirmed in at least three experiments for each
side of interaction that was treated with blocking antibodies. Experiments were
repeated with or without the application of reagents that were supposed to prevent any
possible ADCC, even though no expression of FcyR is described for NK-92 (Maki et al.,
2001). Those reagents did not exhibit any effect on lysis, but seemed to even out
variations in lysis pattern, possibly due to diminishing impacts on the antibodies
binding capacities. Blockade of all HLA-I molecules on the target cell side did also not
enhance lysis. If LIR-1 is the only relevant inhibitory receptor in this experimental
setting as stated above, and the blocking of LIR-1 did not alter cytotoxicity, no other
result would have been expected for HLA-I blockade.

5.1.3 Lack of LIR-1 mediated inhibitory influence is in consistency with
available data

By now, involvement of LIR-1 in protecting the fetus from abortion has become
common immunological knowledge, and so is the adoption of this mechanism by tumor
cells by expressing the LIR-1 ligand HLA-G (Paul et al., 1998; Ponte et al., 1999; Sheu
and Shih, 2010). Furthermore, viruses express highly affinitive LIR-1 ligands for
protection against immune defense, but LIR-1 serves as an effective receptor for
bacterial detection (Cosman et al., 1997; Nakayama et al., 2007).

Data about the specific role of this receptor in other contexts are rare and more
conflicting. While LIR-1 inhibition of T-cell and monocyte activation has been shown
before and will not further be discussed, only a few studies focus on NK-cell
modulation, and even less refer to experimental settings in which HLA-G was not
present on the target cell (Fanger et al., 1998; Saverino et al., 2000; Dietrich et al.,
2001).

While the available publications emphasize data that confirm an important inhibitory
effect of LIR-1, a more questioning view reveals quite a few dissonances in the
underlying information. Those issues refer to the number of experiments mentioned
that did not deliver the pronounced outcome, to the comparability of NK cell lines to
donor derived NK cells (dNK) and to the status of outcomes with transfected cell lines:
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Only one recent study used tumor cells as targets in cytotoxicity assays with NK cells in
the investigated context, while all others derived their data out of experiments with
HLA-transfected 721.221 (EBV transformed B cell line), murine cells (P815) or
immature dendritic cells (iDC) (Godal et al., 2010).

Godal et al. (2010) made an attempt in revealing the influence of LIR-1 on dNK. Flow
cytometry based blocking and degranulation assays with freshly isolated and HLA-G
negative AML and ALL blasts revealed only slight effects of LIR-1 blockade towards an
increase of lysis or degranulation of NK cells. Sole LIR-1 influence reached a
significant increase of lysis only in the case of one AML sample before dividing those
donor NK cells in KIR+ and KIR- subsets, but no increase afterwards. The other AML
sample as well as the ALL samples did not render susceptible to lysis due to LIR-1
blockade. Similar but slightly better results were obtained for induced degranulation. In
an investigation with NK cells, isolated 100 days after allogeneic SCT, in which NKG2A
and LIR-1 were the predominant inhibitory NK cell receptors, degranulation after
exposure to the targets could be increased by NKG2A blockade and to a much smaller
extend by LIR-1 blockade. These findings would suggest that LIR-1 does only serve as
a weak inhibitory NK cell receptor in the absence of HLA-G on tumor cells, but might be
relevant in situations with low KIR expression as seen within the first months after SCT.

Other available publications used merely HLA-transfected 721.221 cells as targets to
examine cytotoxicity, but often had the benefit of comparing results from NK cell lines
to the performance of NK cells derived from healthy donors.

In 2008, Yawata et al. already conducted a series of degranulation assays of dNK
against HLA-I deficient 721.221 in order to investigate the involvement of distinct
receptors in 'missing-self' recognition. Also not being able to identify any involvement of
LIR-1, their explanation for the findings based on the hypothesis, by which NK cells
need to be licensed by their respective MHC-I ligands in order to later on recognize this
missing-self. Another factor of influence was found in the weak binding of LIR-1 to the
donors® own HLA-I pattern, as HLA-G with its stronger affinity to LIR-1 is not
constitutionally expressed on tissues (Yawata et al., 2008). This hypothesis has lately
been doubted, for NK cell licensing has been shown to not necessarily require
exposure to MHC class | ligands during NK development in the bone marrow (Elliott et
al., 2010). Furthermore, others have convincingly shown influence of HLA-G in tumor
resistance, which could not occur if licensing would require presence of HLA-G or if
high binding affinities (Riteau, 2001; Maki et al., 2008; Favier et al., 2010).
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More successful LIR-1 mediated inhibition was achieved by Morel et al. (2008) who
tested the cytotoxicity of dNK and NK-92 against 721.221-G and —B in chromium based
assays with subsequent use of Abs. It is essential to mention, that their pre-studies
found only 15% of LIR-1+ dNK to be stimulated by target contact and these responsive
dNK were chosen for the subsequent studies. Also, comparative analysis of NK-92 and
dNK in different types of assays were conflicting, for activated LIR-1 could only induce
inhibition for either one of the two effector types in all scenarios tested (Morel and
Bellén, 2008).

No such conflict was observed by Favier et al. (2009), who incubated dNK and NKL
with 721.221-G1 and used blocking Abs against LIR-1 and HLA-G (Favier et al., 2010).
The same was true for Vitale et a. (1999): They incubated dNK with different HLA
transfected cell lines in standard CRA and increased lysis by LIR-1 blockade, but
unfortunately, no explicit prevention of ADCC was mentioned, leaving the results vague
to a certain extend (Vitale, 1999). At last, Colonna et al. (1997) showed the expected
LIR-1 influence in different kinds of experimental setups with NKL, serotonin releasing
RBL cells, as well as dNK and donor derived LIR+ T cells (dTK).

Interestingly, in all assays with either dTK or dNK against 721.221-B*2705, a-LIR-1
could only partially revert transfection induced inhibition, indicating either incomplete
binding of a-LIR-1 to the receptor or the presence of other receptors apart from LIR-1
that link to the ligand. Moreover, in rADCC assays with dNK against P815, only few
clones were inhibited by LIR-1 out of no known reason.

Here again, NK cell clones have shown to exhibit less predictable outcomes than cell
lines. Colonna et al. assumed different LIR isoforms to be responsible for the outcome,
of which not all are detected by the Ab, or that LIR-1 expression might be modulated
during culture period, what has been ruled out for the present experiments (4.1.1
Expression of LIR-1 and NKG2A on NK-92 and tumor cells).

Summarizing the available data, NK cell lines seem to be more reliable than dNK in
producing the expected results, when it comes to the evaluation of LIR-1 mediated
downregulation of cytotoxicity or degranulation. The results for polyclonal dNK show
high variances between the different clones that are mostly not characterized in detail.
Successful LIR-1 mediated inhibition by HLA-transfected 721.221 has abundantly been
shown, but HLA-B*2705 seems to be of higher influence than HLA-G1. Involvement of
additional undetected receptors could not always be excluded, and different types of
assays performed with the same effector and target cells could lead to highly diverging
results. Investigations of cytotoxicity of dNK and donor derived tumor cells are rare and
no sufficient information is so far available about the role of LIR-1 in the absence of
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HLA-G on donor derived tumor cells or tumor cell lines. Current opinion about the
inhibitory influence of LIR-1 is predominantly based on investigations at the feto-
maternal interface or has been tried to be adopted to artificial situations in which only a
single HLA molecule was present on the target cells- mostly HLA-G or —B on 721.221.
The performed experimental settings do not sufficiently cover the extensive binding
capacities of LIR-1 to HLA class I.

To my knowledge, so far no functional investigations about the role of LIR-1 on tumor
cells have been performed apart from the present studies. As LIR-1 is a very common
receptor throughout most human tissues, advanced knowledge about its functional
impact needs to be acquired.

5.1.4 Pre-existing maximum NK cell mediated cytotoxicity is likely to conceal
discrete inhibitory effects

An alternative explanation for the present results would state that LIR-1 influence could
not be measured, for a maximum level of activation had already been achieved before
blocking the inhibitory receptor. Former results of Navarro et al. (1999) point to that
assumption (Navarro et al., 1999). While anti (a)-LIR and a-HLA-E totally restored
cytotoxicity of the NK cell line NKL against 721.221 transfected with HLA-B*2705
(721.221-B*2705), the single effects of a-LIR-1 / a-NKG2A / a-HLA-E or a-HLA-G in
trials against 721.221-G1 were hardly above the control level (721.221-G1 co-express
NKG2A ligand HLA-E). Only additive use of the mentioned antibodies completely
restored lysis. As the lysis pattern of dNK against 721.221-G1 could also not be
explained by any influence of LIR-1, Navarro et al. proposed inhibitory KIR2DL4 to be
the dominant influence in this scenario (Navarro et al., 1999).

Strong activation masking the inhibitory influence of LIR-1 has also been claimed
responsible for a failure in visible effects of LIR-1 activation in rADCC assays by Morel
et al. (2008), who investigated discrepancies in the NKp30 driven cytotoxicity of NK-92
and dNK (Morel and Bell6n, 2008). This hypothesis is supported by the distinct
phenotype of NK-92. Its expression profile is unusual, compared to NK cells, as it has
only few inhibitory receptors (LIR-1, NKG2A and KIR2DL4), of which only LIR-1
exhibits its function within the present context. Moreover, the detected number of
activating receptors on NK-92 is large (NKp30, NKp46, 2B4, NKG2D, -E, CD28) (Maki
et al., 2001). NK-92 was maintained in culture medium with fresh supplementation of
IL-2 the day before the assays, leading to a pre-activated condition. It has been shown
before, that the high potential activating receptor NKp44 is induced by IL-2 (Vitale et
al., 1998).
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5.1.5 MM evasion mechanism might outweigh approaches of NK cell
modulation

It is possible that successful resistance mechanisms of the tumor cell lines that could
not be overcome by the conducted experimental modulations. Though NK cells have
been described as being capable of inducing lysis or apoptosis in MM as well as
lymphoblastoid cell line IM-9, this lysis never exceeds a certain level despite the
application of sometimes very high E:T ratios that are required to overcome MM
resistance (Davies, 2001; Zheng et al., 2002; Maki et al., 2008).

MM cells evade detection not only by maintenance of HLA class | expression, but
furthermore by acquisition of diverse strategies of immune evasion: By adopting CD28,
they promote their own growth and reinterpret infections of the host as further growth
stimuli (Zhang et al., 1998; Jego et al., 2006). Far from contenting with a safe niche
within the marrow, they adopt FasL in order to actively offend their assaulters (Nagata,
1996; Cao et al., 2010).

5.2 Functional aspects of LIR-1 according to previous publications

5.2.1 Modulation of immune functions

Though LIR-1 surface expression did not change during a four week culture period, it
does increase during B cell maturation (4.1.1 Expression of LIR-1 and NKG2A on NK-
92 and tumor cells) (Borges and Cosman, 2000). On CD4+ and CD8+ T cells, LIR-1
renders the cells susceptible to activation induced cell death, but after surviving, LIR-1
expansion has been proposed to proceed KIR expression before turning into memory T
cells (Young et al., 2001; Vivier and Anfossi, 2004). Lately, NK cells have been found
to acquire memory functions and it appears rewarding to investigate, if memory
function in NK cells correlates with LIR-1 acquisition as found in B- and T cells (Sun et
al., 2009).

DC have also been shown to upregulate LIR-1 during maturation. Furthermore, artificial
LIR-1 ligation leads to a modulated DC phenotype and a lack of activity that could be
reverted by blockade of CD80 or depletion of regulatory T cells. It has been proposed,
that LIR-1 has a high impact on regulating the balance between activation and
inhibition in immune responses (Young et al., 2008).

Significant increase of LIR-1 on PBMC has been observed within the context of HCMV
infection after lung transplantation, a situation that would likely be suitable for the
generation of immunological memory (Berg et al., 2003).

While HCMV infection induced LIR-1 expression on PBMC, downregulation was
observed on NK cells by HIV infected monocyte-derived DC (Berg et al., 2003; Scott-
Algara et al., 2008). Different than expected, this poor LIR- surface expression was
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correlated with poor HIV control, whereas a high LIR-1 level led to effective lysis of the
infected cells. Astonishingly, the interaction of LIR-1 with the target cells involved direct
contact, but was not mediated via MHC-I molecules but via a so far unknown ligand
(Scott-Algara et al., 2008).

These data suggest a more refined function of LIR-1 than initially suspected.
Upregulation does not necessarily favor suppression of immune function but might
correlate with acquisition of memory and even starting a coordinated defense, in which
DC might play a key role. Unknown LIR-1 ligands as well as later discussed complex
formations should be considered vital in understanding these new arising aspects.

5.2.2 Extension of KIR binding range

LIR-1 is most likely co-expressed with KIR rather than with NKG2A on NK cells and
even though there are increasing numbers of anti-KIR Abs available today, co-
expression with KIR cannot always be totally exluded (Navarro et al., 1999; Vitale,
1999; Kirwan and Burshtyn, 2005; Godal et al., 2010). Kirwan et al. (2005) have
therefore conducted experiments with KIR-transfected NK-92 to reveal further
information about possible co-operation between KIR and LIR receptors. By
transfecting truncated KIR2DL1 without ITIMs, they proofed the extracellular regions to
be sufficient for inhibition of lysis. This inhibition was mediated via SHP-1, thus using
the same pathway as other inhibitory NK cell receptors. LIR-1 interaction was found to
be very likely to explain the results, as the W6/32 Ab (that selectively blocks LIR-1-HLA
interactions) was found to restore lysis of previously truncated-KIR transfected NK
cells. Co-operative signaling only occurred for truncated KIR2DL1, while the wildtype
receptor did not recruit LIR-1. The conclusion driven by Kirwan et al. offers a
sustainable thesis for at least parts of the inconsistency in the discussed findings. The
authors proposed, that LIR-1 might co-operate with KIR to extend the functional range
of its binding. Furthermore, LIR-1 expression might be kept at a threshold, that allows
broad rather than specific receptor interaction, while co-expression with KIR might
increase binding of LIR-1 to specific HLA molecules due to clustering of MHC-I by KIR
(Kirwan and Burshtyn, 2005).

5.2.3 Co-ligation or complex formation might be required for efficient LIR-1
stimulation

The earlier mentioned recruiting of LIR-1 by truncated KIR2DL1 might hint at a general
capability of LIR-1 to increase its potential via mechanisms of accumulation (Kirwan
and Burshtyn, 2005). The best described LIR-1 ligand HLA-G has been shown to

generate covalent dimers and trimers at the cell surface, a unique characteristic among
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MHC-I molecules. It has been proposed, that these complexes increase the avidity
towards LIR-1, explaining the discrepancy between the relatively low affinity of LIR-1 to
its ligand and the high relevance within the context of fetal tolerance (Gonen-Gross et
al., 2003).

Vice versa, the extremely high avidity of the HCMV expressed MHC-I homolog UL18 to
LIR-1 might lead to a recruitment of additional LIR-1 molecules in a specific area of the
cell surface, resulting in a complicated pattern of interaction rather than a distinct one-
to-one relation (Chapman et al., 2000). In experimental settings, cross-linking of LIR-1
is also required for activating the receptor (Saverino et al., 2000; Morel and Bellén,
2008).Conclusively, homo- or heterotypic complex forming of the LIR-1 receptor rather
than just an increase of avidity by ligand-complexes might be the key factor that
regulates the degree of NK cell inhibition. By this, LIR-1 might work as a rheostat of NK
cell activation. This hypothesis would perfectly fit the unique capability of LIR-1 to
sense the overall HLA-I expression on human tissues by its broad spectrum of ligands.
An increase during aging as well as memory acquisition would elevate the necessary
threshold for activation during a parallel process of increase of activating NK cell
receptors caused by repeated pathogen contact.

Thus, an effective strategy of NK cell evasion by tumor cells would lead to the
expression of LIR-1 recruiting complexes. It would be ineligible for a healthy organism
to form those complexes, since the balanced NK cell receptor pattern detects minimal
deviations from normality. While the fetus is highly dependent on immune evasion, a
balanced sorting of aged or transformed cells is vital for maintaining homeostasis.

In the present experiments, LIR-1 has been the only functional inhibitory NK cell
receptor, and no HLA-G expression was found on the targets. Conceivably, these
circumstances prevented initial activation of the receptor, leading to the observed
unresponsiveness to blockade.

5.3 Methodical aspects

5.3.1 System complexity

NK cells do abundantly interact with especially T cells and DC (chapter 2.3.4). Their
regulation is far from being understood, but involves innate as well as adoptive
features. In vitro assays can therefore only provide a first clue that needs to be verified
in clinical studies. So far, NK cell assays usually do not integrate DC within cytotoxicity
assays against tumor cells due to matters of complexity. Due to unsuccessful
experiments in trying to provoke NK cell degranulation, Bryceson et al. (2009) already
discussed whether attempts to overcome complexity were the right way to gain new
insights (Bryceson et al., 2009).

77



Discussion

NK-92 is a widely used reference cell line for NK cell assays, and is considered to
reliably reflect their functions. They were derived from a patient with rapidly progressive
NK cell lymphoma whose PBMC contained LGL with multiple aneuploidies and
structural rearrangements (Gong et al., 1994; Maki et al., 2001). The cells are known to
express a rather untypical receptor pattern as they are positive for LIR-1 and NKG2A,
but are negative for KIR and CD16 (Morel and Bellon, 2008). By this, they provide a
system, in which the two main inhibitory receptors stand alone without any interaction
with the broad pattern of KIR molecules. The common acceptance of NK-92 cells as
NK cell representatives must therefore be taken with caution.

In 2008, Maki et al. were the first to test the influence of HLA-G in tumor resistance. As
the major LIR-1 ligand, it was investigated in a setting with donor-derived NK cell as
well as NK-92 cells. They targeted MM and CLL cells that were also either donor
derived or in case of MM also represented by cell lines. About 70% of MM and CLL
donor samples were primarily resistant to killing by donor NK cell in CRA. While MM
lacked HLA-G surface expression, the prevalent HLA-G on CLL cells allowed increased
lysis after HLA-G blockade. Though no direct conclusions about the influence of LIR-1
should be drawn, the study revealed interesting insights in the comparability between
cell lines and donor cells. While MM was relatively resistant to NK-92 mediated lysis
(maximum of 15% specific lysis), results with donor NK cells were even inferior. On the
other hand, all MM cell lines as well as IM-9 were highly susceptible to NK-92 mediated
lysis (Maki et al., 2008). These findings strongly suggest that for the field of NK cell
studies, findings that are based on cell line studies might not be applicable to in vivo
surroundings.

Another bias to donor derived cells became obvious after immunophenotyping the used
MM cell lines. While HLA-G has been shown to be increased in patients with MM
compared to healthy controls, in a recent study all investigated MM cell lines were
HLA-G negative (Leleu et al., 2005). For future analysis, the present experiments
should be repeated with a comparative setting of cell lines as well as donor derived
cells as proposed before (Robertson and Ritz, 1990).

Although being aware of problems concerning the comparability of NK cell lines to
donor derived NK cells (dNK), | have chosen an experimental setting that allows
studying isolated influence of LIR-1 on cytotoxicity. The major goal was to provide a
model system to overcome the common practice of using transfected target cell lines in
cytotoxicity assays. Knowing the necessity of future efforts to confirm the present
findings in a brighter panel of cells and cell lines, these results might provide a first step
towards a new understanding of LIR-1.
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5.3.2 Maintenance of antibodies within the culture medium

Due to the investigated expression of LIR-1 on effectors as well as target cells, careful
elimination of a dual blockade had to be undertaken, in order to differentiate potential
effects of increased lysis.

While it is common to use blocking Abs for modulating NK cell functions, they are
usually maintained within the culture medium throughout the whole assay period
(Saverino et al., 2000; Riteau, 2001). Here, maintenance of the Ab within the culture
dish was not considered necessary to obtain reliable results. Within flowcytometric
immunophenotyping of LIR-1, the same preincubation time with subsequent washing
delivered bright and unequivocal staining, proving an appropriate binding capacity of
the Ab.

5.4 Conclusions

Within the present study, no alteration of NK mediated cytotoxicity against MM was
observed after blockade of LIR-1 on either the effector or the target cell side. Being the
only functional inhibitory receptor within this setting, major known side effects by e.g.
KIR have been ruled out. Considering the grave divergence between outcomes of
investigated cell lines and donor derived cells, the actual findings are not assignable to
in vivo situations. Nevertheless, this unexpected outcome opens the door to fruitful
discussions about the complexity of LIR-1 interactions and its potential role within
tumor defense. Together with NKG2A, it has been shown to be the major inhibitory
influence in the early phase after SCT that hinders the emerging NK cell subset in fully
expressing its graft-versus-leukemia effect (Nguyen et al., 2005; Godal et al., 2010).

5.5 Perspectives

Next step in revealing the influence of LIR-1 should be the comparative analysis of cell
lines and donor derived NK and tumor cells regarding their performance in cytotoxicity
assays. Besides CRA, rADCC with P815 as well as flow cytometry based assays
should be included within the experimental panel to even out the known variations
within the previous analyses.

According to the previous remarks about complex forming of LIR-1 or it’s ligands,
artificial co-ligation with KIR by GAM antiserum or bimodal Abs might be a way to
overcome resistance of donor derived MM cells towards NK mediated lysis. In another
step, MM specific antigens would be an interesting target in developing new kinds of
bimodal antibodies that induce complex-forming of LIR-1 on the NK cells (Atanackovic
et al., 2010; Atanackovic et al., 2011). The present experiments did not reveal
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information about the function of LIR-1 on the tumor cells that was detected for MM and
IM-9 but not for HL60 or K562. It is likely, that in this case, LIR-1 is a residue of the
healthy cell’s receptor pattern. Calcium mobilization assays could prove the
functionality on the receptor on tumor cells. LIR-1 would then be likely to hinder their
growth and therefore be a target for an activating Ab in palliative treatment or even a
new parameter for evaluating chemosensitivity of tumor cells.

It is very likely, that the present presumptions about functions of LIR-1 within the

immune regulations are far behind the real impact.

6 SUMMARY

Within the present work, all efforts made led to the rejection of the hypothesis of LIR-1
being a relevant inhibitory NK cell receptor in the context of MM immune evasion.
Experiments with well documented monoclonal antibodies were performed to neutralize
specific receptor-ligand interactions of interest. Silencing LIR-1 influence on neither the
effector nor the target side led to any significant increase in tumor cell lysis. As
anticipated, blocking of NKG2A on NK-92 and HLA-I on target cells did not alter the
results either and was therefore regarded as a valid experimental control among others
that were carefully implemented to confirm the findings. To my knowledge, this has
been the first approach to conduct a functional investigation of LIR-1 on NK cells with
the objective to promote myeloma cell lysis.

Furthermore, the present work takes account of the broad distribution of LIR-1 among
human tissues in a unique way. For this purpose, LIR-1 expression on target cells was
investigated and revealed broad staining on MM as well as on lymphoblastoid cells, but
could not be detected on AML and erythroleukemic cells. For the first time, LIR-1 was
then selectively blocked on the side of the tumor cells to directly compare the receptors
role on NK cells and tumor cells.

As discussed extensively, the rare and conflicting data about LIR-1 on NK cells suggest
it to exhibit other important functions rather than directly influencing cytotoxicity. While
some authors more or less confirm common presumptions about LIR-1 (Vitale, 1999;
Favier et al., 2010; Godal et al., 2010), others put far more emphasize on the
incoherent outcomes in different kinds of cytotoxicity assays and mention
unsatisfactory results (Colonna et al., 1997; Morel and Bell6n, 2008; Yawata et al.,
2008).

Only in the exceptional involvement of NK cells at the maternal-fetal interface as well
as in contact with HLA-G bearing tumor cells, the role of LIR-1 seems to be sufficiently
documented and predictable to some extent. Most studies concerning LIR-1 on NK
cells used transfected 721.221 cells as target cells to ‘rule out complexity’, and little
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effort has so far been undertaken to adopt the results to a more sophisticated context.
Most of all, investigations of cytotoxicity do mostly not involve donor derived cells,
leading to an immense bias between the experimental settings and the natural activity
of the aims of interest.(Robertson and Ritz, 1990; Maki et al., 2008). Although the
present study cannot totally overcome this situation, it provides a first step towards this
direction by a close evaluation of both sides of the cell-cell interaction.

Conclusively, homo- or heterotypic complex forming of the LIR-1 receptor rather than
just an increase of avidity by ligand-complexes might be the key factor to regulate NK
cell inhibition (Gonen-Gross et al., 2003; Kirwan and Burshtyn, 2005). By this, LIR-1
might work as a rheostat of NK cell activation as it has previously been suggested for
dendritic cells (Young et al., 2008). This hypothesis would perfectly fit the unique
capability of LIR-1 to sense the overall HLA-I expression on human tissues by its broad
spectrum of ligands. An increase during aging as well as memory acquisition (Sun et
al., 2009) would thereby increase the threshold for activation that might be a necessary
process during a parallel increase of activating NK cell receptors that unfold their
capacity in repeated pathogen contact. Still unknown ligands apart from MHC-I might
play an important role within these interactions (Scott-Algara et al., 2008).

As a consequence, an effective strategy of NK cell evasion by tumor cells would lead to
the expression of LIR-1 recruiting complexes. It would be ineligible for a healthy
organism to form those complexes, since the balanced NK cell receptor pattern detects
minimal deviations from normality. While the fetus is highly dependent on immune
evasion, a balanced sorting of aged or transformed cells is vital for maintaining
homeostasis.

It is very likely, that functions of LIR-1 are highly underestimated and unfold their

meaning in rather unexpected ways.
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7 ATTACHMENTS

7.1 Myeloma staging systems

Durie-Salmon Staging System for multiple myeloma

Stage MM cell mass Criteria Median survival
(cells x 10'%/m? (months)

body surface according to % tumor

regression after initial
response to treatment

* <0.6 All of the following 4 criteria >75% 300
(low) 1. Hemoglobin value > 10 g/ dI <75% 120
2. Serum calcium value normal (< 12mg/dI) >50% 191

3. On roentgenogram, normal bone structure or
solitary

bone plasmocytoma only
4. Low M-component production rates
a. IgG value < 5 g/100 ml
b. IgA value < 3 g/100 ml
c. Urine light chain M-component on electrophoresis < 4 g/24 hours

Il 0.6-1.2 Not stage | or llI >75% 79
(intermediate) <75% 63
>50% 67
<50% 37
1 >1.2 One or more of the following >75% 120
(high) 1. Hemoglobin value <8.5 g/100 ml <75% 15
2. Serum calcium value > 12 mg/d| >50% 66
3. Advanced lytic bone lesions <50% 10

4. High M-component production rates
a. IgG value >7 g/dI
b. IgA value > 5 g/d|
c. Urine light chain M-component on electrophoresis >12g/24 hours

Subclassification A = Relatively normal renal function (serum creatinine value <2.0mg/dl)

B = Abnormal renal function (serum creatinine value >2.0mg/dl)

Outcome based on serum creatinine levels

Stage Median Survival
(months)

A 61

IIA, B 55

A 30

B 15

Table 14 - Durie-Salomon Staging for multiple myeloma

Data inclusively the median survival were taken from the original publication of Durie and
Salmon (1975) and completed with outcome according to serum creatinine level (Durie and
Salmon, 1975; Fauci and Harrison, 2008). New approaches in therapy were not taken into

account.
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*In low cell mass category, > 75% tumor regression includes all cases with disappearance of

M-component from serum and/or urine. There were no patients with < 50% tumor regression.

International Staging System for multiple myeloma

Stage Criteria Median
Survival
(months)
Serum B2-microglobulin < 3.5 mg/L 62

Serum albumin = 3.5 g/dL

I Not stage | or llI: 44
serum B2-microglobulin < 3.5 mg/L
serum albumin < 3.5 g/dL;
or

serum B2-microglobulin 3.5 to < 5.5 mg/L irrespective of the serum

albumin level.

1 Serum B2-microglobulin = 5.5 mg/L 29

Table 15 - International Staging System for multiple myeloma

ISS staging system as published in 2005 (Greipp et al., 2005).
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7.2 Outcome after autologous stem cell transplantation

Outcome of MM patients after autologous stem cell transplantation

Outcome DSS % (95% CI) ISS % (95% Cl) P-value

Non-relapse mortality at 1 year

Stage | 2 (0-8) 4 (2-6) 0.49
Stage Il 3 (1-6) 6 (4—10) 0.07
Stage Il 6 (4-8) 3 (1-6) 0.11
Progression-free survival
Stage |
3 years 60 (46—74) 46 (40-53) 0.09
5 years 47 (32-62) 31 (24-37) 0.05
Stage Il
3 years 45 (39-52) 42 (36—47) 0.42
5 years 29 (22-36) 24 (18-30) 0.33
Stage Il
3 years 37 (33-42) 33 (26-41) 0.39
5 years 20 (15-24) 18 (11-25) 0.62
Overall survival
Stage |
3 years 89 (79-96) 73 (67-78) 0.003
5 years 81 (68-92) 55 (48-62) <0.001
Stage Il
3 years 72 (66-78) 70 (64-75) 0.55
5 years 59 (51-66) 56 (49-62) 0.55
Stage Il
3 years 64 (59-68) 59 (51-66) 0.25
5 years 44 (39-50) 39 (31-48) 0.33

Table 16 - Outcome of MM patients after autologous stem cell transplantation

Comparison of outcome according to DSS and ISS classification of 729 patients with MM
after ASCT according to Hari et al. (2009). Patients received ASCT within 12 months after
diagnosis and were not pre-treated with lenalidomide nor bortezomib. Conditioning regimes
were melphalan or busulfan and cyclophosphamide-based. After statistical analysis,
concordance between DSS and ISS was low (p=0,085; 95% CI, 0.043-0.126). Only 36% of
the patients were classified within the same stages of both systems. The difference in overall
survival of the patients in ISS stage | to stage Il is not significant. While ISS delivers easily
reproducible and achievable data, the DSS allows distinction between MGUS, smoldering
myeloma and MM and low DSS stage better discriminated the cohort with better prognosis.
Higher stages in both systems predicted treatment failure (Hari et al., 2009; Kyle and
Rajkumar, 2009).
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7.3 NK-cell receptors

Activating Receptor

Ligand

Inhibitory Receptor

Ligand

KIR2DL4 (CD158d)

KIR2DS1 (CD158h)

KIR2DS2 (CD158j)

KIR2DS3
KIR2DS4 (KIR2DS4del/ins)
(CD185i)

KIR2DS5 (CD158g)
KIR2DS6 (KIR3DP1,
KIR3DS2P, CD158c)

KIR3DS1 (CD158¢2)

LIR-6 (LILRA1, CD85i)
CD85f (ILT11)

CD85g (LILRA4, ILT?)
LIR-7 (LILRA2, ILT-1,
CD85h)

CD85b (ILT8)
CD85L (ILT-9)

CD85M (ILT-10)

CD94/NKG2C
(CD94/CD159c)

NKG2D (CD314)

NKG2E/H

NKp30 (CD337)
NKp46 (CD335), NKp44
(CD336)

NKp65

Immunoglobul
HLA-G (soluble)

Group 2 HLA-CAsn77
Lys80
Group 1 HLA-CSer 77
Asn80

unknown

unknown

unknown

unknown

unknown

HLA-B
unknown

unknown

unknown
unknown
unknown
unknown

C-lectin

HLA-E
MIC-A, MIC-B, ULBP1-
6

in like superfamily
KIR2DL1 (CD158a)

KIR2DL2 (CD158b1)

KIR2DL3 (CD158b2, CD158c)

KIR2DL5

KIR2DL5A

KIR2DL5B

KIR2DL6 (KIR2DP1)
KIR3DL1 (CD158e1)
KIR3DL2 (CD158K)
KIR3DL3 (CD1582)
KIR3DL7

LIR-1 (LILRBA1, ILT-2, CD85;)
LIR-2 (LILRB2, ILT-4, CD85d)
LIR-3 (LILRB3, ILT-5, CD85a)
LIR-4 (LILRA3, ILT-6, CD85e)
LIR-5 (LILRB4, ILT-3, CD85k)

LIR-8 (LILRBS, -----, CD85c)

superfamily

unknown
NCR
BAT3, B7-H6
viral hemagglutinins
KACL
Others / Cofactors

Cytokine / monokine / chemokine receptors
Toll-like receptors

Table 17 - NK cell receptors

CD94/NKG2A,B (CD94/CD159a)

Group 2 HLA-C
Asn77Lys80
HLA-C Ser77Asn80

Group 1 HLA-C
Ser77Asn80

HLA-C

unknown

unknown

unknown

HLA-Bw4

HLA-AS3, -A11
unknown

unknown
HLA-A,-B,-C,-E,-F,-G,
UL18
HLA-A,-B,-C,-E,-F,-G
unknown

unknown

unknown

unknown

HLA-E

Classification of major activating and inhibitory receptors on NK cells. Letters printed in italics

show LIR that belong to the class of receptors but are not expressed on NK cells (Colonna et
al., 1997; Samaridis and Colonna, 1997; Fehniger et al., 1999; Vivier and Anfossi, 2004;
Lanier, 2005; Farag and Caligiuri, 2006; Fuchs and Colonna, 2006; Guo and Qian, 2010; Orr

and Lanier, 2010).
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8 ABBREVIATIONS

721.221 EBV transformed B cell line

51Cr sodium chromate (1V)

o Anti

Ab Antibody

Abs Antibodies

ACTB B-Actin

ADCC Antibody-dependent cytotoxicity

AL Amyloid light chain

ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

ANOVA Analysis of variants

ATCC American Type Culture Collection

BCG Mycobacterium bovis bacillus Calmette-Guérin
BLCL Lymphoblastoid B cell line

BM Bone marrow

CCR7 CC chemokine receptor 7

CD Cluster of differentiation

CD3¢ CD3 -chain

CmMmV Cytomegalovirus

CpG CpG oligodesoxynucleotides (oligo-DNA with CG palindroms)
CRA Chromium-release-assay

DAP12 DNAX activating protein of 12 kDa

dNK Donor-derived NK cells

DSS Durie-Salmon Staging

dTK Donor-derived LIR-1 positive T cells

EBV Epstein-Barr-virus

ET Effector : target

FACS Fluorescence-activated cell sorter

FasL Fas ligand

FceRly Gamma chains of high-affinity receptor for the Fc region of immunoglobulin E
FcR Fc receptor

FCS Fetal calf serum

FGFR3 Fibroblast growth factor receptor 3

GM-CSF Granulocyte macrophage colony-stimulating factor
GVM Graft-versus-myeloma

GVL Graft-versus-leukemia

GVHD Graft-versus-host disease

HLA Human leukocyte antigen

HMCL human myeloma cell lines

86



Abbreviations

iDC Immature dendritic cells

IFN Interferon

Ig Immunoglobulin

IgSF Immunoglobulin-like superfamily

IL Interleukin

ILT2 Immunoglobulin like transcript 2

ImiDs Immunomodulatory drugs

ISS International Staging System

ITAM Immunoreceptor tyrosine-based activating motif

ITIM Immunoreceptor tyrosine-based inhibitory motif
KARAP Killer cell activating receptor-associated protein

KIR Killer immmunoglobulin-like receptor

LCL Lymphoblastoid cell line

LFA-1 Lymphocyte function-associated Ag 1

LILRB1 Leukocyte immunoglobulin-like receptor, subfamily B member 1
LIR Leukocyte immunoglobulin-like receptor

LPS Lipopolysaccharides

MAFB Maf musculoaponeurotic fibrosarcoma oncogene homolog B
Mcl-1 myeloid cell leukemia-1 protein

MGUS Monoclonal gammopathy of undetermined significance
MHC-I Major histocompatibility class |

MICA /B MHC class | chain related protein A/ B

MIP1a Macrophage inflammatory protein 1 o

MM Multiple myeloma

MMSET Multiple myeloma SET domain protein

mSMART Mayo Stratification for Myeloma and Risk-adapted Therapy
NCR Natural cytotoxicity receptors

NK Natural killer

NKG2A Natural killer cell lectin like receptor group 2A

NKL NK cell line

P815 FcR+ murine cells

PAMP Pathogen associated molecular pattern

PE Pleural effusion

PPRs Pattern-recognition receptors

PBMC Peripheral blood mononuclear cells

PBSC Peripheral blood stem cells

SCT Stem cell transplantation

SHP SH2-containing protein-tyrosine phosphatase

SHIP SH2-containing inositol polyphosphate 5-phosphatase
SR Spontaneous release

Syk spleen tyrosine kinase
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TAP Transporter associated with antigen processing
TGF Transforming growth factor

TLR Toll like receptors

TNF Tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand

Treg Regulatory T cells

ZAP70 Zeta-chain-associated protein kinase 70kDa

9 REFERENCES

Main parts of this work have been published:

Heidenreich S, zu Eulenburg C, Hildebrandt Y, et al. Impact of the NK Cell Receptor LIR-1 (ILT-
2/CD85j/LILRB1) on Cytotoxicity against Multiple Myeloma. Clinical and Developmental
Immunology 2012;2012:13.

References:

Agerberth, B., Charo, J., Werr, J., Olsson, B., Idali, F., Lindbom, L., Kiessling, R., Jérnvall, H.,
Wigzell, H., and Gudmundsson, G.H. (2000). The human antimicrobial and chemotactic
peptides LL-37 and alpha-defensins are expressed by specific lymphocyte and monocyte
populations. Blood 96, 3086-3093.

Alcami, A., and Koszinowski, U.H. (2000). Viral mechanisms of immune evasion. Immunol.
Today 21, 447-455.

Allan, D.S., Colonna, M., Lanier, L.L., Churakova, T.D., Abrams, J.S., Ellis, S.A., McMichael,
AJ., and Braud, V.M. (1999). Tetrameric complexes of human histocompatibility
leukocyte antigen (HLA)-G bind to peripheral blood myelomonocytic cells. J. Exp. Med
189, 1149-1156.

Allen, R.L., Raine, T., Haude, A., Trowsdale, J., and Wilson, M.J. (2001). Leukocyte receptor
complex-encoded immunomodulatory receptors show differing specificity for alternative
HLA-B27 structures. J Immunol 167, 5543-5547.

Anderson, R.A., Polansky, M.M., Bryden, N.A., and Canary, J.J. (1991). Supplemental-
chromium effects on glucose, insulin, glucagon, and urinary chromium losses in subjects
consuming controlled low-chromium diets. Am. J. Clin. Nutr 54, 909-916.

Apps, R., Murphy, S.P., Fernando, R., Gardner, L., Ahad, T., and Moffett, A. (2009). Human
leucocyte antigen (HLA) expression of primary trophoblast cells and placental cell lines,
determined using single antigen beads to characterize allotype specificities of anti-HLA
antibodies. Immunology 727, 26-39.

Arnon, T.l., Achdout, H., Levi, O., Markel, G., Saleh, N., Katz, G., Gazit, R., Gonen-Gross, T.,
Hanna, J., and Nabhari, E., et al. (2005). Inhibition of the NKp30 activating receptor by
pp65 of human cytomegalovirus. Nat. Immunol 6, 515-523.

Arnon, T.l., Achdout, H., Lieberman, N., Gazit, R., Gonen-Gross, T., Katz, G., Bar-llan, A.,
Bloushtain, N., Lev, M., and Joseph, A., et al. (2004). The mechanisms controlling the
recognition of tumor- and virus-infected cells by NKp46. Blood 703, 664-672.

Atanackovic, D., Hildebrandt, Y., Jadczak, A., Cao, Y., Luetkens, T., Meyer, S., Kobold, S.,
Bartels, K., Pabst, C., and Lajmi, N., et al. (2010). Cancer-testis antigens MAGE-C1/CT7
and MAGE-A3 promote the survival of multiple myeloma cells. Haematologica 95, 785-
793.

88



References

Atanackovic, D., Panse, J., Hildebrandt, Y., Jadczak, A., Kobold, S., Cao, Y., Templin, J.,
Meyer, S., Reinhard, H., and Bartels, K., et al. (2011). Surface molecule CD229 as a
novel target for the diagnosis and treatment of multiple myeloma. Haematologica 96,
1512-1520.

Attal, M., Harousseau, J.L., Stoppa, A.M., Sotto, J.J., Fuzibet, J.G., Rossi, J.F., Casassus, P.,
Maisonneuve, H., Facon, T., and Ifrah, N., et al. (1996). A prospective, randomized trial of
autologous bone marrow transplantation and chemotherapy in multiple myeloma.
Intergroupe Francais du Myélome. N. Engl. J. Med 335, 91-97.

Ault, K.A., Antin, J.H., Ginsburg, D., Orkin, S.H., Rappeport, J.M., Keohan, M.L., Martin, P., and
Smith, B.R. (1985). Phenotype of recovering lymphoid cell populations after marrow
transplantation. J. Exp. Med 161, 1483-1502.

Avet-Loiseau, H., Li, J.Y., Godon, C., Morineau, N., Daviet, A., Harousseau, J.L., Facon, T., and
Bataille, R. (1999). P53 deletion is not a frequent event in multiple myeloma. Br. J.
Haematol 106, 717-719.

Avet-Loiseau, H., Malard, F., Campion, L., Magrangeas, F., Sebban, C., Lioure, B., Decaux, O.,
Lamy, T., Legros, L., and Fuzibet, J.-G., et al. (2011). Translocation t(14;16) and multiple
myeloma: is it really an independent prognostic factor? Blood 7717, 2009-2011.

Bae, J., Leo, C.P., Hsu, S.Y., and Hsueh, A.J. (2000). MCL-1S, a splicing variant of the
antiapoptotic BCL-2 family member MCL-1, encodes a proapoptotic protein possessing
only the BH3 domain. J. Biol. Chem 275, 25255-25261.

Barlogie, B., Tricot, G., Anaissie, E., Shaughnessy, J., Rasmussen, E., van Rhee, F., Fassas,
A., Zangari, M., Holimig, K., and Pineda-Roman, M., et al. (2006). Thalidomide and
hematopoietic-cell transplantation for multiple myeloma. N. Engl. J. Med 354, 1021-1030.

Beck, S., and Barrell, B.G. (1988). Human cytomegalovirus encodes a glycoprotein homologous
to MHC class-I antigens. Nature 3317, 269-272.

Bellon, T., Heredia, A.B., Llano, M., Minguela, A., Rodriguez, A., Lopez-Botet, M., and Aparicio,
P. (1999). Triggering of effector functions on a CD8+ T cell clone upon the aggregation of
an activatory CD94/kp39 heterodimer. J. Immunol 762, 3996-4002.

Benz, E.J., Murnane, M.J., Tonkonow, B.L., Berman, B.W., Mazur, E.M., Cavallesco, C., Jenko,
T., Snyder, E.L.,, Forget, B.G., and Hoffman, R. (1980). Embryonic-fetal erythroid
characteristics of a human leukemic cell line. Proc. Natl. Acad. Sci. U.S.A 77, 3509-3513.

Berg, L., Riise, G.C., Cosman, D., Bergstrom, T., Olofsson, S., Karre, K., and Carbone, E.
(2003). LIR-1 expression on lymphocytes, and cytomegalovirus disease in lung-transplant
recipients. Lancet 367, 1099-1101.

Bertone, S., Schiavetti, F., Bellomo, R., Vitale, C., Ponte, M., Moretta, L., and Mingari, M.C.
(1999). Transforming growth factor-beta-induced expression of CD94/NKG2A inhibitory
receptors in human T lymphocytes. Eur. J. Immunol 29, 23-29.

Biron, C.A., and Brossay, L. (2001). NK cells and NKT cells in innate defense against viral
infections. Curr. Opin. Immunol 13, 458-464.

Boersma-Vreugdenhil, G.R., Kuipers, J., van Stralen, E., Peeters, T., Michaux, L., Hagemeijer,
A., Pearson, P.L., Clevers, H.C., and Bast, B.J.E.G. (2004). The recurrent translocation
t(14;20)(932;912) in multiple myeloma results in aberrant expression of MAFB: a
molecular and genetic analysis of the chromosomal breakpoint. Br J Haematol 126, 355-
363.

Borg, C., Jalil, A., Laderach, D., Maruyama, K., Wakasugi, H., Charrier, S., Ryffel, B., Cambi, A.,
Figdor, C., and Vainchenker, W., et al. (2004). NK cell activation by dendritic cells (DCs)
requires the formation of a synapse leading to IL-12 polarization in DCs. Blood 7104,
3267-3275.

Borges, L., and Cosman, D. (2000). LIRs/ILTs/MIRs, inhibitory and stimulatory Ig-superfamily
receptors expressed in myeloid and lymphoid cells. Cytokine Growth Factor Rev 171, 209-
217.

89



References

Borges, L., Hsu, M.L., Fanger, N., Kubin, M., and Cosman, D. (1997). A family of human
lymphoid and myeloid Ig-like receptors, some of which bind to MHC class | molecules. J.
Immunol 159, 5192-5196.

Bottai, D., Maisetta, G., Florio, W., and Campa, M. (2005). Human CD56bright and CD56dim
natural killer cell subsets respond differentially to direct stimulation with Mycobacterium
bovis bacillus Calmette-Guerin. Scand J Immunol 62, 498-506.

Bourhis, J.-H., Bouko, Y., Koscielny, S., Bakkus, M., Greinix, H., Derigs, G., Salles, G.,
Feremans, W., Apperley, J., and Samson, D., et al. (2007). Relapse risk after autologous
transplantation in patients with newly diagnosed myeloma is not related with infused
tumor cell load and the outcome is not improved by CD34+ cell selection: long term
follow-up of an EBMT phase Il randomized study. Haematologica 92, 1083-1090.

Boyington, J.C., Motyka, S.A., Schuck, P., Brooks, A.G., and Sun, P.D. (2000). Crystal structure
of an NK cell immunoglobulin-like receptor in complex with its class | MHC ligand. Nature
405, 537-543.

Boyson, J.E., Erskine, R., Whitman, M.C., Chiu, M., Lau, J.M., Koopman, L.A., Valter, M.M.,
Angelisova, P., Horejsi, V., and Strominger, J.L. (2002). Disulfide bond-mediated
dimerization of HLA-G on the cell surface. Proc. Natl. Acad. Sci. U.S.A 99, 16180-16185.

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Analitical Biochemistry.

Braud, V.M., Allan, D.S., O'Callaghan, C.A., Séderstrom, K., D'Andrea, A., Ogg, G.S., Lazetic,
S., Young, N.T., Bell, J.I., and Phillips, J.H., et al. (1998). HLA-E binds to natural killer cell
receptors CD94/NKG2A, B and C. Nature 391, 795-799.

Bryceson, Y.T., Ljunggren, H.-G., and Long, E.O. (2009). Minimal requirement for induction of
natural cytotoxicity and intersection of activation signals by inhibitory receptors. Blood
114, 2657-2666.

Burnette, W.N. (1981a). "Western blotting": electrophoretic transfer of proteins from sodium
dodecyl sulfate--polyacrylamide gels to unmodified nitrocellulose and radiographic
detection with antibody and radioiodinated protein A. Anal. Biochem 7712, 195-203.

Burnette, W.N. (1981b). "Western blotting": electrophoretic transfer of proteins from sodium
dodecyl sulfate--polyacrylamide gels to unmodified nitrocellulose and radiographic
detection with antibody and radioiodinated protein A. Anal Biochem 1712, 195-203.

Burshtyn, D.N., Yang, W., Yi, T., and Long, E.O. (1997). A novel phosphotyrosine motif with a
critical amino acid at position -2 for the SH2 domain-mediated activation of the tyrosine
phosphatase SHP-1. J Biol Chem 272, 13066-13072.

Caligiuri, M.A. (2008). Human natural killer cells. Blood 112, 461-469.

Caligiuri, M.A., Zmuidzinas, A., Manley, T.J., Levine, H., Smith, K.A., and Ritz, J. (1990).
Functional consequences of interleukin 2 receptor expression on resting human
lymphocytes. Identification of a novel natural killer cell subset with high affinity receptors.
J. Exp. Med 171, 1509-1526.

Campbell, J.J., Qin, S., Unutmaz, D., Soler, D., Murphy, K.E., Hodge, M.R., Wu, L., and
Butcher, E.C. (2001). Unique subpopulations of CD56+ NK and NK-T peripheral blood
lymphocytes identified by chemokine receptor expression repertoire. J. Immunol 1686,
6477-6482.

Cantoni, C., Verdiani, S., Falco, M., Pessino, A., Cilli, M., Conte, R., Pende, D., Ponte, M.,
Mikaelsson, M.S., and Moretta, L., et al. (1998). p49, a putative HLA class I-specific
inhibitory NK receptor belonging to the immunoglobulin superfamily. Eur. J. Immunol 28,
1980-1990.

Cao, Y., Liutkens, T.C., Kobold, S., Hildebrandt, Y., Gordic, M., Lajmi, N., Meyer, S., Bartels, K.,
Zander, A.R., and Bokemeyer, C. (2010). The cytokine/chemokine pattern in the bone
marrow environment of multiple myeloma patients. Experimental hematology, 860-868.

90



References

Carbone, E., Neri, P., Mesuraca, M., Fulciniti, M.T., Otsuki, T., Pende, D., Groh, V., Spies, T.,
Pollio, G., and Cosman, D., et al. (2005). HLA class |, NKG2D, and natural cytotoxicity
receptors regulate multiple myeloma cell recognition by natural killer cells. Blood 7105,
251-258.

Carretero, M., Cantoni, C., Bellén, T., Bottino, C., Biassoni, R., Rodriguez, A., Pérez-Villar, J.J.,
Moretta, L., Moretta, A., and Lépez-Botet, M. (1997). The CD94 and NKG2-A C-type
lectins covalently assemble to form a natural killer cell inhibitory receptor for HLA class |
molecules. Eur. J. Immunol 27, 563-567.

Cella, M., Déhring, C., Samaridis, J., Dessing, M., Brockhaus, M., Lanzavecchia, A., and
Colonna, M. (1997). A novel inhibitory receptor (ILT3) expressed on monocytes,
macrophages, and dendritic cells involved in antigen processing. J. Exp. Med 185, 1743-
1751.

Chalifour, A., Jeannin, P., Gauchat, J.-F., Blaecke, A., Malissard, M., N'Guyen, T., Thieblemont,
N., and Delneste, Y. (2004). Direct bacterial protein PAMP recognition by human NK cells
involves TLRs and triggers alpha-defensin production. Blood 104, 1778-1783.

Chan, A, Hong, D.-L., Atzberger, A., Kollnberger, S., Filer, A.D., Buckley, C.D., McMichael, A.,
Enver, T., and Bowness, P. (2007). CD56bright human NK cells differentiate into
CD56dim cells: role of contact with peripheral fibroblasts. J. Immunol 779, 89-94.

Chapman, T.L., Heikema, A.P., West, A.P., and Bjorkman, P.J. (2000). Crystal structure and
ligand binding properties of the D1D2 region of the inhibitory receptor LIR-1 (ILT2).
Immunity 13, 727-736.

Chapman, T.L., Heikeman, A.P., and Bjorkman, P.J. (1999). The inhibitory receptor LIR-1 uses
a common binding interaction to recognize class | MHC molecules and the viral homolog
UL18. Immunity 77, 603-613.

Chesi, M., Bergsagel, P.L., Shonukan, O.0., Martelli, M.L., Brents, L.A., Chen, T., Schréck, E.,
Ried, T., and Kuehl, W.M. (1998a). Frequent dysregulation of the c-maf proto-oncogene
at 16923 by translocation to an Ig locus in multiple myeloma. Blood 91, 4457-4463.

Chesi, M., Nardini, E., Lim, R.S., Smith, K.D., Kuehl, W.M., and Bergsagel, P.L. (1998b). The
t(4;14) translocation in myeloma dysregulates both FGFR3 and a novel gene, MMSET,
resulting in IgH/MMSET hybrid transcripts. Blood 92, 3025-3034.

Collins, S.J., Gallo, R.C., and Gallagher, R.E. (1977). Continuous growth and differentiation of
human myeloid leukaemic cells in suspension culture. Nature 270, 347-349.

Colonna, M., and Samaridis, J. (1995). Cloning of immunoglobulin-superfamily members
associated with HLA-C and HLA-B recognition by human natural killer cells. Science 268,
405-408.

Colonna, M., Navarro, F., Bellon, T., LIano, M., Garcia, P., Samaridis, J., Angman, L., Cella, M.,
and Lopez-Botet, M. (1997). A common inhibitory receptor for major histocompatibility
complex class | molecules on human lymphoid and myelomonocytic cells. J Exp Med
186, 1809-1818.

Colonna, M., Samaridis, J., Cella, M., Angman, L., Allen, R.L., O'Callaghan, C.A., Dunbar, R.,
Ogg, G.S., Cerundolo, V., and Rolink, A. (1998). Human myelomonocytic cells express
an inhibitory receptor for classical and nonclassical MHC class | molecules. J. Immunol
160, 3096-3100.

Connett, P.H., and Wetterhahn, K.E. Metabolism of the carcinogen chromate by cellular
constituents, pp. 93—124.

Cook, G., and Campbell, J.D. (1999). Immune regulation in multiple myeloma: the host-tumour
conflict. Blood Rev 13, 151-162.

Cooper, M.A., Fehniger, T.A., and Caligiuri, M.A. (2001). The biology of human natural killer-cell
subsets. Trends Immunol 22, 633-640.

Cosman, D., Fanger, N., Borges, L., Kubin, M., Chin, W., Peterson, L., and Hsu, M.L. (1997). A
novel immunoglobulin superfamily receptor for cellular and viral MHC class | molecules.
Immunity 7, 273-282.

91



References

Cosman, D., Millberg, J., Sutherland, C.L., Chin, W., Armitage, R., Fanslow, W., Kubin, M., and
Chalupny, N.J. (2001). ULBPs, novel MHC class I-related molecules, bind to CMV
glycoprotein UL16 and stimulate NK cytotoxicity through the NKG2D receptor. Immunity
14, 123-133.

Coupel, S., Moreau, A., Hamidou, M., Horejsi, V., Soulillou, J.-P., and Charreau, B. (2007).
Expression and release of soluble HLA-E is an immunoregulatory feature of endothelial
cell activation. Blood 109, 2806-2814.

Cuturi, M.C., Anegén, ., Sherman, F., Loudon, R., Clark, S.C., Perussia, B., and Trinchieri, G.
(1989). Production of hematopoietic colony-stimulating factors by human natural killer
cells. J. Exp. Med 169, 569-583.

Davidson, C.L., Li, N.L.,, and Burshtyn, D.N. (2010). LILRB1 polymorphism and surface
phenotypes of natural killer cells. Hum. Immunol 771, 942-949.

Davies, F.E. (2001). Thalidomide and immunomodulatory derivatives augment natural killer cell
cytotoxicity in multiple myeloma. Blood 98, 210-216.

de Yang, Biragyn, A., Kwak, LW., and Oppenheim, J.J. (2002). Mammalian defensins in
immunity: more than just microbicidal. Trends Immunol 23, 291-296.

Dietrich, J., Cella, M., and Colonna, M. (2001). Ig-like transcript 2 (ILT2)/leukocyte Ig-like
receptor 1 (LIR1) inhibits TCR signaling and actin cytoskeleton reorganization. J.
Immunol 166, 2514-2521.

Drach, J., Ackermann, J., Fritz, E., Krémer, E., Schuster, R., Gisslinger, H., DeSantis, M., Zojer,
N., Fiegl, M., and Roka, S., et al. (1998). Presence of a p53 gene deletion in patients with
multiple myeloma predicts for short survival after conventional-dose chemotherapy. Blood
92, 802-809.

Drew, S.I., Terasaki, P.l., Billing, R.J., Bergh, O.J., Minowada, J., and Klein, E. (1977). Group-
specific human granulocyte antigens on a chronic myelogenous leukemia cell line with a
Philadelphia chromosome marker. Blood 49, 715-718.

Drexler, H.G., and Matsuo, Y. (2000). Malignant hematopoietic cell lines: in vitro models for the
study of multiple myeloma and plasma cell leukemia. Leuk. Res 24, 681-703.

Durie, B.G., and Salmon, S.E. (1975). A clinical staging system for multiple myeloma.
Correlation of measured myeloma cell mass with presenting clinical features, response to
treatment, and survival. Cancer 36, 842-854.

Dirr, U.H.N., Sudheendra, U.S., and Ramamoorthy, A. (2006). LL-37, the only human member
of the cathelicidin family of antimicrobial peptides. Biochim. Biophys. Acta 71758, 1408-
1425.

Elliott, J.M., Wahle, J.A., and Yokoyama, W.M. (2010). MHC class I-deficient natural killer cells
acquire a licensed phenotype after transfer into an MHC class I-sufficient environment. J.
Exp. Med 207, 2073-2079.

Ellis, T.M., and Fisher, R.l. (1989). Functional heterogeneity of Leu 19"bright"+ and Leu
19"dim"+ lymphokine-activated killer cells. J. Immunol 742, 2949-2954.

Esin, S., Batoni, G., Counoupas, C., Stringaro, A., Brancatisano, F.L., Colone, M., Maisetta, G.,
and Florio, W. (2008). Direct binding of human NK cell natural cytotoxicity receptor
NKp44 to the surfaces of mycobacteria and other bacteria. Infect. Immun 76, 1719-1727.

Fahey, J.L., Buell, D.N., and Sox, H.C. (1971). Proliferation and differentiation of lymphoid cells:
studies with human lymphoid cell lines and immunoglobulin synthesis. Ann. N. Y. Acad.
Sci 190, 221-234.

Fahnestock, M.L., Johnson, J.L., Feldman, R.M., Neveu, J.M., Lane, W.S., and Bjorkman, P.J.
(1995). The MHC class | homolog encoded by human cytomegalovirus binds endogenous
peptides. Immunity 3, 583-590.

Fanger, N.A., Cosman, D., Peterson, L., Braddy, S.C., Maliszewski, C.R., and Borges, L.
(1998). The MHC class | binding proteins LIR-1 and LIR-2 inhibit Fc receptor-mediated
signaling in monocytes. Eur. J. Immunol 28, 3423-3434.

92



References

Farag, S.S., and Caligiuri, M.A. (2006). Human natural killer cell development and biology.
Blood Rev 20, 123-137.

Fauci, A.S., and Harrison, T.R. (2008). Harrison's principles of internal medicine (New York, NY
[u.a.]: McGraw-Hill Medical).

Faure, M., and Long, E.O. (2002). KIR2DL4 (CD158d), an NK cell-activating receptor with
inhibitory potential. J. Immunol 168, 6208-6214.

Favier, B., Lemaoult, J., Lesport, E., and Carosella, E.D. (2010). ILT2/HLA-G interaction impairs
NK-cell functions through the inhibition of the late but not the early events of the NK-cell
activating synapse. FASEB J 24, 689-699.

Fehniger, T.A., Cooper, M.A., Nuovo, G.J., Cella, M., Facchetti, F., Colonna, M., and Caligiuri,
M.A. (2003). CD56bright natural killer cells are present in human lymph nodes and are
activated by T cell-derived IL-2: a potential new link between adaptive and innate
immunity. Blood 707, 3052-3057.

Fehniger, T.A., Shah, M.H., Turner, M.J., VanDeusen, J.B., Whitman, S.P., Cooper, M.A.,
Suzuki, K., Wechser, M., Goodsaid, F., and Caligiuri, M.A. (1999). Differential cytokine
and chemokine gene expression by human NK cells following activation with IL-18 or IL-
15 in combination with IL-12: implications for the innate immune response. J. Immunol
162, 4511-4520.

Freud, A.G., and Caligiuri, M.A. (2006). Human natural killer cell development. Immunol. Rev
214, 56-72.

Freud, A.G., Becknell, B., Roychowdhury, S., Mao, H.C., Ferketich, A.K., Nuovo, G.J., Hughes,
T.L., Marburger, T.B., Sung, J., and Baiocchi, R.A., et al. (2005). A human CD34(+)
subset resides in lymph nodes and differentiates into CD56bright natural killer cells.
Immunity 22, 295-304.

Frey, M., Packianathan, N.B., Fehniger, T.A., Ross, M.E., Wang, W.C., Stewart, C.C., Caligiuri,
M.A., and Evans, S.S. (1998). Differential expression and function of L-selectin on
CD56bright and CD56dim natural killer cell subsets. J. Immunol 767, 400-408.

Frohn, C., Hoppner, M., Schlenke, P., Kirchner, H., Koritke, P., and Luhm, J. (2002). Anti-
myeloma activity of natural killer lymphocytes. Br. J. Haematol 719, 660-664.

Fuchs, A., and Colonna, M. (2006). The role of NK cell recognition of nectin and nectin-like
proteins in tumor immunosurveillance. Semin. Cancer Biol 16, 359-366.

Furukawa, H., Yabe, T., Akaza, T., Tadokoro, K., Tohma, S., Inoue, T., Tokunaga, K.,
Yamamoto, K., Geraghty, D.E., and Juji, T. (1999). Cell surface expression of HLA-E
molecules on PBMC from a TAP1-deficient patient. Tissue Antigens 53, 292-295.

Gahrton, G., Svensson, H., Cavo, M., Apperly, J., Bacigalupo, A., Bjorkstrand, B., Bladé, J.,
Cornelissen, J., Laurenzi, A. de, and Facon, T., et al. (2001). Progress in allogenic bone
marrow and peripheral blood stem cell transplantation for multiple myeloma: a
comparison between transplants performed 1983--93 and 1994--8 at European Group for
Blood and Marrow Transplantation centres. Br. J. Haematol 113, 209-216.

Garcia-Penarrubia, P., Koster, F.T., Kelley, R.O., McDowell, T.D., and Bankhurst, A.D. (1989).
Antibacterial activity of human natural killer cells. J. Exp. Med 169, 99-113.

Gasser, S., Orsulic, S., Brown, E.J., and Raulet, D.H. (2005). The DNA damage pathway
regulates innate immune system ligands of the NKG2D receptor. Nature 436, 1186-1190.

Gerosa, F., Gobbi, A., Zorzi, P., Burg, S., Briere, F., Carra, G., and Trinchieri, G. (2005). The
reciprocal interaction of NK cells with plasmacytoid or myeloid dendritic cells profoundly
affects innate resistance functions. J. Immunol 174, 727-734.

Ghiringhelli, F. (2005). CD4+CD25+ regulatory T cells inhibit natural killer cell functions in a
transforming growth factor- -dependent manner. Journal of Experimental Medicine 202,
1075-1085.

Gibson, J., and Weiss, S. (1946). The measurement of the circulating red cell volume by means
of two radioactive isotopes of iron. J. Clin. Invest 25, 616-626.

93



References

Gillis, S., Ferm, M.M., Ou, W., and Smith, K.A. (1978). T cell growth factor: parameters of
production and a quantitative microassay for activity. J. Immunol 720, 2027-2032.

Gluzman, Y. (1981). SV40-transformed simian cells support the replication of early SV40
mutants. Cell 23, 175-182.

Godal, R., Bachanova, V., Gleason, M., McCullar, V., Yun, G.H., Cooley, S., Verneris, M.R.,
McGlave, P.B., and Miller, J.S. (2010). Natural killer cell killing of acute myelogenous
leukemia and acute lymphoblastic leukemia blasts by killer cell immunoglobulin-like
receptor-negative natural killer cells after NKG2A and LIR-1 blockade. Biol. Blood Marrow
Transplant 716, 612-621.

Gonen-Gross, T., Achdout, H., Gazit, R., Hanna, J., Mizrahi, S., Markel, G., Goldman-Wohl, D.,
Yagel, S., Horejsi, V., and Levy, O., et al. (2003). Complexes of HLA-G protein on the cell
surface are important for leukocyte Ig-like receptor-1 function. J. Immunol 777, 1343-
1351.

Gong, J.H., Maki, G., and Klingemann, H.G. (1994). Characterization of a human cell line (NK-
92) with phenotypical and functional characteristics of activated natural killer cells.
Leukemia 8, 652-658.

Goodman, H.S. (1961). A general method for the quantitation of immune cyotysis. Nature 790,
269-270.

Greil, R., Egle, A., and Villunger, A. (1998). On the role and significance of Fas (Apo-1/CD95)
ligand (FasL) expression in immune privileged tissues and cancer cells using multiple
myeloma as a model. Leuk Lymphoma 317, 477-490.

Greipp, P.R., San Miguel, J., Durie, B.G.M., Crowley, J.J., Barlogie, B., Bladé, J., Boccadoro,
M., Child, J.A., Avet-Loiseau, H., and Harousseau, J.-L., et al. (2005). International
staging system for multiple myeloma. J. Clin. Oncol 23, 3412-3420.

Groom, J.R., and Luster, A.D. (2011). CXCR3 in T cell function. Exp. Cell Res 317, 620-631.

Guo, H., and Qian, X. (2010). Clinical applications of adoptive natural killer cell immunotherapy
for cancer: current status and future prospects. Onkologie 33, 389-395.

Haller, D., Blum, S., Bode, C., Hammes, W.P., and Schiffrin, E.J. (2000). Activation of human
peripheral blood mononuclear cells by nonpathogenic bacteria in vitro: evidence of NK
cells as primary targets. Infect. Immun 68, 752-759.

Hanahan, D., and Weinberg, R.A. (2000). The hallmarks of cancer. Cell 100, 57-70.

Hanamura, I, lida, S., Akano, Y., Hayami, Y., Kato, M., Miura, K., Harada, S., Banno, S.,
Wakita, A., and Kiyoi, H., et al. (2001). Ectopic Expression of MAFB Gene in Human
Myeloma Cells Carrying (14;20)(g32;q11) Chromosomal Translocations. Cancer Science
92, 638-644.

Hanamura, ., Stewart, J.P., Huang, Y., Zhan, F., Santra, M., Sawyer, J.R., Hollmig, K.,
Zangarri, M., Pineda-Roman, M., and van Rhee, F., et al. (2006). Frequent gain of
chromosome band 1921 in plasma-cell dyscrasias detected by fluorescence in situ
hybridization: incidence increases from MGUS to relapsed myeloma and is related to
prognosis and disease progression following tandem stem-cell transplantation. Blood
108, 1724-1732.

Hari, P.N., Zhang, M.-J., Roy, V., Pérez, W.S., Bashey, A., To, L.B., Elfenbein, G., Freytes,
C.0O., Gale, R.P., and Gibson, J., et al. (2009). Is the International Staging System
superior to the Durie-Salmon staging system? A comparison in multiple myeloma patients
undergoing autologous transplant. Leukemia 23, 1528-1534.

Herberman, R.B., Nunn, M.E.; and Lavrin, D.H. (1975). Natural cytotoxic reactivity of mouse
lymphoid cells against syngeneic acid allogeneic tumors. |. Distribution of reactivity and
specificity. Int. J. Cancer 16, 216-229.

Holm, G., and Hammarstrém, S. (1973). Haemolytic activity of human blood monocytes. Lysis of
human erythrocytes treated with anti-A serum. Clin. Exp. Immunol 13, 29-43.

Hristova, K., Selsted, M.E., and White, S.H. (1997). Critical role of lipid composition in
membrane permeabilization by rabbit neutrophil defensins. J. Biol. Chem 272, 24224-
24233.

94



References

Hsu, D.H., Moore, K.W., and Spits, H. (1992). Differential effects of IL-4 and IL-10 on IL-2-
induced IFN-gamma synthesis and lymphokine-activated killer activity. Int. Immunol 4,
563-569.

Huang, Z., Hyodo, H., Fujii, T., Nagamatsu, T., Matsumoto, J., Kawana, K., Yamashita, T.,
Yasugi, T., Kozuma, S., and Taketani, Y. (2009). Effect of Progesterone on HLA-E Gene
Expression in JEG-3 Choriocarcinoma Cell Line. American Journal of Reproductive
Immunology 61, 221-226.

lho, S., Yamamoto, T., Takahashi, T., and Yamamoto, S. (1999). Oligodeoxynucleotides
containing palindrome sequences with internal 5-CpG-3' act directly on human NK and
activated T cells to induce IFN-gamma production in vitro. J. Immunol 163, 3642-3652.

Jego, G., Bataille, R., Geffroy-Luseau, A., Descamps, G., and Pellat-Deceunynck, C. (2006).
Pathogen-associated molecular patterns are growth and survival factors for human
myeloma cells through Toll-like receptors. Leukemia 20, 1130-1137.

Karre, K., Ljunggren, H.G., Piontek, G., and Kiessling, R. Selective rejection of H-2-deficient
lymphoma variants suggests alternative immune defence strategy. Nature 319, 675-678.

Khalil-Daher, 1., Riteau, B., Menier, C., Sedlik, C., Paul, P., Dausset, J., Carosella, E.D., and
Rouas-Freiss, N. (1999). Role of HLA-G versus HLA-E on NK function: HLA-G is able to
inhibit NK cytolysis by itself. J. Reprod. Immunol 43, 175-182.

Kiessling, R., Klein, E., and Wigzell, H. (1975). "Natural" killer cells in the mouse. I. Cytotoxic
cells with specificity for mouse Moloney leukemia cells. Specificity and distribution
according to genotype. Eur. J. Immunol 5, 112-117.

Kikuchi-Maki, A., Catina, T.L., and Campbell, K.S. (2005). Cutting edge: KIR2DL4 transduces
signals into human NK cells through association with the Fc receptor gamma protein. J.
Immunol 174, 3859-3863.

Kim, S., Poursine-Laurent, J., Truscott, S.M., Lybarger, L., Song, Y.-J., Yang, L., French, A.R.,
Sunwoo, J.B., Lemieux, S., and Hansen, T.H., et al. (2005). Licensing of natural killer
cells by host major histocompatibility complex class | molecules. Nature 436, 709-713.

Kirwan, S.E., and Burshtyn, D.N. (2005). Killer cell Ig-like receptor-dependent signaling by Ig-
like transcript 2 (ILT2/CD85j/LILRB1/LIR-1). J. Immunol 775, 5006-5015.

Kuehl, W.M., and Bergsagel, P.L. (2002). Multiple myeloma: evolving genetic events and host
interactions. Nat. Rev. Cancer 2, 175-187.

Kumar, S.K., Mikhael, J.R., Buadi, F.K., Dingli, D., Dispenzieri, A., Fonseca, R., Gertz, M.A,,
Greipp, P.R., Hayman, S.R., and Kyle, R.A., et al. (2009). Management of newly
diagnosed symptomatic multiple myeloma: updated Mayo Stratification of Myeloma and
Risk-Adapted Therapy (MSMART) consensus guidelines. Mayo Clin. Proc 84, 1095-1110.

Kyle, R.A., and Rajkumar, S.V. (2009). Criteria for diagnosis, staging, risk stratification and
response assessment of multiple myeloma. Leukemia 23, 3-9.

Lanier, L.L. (2005). NK cell recognition. Annu. Rev. Immunol 23, 225-274.

Lanier, L.L., Le, A.M., Civin, C.I, Loken, M.R., and Phillips, J.H. (1986). The relationship of
CD16 (Leu-11) and Leu-19 (NKH-1) antigen expression on human peripheral blood NK
cells and cytotoxic T lymphocytes. J. Immunol 136, 4480-4486.

Lanier, L.L., Yu, G., and Phillips, J.H. (1989). Co-association of CD3 zeta with a receptor
(CD16) for IgG Fc on human natural killer cells. Nature 342, 803-805.

Lauring, J., Abukhdeir, A.M., Konishi, H., Garay, J.P., Gustin, J.P., Wang, Q., Arceci, R.J.,
Matsui, W., and Park, B.H. (2008). The multiple myeloma associated MMSET gene
contributes to cellular adhesion, clonogenic growth, and tumorigenicity. Blood 7717, 856-
864.

Le Dréan, E., Vély, F., Olcese, L., Cambiaggi, A., Guia, S., Krystal, G., Gervois, N., Moretta, A.,
Jotereau, F., and Vivier, E. (1998). Inhibition of antigen-induced T cell response and
antibody-induced NK cell cytotoxicity by NKG2A: association of NKG2A with SHP-1 and
SHP-2 protein-tyrosine phosphatases. Eur. J. Immunol 28, 264-276.

95



References

Le Gal, F.A., Riteau, B., Sedlik, C., Khalil-Daher, I., Menier, C., Dausset, J., Guillet, J.G.,
Carosella, E.D., and Rouas-Freiss, N. (1999). HLA-G-mediated inhibition of antigen-
specific cytotoxic T lymphocytes. Int. Immunol 77, 1351-1356.

Le Gouill, S., Podar, K., Harousseau, J.-L., and Anderson, K.C. (2004). Mcl-1 regulation and its
role in multiple myeloma. Cell Cycle 3, 1259-1262.

Lee, N., Llano, M., Carretero, M., Ishitani, A., Navarro, F., L6pez-Botet, M., and Geraghty, D.E.
(1998). HLA-E is a major ligand for the natural killer inhibitory receptor CD94/NKG2A.
Proc. Natl. Acad. Sci. U.S.A 95, 5199-5204.

Legartova, S., Krejci, J., Harnicarova, A., Hajek, R., Kozubek, S., and Bartova, E. (2009).
Nuclear topography of the 1921 genomic region and Mcl-1 protein levels associated with
pathophysiology of multiple myeloma. Neoplasma 56, 404-413.

Lehrer, R.l., and Ganz, T. (1999). Antimicrobial peptides in mammalian and insect host defence.
Curr Opin Immunol 11, 23-27.

Leiden, J.M., Gottesdiener, K.M., Quertermous, T., Coury, L., Bray, R.A., Gottschalk, L., Gebel,
H., Seidman, J.G., Strominger, J.L., and Landay, A.L. (1988). T-cell receptor gene
rearrangement and expression in human natural killer cells: natural killer activity is not
dependent on the rearrangement and expression of T-cell receptor alpha, beta, or
gamma genes. Immunogenetics 27, 231-238.

Leleu, X., Le Friec, G., Facon, T., Amiot, L., Fauchet, R., Hennache, B., Coiteux, V., Yakoub-
Agha, I., Dubucquoi, S., and Avet-Loiseau, H., et al. (2005). Total soluble HLA class | and
soluble HLA-G in multiple myeloma and monoclonal gammopathy of undetermined
significance. Clin. Cancer Res 11, 7297-7303.

Levina A, C.R.D.C.L.P. Chromium in biology: Toxicology and nutricial aspects. Prog Inorg Chem
2003, 145-240.

Levine, A.J. (1997). p53, the cellular gatekeeper for growth and division. Cell 88, 323-331.

Lilien, D.L., Spivak, J.L., and Goldman, I.D. (1970). Chromate transport in human leukocytes. J.
Clin. Invest 49, 1551-1557.

Ljunggren, H.G., and Karre, K. (1990). In search of the 'missing self': MHC molecules and NK
cell recognition. Immunol. Today 11, 237-244.

Lo Monaco, E., Sibilio, L., Melucci, E., Tremante, E., Suchanek, M., Horejsi, V., Martayan, A.,
and Giacomini, P. (2008). HLA-E: strong association with beta2-microglobulin and
surface expression in the absence of HLA class | signal sequence-derived peptides. J.
Immunol 181, 5442-5450.

Lohwasser, S., Kubota, A., Salcedo, M., Lian, R.H., and Takei, F. (2001). The non-classical
MHC class | molecule Qa-1(b) inhibits classical MHC class I-restricted cytotoxicity of
cytotoxic T lymphocytes. Int. Immunol 13, 321-327.

Lozzio, C.B., and Lozzio, B.B. (1975). Human chronic myelogenous leukemia cell-line with
positive Philadelphia chromosome. Blood 45, 321-334.

MacMicking, J., Xie, Q.W., and Nathan, C. (1997). Nitric oxide and macrophage function. Annu.
Rev. Immunol 15, 323-350.

MacMicking, J.D., Taylor, G.A., and McKinney, J.D. (2003). Immune control of tuberculosis by
IFN-gamma-inducible LRG-47. Science 302, 654-659.

Maki, G., Hayes, G.M., Naji, A., Tyler, T., Carosella, E.D., Rouas-Freiss, N., and Gregory, S.A.
(2008). NK resistance of tumor cells from multiple myeloma and chronic lymphocytic
leukemia patients: implication of HLA-G. Leukemia 22, 998-1006.

Maki, G., Klingemann, H.-G., Martinson, J.A., and Tam, Y.K. (2001). Factors Regulating the
Cytotoxic Activity of the Human Natural Killer Cell Line, NK-92. J Hematother Stem Cell
Res 10, 369-383.

Mandelboim, O., Lieberman, N., Lev, M., Paul, L., Arnon, T.l.,, Bushkin, Y., Davis, D.M.,
Strominger, J.L., Yewdell, J.W., and Porgador, A. (2001). Recognition of haemagglutinins
on virus-infected cells by NKp46 activates lysis by human NK cells. Nature 409, 1055-
1060.

96



References

Matos, M.E., Schnier, G.S., Beecher, M.S., Ashman, L.K., William, D.E., and Caligiuri, M.A.
(1993). Expression of a functional c-kit receptor on a subset of natural killer cells. J Exp
Med 178, 1079-1084.

Matsuo, Y., Drexler, H.G., Harashima, A., Okochi, A., Hasegawa, A., Kojima, K., and Orita, K.
(2004). Induction of CD28 on the new myeloma cell line MOLP-8 with t(11;14)(q13;932)
expressing delta/lambda type immunoglobulin. Leuk. Res 28, 869-877.

Matsuoka, Y., Moore, G.E., Yagi, Y., and Pressman, D. Production of free light chains of
immunoglobulin by a hematopoietic cell line derived from a patient with multiple myeloma.
Proc. Soc. Exp. Biol. Med 125, 1246-1250.

Menier, C., Saez, B., Horejsi, V., Martinozzi, S., Krawice-Radanne, I., Bruel, S., Le Danff, C.,
Reboul, M., Hilgert, I., and Rabreau, M., et al. (2003). Characterization of monoclonal
antibodies recognizing HLA-G or HLA-E: new tools to analyze the expression of
nonclassical HLA class | molecules. Hum. Immunol 64, 315-326.

Mertz, W. (1993). Chromium in human nutrition: a review. J. Nutr 123, 626-633.

Miah, S.M.S., Hughes, T.L., and Campbell, K.S. (2008). KIR2DL4 differentially signals
downstream functions in human NK cells through distinct structural modules. J. Immunol
180, 2922-2932.

Mingari, M.C., Moretta, A., and Moretta, L. (1998a). Regulation of KIR expression in human T
cells: a safety mechanism that may impair protective T-cell responses. Immunol. Today
19, 153-157.

Mingari, M.C., Ponte, M., Bertone, S., Schiavetti, F., Vitale, C., Bellomo, R., Moretta, A., and
Moretta, L. (1998b). HLA class I-specific inhibitory receptors in human T lymphocytes:
interleukin 15-induced expression of CD94/NKG2A in superantigen- or alloantigen-
activated CD8+ T cells. Proc. Natl. Acad. Sci. U.S.A 95, 1172-1177.

Mocikat, R., Braumdller, H., Gumy, A., Egeter, O., Ziegler, H., Reusch, U., Bubeck, A., Louis, J.,
Mailhammer, R., and Riethmdller, G., et al. (2003). Natural killer cells activated by MHC
class I(low) targets prime dendritic cells to induce protective CD8 T cell responses.
Immunity 19, 561-569.

Morel, E., and Belldn, T. (2008). HLA class | molecules regulate IFN-gamma production induced
in NK cells by target cells, viral products, or immature dendritic cells through the inhibitory
receptor ILT2/CD85j. J. Immunol 787, 2368-2381.

Moretta, A., Bottino, C., Vitale, M., Pende, D., Cantoni, C., Mingari, M.C., Biassoni, R., and
Moretta, L. (2001). Activating receptors and coreceptors involved in human natural killer
cell-mediated cytolysis. Annu. Rev. Immunol 79, 197-223.

Moretta, L., Bottino, C., Pende, D., Vitale, M., Mingari, M.C., and Moretta, A. (2005). Human
natural Killer cells: Molecular mechanisms controlling NK cell activation and tumor cell
lysis. Immunol. Lett 100, 7-13.

Morgan, D.A., Ruscetti, F.W., and Gallo, R. (1976). Selective in vitro growth of T lymphocytes
from normal human bone marrows. Science 793, 1007-1008.

Mrézek, E., Anderson, P., and Caligiuri, M.A. (1996). Role of interleukin-15 in the development
of human CD56+ natural killer cells from CD34+ hematopoietic progenitor cells. Blood 87,
2632-2640.

Muta, T., Kurosaki, T., Misulovin, Z., Sanchez, M., Nussenzweig, M.C., and Ravetch, J.V.
(1994). A 13-amino-acid motif in the cytoplasmic domain of Fc gamma RIIB modulates B-
cell receptor signalling. Nature 369, 340.

Nagata, S. (1996). Fas ligand and immune evasion. Nat. Med 2, 1306-1307.

Nakayama, M., Underhill, D.M., Petersen, T.W., Li, B., Kitamura, T., Takai, T., and Aderem, A.
(2007). Paired Ig-like receptors bind to bacteria and shape TLR-mediated cytokine
production. J. Immunol 178, 4250-4259.

Navarro, F., Llano, M., Bellén, T., Colonna, M., Geraghty, D.E., and Lopez-Botet, M. (1999).
The ILT2(LIR1) and CD94/NKG2A NK cell receptors respectively recognize HLA-G1 and
HLA-E molecules co-expressed on target cells. Eur. J. Immunol 29, 277-283.

97



References

Nelson, B.H., and Willerford, D.M. (1998). Biology of the interleukin-2 receptor. Adv. Immunol
70, 1-81.

Newman, K.C., and Riley, E.M. (2007). Whatever turns you on: accessory-cell-dependent
activation of NK cells by pathogens. Nat. Rev. Immunol 7, 279-291.

Newman, W. (1982). Selective blockade of human natural Killer cells by a monoclonal antibody.
Proc. Natl. Acad. Sci. U.S.A 79, 3858-3862.

Nguyen, K.B., Salazar-Mather, T.P., Dalod, M.Y., van Deusen, J.B., Wei, X.-q., Liew, F.Y,,
Caligiuri, M.A., Durbin, J.E., and Biron, C.A. (2002). Coordinated and distinct roles for
IFN-alpha beta, IL-12, and IL-15 regulation of NK cell responses to viral infection. J.
Immunol 169, 4279-4287.

Nguyen, S., Dhedin, N., Vernant, J.-P., Kuentz, M., Al Jijakli, A., Rouas-Freiss, N., Carosella,
E.D., Boudifa, A., Debré, P., and Vieillard, V. (2005). NK-cell reconstitution after
haploidentical hematopoietic stem-cell transplantations: immaturity of NK cells and
inhibitory effect of NKG2A override GvL effect. Blood 7105, 4135-4142.

Olson, J.A., Leveson-Gower, D.B., Gill, S., Baker, J., Beilhack, A., and Negrin, R.S. (2010). NK
cells mediate reduction of GVHD by inhibiting activated, alloreactive T cells while
retaining GVT effects. Blood 1715, 4293-4301.

Orr, M., and Lanier, L. (2010). Natural killer cell education and tolerance. Cell 7142, 847-856.

Palmisano, G.L., Contardi, E., Morabito, A., Gargaglione, V., Ferrara, G.B., and Pistillo, M.P.
(2005). HLA-E surface expression is independent of the availability of HLA class | signal
sequence-derived peptides in human tumor cell lines. Hum. Immunol 66, 1-12.

Palumbo, A., and Anderson, K. (2011). Multiple myeloma. N. Engl. J. Med 364, 1046-1060.

Palumbo, A., Avonto, I., Bruno, B., Falcone, A., Scalzulli, P.R., Ambrosini, M.T., Bringhen, S.,
Gay, F., Rus, C., and Cavallo, F., et al. (2006). Intermediate-dose melphalan (100
mg/m2)/bortezomib/thalidomide/dexamethasone and stem cell support in patients with
refractory or relapsed myeloma. Clin Lymphoma Myeloma 6, 475-477.

Paul, P., Rouas-Freiss, N., Khalil-Daher, |., Moreau, P., Riteau, B., Le Gal, F.A., Avril, M.F.,
Dausset, J., Guillet, J.G., and Carosella, E.D. (1998). HLA-G expression in melanoma: a
way for tumor cells to escape from immunosurveillance. Proc. Natl. Acad. Sci. U.S.A 95,
4510-4515.

Pellat-Deceunynk, C., Amiot, M., Bataille, R., van Riet, I., van Camp, B., Omede, P., and
Boccadoro, M. (1995). Human myeloma cell lines as a tool for studying the biology of
multiple myeloma: a reappraisal 18 years after. Blood 86, 4001-4002.

Pende, D., Parolini, S., Pessino, A., Sivori, S., Augugliaro, R., Morelli, L., Marcenaro, E.,
Accame, L., Malaspina, A., and Biassoni, R., et al. (1999). Identification and molecular
characterization of NKp30, a novel triggering receptor involved in natural cytotoxicity
mediated by human natural killer cells. J. Exp. Med 7190, 1505-1516.

Pérez-Villar, J.J., Carretero, M., Navarro, F., Melero, |., Rodriguez, A., Bottino, C., Moretta, A.,
and Lépez-Botet, M. (1996). Biochemical and serologic evidence for the existence of
functionally distinct forms of the CD94 NK cell receptor. J. Immunol 157, 5367-5374.

Perussia, B., Starr, S., Abraham, S., Fanning, V., and Trinchieri, G. (1983). Human natural killer
cells analyzed by B73.1, a monoclonal antibody blocking Fc receptor functions. I.
Characterization of the lymphocyte subset reactive with B73.1. J Immunol 730, 2133-
2141.

Pittet, M.J., Speiser, D.E., Valmori, D., Cerottini, J.C., and Romero, P. (2000). Cutting edge:
cytolytic effector function in human circulating CD8+ T cells closely correlates with CD56
surface expression. J. Immunol 164, 1148-1152.

Ploegh, H.L. (1998). Viral strategies of immune evasion. Science 280, 248-253.

Poggi, A., Massaro, A.-M., Negrini, S., Contini, P., and Zocchi, M.R. (2005). Tumor-induced
apoptosis of human IL-2-activated NK cells: role of natural cytotoxicity receptors. J.
Immunol 174, 2653-2660.

98



References

Ponte, M., Cantoni, C., Biassoni, R., Tradori-Cappai, A., Bentivoglio, G., Vitale, C., Bertone, S.,
Moretta, A., Moretta, L., and Mingari, M.C. (1999). Inhibitory receptors sensing HLA-G1
molecules in pregnancy: decidua-associated natural killer cells express LIR-1 and
CD94/NKG2A and acquire p49, an HLA-G1-specific receptor. Proc. Natl. Acad. Sci.
U.S.A 96, 5674-5679.

Porrata, L.F., Litzow, M.R., and Markovic, S.N. (2001). Immune reconstitution after autologous
hematopoietic stem cell transplantation. Mayo Clin. Proc 76, 407-412.

Rajagopalan, S. (1999). A Human Histocompatibility Leukocyte Antigen (HLA)-G-specific
Receptor Expressed on All Natural Killer Cells. Journal of Experimental Medicine 189,
1093-1100.

Rajagopalan, S., Fu, J., and Long, E.O. (2001). Cutting edge: induction of IFN-gamma
production but not cytotoxicity by the killer cell Ig-like receptor KIR2DL4 (CD158d) in
resting NK cells. J. Immunol 167, 1877-1881.

Rajkumar, S.V. (2011). Multiple myeloma: 2011 update on diagnosis, risk-stratification, and
management. Am. J. Hematol 86, 57-65.

Renart, J., Reiser, J., and Stark, G.R. (1979). Transfer of proteins from gels to
diazobenzyloxymethyl-paper and detection with antisera: a method for studying antibody
specificity and antigen structure. Proc Natl Acad Sci U S A 76, 3116-3120.

Riteau, B. (2001). HLA-G1 co-expression boosts the HLA class I-mediated NK lysis inhibition.
International Immunology 713, 193-201.

Rivas-Santiago, B., Hernandez-Pando, R., Carranza, C., Juarez, E., Contreras, J.L., Aguilar-
Leon, D., Torres, M., and Sada, E. (2008). Expression of cathelicidin LL-37 during
Mycobacterium tuberculosis infection in human alveolar macrophages, monocytes,
neutrophils, and epithelial cells. Infect. Immun 76, 935-941.

Robertson, M.J., and Ritz, J. (1990). Biology and clinical relevance of human natural killer cells.
Blood 76, 2421-2438.

Rondelli, D., Re, F., Bandini, G., Raspadori, D., Arpinati, M., Senese, B., Stanzani, M., Bonifazi,
F., Falcioni, S., and Chirumbolo, G., et al. (2000). Different immune reconstitution in
multiple myeloma, chronic myeloid leukemia and acute myeloid leukemia patients after
allogeneic transplantation of peripheral blood stem cells. Bone Marrow Transplant 26,

1325-1331.
Roodman, G.D. (2010). Pathogenesis of myeloma bone disease. J. Cell. Biochem 109, 283-
291.

Rouas-Freiss, N., Marchal, R.E., Kirszenbaum, M., Dausset, J., and Carosella, E.D. (1997). The
alpha1 domain of HLA-G1 and HLA-G2 inhibits cytotoxicity induced by natural killer cells:
is HLA-G the public ligand for natural killer cell inhibitory receptors? Proc. Natl. Acad. Sci.
U.S.A 94, 5249-5254.

Salazar-Mather, T.P., Hamilton, T.A., and Biron, C.A. (2000). A chemokine-to-cytokine-to-
chemokine cascade critical in antiviral defense. J. Clin. Invest 105, 985-993.

Samaridis, J., and Colonna, M. (1997). Cloning of novel immunoglobulin superfamily receptors
expressed on human myeloid and lymphoid cells: structural evidence for new stimulatory
and inhibitory pathways. Eur. J. Immunol 27, 660-665.

Santra, M., Zhan, F., Tian, E., Barlogie, B., and Shaughnessy, J. (2003). A subset of multiple
myeloma harboring the t(4;14)(p16;932) translocation lacks FGFR3 expression but
maintains an IGH/MMSET fusion transcript. Blood 101, 2374-2376.

Saverino, D., Fabbi, M., Ghiotto, F., Merlo, A., Bruno, S., Zarcone, D., Tenca, C., Tiso, M.,
Santoro, G., and Anastasi, G., et al. (2000). The CD85/LIR-1/ILT2 inhibitory receptor is
expressed by all human T lymphocytes and down-regulates their functions. J. Immunol
165, 3742-3755.

Schluns, K.S., Stoklasek, T., and Lefrancgois, L. (2005). The roles of interleukin-15 receptor
alpha: trans-presentation, receptor component, or both? Int. J. Biochem. Cell Biol 37,
1567-1571.

99



References

Schroder, K. (2003). Interferon- : an overview of signals, mechanisms and functions. Journal of
Leukocyte Biology 75, 163-189.

Scott-Algara, D., Arnold, V., Didier, C., Kattan, T., Pirozzi, G., Barré-Sinoussi, F., and Pancino,
G. (2008). The CD85j+ NK cell subset potently controls HIV-1 replication in autologous
dendritic cells. PLoS ONE 3, e1975.

Selvakumar, A., Steffens, U., and Dupont, B. (1996). NK cell receptor gene of the KIR family
with two IG domains but highest homology to KIR receptors with three |G domains.
Tissue Antigens 48, 285-294.

Sheu, J., and Shih, I.-M. (2010). HLA-G and immune evasion in cancer cells. J Formos Med
Assoc 109, 248-257.

Shiroishi, M., Tsumoto, K., Amano, K., Shirakihara, Y., Colonna, M., Braud, V., Allan, D.,
Makadzange, A., Rowland-Jones, S., and Willcox, B., et al. (2003). Human inhibitory
receptors Ig-like transcript 2 (ILT2) and ILT4 compete with CD8 for MHC class | binding
and bind preferentially to HLA-G. Proc Natl Acad Sci U S A 100, 8856-8861.

Singhal, S., Mehta, J., Desikan, R., Ayers, D., Roberson, P., Eddlemon, P., Munshi, N.,
Anaissie, E., Wilson, C., and Dhodapkar, M., et al. (1999). Antitumor activity of
thalidomide in refractory multiple myeloma. N. Engl. J. Med 341, 1565-1571.

Sivori, S., Falco, M., Della Chiesa, M., Carlomagno, S., Vitale, M., Moretta, L., and Moretta, A.
(2004). CpG and double-stranded RNA trigger human NK cells by Toll-like receptors:
induction of cytokine release and cytotoxicity against tumors and dendritic cells. Proc.
Natl. Acad. Sci. U.S.A 101, 10116-10121.

Sivori, S., Falco, M., Marcenaro, E., Parolini, S., Biassoni, R., Bottino, C., Moretta, L., and
Moretta, A. (2002). Early expression of triggering receptors and regulatory role of 2B4 in
human natural killer cell precursors undergoing in vitro differentiation. Proc. Natl. Acad.
Sci. U.S.A 99, 4526-4531.

Sivori, S., Vitale, M., Morelli, L., Sanseverino, L., Augugliaro, R., Bottino, C., Moretta, L., and
Moretta, A. (1997). p46, a novel natural killer cell-specific surface molecule that mediates
cell activation. J. Exp. Med 7186, 1129-1136.

Smyth, M.J., Cretney, E., Kelly, J.M., Westwood, J.A., Street, S.E.A., Yagita, H., Takeda, K.,
van Dommelen, S.L.H., Degli-Esposti, M.A., and Hayakawa, Y. (2005). Activation of NK
cell cytotoxicity. Mol. Immunol 42, 501-510.

Sobanov, Y., Glienke, J., Brostjan, C., Lehrach, H., Francis, F., and Hofer, E. (1999). Linkage of
the NKG2 and CD94 receptor genes to D12S77 in the human natural killer gene complex.
Immunogenetics 49, 99-105.

Speiser, D.E., Pittet, M.J., Valmori, D., Dunbar, R., Rimoldi, D., Liénard, D., MacDonald, H.R.,
Cerottini, J.C., Cerundolo, V., and Romero, P. (1999). In vivo expression of natural killer
cell inhibitory receptors by human melanoma-specific cytolytic T lymphocytes. J. Exp.
Med 190, 775-782.

Spreu, J., Kuttruff, S., Stejfova, V., Dennehy, K.M., Schittek, B., and Steinle, A. (2010).
Interaction of C-type lectin-like receptors NKp65 and KACL facilitates dedicated immune
recognition of human keratinocytes. Proc. Natl. Acad. Sci. U.S.A 107, 5100-5105.

Sterling, K., and Gray, S.J. (1950). Determination of the circulating red cell volume in man by
radioactive chromium. J. Clin. Invest 29, 1614-1619.

Sun, J., Beilke, J., and Lanier, L. (2009). Adaptive immune features of natural killer cells. Nature
457, 557-561.

Takei, F., McQueen, K.L., Maeda, M., Wilhelm, B.T., Lohwasser, S., Lian, R.H., and Mager, D.L.
(2001). Ly49 and CD94/NKG2: developmentally regulated expression and evolution.
Immunol. Rev 187, 90-103.

Thomas, M.L. (1995). Of ITAMs and ITIMs: turning on and off the B cell antigen receptor. J.
Exp. Med 71871, 1953-1956.

100



References

Tomasec, P., Braud, V.M., Rickards, C., Powell, M.B., McSharry, B.P., Gadola, S., Cerundolo,
V., Borysiewicz, L.K., McMichael, A.J., and Wilkinson, G.W. (2000). Surface expression
of HLA-E, an inhibitor of natural killer cells, enhanced by human cytomegalovirus
gpUL40. Science 287, 1031.

Towbin, H., Staehelin, T., and Gordon, J. (1979). Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc Natl
Acad Sci U S A 76, 4350-4354.

Tricot, G., Vesole, D.H., Jagannath, S., Hilton, J., Munshi, N., and Barlogie, B. (1996). Graft-
versus-myeloma effect: proof of principle. Blood 87, 1196-1198.

Trinchieri, G., Matsumoto-Kobayashi, M., Clark, S.C., Seehra, J., London, L., and Perussia, B.
(1984). Response of resting human peripheral blood natural killer cells to interleukin 2. J.
Exp. Med 160, 1147-1169.

Ulbrecht, M., Honka, T., Person, S., Johnson, J.P., and Weiss, E.H. (1992). The HLA-E gene
encodes two differentially regulated transcripts and a cell surface protein. J. Immunol 749,
2945-2953.

van Boxel, J.A., and Buell, D.N. (1974). IgD on cell membranes of human lymphoid cell lines
with multiple immunoglobulin classes. Nature 251, 443-444.

van Camp, B., Durie, B.G., Spier, C., Waele, M. de, van Riet, I., Vela, E., Frutiger, Y., Richter,
L., and Grogan, T.M. (1990). Plasma cells in multiple myeloma express a natural killer
cell-associated antigen: CD56 (NKH-1; Leu-19). Blood 76, 377-382.

Vance, R.E., Kraft, J.R., Altman, J.D., Jensen, P.E., and Raulet, D.H. (1998). Mouse
CD94/NKG2A is a natural killer cell receptor for the nonclassical major histocompatibility
complex (MHC) class | molecule Qa-1(b). J. Exp. Med 188, 1841-1848.

Vely, F., and Vivier, E. (2005). Natural killer cell receptor signaling pathway. Sci STKE 2005,
cme6.

Vitale, M. (1999). The leukocyte Ig-like receptor (LIR)-1 for the cytomegalovirus UL18 protein
displays a broad specificity for different HLA class | alleles: analysis of LIR-1+ NK cell
clones. International Immunology 71, 29-35.

Vitale, M., Bottino, C., Sivori, S., Sanseverino, L., Castriconi, R., Marcenaro, E., Augugliaro, R.,
Moretta, L., and Moretta, A. (1998). NKp44, a novel triggering surface molecule
specifically expressed by activated natural killer cells, is involved in non-major
histocompatibility complex-restricted tumor cell lysis. J. Exp. Med 187, 2065-2072.

Vitale, M., Falco, M., Castriconi, R., Parolini, S., Zambello, R., Semenzato, G., Biassoni, R.,
Bottino, C., Moretta, L., and Moretta, A. (2001). Identification of NKp80, a novel triggering
molecule expressed by human NK cells. Eur. J. Immunol 371, 233-242.

Vivier, E., and Anfossi, N. (2004). Inhibitory NK-cell receptors on T cells: witness of the past,
actors of the future. Nat Rev Immunol 4, 190-198.

Wagtmann, N., Biassoni, R., Cantoni, C., Verdiani, S., Malnati, M.S., Vitale, M., Bottino, C.,
Moretta, L., Moretta, A., and Long, E.O. (1995). Molecular clones of the p58 NK cell
receptor reveal immunoglobulin-related molecules with diversity in both the extra- and
intracellular domains. Immunity 2, 439-449.

Wagtmann, N., Rojo, S., Eichler, E., Mohrenweiser, H., and Long, E.O. (1997). A new human
gene complex encoding the Kkiller cell inhibitory receptors and related
monocyte/macrophage receptors. Curr. Biol 7, 615-618.

Walzer, T., Bléry, M., Chaix, J., Fuseri, N., Chasson, L., Robbins, S.H., Jaeger, S., André, P.,
Gauthier, L., and Daniel, L., et al. (2007). Identification, activation, and selective in vivo
ablation of mouse NK cells via NKp46. Proc. Natl. Acad. Sci. U.S.A 104, 3384-3389.

Wang, H.M., and Smith, K.A. (1987). The interleukin 2 receptor. Functional consequences of its
bimolecular structure. J. Exp. Med 166, 1055-1069.

Warnock, R.A., Askari, S., Butcher, E.C., and Andrian, U.H. von (1998). Molecular mechanisms
of lymphocyte homing to peripheral lymph nodes. J. Exp. Med 187, 205-216.

101



References

Warnock, R.A., Campbell, J.J., Dorf, M.E., Matsuzawa, A., McEvoy, L.M., and Butcher, E.C.
(2000). The role of chemokines in the microenvironmental control of T versus B cell arrest
in Peyer's patch high endothelial venules. J. Exp. Med 191, 77-88.

Whiteside, T.L., Bryant, J., Day, R., and Herberman, R.B. (1990). Natural killer cytotoxicity in the
diagnosis of immune dysfunction: criteria for a reproducible assay. J. Clin. Lab. Anal 4,
102-114.

Wiertz, E., Hill, A., Tortorella, D., and Ploegh, H. (1997). Cytomegaloviruses use multiple
mechanisms to elude the host immune response. Immunol Lett 57, 213-216.

Yamamoto, S., Yamamoto, T., Kataoka, T., Kuramoto, E., Yano, O., and Tokunaga, T. (1992).
Unique palindromic sequences in synthetic oligonucleotides are required to induce IFN
[correction of INF] and augment IFN-mediated [correction of INF] natural Killer activity. J.
Immunol 748, 4072-4076.

Yan, Y., Steinherz, P., Klingemann, H.G., Dennig, D., Childs, B.H., McGuirk, J., and O'Reilly,
R.J. (1998). Antileukemia activity of a natural killer cell line against human leukemias.
Clin. Cancer Res 4, 2859-2868.

Yawata, M., Yawata, N., Draghi, M., Partheniou, F., Little, A.-M., and Parham, P. (2008). MHC
class I|-specific inhibitory receptors and their ligands structure diverse human NK-cell
repertoires toward a balance of missing self-response. Blood 712, 2369-2380.

Young, N.T., Uhrberg, M., Phillips, J.H., Lanier, L.L., and Parham, P. (2001). Differential
expression of leukocyte receptor complex-encoded Ig-like receptors correlates with the
transition from effector to memory CTL. J Immunol 766, 3933-3941.

Young, N.T., Waller, E.C.P., Patel, R., Roghanian, A., Austyn, J.M., and Trowsdale, J. (2008).
The inhibitory receptor LILRB1 modulates the differentiation and regulatory potential of
human dendritic cells. Blood 777, 3090-3096.

Yu, H., Fehniger, T.A., Fuchshuber, P., Thiel, K.S., Vivier, E., Carson, W.E., and Caligiuri, M.A.
(1998). FIt3 ligand promotes the generation of a distinct CD34(+) human natural killer cell
progenitor that responds to interleukin-15. Blood 92, 3647-3657.

Zhang, X.G., Olive, D., Devos, J., Rebouissou, C., Ghiotto-Ragueneau, M., Ferlin, M., and
Klein, B. (1998). Malignant plasma cell lines express a functional CD28 molecule.
Leukemia 12, 610-618.

Zheng, C., Ostad, M., Andersson, M., Celsing, F., Holm, G., and Sundblad, A. (2002). Natural
cytotoxicity to autologous antigen-pulsed dendritic cells in multiple myeloma. Br J
Haematol 718, 778-785.

Ziegler, A., Laudien, D., Heinrichs, H., Miiller, C., Uchanska-Ziegler, B., and Wernet, P. (1981).
K562 cells express human major histocompatibility antigens. Immunogenetics 73, 359-
365.

Zojer, N., Kénigsberg, R., Ackermann, J., Fritz, E., Dallinger, S., Krédmer, E., Kaufmann, H.,
Riedl, L., Gisslinger, H., and Schreiber, S., et al. (2000). Deletion of 13914 remains an
independent adverse prognostic variable in multiple myeloma despite its frequent
detection by interphase fluorescence in situ hybridization. Blood 95, 1925-1930.

102



Acknowledgement

10 ACKNOWLEDGEMENT

| would like to thank Prof. Krdger for supporting this work and the members the KMT
laboratory as well as the Tumorimmunology laboratory for extensive discussions and
encouragement to pursue new ideas. Counseling and assistance for statistical analysis
was kindly provided by Christine Grafin zu Eulenburg of the Department of Medical
Biometry and Epidemiology. Dagmara Niedzielska and Uve Kirchner have supported
this work by great and flexible organization of the Isotope Lab Facility. The FACS Core
Sorting Unit at University Hospital Hamburg-Eppendorf (UKE) has provided helpful
assistance regarding technical questions.

11 CURRICULUM VITAE

The online-version of this doctoral thesis does not contaln the curriculum vitae for data
protection purposes.

Der Lebenslauf ist in der Online-Version dieser Dissertation aus Griinden des
Datenschutzes nicht enthalten.

103



Eidesstattliche Versicherung

12 EIDESSTATTLICHE VERSICHERUNG

Ich versichere ausdricklich, dass ich die Arbeit selbstandig und ohne fremde Hilfe
verfasst, andere als die von mir angegebenen Quellen und Hilfsmittel nicht benutzt und
die aus den benutzten Werken wortlich oder inhaltlich entnommenen Stellen einzeln
nach Ausgabe (Auflage und Jahr des Erscheinens), Band und Seite des benutzten
Werkes kenntlich gemacht habe.

Ferner versichere ich, dass ich die Dissertation bisher nicht einem Fachvertreter an
einer anderen Hochschule zur Uberpriifung vorgelegt oder mich anderweitig um
Zulassung zur Promotion beworben habe.

Silke Heidenreich

104



Publication

13 PUBLICATION

105



Hindawi Publishing Corporation

Clinical and Developmental Immunology
Volume 2012, Article ID 652130, 13 pages
doi:10.1155/2012/652130

Research Article

Impact of the NK Cell Receptor LIR-1 (ILT-2/CD85j/LILRB1) on
Cytotoxicity against Multiple Myeloma

Silke Heidenreich,! Christine zu Eulenburg,” York Hildebrandt,!
Thomas Stiibig,! Heidi Sierich,®> Anita Badbaran,' Thomas H. Eiermann,?
Thomas M. C. Binder,> and Nicolaus Kroger!

I Clinic for Stem Cell Transplantation, University Medical Center Hamburg-Eppendorf, Martinistrasse 52, 20246 Hamburg, Germany
2 Department of Medical Biometry and Epidemiology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany
3 Department of Transfusion Medicine, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Correspondence should be addressed to Nicolaus Kroger, nkroeger@uke.uni-hamburg.de

Received 1 March 2012; Revised 27 March 2012; Accepted 27 March 2012

Academic Editor: Mohamad Mohty

Copyright © 2012 Silke Heidenreich et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The role of different receptors in natural-killer- (NK-) cell-mediated cytotoxicity against multiple myeloma (MM) cells is
unknown. We investigated if an enhancement of NK-cell-mediated cytotoxicity against MM could be reached by blocking of the
inhibitory leukocyte immunoglobulin-like receptor 1 (LIR-1). Our investigations revealed high levels of LIR-1 expression not only
on the NK cell line NK-92, but also on myeloma cells (MOLP-8, RPMI8226) as well as on a lymphoblastoid cell line (LBCL; IM-9).
Subsequent cytotoxicity assays were designed to show the isolated effects of LIR-1 blocking on either the effector or the tumor side
to rule out receptor-receptor interactions. Although NK-92 was shown to be capable of myeloma cell lysis, inhibition of LIR-1 on
NK-92 did not enhance cytotoxicity. Targeting the receptor on MM and LBCL did not also alter NK-92- mediated lysis. We come
to the conclusion that LIR-1 alone does not directly influence NK-cell-mediated cytotoxicity against myeloma. To our knowledge,
this work provides the first investigation of the inhibitory capability of LIR-1 in NK-92-mediated cytotoxicity against MM and the

first functional evaluation of LIR-1 on MM and LBCL.

1. Introduction

Understanding of NK cell function has undergone a long
process since their identification in 1975 [1]. NK cells have
initially been regarded as part of the innate immune system,
not allowing any modulation of action with respect to their
changing microenvironment. Their pattern of inhibitory
and activating receptors was considered to be sufficient to
adequately detect tumor cells by the lack of human leukocyte
antigen (HLA) class I molecules. Those tumor cells were
killed instantly and without any obvious need of coactivation
by other cells of the immune system [2]. This unique
feature among lymphocytes has now been understood to
be only the basic function of response, which is completed
by diverse interactions with especially dendritic cells (DC)
and T cells [3]. NK cells do extensively communicate with
their surroundings, and their still-not-fully-deciphered set of

receptors detects changes in the normal surface pattern on all
types of tissues.

NK cell receptors are functionally divided into activating
and inhibitory receptors. Their main ligands are major his-
tocompatibility complex I (MHC-I) molecules, while some
of the receptors can directly recognize specific antigens on
bacteria or damaged cells. Mainly three different subclasses
of NK-cell receptors (NKRs) can be distinguished.

LIR and killer immunoglobulin-like receptors (KIRs) are
type I transmembrane proteins of the immunoglobulin-like
receptor superfamily (IgSF). Both recognize classical HLA
class I molecules, while LIR can also interact with nonclas-
sical HLA class I and bacteria with low binding affinities
[2, 4-6]. The second group of natural cytotoxicity receptors
(NCRs) also belongs to type I transmembrane proteins but
has poorly defined ligands. Type II transmembrane proteins
of the C-lectin type superfamily include natural killer cell



lectin-like receptor group 2 (NKG2) receptors that form
heterodimers with CD9%4 [2].

LIRs are expressed on subsets of NK cells and T cells,
as well as on monocytes, B cells, and DC, with the widest
distribution for LIR-1 [7-10].

LIR-1 is an inhibitory receptor also known as im-
munoglobulin-like transcript 2 (ILT-2)/CD85j or leukocyte
immunoglobulin-like receptor, subfamily B member 1 (LIL-
RB1) [7]. It has first been detected in searching for the
counterpart of UL18, a cytomegalovirus encoded HLA class
I homolog that is expressed on infected cells [8, 11, 12].

MM is an incurable disease that is characterized by
the clonal proliferation of terminally differentiated plasma
cells [13, 14]. Stem cell transplantation (SCT) is so far the
only option to achieve long time remission of the disease
[15]. To improve the outcome of MM patients, approaches
like immunomodulation and cellular therapy are under
investigation. NK cells are an attractive candidate for im-
mune therapy. They kill tumor cells without antigen-specific
priming [2] and are the the predominant lymphocyte subset
within the first 90 days after transplantation [16-19]. LIR-1
is one of the main inhibitory NK cell receptors in this early
phase after SCT [10, 16, 20].

We therefore investigated the influence of LIR-1 on
myeloma defeat. Hereby, we studied the effects of LIR-1
blocking of NK-92 as well as on a panel of tumor cell lines
including MM. To our knowledge, these experiments provide
the first data concerning the influence of isolated LIR-1
inhibition on NK cells with respect to myeloma cell lysis.
Moreover, they provide the first functional study of LIR-1
on MM and on other tumor entities, taking into account its
broad distribution among tissues.

2. Material and Methods

2.1. Cells. Unless otherwise stated, all media and supple-
ments were obtained from Life Technologies. Natural killer
cell line NK-92 was cultured in alpha-MEM supplemented
with Earl’s Salts and L-Glutamine, 12.5% equine serum,
12.5% fetal calf serum, 0.2mM inositol (Sigma-Aldrich),
0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 0.02 mM folic
acid (Sigma-Aldrich), and 1% PenStrep. Cells were splitted
every third day and received 200 U/mL rhIL-2 (CellSystems)
with the fresh medium. Myeloma cell line MOLP-8 was
cultured in RPMI1640 with 20% FCS and 1% PenStrep
while IM-9, RPMI 8226, HL60, and K562 received the same
medium and antibiotics but only 10% FCS. COS-7 cells were
cultured in DMEM with 10% FCS and 1% PenStrep. JEG-3
was grown in Ham’s F12 with 10% FCS and 1% PenStrep.

2.2. Flow Cytometry. Monoclonal antibodies (mAb) were
phycoerythrin- (PE-) conjugated CD2 (RPA-2.10, BDP
harmingen), CD159a (Z199, Beckman Coulter), CD85j
(HP-F1, Beckman Coulter); Pacific Blue-conjugated CD16
(MOPC-21, BD Pharmingen); fluorescein isothiocyanate-
(FITC-) conjugated CD25 (B1.49.9, Beckman Coulter) and
anti-IgG (goat polyclonal anti-mouse IgG, Abcam); allo-
phycocyanin (APC)-stained CD56 (B159, BD Pharmingen)
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as well as appropriate isotype controls. Unconjugated anti-
HLA-I (HP-1F7) was obtained from Santa Cruz, anti-HLA-
G (MEM-G/09) and -E (MEM-E/08) were obtained from
Abcam. 7-Amino-Actinomycin D (7AAD, BD Pharmingen)
was used to analyze dead cells. 20 uL Anti-A, B reagent was
used in each sample to block unspecific bindings (Ortho-
Clinical Diagnostics). Cells were incubated with the antibody
or isotype control for 30 minutes at 4°C, washed with PBS
and, if appropriate, stained with a secondary antibody
followed by an additional washing step. All samples were
additionally stained with 7AAD. Fluorescence was measured
on a BD FACSCanto II flow cytometer and BD FACSDIVA
Software v.6.1.3 (Becton Dickinson) was used for data
analysis.

2.3. Transfection of COS-7 Cells with LIR-1. As a positive
control for western blot experiments, COS-7 cells were trans-
fected with pCMV6-AC vector encoding for LIR-1 (OriGene)
or pCMV6-XL5 as a mock control (OriGene), using FuGene
HD Transfection Reagent (Promega) [21, 22]. All steps were
performed according to the manufacturer’s instructions.
The vector was multiplied by transformation of E.coli cells
(One Shot TOP10/P3 competent cells) with subsequent
purification of the plasmids (Qiagen EndoFree Plasmid Maxi
Kit).

2.4. Western Blot Analysis. Western blot was used to analyze
expressed surface molecules of effector and target cells [23,
24]. Proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions. Gels (Life Technologies) were blotted onto
nitrocellulose membranes (Whatman). Membranes were
blocked for one hour with TBS-T buffer (0.05 M Tris-HCL,
0.15M sodium chloride, 0.1% Tween 20) containing 3%
nonfat dry milk. Incubation with the anti-LIR-1 (VMPS55,
Santa Cruz) was done overnight at 4°C under gentle agi-
tation. After extensive washing with TBS-T, secondary one-
hour incubation with horseradish-peroxidase-conjugated
goat anti-mouse IgG (R&D Systems) was completed with
additional washing. Membranes were stained with enhanced
chemiluminescence agent (GE Healthcare) and exposed to
X-ray film (GE Healthcare). To confirm equal loading of all
gel chambers, membranes were stripped from the specific
antibody using Re-Blot solution (Millipore), followed by
additional staining of 3-Actin (ACTB, C4, Santa Cruz).

2.5. Cytotoxicity Assays. Cytolysis was determined in 4-
hour chromium-release assays (CRAs) according to standard
protocols [25-27]. Briefly, NK-92 and target cells were
seeded out in fresh medium one day before functional
assays. The next day target cells were labeled with 100 uCi
sodium-51-chromate (51Cr) for 1.5 hours at 37°C in a
humidified incubator with 5% CO,. Two washing steps were
performed with PBS (Life Technologies) and assay medium
(RPMI1640, 10% FCS, 1% PenStrep; Life Technologies),
respectively. Cells were resuspended to a dilution of 5 x 10°
cells/100 uL. NK-92 and tumor cells were coincubated at
various effector : target (E: T) ratios in U-bottom microtiter
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FIGURE 1: Expression of surface antigens. (a). Flow cytometric phenotyping of all cell lines was done with mABs against LIR-1, CD56, CD16,
CNKG2A, CD2, and CD25 as shown for NK-92. (b). Surface antigen expression on NK-92 and tumor cell lines. Values given as % positive
staining after subtraction of isotype control.
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FIGURE 2: LIR-1 expression on NK-92 and target cells. Western
blot analysis of LIR-1 expression on NK-92 cells and tumor cell
lines. Untreated as well as LIR-1 or mock transfected COS-7 cells
negative and positive controls, respectively. After film development,
the membrane was stripped and reincubated with ACTB antibodies
as aloading control. 4 yg anti-LIR-1 and 10 pg anti-ACTB (1:1000)
were used for antigen detection. Lanes contended 35 ug of total
protein. As also shown by flow cytometric analysis, NK-92 as well
as IM-9 and MOLP-8 expresses high levels of LIR-1, whereas no
detection of LIR-1 was possible on HL60 and K562 cells.

plates at a total of 200 yL assay medium. Maximum lysis or
spontaneous release (SR) of 51Cr were induced by adding 5%
Triton-X or assay medium to 100 uL target cells, respectively.
All samples were plated out in triplicates. Prior to the 4-
hour incubation period, plates were carefully centrifuged
to facilitate E: T contact. After incubation and additional
centrifugation, 25 yL supernatant were transferred to a 96-
well plate (Isoplate 96, PerkinElmer). To each well, 150 uL
scintillation liquid were added (Rotiszint eco plus, Carl
Roth). Plates were closed with Viewseal foils (Greiner Bio-
One). Suspension was mixed thoroughly for 15 minutes at
19°C on an Eppendorf thermomixer and then measured
at Wallac Trilux 1450 Microbeta Counter, Windows WS V.
2.70.004, PerkinElmer). The percentage of specific lysis was
calculated as follows:

c.p.m. experimental release — c.p.m. SR
c.p.m. maximum release — c.p.m. SR

}x 100. (1)

Results are shown as the mean of at least three independent
experiments. In all experiments, SR was <20% [28].

2.6. Blocking Experiments. Blocking antibodies were anti-
NKG2A (CD159a, IgG2b, Z199 BeckmanCoulter) anti-LIR-
1 (CD85j, 292319, IgG2b, R&D Systems) and anti-HLA-I
(HP-1-F7, 1gG1, Santa Cruz), which blocks HLA-A, -B, -
C, -E, and -G engagement [10, 29, 30]. IgG1 (11711) and
IgG2b (20116, both from R&D Systems) were used as isotype
controls. F(ab’), fragments (Jackson ImmunoResearch) were
used to prevent ADCC [27, 30]. Controls without F(ab’),
are explicitly named. Toxicity of any of the used reagents was
carefully ruled out (Figure 8).

2.7. Blocking of Effector Cells. CRA were performed as
described above. Heat inactivated human serum (HS)

was obtained after informed consent from healthy volun-
teers. NK-92 cells were preincubated in RPMI1640 with 1%
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PenStrep and 10% HS for 30 minutes and kept within the
same medium during additional 30 minutes of incubation
with mAb concentrations of 0.1, 1 and 10 ug/mL, respec-
tively. Target cells were prepared as described above. NK-
92 cells were washed twice to avoid interactions of the mAb
with the later on coincubated target cell line. Cells were
adjusted for a fix E: T ratio of 1.25:1, using 5 X 10° target
cells/100 uL as before. In some of the experiments, this step
was followed by additional preincubation with 11 pg/mL
F(ab’), 15 minutes prior to coincubation of NK and tumor
cells. In samples classified as “untreated,” no F(ab’), was used
[30, 31]. SR was always <20% for all cell lines except from
MOLP-8, which showed a constantly high SR up to 36%
[28]. To rule out toxicity of the mAb, in four experiments
NK-92 were radioactively labeled (51CrNK) and treated as
the unlabeled cells in a parallel series to the blocking assays.
51CrNK showed SR < 6% for all conditions with a standard
deviation (SD) < 3%. No differences related to parameters
F(ab’),, antibody or concentration could be detected within
statistical analysis [30].

2.8. Blocking of Tumor Cells. Target cells were incubated with
1 ug/mL of the respective mAb at a cell density of 5 x 10*
cells/mL. Procedure and incubation times were the same as
described for NK cells. F(ab"), was used at a concentration of
1.7 ug/mL for all samples, inclusively the “untreated” control.
Tumor cell incubation with mAb led to SR of <25% for
MOLP-8 and RPMI8226 and up to 11% for all other cells.

2.9. Statistics. To control for indirect effects, statistical
interpretation was done by multivariate Analysis of Variance
(ANOVA). In all calculations, specific lysis was defined as the
dependent variable. Antibodies, concentrations of the mAbD,
the targets and the use or no use of F(ab"), were defined
as independent variables. Wherever appropriate, interdepen-
dencies between the variables were taken into account. All
calculations were done by SPSS (IBM SPSS Statistics Version
19, Release 19.0.0).

3. Results

3.1. Characterization of NK-92 and Tumor Cell Lines. NK-
92 was found to express high levels of LIR-1 based on
flow cytometric analysis (Figure 1). We confirmed a high
expression of NKG2A and CD25, as well as small amounts
of FcyRIII (CD16) [10]. Hereby, but not regarding LIR-1
expression, NK-92 cells share important similarities with the
CD56Pright subset of NK cells [32].

LIR-1 was present on myeloma cells as well as on IM-
9, but no target cell line expressed NKG2A. Western blot
analysis confirmed the pattern of LIR-1 expression, and
the strength of band representation reflected the staining
intensity detected by flow cytometry (Figure 2). LIR-1 or
mock-transfected as well as naive COS-7 served as positive
and negative controls, respectively. For evaluation of HLA
class I expression, K562 served as negative controls. All cell
lines except K562 were HLA class I positive which correlated
with earlier investigations for MM (Figure 3) [13, 33]. LIR-1
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has a broad spectrum of ligands, but its binding properties
are weak. As HLA-G is the strongest binding partner, we
evaluated HLA-G expression on all cell lines [4, 6, 34, 35].
Only JEG-3 were positive for HLA-G. Thus, interaction of
LIR-1 in later-on conducted CRA was restricted to other
binding partners.

The choice of NK-92 and those distinct tumor cell lines
instead of primary cells allowed an isolated view on the
inhibitory capacities of LIR-1. No increase of cytotoxicity
due to blockade of NKG2A could be expected in subsequent
blocking assays, for no target cell line expressed the only
known NKG2A ligand HLA-E [36]. Furthermore, NK-92
has been described before to lack inhibitory KIR molecules
(37, 38].

Other inhibitory LIRs that can be found on NK cells are
only LIR-3 (ILT5) and LIR-8 as well as soluble LIR-4 for
which the ligands are not yet detected [6].

LIR-1 could therefore be considered to be the only known
major inhibitory receptor in this context and was expressed
at high levels (Figures 1 and 2). Influence of so far unknown
inhibitory receptors was ruled out by selective blockade of
LIR-1.

Due to these findings, we considered the use of NK-92
and the chosen tumor cell lines as an ideal system to study
the discrete influence of LIR-1 on modulation of NK-cell
cytotoxicity.

3.2. Myeloma Cells Are Highly Susceptible to NK-92 Mediated
Killing. Cytotoxicity of NK-92 against a panel of tumor cell
lines was investigated in CRA at different E : T ratios (Figure
4) [28]. MM cell lines and IM-9 were efficiently lysed by NK-
92, with highest results for IM-9 (E:T 10:1; specific lysis
69.9 + 6.3%) followed by MOLP-8 (29.8 + 3.9%), K652

(22.6 £ 7.6%), and RPMI8226 (21.3 + 3.6%). HL60 was
almost resistant to lysis (4.5 + 2.5%).

3.3. Blocking of LIR-1 on NK-92 Does Not Increase Target
Cell Lysis. To evaluate the influence of LIR-1 in myeloma
cell lysis, mAbs were used to block LIR-1 receptor-ligand
interactions. As target cells lacked the expression of the HLA-
E molecule, blocking of NKG2A was not expected to alter
the results but was conducted as a negative control. No
significant increase of tumor cell lysis could be achieved by
any of the mAbs despite high concentrations (Figure 5).

As specific lysis of target cells by NK-92 was found to
be independent from mAb concentration and type, results
are presented as means of the used concentrations (0.1/
1/10 ug/mL) or in a separate bar as means of concentration
and mAbs (CD85j, CD159a, and IgG2b) (Figure 6). For
MOLP-8, RPMI8226 and HL6O, a significant influence of
F(ab’), towards a decreased lysis seemed to be relevant, but
it could not be taken into account.

What first might appear as a protective effect of the
applied F(ab’), towards a reduced lysis of target cells could
also be observed in the untreated sample and must therefore
be considered to be a side effect caused by cell culture
procedure. Only experiments with K562 were performed at
the same day with and without F(ab’), and the observed
specific lysis of K562 was the same for both experimental
rows. This confirms the thesis of culture side effect to be
responsible for significant changes in experimental results.

It is possible that LIR-1 influence could not be measured,
if a maximum level of NK-activation had already been
achieved before blocking of the inhibitory receptor [38, 39].
Interleukin (IL)-2 requirement during cell culture, induction
of the high potential activating receptor NKp44 by IL-2
[40], and origin of NK-92 from rapidly progressive NK cell
lymphoma [38, 41] favor a preactivated condition.

3.4. Blocking of Neither LIR-1 Nor HLA Class I on Target Cells
Increases Target Cell Lysis. As expected, HLA-A, -B, -C, -E,
and -G blockade on tumor cells did not show any influence
on lysis (Figure 7) since blocking of LIR-1 as the only
relevant inhibitory NK cell receptor on NK-92 had already
not modulated cytotoxicity. We also decided to selectively
block LIR-1 receptors on the tumor cells before coincubation
with NK-92. Though not being likely to directly change NK-
cell properties, LIR-1 expression might contribute to MM
resistance in so far unknown ways as its role in immune
regulations is still fairly unknown (discussed below). As
LIR-1 surface expression increases during B-cell and DC
maturation [42], it might be directly involved in cell-
cell interactions that promote survival and growth. In our
experiments, LIR-1 expression on target cells seemed not
responsible for a resistance to lysis (Figure 7).

3.5. mAb or F(ab'), Have No Toxic Effects on NK-92 under
Experimental Conditions. To rule out toxic effects of mAb,
NK-92 were labeled with 51Cr and incubated with the
respective mAb in parallel to the conducted experiments.
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F1Gure 5: Blocking of CD85j and CD159a on NK-92 does not increase specific lysis. Blocking assays were performed as 4-hour CRA. NK-92
were preincubated with human serum and treated with the respective mAb (0.1, 1 and 10 ug/mL). E: T ratio of 1.25: 1 was used throughout
all experiments with a total of 5 x 10° target cells/200 ul. Results are shown as means of triplicates of at least three independent experiments.
(a/b): F(ab"), was added after the last washing step prior to coincubation with target cells and maintained within the medium throughout
the whole experimental period. (C/D): Samples without F(ab’),. In samples classified as “untreated”, neither F(ab"), nor Abs were used. SR
was always <20% for all cell lines except from MOLP-8, which showed a constantly high SR up to 36%. Statistical analysis was performed by

ANOVA and did not show any significant effect of Ab use.

In four independent experiments, no harmful effect of anti-
LIR-1, anti-NKG2A or F(ab’), could be observed (Figure 8).

3.6. F(ab'), Stabilize Pattern of Tumor Lysis. Although not
significantly affecting tumor lysis, there seemed to be an
important influence of the F(ab’), fragments (Figure9).
They stabilized the results even though prior evaluation of
surface molecules did only show very low amounts of CD16
(see above). Apart from outliers, use of F(ab"), seemed to
even out mAb effects in the blocking experiments, leading

to values that oscillate close to the origin in both directions
(a). Sparing those fragments decreased relative lysis, predom-
inantly relevant for MOLP-8 and RPMI8226 cells. Only K562
cells rendered more susceptible to NK mediated lysis with a
lack of F(ab"), though not at a significant level (b).

4. Discussion

The aim of the present investigations was to evaluate if
LIR-1 on NK cells inhibits NK-92 mediated cytotoxicity
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FIGURE 6: Use of F(ab’), does not significantly influence cytotoxicity
of NK-92 cells. Statistical analysis (ANOVA) reveals a seemingly
protective effect by F(ab’), fragments against NK-92 mediated lysis.
As influence of the type of antibody and the used concentration
were excluded, experimental data were merged. Results were highly
significant (untreated + F(ab’),/Ab use + F(ab’),): IM-9 P =
0.317/P = 0.211; MOLP-8 P = 0.017/P = 0.002; RPMI8226 P =
0.052/P < 0.001; HL60 P = 0.009/P < 0.001; K562 P = 0.692/P =
0.771). The same settings were used throughout all experiments.
In the experimental row, K652 tests were performed at the same
day and within the same panel. For all other target cells, tests
including F(ab"), were performed first and were followed by those
without additional treatment 1 week later. Though IM-9 renders
more susceptible to lysis to a nonsignificant degree, time is the
factor most likely to be taken into account, for targets incubated
with “untreated” NK cells showed the same changes in sensitivity
towards lysis.

against different tumor cell lines. Secondly, presence of LIR-
1 on the target cells was validated concerning its influence
NK cell mediated lysis. LIR-1 was assumed to be the only
relevant inhibitory receptor on NK-92 as stated above
(characterization of NK-92 and tumor cell lines) [38]. Sur-
prisingly, no inhibitory influence of LIR-1 on NK-92 within
cytotoxicity assays against different tumor cell lines could be
detected after treatment with specific antibodies against LIR-
1 (Figures 5-7).

By now, involvement of LIR-1 in protecting the fetus
from abortion has become common immunological knowl-
edge, and so has the adoption of this mechanism by
tumor cells by expressing the LIR-1 ligand HLA-G [43—45].
Furthermore, viruses express highly affinitive LIR-1 ligands
for protection against immune defense and LIR-1 serves as a
receptor for bacterial detection [5, 8]. Data about the specific
role of this receptor in “normal” action of lymphocytes,
especially NK cells, are more conflicting and rare. While
LIR-1 inhibition of T cell and monocyte activation has less
refer to experimental settings in which HLA-G was not
present on the target cell [46—48]. Available publications

Specific lysis (%)
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F1Gure 7: Blocking of LIR-1 and HLA on tumor cells does not lead
to increased lysis by NK-92 cells. LIR-1 (CD85j) and HLA class I
molecules of the tumor cell lines were blocked as before on the NK-
92 cells. After incubation and extended washing, standard CRA were
performed. Neither LIR-1 nor HLA blocking showed significant
increase of tumor cell lysis. All experiments were performed with
the use of F(ab’), to prevent ADCC. Statistical analysis performed
by ANOVA excluded any significant effect of either isotype or
Ab on target cell lysis, compared to untreated samples. Discrete
investigation of K562 treatment, performed as a comparison of
cumulated values for all Ab-incubated samples with or without
F(ab’),, excluded any influence of additional F(ab’), on the results
(P =0.218).

emphasize data that confirm an important inhibitory effect
of LIR-1, but a more questioning view might refer to the
number of experiments mentioned that did not deliver the
pronounced outcome. We will give a short overview of
available functional studies of LIR-1 on donor-derived NK
cells and NK cell lines in order to demonstrate the conflicting
knowledge that is available.

Godal et al. made an attempt in revealing the influence of
LIR-1 on dNK in cytotoxicity against HLA-G negative AML
and ALL blasts. Their results indicate that LIR-1 does only
serve as a weak inhibitory NK cell receptor in the absence of
HLA-G on tumor cells, but might be relevant in situations
with low KIR expression as seen within the first months after
stem cell transplantation (SCT) [10].

Other authors used merely HLA-transfected 721.221,
murine cells (P815) or immature dendritic cells (iDC) as
target cells, but often had the benefit of comparing results
from NK cell lines to the performance of NK cells derived
from healthy donors. In 2008, Yawata et al. conducted a series
of degranulation assays of dNK against HLA class I deficient
721.221 in order to investigate the involvement of distinct
receptors in “missing-self” recognition and were not able to
identify any involvement of LIR-1 [49]. More successful LIR-
1 mediated inhibition was achieved by Morel and Bellon who
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Ficure 8: Neither antibodies nor F(ab’), show toxic effects on
NK-92 cells. NK-92 were labeled with 51Cr and incubated with
Abs against LIR-1, NKG2A, or IgG2b. Isotype control with (+)
or without (—) F(ab’), is under the same conditions as the
unlabeled effector cells in the blocking experiments. SR is given
as mean of four independent experiments for untreated NK cells
and as mean of an experimental series with concentration of 10,
1 and 0.1 yg/mL. “All Ab mean” integrates those results. F(ab’),
concentration was 11 y/mL. Spontaneous release was <6%. As this
control panel was performed in parallel to regular NK-92 blocking
experiments, interferences by reagents, temperature, incubation
period, cell viability, or technical equipment can be excluded.

tested the cytotoxicity of dNK and NK-92 against HLA-G
and -B transfected 721.221 in CRA with subsequent use of
blocking antibodies [39]. Their prestudies found only 15%
of LIR-1 positive dNK to be stimulated by target contact
and these responsive dNK were chosen for the subsequent
studies. Comparative analysis of NK-92 and dNK in different
types of assays were conflicting.

No such conflict was observed by Favier et al., who incu-
bated dNK and the NK cell line NKL with 721.221-G1 and
used blocking Abs against LIR-1 and HLA-G [50]. The same
was true for Vitale et al. They incubated dNK with different
HLA transfected cell lines in standard CRA and increased
lysis by LIR-1 blockade, but unfortunately, no explicit pre-
vention of antibody-dependent cellular cytotoxicity (ADCC)
was mentioned [51]. At last, Colonna et al. showed the
expected LIR-1 influence in different experimental setups
with NKL, serotonin releasing RBL cells, as well as dNK
and donor derived LIR+ T cells (dTK) [21]. Interestingly, in
all assays with either dTK or dNK against 721.221-B*2705,
anti-LIR-1 could only partially revert transfection-induced
inhibition, indicating either incomplete binding of anti-LIR-
1 to the receptor or the presence of other receptors apart from
LIR-1 that bind to the ligand.

Clinical and Developmental Immunology

Moreover, in reverse ADCC (rADCC) assays with dNK
against P815, only few clones were inhibited by LIR-1. Here
again, NK cell clones have shown to exhibit less predictable
outcomes than cell lines [21].

Summarizing the available data, NK cell lines seem to
be more reliable than dNK concerning LIR-1 mediated
downregulation of cytotoxicity. The results for polyclonal
dNK show high variances between the different clones that
are mostly not characterized in detail. Successful LIR-1 medi-
ated inhibition by HLA-transfected 721.221 has abundantly
been shown. Involvement of additional undetected receptors
could not always be excluded, and different types of assays
performed with the same effector and target cells could lead
to highly diverging results. Investigations of cytotoxicity of
dNK and donor-derived tumor cells are rare and no sufficient
information is available about the role of LIR-1 in the absence
of HLA-G. Current opinion about the inhibitory influence of
LIR-1 is predominantly based on investigations at the feto-
maternal interface or has been gained from settings in which
only a single HLA molecule was present on the target cells—
mostly HLA-G or -B on 721.221. The performed experiments
do not sufficiently cover the extensive binding capacities of
LIR-1 to HLA class I.

Although we are aware of problems concerning the
comparability of NK cell lines to donor-derived NK cells
(dNK), we have chosen an experimental setting that allows
studying isolated influence of LIR-1 on cytotoxicity. Our
major goal was to provide a model system to overcome the
common practice of using transfected target cell lines in
cytotoxicity assays. Being aware of the necessity of future
efforts to confirm the present findings in a brighter panel
of cells and cell lines, these results might provide a first step
towards a new understanding of LIR-1.

Available data do not sufficiently support the direct
implication of LIR-1 in NK cell inhibition. Upregulation of
the receptor does not necessarily favor immunosuppression
but might correlate with the acquisition of memory. LIR-1
surface expression increases during B cell and DC maturation
[42] as well as during cytomegalovirus infection [52] and
acquisition of T-cell memory [53, 54]. We suppose that
an increasing LIR-1 expression also correlates with the
acquisition of NK cell memory [55], supported by the
surveillance that a high LIR-1 level on NK cells leads to an
effective lysis of HIV-infected DC [56].

LIR-1 seems to have a high impact on regulating the
balance between activation and inhibition during immune
responses [42]. It might do so by cooperation with other
receptors like KIRs, which favor a clustering of MHC-I
[57]. As HLA-G is the only LIR-1 ligand that generates
covalent dimers and trimers at the cell surface, aggregation
might be a precondition to receptor’s activation. It has been
proposed that these complexes increase the avidity towards
LIR-1, explaining the discrepancy between the relatively low
affinity of LIR-1 to its ligand and the high relevance within
the context of fetal tolerance [58]. Homo- or heterotypic
complex formation of the LIR-1 receptor and its ligands
might be a key factor that regulates the degree of NK cell
inhibition. By this, LIR-1 might work as a rheostat of NK cell
activation. This hypothesis would fit the capability of LIR-1
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F1cure 9: Use of F(ab’), after blocking NK-92 receptors seems to balance lysis pattern. Values show the % relative increase or decrease of
target cells lysis in a standard 4-hour CRA, calculated as follows: % relative change of specific lysis = [(% specific lysis “antibody”) — (%
specific lysis “untreated”)]/[% specific lysis “untreated”]. Though no concentration of the used mAbs showed a significant change in tumor
lysis, interesting differences in the resulting lysis-patterns could be detected. (a) Apart from outliers, use of F(ab’), evens out mAb effects in
the blocking experiments, leading to values that oscillate close to the origin in both directions. (b) Sparing F(ab’), decreases specific lysis,

predominantly for MOLP-8 and RPMI8226 cells.

to sense the overall HLA class I expression on human tissues.
An increase during aging as well as memory acquisition
could elevate the necessary threshold for activation during
a parallel process of increase of activating NK cell receptors
caused by repeated pathogen contacts.

5. Conclusions

Within the present study, no alteration of NK mediated
cytotoxicity against MM was observed after blockade of
LIR-1. Being the only functional inhibitory receptor within
this setting, major known side effects by, for example, KIR
have been ruled out. This unexpected outcome opens the
door to fruitful discussions about the complexity of LIR-1
interactions and its potential role within tumor defense. It
is very likely that the present presumptions about functions

of LIR-1 within immune regulation are far behind the real
impact. We hypothesize that LIR-1 has a key role as a
rheostat of NK cell modulation and is strongly involved in
the acquisition of NK cell memory.
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