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ABSTRACT

Natural killer (NK) cells are lymphocytes endowed with cytotoxicity against aberrant
cells, including transformed and virus-infected cells. NK cell function is dictated by a
fine-tuned interplay between activating and inhibitory receptors expressed on the NK
cell surface. While the different activating receptors interact with unique ligands present
on healthy or transformed cells, inhibitory NKG2A and killer immunoglobulin-like
receptors (KIRs) invariably recognize HLA class I molecules. The purpose of this thesis
was to elucidate how interactions between inhibitory NK cell receptors and HLA class 1
impact on anti-leukemic functions of NK cells and on NK cell-mediated termination of
inflammation. In a phase IV trial, 81 AML patients received histamine dihydrochloride
and low-dose interleukin-2 (HDC/IL-2) for the prevention of recurrence of leukemia
after the completion of chemotherapy. The trial comprised immunophenotyping of
serial blood samples along with KIR/HLA genotyping and assessment of
cytomegalovirus (CMV) serostatus. Results from papers I and II imply a beneficial role
of NK cell subsets that are less inhibited by HLA while prior CMV infection, which
promotes the expression of additional KIRs, impacted negatively on relapse risk and
survival. Additionally, a single nucleotide polymorphism in HLA-B that dictates NK cell
inhibition to be preferentially mediated by NKG2A impacted positively on outcome in
this trial (paper III). The relevance of the interplay between activating and HLA-
mediated inhibitory signaling was further illustrated in a non-malignant setting in paper
IV, where modulation of NK cell receptor ligands expressed by inflammatory
neutrophils was associated with enhanced susceptibility to NK cell cytotoxicity. In
conclusion, these studies support i) that low-grade KIR-mediated inhibition of NK cells
is relevant for the benefit of relapse-preventive immunotherapy in AML and ii) that NK

cells participate in the resolution of inflammation.

Keywords: Natural killer cells, Acute myeloid leukemia, Immunotherapy, Killer-cell
immunoglobulin-like receptor, human leukocyte antigen class I molecules
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SAMMANFATTNING PA SVENSKA

Immunforsvaret ir uppbyggt av celler och signalmolekyler som skyddar oss fran
bakterier, virus och andra smittimnen. Denna avhandling handlar om NK-celler
(“natural killer cells” pa engelska), som dr immunfSrsvarsceller med formaga att déda
celler som pé grund av infektion, canceromvandling eller av annan anledning ir farliga
eller o6nskade. NK-celler tycks dven vara viktiga i reglering av immunsystemet. Nar
immunsystemet har utfore sin uppgift kan NK-celler siledes bidra dill att involverade
immunceller oskadliggors. Formégan att eliminera odnskade immunceller ir troligtvis en
bidragande orsak till act NK-celler har en viktig roll vid flera typer av blodcancer, si
kallade leukemier. Akut myeloisk leukemi (AML) ir den vanligaste leukemin hos vuxna
och en stor andel av de patienter som diagnosticeras med AML &verlever inte tre &r efter
diagnos. En viktig anledning till detta 4r att minga patienter drabbas av dcerfall i
leukemi trots att de inledningsvis svarar gynnsamt pa cellgiftsbehandling. Betydande
anstringningar gors darfor for act utveckla behandlingar som kan férhindra édterfall i
AML. En strategi dr att stimulera patienternas egna immunceller med si kallad
immunterapi. Ett exempel ir kombinationen histamindihydroklorid och interleukin-2
(HDC/IL-2) som har utvecklats vid Goteborgs universitet. HDC/IL-2 stimulerar
immunceller, ddribland NK-celler, sa att dessa blir béttre pd att kinna igen och eliminera
maligna celler. I tre av de fyra delarbeten som ingar i avhandlingen underséktes prover
fran en internationell klinisk studie i vilken 81 AML-patienter behandlades med
HDC/IL-2 med maélet att klargora vilka faktorer hos NK-celler som paverkar
behandlingens effekter vid AML.

NK-celler uttrycker flera receptorer pa cellytan vilka binder till ligander p& malceller.
NK-cellsreceptorer receptorer dr antingen aktiverande eller inhiberande, och nir dessa
receptorer binder till sin respektive ligand kan NK-cellen antingen aktiveras, och dirmed
doda malcellen, eller inhiberas. NK-cellers avdédande av en frimmande cell avgdrs
siledes av dess uttryck av aktiverande eller inhiberande receptorer, och vilka av dessa
receptorers ligander som uttrycks pd malcellens yta. De resultat som redovisas i
avhandlingens tre forsta delarbeten talar for att en subgrupp av NK-celler, si kallade
olicensierade NK-celler som inte uttrycker de inhiberande receptorerna NKG2A och
KIR, kan bidra dll atc forhindra dcerfall i AML. Resultaten ger ocksa stéd for att
patienter vars NK-celler frimst kontrolleras av NKG2A-inhibition har bittre
overlevnadsprognos efter behandling med HDC/IL-2. Tillsammans antyder resultaten
att NKG2A bidrar dill en ligre grad av NK-cellsinhibering 4n inhibitoriska KIR, vilket
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gor att NK-celler effektivare kan aktiveras av immunterapi, och dirmed doda maligna
celler. 1 delarbete II visas dartill atc patienter som tidigare har genomgatt
cytomegalovirusinfektion saknar NK-celler som inte uttrycker inhibitoriska KIR, vilket
kan forklara varfor dessa patienter uppvisade hog risk for aterfall. Sammanfattningsvis
talar dessa fynd for att patienter med lag-gradigt inhiberade NK-celler svarar gynnsamt
pa immunterapi med HDC/IL-2.

Fér att undvika kronisk inflammation som kan leda till vivnadsskada dr det angeldget att
att akeiverade immunceller elimineras nir ett infektidst agens har eliminerats. I det fjirde
delarbetet belystes NK-cellers roll for avslutandet av en immunreaktion. Inflamma-
toriska neutrofiler befanns forindra sitt utryck av ligander sa att aktiverande receptorer
levererade en avdddningssignal till NK-celler. Dirigenom underlittades NK-cells-
formedlad elimination av de inflammatoriska celler som har utfért sin uppgift och
dirmed inte lingre behovs. Okad kunskap om hur en inflammationsprocess avslutas kan
leda dll forbdttrad behandling av kronisk inflammation, t. ex. vid autoimmuna

sjukdomar.
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PREFACE

Cancer is a group of diseases characterized by uncontrolled growth of cells that may
spread within the body and invade essential organs. The dysregulation of cell growth
that is characteristic of cancer can emerge in almost all cell types in the body. Thus,
cancer that originates from cells in the blood give rise to blood cancer, or leukemia,
whereas other cancer forms may arise from e.g., lung or breast cells. Cancer treatment
was greatly advanced with the introduction of chemotherapy in the early 1940’s. The
first chemotherapeutic drug was developed based on observations made from the use of
mustard gas during World War I, where the gas was found to suppress formation of new
blood cells (1). More than 40 years later, a novel form of cancer treatment emerged,
based of activation of immunity for improved elimination of malignant cells. Since then,
cancer immunotherapy has been used successfully in treatment of several malignancies,

and received the “breakthrough of the year”-designation in Science 2013 (2).

A common form of leukemia, acute myeloid leukemia (AML), is characterized by clonal
expansion of malignant myeloid cells in bone marrow and blood. As the malignant cells
themselves belong to the immune system, it is conceivable that immunotherapeutic
approaches may be successfully targeting the disease. Immunotherapies that aim to
activate the immunity can be designed either to stimulate the immune cells, or to
remove breaks that inhibit immune cells. A form of AML immunotherapy combines
these two properties by using the cytokine interleukin-2 (IL-2) to activate lymphocytes,
together with histamine dihydrochloride (HDC) that reduces the formation of
immunosuppressive reactive oxygen species. Thereby, the HDC/IL-2 treatment regimen
may stimulate natural killer (NK) cells to exert anti-leukemic activity. With modern
techniques allowing for more detailed studies of NK cell biology, it has become evident
that the NK cell population is highly heterogeneous. A major aim of this thesis was to
define NK cell repertoires that are of importance during immunotherapy in AML. The
results presented in the thesis imply that NK cell repertoires characterized by low-grade
inhibition, as determined by ligation of their surface receptors, are significant effector

cells in HDC/IL-2 immunotherapy.






NATURAL KILLER CELLS

THE HUMAN IMMUNE SYSTEM

The human immune system is made up by an array of effector cells and molecules that
protect us from infectious agents and aberrant cells. All immune cells originate from a
common hematopoietic stem cell (HSC). In a process known as hematopoiesis, cells
proliferate, mature and differentiate to form the cellular part of the immune system, as

depicted in figure 1.
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Figure 1. Hematopoiesis. Hematopoietic cells originate from a hematopoietic stem cell (HSC) that
differentiates to either common lymphoid progenitor (CLP) cells or common myeloid progenitor (CMP)
cells. Further differentiation and proliferation will generate cells that form the cellular part of the innate
and adaptive immune system.

The immune system is commonly divided into two principal entities known as innate
and adaptive immunity. Innate immunity is the evolutionarily oldest system and is
considered responsible for the initial response occurring immediately after invasion of an
infectious agent. Innate immunity comprises phagocytic cells including macrophages
and neutrophils, antigen-presenting cells (dendritic cells and macrophages) along with
innate lymphoid cells (ILCs including natural killer cells, NK cells). Upon infection,

inflammatory signals alert innate immune cells to migrate to the site of inflammation



where they form a first line of defense. The innate system signals to dendritic cells (DCs)
in peripheral tissues that continuously sample the extracellular environment. Activated
DCs migrate to lymph nodes where they shape an adaptive immune response unique to
the infectious agent. Antigen presentation by DCs thus form the basis for clonal
expansion of antigen-specific T cells that in turn produce cytokines, which promote
maturation of B cells that produce antigen-specific antibodies. Together, these processes
lead to a highly specific immune response and commonly to the eradication of
pathogens and infected cells. When pathogens are eliminated, the majority of the
immune cells will undergo apoptosis to resolve inflammation at the site of infection, but
a minority of the adaptive cells remain to form a pool of memory T and B cells that
respond vigorously upon re-infection. Today, the strict division between innate and
adaptive immunity is smudged, as certain innate cells (both macrophages and NK cells)
have been proposed to develop immunological memory, as first reported in mice and

later also in humans (3-5).

NATURAL KILLER CELLS

NK cells are innate lymphocytes with an inherent capacity to kill infected or
transformed cells, which is achieved by the release of cytotoxic granules contained in the
NK cell cytoplasm. In contrast to T cells, NK cells may target aberrant cells without
prior sensitization; instead, the engagement of activating and inhibitory NK cell
receptors, with cognate ligands expressed by a target cell, determines whether or not NK
cells release cytotoxic granules to eliminate an encountering cell. Thus, if the target cell
expresses ligands that bind to activating NK cell receptors, a lytic synapse is formed
between the NK cell and the target cell followed by the release of lytic granules into the
synaptic cleft (6). A schematic description of NK cell receptors, their intracellular
downstream signaling pathways and the signal integration that may, or may not, lead to

a cytotoxic response, is provided in chapter L.

Besides their cytotoxic capacity, NK cells produce cytokines and chemokines and
thereby influence immune responses. By virtue of their capacity to destroy foreign cells
and their role in immune regulation, NK cells have been ascribed a role in defense
against viruses and malignant cells. Several studies have thus correlated a congenital
deficiency in NK cell function or development with increased susceptibility to severe
virus infections (7-10). Moreover, NK cells are implicated in surveillance of a wide range

of malignant cells, including leukemic cells (11-13).

NK cells are phenotypically heterogeneous, where immature NK cells carry the
CD56"%" CD16" phenotype, while more mature NK cells down-modulate CD56 and
upregulate CD16 (CD56%™ CD16%). The NK cell phenotypes further differ in their



expression of inhibitory and activating receptors as well as in their responsiveness to
activation. Notably, intrinsic factors, i.e., genotype, and extrinsic factors, such as a viral
infection, will shape an individual’s NK cell repertoire. The shaping of the NK cell
repertoire, along with attempts to define the role of NK cells and their receptors for the

course of human leukemia, is a main focus of this thesis.

THE “MISSING SELF” THEORY

NK cells were first discovered as a background noise in cytotoxicity assays of lymphocyte
activity against tumor cells. This “noise” was caused by NK cells that, unexpectedly and
in contrast to T cells, killed tumor cells without prior sensitization. The first reports on
the biology of NK cells were published in 1975 (14, 15). In the early 1980’s, Klas Kirre
forwarded the “missing self” hypothesis in his doctoral thesis (16). The hypothesis
describes how the reduced expression or absence of “self” major histocompatibility
complex (MHC) class I molecules, rather than the presence of a triggering agent, leads
to NK cell recognition and elimination of aberrant cells. The proposed mechanism was
further evaluated and established in subsequent work by his group at the Karolinska
Institute. With the “missing self” theory, it was explained why NK cells, in stark contrast
to T cells, could kill tumor cells lacking expression of MHC class I. Accordingly,
mutated tumor cell lines lacking MHC class I were sensitive to NK cell mediated lysis 7

vitro and were rejected in an in vivo setting (17, 20).

Despite that the “missing self” hypothesis seemed to fit with former and new
experimental findings, the identification of inhibitory receptors binding to MHC class 1
molecules in the 90’s by Yokoyama and co-workers (mouse) and Moretta and co-
workers (human) provided significant further support to the theory (21-23). However,
the “missing self” theory did not account for the fact that a complete lack of ligands is
sometimes not sufficient to promote NK cell killing of a target cell. In the last years of
the 90’s, activating receptors expressed on resting or stimulated NK cells were discovered
(24-26). The identification of activating and inhibitory receptors and the subsequent
intracellular signaling leading to NK cell activation revealed how NK cells may
distinguish between healthy and diseased cells and how they, depending on what
receptors are engaged, can kill infected cells or tumor cells. Until recently, the NK cell
response has been thought of as a balance between activating and inhibitory signals.
However, this view is changing, as it is now assumed that the NK cell response involves
a complex integration of signals from several receptors at multiple stages of the signaling

process (27), as described in more detail below.



INHIBITORY NK CELL RECEPTORS

In the 90’s, Moretta and co-workers identified the p58 receptors, recognized by the
antibody clones GL183 (28) and EB6 (29) (later called killer-cell immunoglobulin-like
receptor (KIR) -2DL3 and -2DL1/KIR2DSI, respectively) to induce inhibitory
signaling through binding to specific human MHC class I molecules (human leukocyte
antigen; HLA class I) on target cells (30). Later KIR3DL1 was identified as a receptor
recognizing certain HLA-B alleles (31). Twenty-five years and extensive research later,
KIR genes encoding 14 NK cell surface receptors have been identified; seven of them
with long intracytoplasmic rtails transducing inhibitory signaling via two
immunoreceptor tyrosine-based inhibitory motifs (ITIMs), and seven with short
cytoplasmic tails allowing these receptors to associate with DAP12, a key accessory
protein that conveys activating signals via immunoreceptor tyrosine-based activating
motifs (ITAMs) (32). One exception is KIR2DL4 that, in addition to carrying an ITIM
within the long cytoplasmic tail, also associates with an ITAM-bearing protein and
therefore transduces both activating and inhibitory signals (33). For a detailed list of
KIRs expressed on human NK cells, their corresponding ligands and whether they

convey inhibitory or activating signaling, see figure 2.

KIR — HLA recognition

Among the major inhibitory KIRs (iKIRs), KIR2DL1 recognizes the C2 group of HLA-
C whereas KIR2DL2/L3 recognizes HLA-CI1, and to some extent certain HLA-C2
alleles although with lower affinity (34). C1 and C2 of HLA-C are distinguished either
by a lysine (C2) or arginine (Cl) at position 80 in the HLA-C molecule (34).
Experiments designed to clarify the degree of NK cell activation in individuals
homozygous for either C1 or C2 indicate that the HLA-C2 — KIR2DL1 interaction
delivers a stronger inhibitory signal than HLA-C1 — KIR2DL2/L3 ligation (35),
resulting from KIR2DL2/L3 — Cl1 interactions being more peptide-selective than
KIR2DL1 — C2 interactions (36). HLA-C2 also serves as a ligand to the activating
KIR2SD1, although with a weaker binding affinity than KIR2DL1 (37). KIR3DL1
recognizes the Bw4 epitope present in certain alleles of HLA-A and HLA-B with an
arginine at position 83 (34). Moreover, due to a dimorphism at position 80, HLA-Bw4
binds to KIR3DL1 with different affinity; presence of an isoleucine (80Ile) at position
80 allows for a stronger interaction than threonine (80Thr) (38). Interestingly, a
correlation between the stronger HLA-C2 and HLA-Bw4-801le has been identified, and
correspondingly HLA-C1 associates with the weaker HLA-Bw4-80Thr (39). In addition
to receptor-ligand recognition, the KIR/HLA binding affinity and subsequent inhibition
is influenced by the peptide presented by the HLA class I molecule (40).



Figure 2. NK cell receptors and their ligands. NK cells express activating (green) and inhibitory
(red) receptors that bind to ligands on target cells.



KIR haplotypes

The KIR locus encodes 15 genes (of which two are pseudogenes) and is highly
polymorphic, polygenic and complex, generating a substantial number of haplotypes.
Broadly, K7R gene combinations comprise two haplotypes; groups A and B. The group
A haplotype is non-variable and encodes mainly inhibitory KIRs in addition to the
framework KIR genes. Group B haplotypes are more variable in terms of number and
combinations of KIR genes, and encode at least one activating KIR. The group A and B
haplotypes also segregate at the allele level (41). There are between 16-158 alleles
identified for each KIR gene, and while most alleles encode KIR proteins expressed on
the NK cell surface, some intact alleles are either non-transcribed or not functionally
transported to the cell surface (42). Moreover, allele variations in K7R genes may affect

their ligand affinity (43).

Located closely to the KIR genes in the leukocyte receptor complex (LRC) on
chromosome 19 is the gene encoding the leukocyte immunoglobulin-like receptor Bl
(LILRB1; also known as ILT2, CD85], LIR1 or MIR7), which is expressed by a subset
of NK cells and more broadly recognizes several HLA class I molecules (44, 45). Another
receptor conveying inhibitory signaling is TIGIT (T-cell Ig and ITIM domain), which
recognizes PVR (CD155) on target cells (46). Human inhibitory NK cell receptors
additionally include the NKG2A/CD94 heterodimer (henceforth referred to as
NKG2A) that ligates the non-classical HLA-E molecule (47-49). The signaling via
NKG2A and HLA-E is partly determined by a genetic dimorphism, as described in next

section.

-21 HLA-B dimorphism

HLA-E requires a peptide derived from the leader sequence of classical HLA class I
molecules in order to properly fold and present at the cell surface. HLA-A and -C
molecules constantly express such a peptide. By contrast, due to a dimorphism at
position -21, only a fraction of the HLA-B alleles present a peptide allowing for HLA-E
expression. The disparity is caused by the presence of either a methionine or a threonine
at position -21 (-21M or -21T, respectively), where only peptides from classical HLA
molecules with a -21M allow for proper folding of HLA-E (48). Individuals with a T/T
genotype will hence not have any HLA-E expressed on their surface that has been
mediated by their HLA-B allele (see fig. 3).

Despite that HLA-E expression is dependent on peptides from all three alleles of the
classical HLA molecules (-A, -B and —C), individuals with a -21M HLA-B display
higher surface staining of HLA-E (50). Thus, the presence of at least one -21M, i.e., an
M/x (either M/M or M/T) genotype, is sufficient to promote HLA-E expression (50).



Interestingly, there is a striking correlation between -21T at HLA-B and the stronger
HLA-C2 haplotypes. Moreover, the majority of Bw4" HLA-B alleles have -21T in HLA-
B (50, 51). Together, this implies that individuals carrying the T/T genotype encoding
for lower HLA-E expression have genes that encode for HLA molecules that bind iKIRs
with higher affinity. Thereby, depending of the presence of either T/T or M/x,
inhibitory signaling in is shifted to be either KIR-dependent in T/T carriers, or
NKG2A-dependent in M/x carriers (50).

Figure 3. HLA-E expression.
Surface expression of HLA-E
requires a peptide derived
from classical HLA mole-
cules. A methionine at
position -21 allows classical
HLA to present such a
peptide (green).

Inhibitory signaling

Similar to iKIRs the intracytoplasmic tail of NKG2A contains two immunoreceptor
tyrosine-based inhibition motifs (ITIMs) (52). Upon ligation of inhibitory receptors,
ITIMs are phosphorylated by Src family tyrosine kinases. The phosphorylated sites of
the ITIMs then bind to Src homology 2 (SH2) domains of the protein tyrosine
phosphatases SHP-1 and SHP-2 (53). This rapidly occurring process is independent of
events required for activation, including adhesion through integrins and actin
polymerization, and leads to the accumulation of iKIRs and NKG2A and microcluster
formation within the synapse (52, 54). In fact, NK cell inhibitory synapses may
apparently be formed independently of activating synapse formation (6). As reviewed
further below, the signal transduced by iKIRs and NKG2A ligation acts by blocking
activating signaling at multiple stages of the signaling cascade, from actin-dependent
recruitment of activating receptors and Ca** flux to release of cytokines and cytotoxicity
(6, 27). Inhibitory signaling, occurring when NK cells meet bystander cells with intact
HLA class I expression, allows for recognition and avoidance of “normal” healthy cells.



NK cell licensing

Inhibitory signaling has two principal properties; it inhibits activating signals, but it also
renders NK cells to be more responsive to activating signals (52), which is a central
paradox addressed in this thesis. Ligation of iKIRs and NKG2A sets the functionality of
NK cells in a process termed licensing, or education, which will be described in more
detail in below (55, 56). More specifically, in order for an NK cell to be licensed and
functional, it is generally believed that it must express at least one inhibitory receptor
(iKIR or NKG2A) that recognizes self-HLA class I molecules. NK cells that lack
expression of inhibitory receptors that bind to selFHLA molecules will be
hyporesponsive, or unlicensed. In addition, the strength of the inhibitory signaling sets
the functional responsiveness of an NK cell; the stronger inhibitory signaling an NK cell
is exposed to at steady state, the more responsive will this NK cell be to activation
stimuli (57).

HILA class I and KIRs segregate genetically — KIRs are encoded on chromosome 19 and
HIA class I on chromosome 6 (58, 59) — and they are hence inherited independently.
Consequently, a large fraction of individuals will have discordance between their set of
KIR and HLA genes leading to a KIR lacking its corresponding HLA ligand (referred to
as a “missing ligand” genotype). The maturation status of an NK cell determines what
inhibitory receptors are expressed. Immature CD56"&" NK cells mainly express
NKG2A, while more mature CD56%™ NK cells gradually lose NKG2A and acquire
KIRs in a, at least partly, stochastic fashion (60). This means that in individuals with a
missing ligand genotype, there will be a portion of NK cells expressing only KIRs that
lack their cognate HLA (hereafter termed a non-self KIRs, or NS-KIRs). According to
the NK cell dogma, an NKG2A™ NK cell that only expresses NS-iKIR(s) will not receive
inhibitory input, and hence is hyporesponsive. These cells, termed unlicensed or
uneducated, remain non-responsive in terms of cytotoxicity untl they upregulate
expression of a self-KIR (sKIR) or NKG2A to their surface (fig. 4).

Despite being hyporesponsive against potential target cells, unlicensed NK cells respond
to cytokine stimuli, differentiate and proliferate to a similar extent as licensed NK cells
(60). Licensing is believed to protect from NK cell autoreactivity, as NK cells not
sensing “self” display limited capacity to respond to stimuli and thereby do not attack
self-cells. The mechanism by which inhibitory signaling “licenses” or “educates” NK
cells remains to be elucidated, but recent results suggest that licensed NK cells harbor
higher granular load, i.e., have both larger and more granzyme B-dense granules,
compared with unlicensed NK cells (61). The difference is reportedly independent of
transcription; instead, a model was proposed comprising the engagement of inhibitory

receptors on licensed NK cells that hinders NK cells from constant leakage of granules
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upon binding to activating receptors. Licensed NK cells may thereby accumulate
granules and have a stored “charge” of granular load, while unlicensed NK cells
constantly leak and thus do not build up any granular load, thus remaining
hyporesponsive. According to the proposed model, the granules do not only function as
a repository of cytotoxic mediators, but also make up a signaling hub due to storage of
Ca®. Thus unlicensed NK cells, with limited granular load, will not only be poorly
cytotoxic, but also less responsive to effector signaling. The model proposes that
stimulation of unlicensed NK cells resulting in increased granular load may render these
cells responsive and able to kill target cells. Accordingly, in vitro cytokine stimulation of
unlicensed NK cells can result in enhanced responsiveness to activating stimuli (55, 56,

62).

LICENSED
NK CELL

UNLICENSED
NK CELL

A
Vs

Figure 4. NK cell licensing. Expression of inhibitory KIRs that
recognize cognate HLA class | molecules allows NK cell
responsiveness, or licensing. Thereby, NK cells that express
only inhibitory KIRs that lack cognate HLA molecules will be
hyporesponsive, or unlicensed.
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ACTIVATING NK CELL RECEPTORS

NK cells express a battery of activating receptors, which upon ligation transmit
activating intracellular signals that may entail NK cell-mediated killing of target cells.
The major activating receptors include the natural cytotoxicity receptors (NCRs)
NKp30 and NKp46, expressed on resting and activated NK cells (24, 63), and NKp44,
which is induced upon NK cell stimulation (25). B7-H6 (64) and BAT-3 (65) have
been identified as ligands to NKp30, and NKp44L (an isoform of the mixed-lineage
leukemia-5, MLLS5, protein) is a cellular ligand to NKp44 (66). Viral ligands to the
NCRs have been identified (67-70), but no endogenous cellular ligand to NKp46 has
been discovered to date. Another major activating receptor is NKG2D (71), which is
expressed as a homodimer and recognizes the stress-induced ligands MHC class I chain-
related (MIC) A and MICB (26, 72), and UL16-binding proteins (ULBPs) (73). The
activating Fc receptor Fcy Rllla (CD16) is mainly expressed on CD564™ NK cells and
binds to the Fey part of IgG to mediate antibody-dependent cellular cytotoxicity
(ADCC) towards cells coated with antibodies (e.g., opsonized cells) (74). Similar to
CD16, NKG2C is also expressed on more mature NK cells, and generate activating
signaling upon binding to HLA-E (74). In addition, several co-receptors act in concert
with the major activating receptors for NK cell activation including NKp80, DNAM-1,
CD2 and the SLAM family members 2B4 and NTB-A (27, 74, 75). The activating
KIRs (aKIRs) include KIR2DS1, KIR2DS2, KIR2DS4, KIR2DS5 and KIR3DS1 (76,
77). aKIRs are not as well characterized as their inhibitory counterparts, but it has been
shown that both classical and non-classical HLA molecules function as ligands to aKIRs;

details of specific ligands for each activating receptor are depicted in figure 2.

Synapse formation
The procedure of NK cell killing can be divided into three stages: the initiation, effector

and termination stage (6). The initiation stage involves cell-cell adhesion and formation
of the initial synapse, in which the major receptor signaling events take place (78).
Immune synapse formation involves LFA-1 (that binds to ICAM-1), and MACI, both
of which accumulate in the synapse upon initiation (79, 80). This initial adhesion results
in a first outside-in activating signal, essential for tight conjugation to target cells (81)
and lytic granule polarization (82). LFA-1/ICAM-1 ligation also leads to recruitment of
co-activating receptors. This promotes an inside-out signaling that promotes an open

conformation of LFA-1 to further enhance signaling within the synapse (82, 83).

However, LFA-1 engagement alone is insufficient for a cytotoxic response, and requires
additional recruitment of activating receptors to the synapse. These are recruited to, and
clustered in, the synapse in an actin-dependent process (6). When the recruited

activating receptors bind to a cognate ligand on the target cell, intracellular signaling
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may be mediated through several pathways, and engagement of one activating receptor

can result in multiple intracellular signals, as reviewed below.

Signaling downstream of activating receptors

Activating receptors transduce signals intracellularly via tyrosine-based phosphorylation.
Some activating NK cell receptors have only short cytoplasmic tails and are therefore
dependent on associated molecules for signal transduction. CD16, NKp46 and NKp30
associate with FcRy and/or CD3(, whereas NKp44, NKG2C/CD94, KIR2DS1-5 and
KIR3DS1 associate with DAP12, and NKG2D with DAP10. FcRy, CD3( and DAP12
all comprise intracellular immunoreceptor tyrosine-based activation motifs (ITAMs) that
harbor two tyrosine residues that, when phosphorylated by Src kinase family members,
bind to SH2 domains of Syk or ZAP70 (27, 71), which activate multiple downstream
signaling mediators (including the proteins LAT, PLCy1 and PLCy2, Vav2 and Vav3,
to mention some; see below). The DAP10 molecule carries a tyrosine-based motif
different from ITAM that either signals via PI3K — CrkL (a member of the Crk family
proteins) via Grb2/Vav1/PLCy2, or Vavl activation via SLP-76 phosphorylation (27).
Finally, the SLAM family members hold immunoreceptor tyrosine-based switch motifs
(ITSMs) in their cytoplasmic tails that signal via SAP and EAT-2 adaptors. In summary,
downstream activating signals involve a large number of signaling molecules, where Vav,

PLCy, Crk, Syk and ZAP70 are some of the proteins involved.

The signaling pathways result in varying responses dependent on the downstream
signaling endpoints. ERK activation is a downstream signal shared by several signaling
pathways. Activation of ERK regulates the transcription factors NF-xB that controls
continuous NK cell cytotoxicity as well as cytokine production, and GSK-3p, a signaling
molecule negatively regulating NK cell effector functions (84). Pathways leading to ERK
activation, involving the signaling molecule Vavl, are therefore critical in regulating
actin skeletal rearrangements and clustering of activating receptors in lipid rafts (85).
PLCy, another protein critical for NK cell activation, is involved in the generation of IP;
that induces Ca®* release from intracellular stores in the endoplasmatic reticulum, and
also regultes Ca** influx from the extracellular environment (86). Ca** flux is essential
for mediating exocytosis of cytotoxic granules (87). Together, the activating pathways
translate into NK cell cytotoxicity and cytokine release (88), taking place in the effector

stage.
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Delivery of lytic granules in the effector stage

In the effector stage of NK cell cytotoxicity, F-actin reorganizes and preformed lytic
granules polarize to and converge within the immunological synapse, which is carried
out through the movement of the microtubule organizing center (MTOC) and dynein-
dependent movement of granules along the microtubules (27, 89). F-actin
reorganization is dependent on the adaptor protein Crk, which downstream contributes
to actin reorganization and regulation of inside-out signaling through LFA-1 (90).
Granule polarization is followed by lytic granule fusion with the plasma membrane and
release of granule content into the synaptic cleft between the NK cell and the target cell
(6, 91). The convergence and release of granules within the synapse specifically directs

the cytotoxicity to a target cell and hinders damage to bystander cells (89).

The lytic granules are small vesicles containing proteins and proteoglycans, amongst
them the cytotoxic protein perforin that perforates the cell membrane of the target cell
(92). This allows passage of the serine protease granzyme B into the target cell, which
induces apoptosis through processing of a wide range of key substrates (91, 93, 94). In
addition to granzyme B and perforin, cytotoxic granules contain membrane-bound
FasL- or TRAIL that are expressed on the NK cell surface upon degranulation (86).
Ligation of FasL to the Fas receptor induces target cell-apoptosis in a caspase-dependent
pathway. Similarly, TRAIL binding to receptors containing a “death domain” mediates
target cell apoptosis in a pathway resembling that induced by FasL engagement (95).
Transmembrane LAMP1 (also known as CD107a and commonly used as a marker for
NK cell degranulation) expressed on the granules is essential for their transportation and
release (96).

Activation signaling also induces secretion of cytokines and chemokines, the most
prominent being interferon-y (IFN-y) and tumor necrosis factor-o (TNF-a).
Chemokine and cytokine secretion are differently controlled; chemokines are secreted
promptly after activation and can be induced by single engagement of an activating
receptor, whereas IFN-y secretion requires simultaneous activation of different receprors

and occurs at a later stage (97).

The termination stage is characterized by relative inactivity, detachment of the NK cell
from the target cell and downregulation of some activating receptors, including NKG2D
and CD16 (6). Downregulation of CD16 after target cell interaction is a cause of
shedding by metalloproteinases (98); for other receptors it is unclear whether NK cells
downregulate their receptors in a similar manner as T cells, i.e., by internalization, or if

they utilize other mechanisms (6).
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Co-engagement of activating receptors

In order for an NK cell to exert cytotoxicity towards a target cell, polarization and
degranulation of lytic granules must take place. There is no single NK cell receptor that
upon ligation induces both of these events; instead these processes are controlled by
separate signals (99). On a similar note, even CD16 requires LFA-1 as co-factor for
successful target cell killing (27). Also other activating receptors, including NKp46 and
NKG2D that are considered as major activating receptors, need to be activated
simultaneously with another activating or co-activating receptor in order to induce
degranulation and killing of a target cell (27, 83, 100). This need of synergy between
several activating receptor signals is believed to have developed as a control element,
where several receptors with different signaling properties synergize in NK cell activation

27).

INTEGRATION OF INHIBITORY AND ACTIVATING SIGNALING

The activation status of an NK cell has long been thought of as a balance between
activating and inhibitory signaling, with the strongest signal “winning” the competition.
It is however becoming evident that this model does not correctly describe the
integration of inhibitory and activating signaling. Instead, interactions between NKG2A
or KIR ligation and their respective ligands likely inhibit activating signals already at an
early stage of the synapse formation, by blocking both outside-in signaling mediated by
LFA-1 and inside-out signaling occurring when co-activating receptors act in concert
with LFA-1 (82, 83). Blocking of actin-dependent processes, including recruitment of
activating receptors, receptor tyrosine phosphorylation and myosin II recruitment, the
later required for degranulation (52), can be the result of inhibitory signals that
inactivate the adaptor protein Crk (90). Moreover, engagement of inhibitory receptors
to MHC class I ligands with the subsequent recruitment and phosphorylation of SHP-1
results in dephosphorylation of Vavl (101), which is essential in downstream signaling
of activating receptors. Inhibitory signaling also prevents NK cell activation by
inactivating PLCy and LAT, where the latter is critical for PLCy recruitment to the
immunological synapse (102). Mechanisms by which inhibitory signaling might disrupt

activating signals are summarized in figure 5.
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Figure 5. NK cell integration of receptor signals. Ligation of activating (green) and inhibitory (red)
receptors present on the surface of NK cells results in intracellular signaling cascades. A fine-
tuned interplay between these signals determines the activation status of the NK cell.

Formation of inhibitory microclusters occurs within seconds upon ligation of KIR to a
cognate HLA, which induces rearrangement of the actin cytoskeleton, suppresses
formation of new activating receptor microclusters and blocks initiation of Ca** flux
upon simultaneous ligation of NKG2D (103). Moreover, ITIM-mediated signaling is
required for retraction of an NK cell from a target cell. Collectively, these data imply
that inhibition occurs upstream of actin-dependent signals, and prevents activating
signaling at an early stage before they can take action (27). With these seemingly robust
inhibitory mechanisms, one can ask how NK cells are able to mediate cytotoxicity in
vivo. However, NK cells are implicated significant effector cells in several malignancies,
including acute myeloid leukemia where the leukemic blasts mostly express HLA class I
(Paper I, 12, 13, 104), suggesting that NK cells can kill also in the presence of
inhibitory receptor ligands and that the inhibitory signaling may be overridden by

activating signals in certain settings.
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Although NK cell activation is controlled through the inability of a single activating
receptor to induce NK cell-mediated killing without co-activating receptors, the
abundance of activating receptors potentially involved in NK cell activation provides
multiple opportunities for an NK cell to be activated. NK cells utilize combinations of
several signaling pathways to induce cytotoxic responses (105), and might therefore be
capable to evade inhibition by taking alternative “routes” for delivering the activation
signal downstream. Similarly, the presence of multiple regulatory pathways coupled to
inhibitory receptors imply that the ability of inhibitory signaling to interrupt NK cell
activation depends on cooperation between different inhibitory pathways (102). For
example, NKG2A is only able to inhibit inside-out signaling when co-engaged with
single activating receptors, but not when simultaneously co-engaged with NKG2D and
2B4 (83). This suggests that the ability of NKG2A to inhibit an activating signal might
depend on the strength of the activating signal. Indeed, there are examples where the
presence of inhibitory ligands is not sufficient to inhibit NK cell cytotoxicity (106). In
another report, Abeyweera ef al. observed that KIR2DL2 ligation was insufficient to
impair an already ongoing Ca®* response (103). Even though co-clustered inhibitory
receptors may block the activation locally by interrupting an activating signal upstream
the initiation of Ca®* flux (27), inhibitory signaling may not be sufficient to target the

Ca®* response.
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NK CELL-MEDIATED IMMUNE REGULATION

NK cells respond to a wide range of stimuli and also produce cytokines, chemokines and
growth factors that regulate other aspects of immunity (107). The interplay between NK
cells and immune cells takes place within several organs; in addition to peripheral blood
and bone marrow, NK cells also reside in secondary lymphoid tissues. Immature
CD56"%" NK cells are mainly found in lymph nodes and tonsils, whereas CD56%™ cells
represent the dominant pool of NK cells in the spleen (108, 109). Moreover, tissue-
resident NK cells are found in the liver, lung, uterus, intestine and skin. Despite the
intriguing biology of tissue-resident NK cells along with the purported role of these cells
in health and disease (109), including the importance of uterus NK cells during
pregnancy (110), an in-depth discussion of tissue-resident NK cells falls beyond the
scope of this thesis.

Approximately 90% of NK cells in blood display low expression of CD56 (CD56%™
phenotype), while a smaller fraction present a CD56"" phenotype (108). Traditionally,
CD56"%" NK cells have been ascribed immunomodulatory properties by virtue of
cytokine production whereas cytotoxicity is purportedly restricted to NK cells of the
CD56%™ phenotype. Lately, several reports have challenged this view, suggesting that
CD56%™ and CD56"" NK cells, depending on the extracellular environment, might be
equally potent cytokine producers and that both of these NK cell phenotypes are
endowed with cytotoxicity (97, 111, 112).

NK cells respond to stimuli delivered by innate and adaptive immune cells. Thus,
cytokines such as IL-1, IL-2, IL-12 and IL-15 along with IL-18 produced by innate
antigen-presenting cells (APCs) may prime NK cell cytokine production and/or
differentiation. Moreover, IL-2 released by activated T cells in secondary lymphoid
tissues contributes to NK cell activation (108). The supply of cytokines from other
immune cells is essential for NK cell function and NK cells rely on cytokines produced
by other cells for their endurance, as exemplified by IL-15 that is fundamental for NK
cell survival and differentiation (107, 108).
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NK CELL RESPONSE TO INFLAMMATORY SIGNALS

In response to stimulation, NK cells rapidly secrete immunomodulatory cytokines and
chemokines (108). In particular, NK cells constitute a significant source of interferon-y
(IFN-y) that promotes immune responses through several mechanisms; it activates APCs
that upregulate MHC class I expression and thereby triggers the formation of cytokines
of relevance to the killing of intracellular pathogens. Via dendritic cell (DC)-activation,
IFN-y subsequently shapes T cell responses (107, 108, 113). Thus, IFN-y secreted by
NK cells is important for functional immune responses, as has been shown in the
response against cytomegalovirus infection in mouse (MCMV) (114) and in NK cell-
mediated control of murine melanoma (115). In addition to IFN-y, NK cells produce
proinflammatory cytokines including TNF-a, the growth factors GM-CSF, G-CSF and
IL-3, along with chemokines such as MCP-1, MIP-1a, RANTES, IL-8 and XLCl1
(107). The formation of these cytokines and chemokines is also elicited by interaction
between NK cells and target cells. Upon target cell interaction, NK cells thus secrete
IFN-y and TNF-a as well as a battery of chemokines, including MCP-1, MIP-1a, IP-
10, IL-8 and RANTES. The strength of the interaction, i.e., the type of stimulus and
possible co-stimulatory factors, determines what cytokines are produced; IFN-y requires
co-stimulation of several activating receptor ligands in order to be secreted by NK cells
(97). Moreover, debris from NK cell-induced killing of target cells may be taken up by
APCs and cross-presented to CD8* T cells (107). Thus, NK cell recognition of target

cells promotes, or maybe even initiates, an adaptive immune response.

NK cells also indirectly shape adaptive immunity via crosstalk between NK cells and
DCs, which is relevant in defense against viral infections as shown in, e.g., HIV
infection (116). The NK cell - DC interaction is contact-independent, where the release
of TNF-o and GM-CSF regulates DC maturation, and contact-dependent, as the
interaction is NKp30-dependent (117, 118). In addition, we recently demonstrated that
NK cells, triggered by IL-18 and IL-1P secreted by activated neutrophils, responded
vigorously to IL-12 released from DCs. The activated NK cells in turn induced DC
maturation, which promoted T cell activation (Paper SIV). Thus, the NK cell response
to signals produced by other innate cells may facilitate the development of an adaptive

immune response.

Immunosuppressive cytokines secreted by other immune cells may suppress NK cell
function. Two examples are transforming growth factor-B (TGF-f) and IL-10 that are
released by activated APCs and dampen NK cell-mediated IFN-y production (108).
Moreover, CD4" CD25* regulatory T cells (Tt) suppress NK cells via surface-bound
TGEF-B that down-regulates NKG2D, thereby reducing NK cell cytotoxicity and

inhibiting IFN-y secretion (119). Based on T.y-mediated immunosuppression on NK
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cells, strategies to inhibit the T., population have been suggested in NK cell-based

immunotherapy, as discussed below.

NK CELL CYTOTOXICITY AGAINST IMMUNE CELLS

In addition to killing virus-infected and malignant cells, NK cells exert cytotoxicity
towards other immune cells. NK cells thus modulate T cell-mediated anti-viral responses
through cytotoxicity against activated CD4* T cells (120), kill stimulated macrophages
in an NKG2D-dependent manner (121), and induce apoptosis of neutrophils via
NKp46 and Fas interactions (122). The immunomodulatory role of NK cells may serve
as a mechanism to terminate inflammatory responses, thereby avoiding chronic
inflammation. In rheumatoid arthritis, which is an autoimmune disease characterized by
chronic inflammation in the joints, the formation of neutrophil extracellular traps
(NETs) by activated neutrophils has been proposed to uphold autoimmunity (123).
Apoptosis of activated neutrophils may therefore be critical in the resolution of
inflammation (124), and NK cell-induced apoptosis of neutrophils might constitute a
mechanism to control inflammation. Thus, further insight in the regulation of NK cell-
mediated elimination of inflammatory cells may pave the way for the development of
new therapies in autoimmune diseases. The mechanisms and dynamics of NK cell
interactions with inflammatory neutrophils was the focus in Paper IV, as described in

detail below.

NEUTROPHILS

Neutrophils, the most abundant leukocytes in blood, are innate polymorphonuclear cells
that make up a first line of defense against invading pathogens (125). Resting
neutrophils survey the blood stream for signs of infection or inflammation. Upon local
inflammation, epithelial cells lining the blood vessels receive signals from tissue-resident
macrophages and mast cells, causing upregulation of selectins that facilitate neutrophil
adhesion (126). Selectin-mediated binding of neutrophils to the vessel walls induces
polarization and activation of neutrophils, and they upregulate adhesion molecules and
chemotactic receptors allowing these cells to cross the epithelium and migrate towards
the site of tissue injury (fig. 6). At the site of inflammation, pattern recognition receptors
(PRRs) allow neutrophils to respond to invading pathogens or endogenous danger
signals by sensing pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPs). Among the PRRs is the Toll-like receptor
(TLR) family, which recognizes bacteria, fungi and virus-derived PAMPs (127).

The antimicrobial activities of neutrophils include phagocytosis of pathogens and

formation of NETs (127). Ingested preys are killed and digested through several
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mechanisms including production of reactive oxygen species (ROS), and release of
degrading enzymes and toxic substances from intracellular granules into the phagosome
(125, 128). As an initial line of defense, neutrophils are one of the first cell types to
arrive at inflammatory site. Despite relatively poor production of cytokines and
chemokines, the early presence of neutrophils is critical for the shaping and
amplification of the immune response. Activated neutrophils regulate innate and
adaptive immunity by the secretion of cytokines and chemokines in a contact-
independent manner and may also transport antigens to the lymph node (a process that

possibly also includes antigen presentation to T cells) (125, 129, 130).

Neutrophil

Figure 6. Neutrophil transmigration to site of infection. Inflammatory signals trigger neutrophil
adhesion to epithelial cells that line the blood vessels. This allow them to cross the epithelium and
migrate towards the site of inflammation, where neutrophils become further activated though
recognition of PAMPs and DAMPs via their PRRs. Activated neutrophils phagocytose and digest
infectious agents, and also secrete cytokines and chemokines that regulate innate and adaptive
immunity.
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The quick neutrophil response to invading pathogens is facilitated by the mobilization
of intracellular granules containing pre-synthesized membrane proteins and soluble
molecules (128, 131). Neutrophil granules are formed during neutrophil development
within the bone marrow, and the granules are packed with proteins produced during
certain stages of the maturation process to generate a heterogeneous granule population.
Broadly, four different granule types are present in neutrophils, and these sub-
populations are exocytosed in response to different stimuli; secretory vesicles and
gelatinase granules are most easily mobilized to the surface, whereas the specific and
azurophil granules demand additional priming in order to be mobilized (131).
Azurophil, and to some extent specific granules are considered not to exocytose to the
extracellular environment, but fuse with phagosomes to deliver degrading enzymes and
toxic substances for digestion of ingested pathogens (125, 128). The differential
propensity to exocytosis between the granule subpopulations allows for specific
upregulation of proteins required for the different stages of the neutrophil response.
Thus, granules containing adhesion molecules and chemotactic receptors are released
first during migration, while serine-proteases are only delivered extracellularly at later
stages in response to more potent stimulation (131). In this way, proteases, which are
potentially toxic and tissue-destructive, are delivered at, e.g., the site of infection and not

to healthy tissues.

Exocytosis of intracellular granules during neutrophil migration and activation results in
phenotypic and functional changes of neutrophils, and in contrast to resting neutrophils
transmigrated neutrophils are resistant to anti-apoptotic signals (132), possibly allowing
for neutrophil apoptosis when the infection is cleared. Additionally, activated
neutrophils modulate their expression of surface receptors. As described in Paper IV,
neutrophil expression of ligands to NK cell receptors is altered upon activation, which
results in increased susceptibility to NK cell-induced apoptosis. The apoptotic
neutrophils are phagocytosed by macrophages, which induces a switch to a pro-
resolution phenotype. Thus, neutrophil apoptosis promotes termination of an
inflammatory response through several mechanisms; it renders neutrophils unresponsive
to extracellular stimuli, arrests neutrophil secretion of cytokines, and induces
inflammatory resolution responses in other immune cells. Efficient neutrophil apoptosis
is, as discussed, crucial, as dysfunctional neutrophil apoptosis has been implicated in the
pathophysiology of several diseases, including rheumatoid arthritis, cystic fibrosis and

coronary artery disease (124).
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INTERACTIONS BETWEEN NK CELLS AND NEUTROPHILS

As described above, NK cells and neutrophils modulate immune functions. Further-
more, NK cells and neutrophils modulate the functions of one another. NK cells are
highly sensitive to reactive oxygen species (ROS) and neutrophil-derived ROS thus
induce downregulation of activating NK cell receptors and inhibit NK cell functions
including cytotoxicity and survival (130, 133-135). The suppressive effect of ROS has
been implicated in inflammatory diseases as well as in cancer, where ROS derived from
phagocytes at site of chronic inflaimmation, myeloid cells infiltrating tumors or
malignant cells themselves, are proposed to dampen NK cell function. The impact of
ROS-mediated NK cell inhibition, and how it may be targeted in leukemia is further
discussed in the chapter “NK cells in cancer” and in Papers I, II and III. Neutrophils
also suppress NK cell functions by the release of specific granule proteins that impede
NK cell cytotoxicity, proliferation and IFN-y production (130). Besides their suppressive
actions on NK cells, molecules derived from activated neutrophils can promote NK cell
activity and cytotoxicity (Paper SIV, 130), suggesting that neutrophils may regulate NK

cells in a context-dependent manner.

Conversely, NK cells modulate neutrophil functions through multiple mechanisms.
Soluble factors released by activated NK cells, including IFN-y and GM-CSF, stimulate
neutrophil survival and activation, and, although through unknown mediators,
supernatants from NK cells reportedly potentiate neutrophil ROS production and
phagocytosis (130). On the other hand, NK cells may induce neutrophil apoptosis in a
contact-dependent manner. This interaction has been demonstrated to involve the
activating NK cell receptor NKp46, presumably binding to an unknown NKp46 ligand
on the surface of neutrophils (122), and most probably involving also other receptor-
ligand pairs. Activated neutrophils have been demonstrated to be more sensitive to NK
cell cytotoxicity (Paper IV), suggesting an immunomodulatory role of NK cells in

terminating inflammation by inducing neutrophil apoptosis.

Altered surface expression of activating and inhibitory receptor ligands
As discussed above, granule exocytosis upon neutrophil activation mediates upregulation

of receptors on the neutrophil surface and release of proteolytic enzymes, resulting in an
altered phenotype of the activated cell (131). We speculated that the increased sensitivity
of activated neutrophils might be explained by altered expression of neutrophil surface
molecules, allowing for stronger NK cell activation upon cell-cell interaction with
activated neutrophils. The results presented in Paper IV demonstrate that activated
neutrophils are characterized by decreased expression of B7-H6, a ligand to NKp30, and
HILA class I molecules (fig. 7). As described in the first chapter, ligation of HLA class I
molecules to iKIRs and NKG2A delivers inhibitory signals to NK cells, which spares
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healthy cells from NK cell cytotoxicity (28-31, 49). Thus, while loss of HLA class I
expression, as frequently seen in viral infection (136, 137) or on solid tumor cells (138),
is generally considered as an escape mechanism to avoid T cell recognition, the reduced
class I expression will concomitantly render target cells more susceptible to NK cell-
mediated killing. Downregulation of HLA class I molecules on inflammatory
neutrophils, as reported in Paper IV, may thus serve as a mechanism to promote NK
cell cytotoxicity. Thereby it would facilitate neutrophil apoptosis, which in turn

contributes to the resolution of inflammation (schematically illustrated in figure 8).

In vitro activated neutrophils
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Modulation of B7-H6 expression

In contrast to earlier reports, we demonstrate in Paper IV that neutrophils express the
NKp30 ligand B7-H6 already in a resting state. On a similar note, a previous report
from our group showed binding of an NKp30-Fc fusion protein to freshly isolated
neutrophils (122). Shedding of B7-H6 from the surface of tumor cells has been
proposed as an escape mechanism for tumor cells to avoid NK cell killing (139). The
shedding may be mediated by metalloproteases, which are enzymes stored in
intracellular neutrophil granules (131). As a soluble form of B7-H6 (sB7-H6) can be
detected in supernatants after neutrophil stimulation with inflammatory cytokines
(Paper IV, 140) in parallel with a decreased surface expression on neutrophils, it is
conceivable that enzymatic cleavage is responsible for the reduced B7-HG6 expression on
activated neutrophils. Also, B7-HG stored in intracellular organelles may be released to
the extracellular space as a consequence of exocytosis. Extracellular sB7-HG6 has been

detected in exudates iz vivo after the removal of transmigrated neutrophils (Paper IV),
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as well as in serum from sepsis patients (140) and in patients diagnosed with melanoma

(139), ovarian carcinoma (141) and neuroblastoma (142).

Details of the modulatory effect of sB7-H6 are yet unclear, as recombinant sB7-H6 does
not alter NKp30 expression or NK cell function iz vitro (140). However, high levels of
sB7-H6 in peritoneal fluid/serum correlate with low NKp30 expression on NK cells in
malignant diseases (141, 142). Moreover, B7-HG6* structures (possible exosomes) isolated
from serum of sepsis patients impede NK cell function (140). Thus, it may be that
neutrophil secretion of sB7-H6 negatively regulates NKp30-dependent NK  cell
functions. During an inflaimmatory response, NKp30-mediated killing of immature
DCs by activated NK cells regulates the supply of DCs (117). Thereby, a higher degree
of NK cell-induced killing of DC’s will result in less DCs that activate adaptive
immunity (117). Based on the data presented in Paper IV, we thus speculate that
neutrophil secretion of sB7-H6 blocks NKp30-mediated killing of DCs, and thereby
constitutes a mechanism to impede NK eradication of DCs in order to promote the

development of adaptive immunity. In support of our hypothesis, it has been

demonstrated that exosomes positive for BAT-3, which is another ligand to NKp30,
regulates NK-DC interactions by binding to NKp30 on NK cells (143, 144).

Figure 8. Altered phenotype of resting and activated neutrophils. Resting neutrophils express B7-H6
and HLA class | molecules. Upon transmigration, neutrophils modulate their expression of NK cell
receptor ligands. Decreased expression of HLA class |, and thereby decreased inhibitory input to NK
cells, may allow for NK cell-mediated killing of inflammatory neutrophils.
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NK CELLS IN VIRAL DEFENSE

Functional NK cell responses play an essential role in the defense against viral infections,
as supported by several studies demonstrating a correlation between congenital
deficiency in NK cell development/function and increased susceptibility to severe virus
infections (7-10). Moreover, NK cells have been identifies as pivotal effector cells in
defense against several infections including cytomegalovirus (CMV), human deficiency
virus-1 (HIV-1), hepatitis C virus (HCV) and influenza virus (136, 145). There are also
studies that implicate NK cell-mediated lysis of papilloma virus-infected cells as
important in viral control and in the development of papilloma-induced cancer (146,
147). In line with these studies, IFN-y released by activated NK cells have been reported

to promote viral defense mechanisms (148) and Th1 responses (113).

NK CELL RECOGNITION OF VIRAL INFECTION

Several phenotypic changes in virus-infected cells render them more susceptible to NK
cell-mediated killing. Many virus strains downregulate MHC class I expression in order
to avoid recognition by cytotoxic T cells, which leads to decreased inhibitory signaling
upon interaction with NK cells (136, 137). In addition, virus-infected cells upregulate
stress-ligands that bind to activating NK cells receptors. Most well described is probably
virus-induced expression of ULBPs and MICA/B that are ligands to the activating
NKG2D receptor (149). As for the NCRs, both NKp46 and NKp44 recognize

hemagglutinins on influenza virus-infected cells (68, 69).

Further supporting a role of NK cells in virus defense are the vast numbers of escape
mechanisms that viruses have developed to avoid NK cell activation. For example,
during CMV infection the NKG2D ligands ULPBs and MICA/B are downregulated,
which is caused by downmodulation, shut down of gene expression, and/or modified
transcription (149, 150). In addition, NKp30 activation is inhibited in CMV-infected
cells by the CMV tegument pp65, which upon binding to NKp30 causes dissociation of
the adaptor and transduction molecule CD3( from NKp30 (70). CMV-infected cells
also downregulate their expression of the NKp30 ligand B7-H6, apparently to escape
NK cell recognition (151).

Conversely, the immune system has developed mechanisms to indirectly recognize

viruses via KIR — HLA interaction affinity. Although KIR — HLA interactions are

considered not to discriminate between self and non-self peptides, a model of peptide
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specificity has been proposed in which viral or stress-induced epitopes, presented by
HLA on infected cells, might disallow for KIR-HLA binding (136). As a result, reduced
inhibitory KIR-HLA binding promotes NK cell activation and killing. On the contrary,
peptide-dependent KIR — HLA binding might enable stronger interaction, as demon-
strated in a recent study. In the study, weak activating KIR2DS1 — HLA-C2 interaction
became stronger upon in vitro CMV infection, which implies that activated KIRs may
recognize CMV-derived peptides in a specific manner (152). Furthermore, multiple
studies have reported genetic variations of K7R and HLA to impact on disease
progression and clearance of viral infections (153-155). One example is the HLA-B
dimorphism at position -21 that has been correlated to susceptibility to HIV infection
and to NK cell-mediated elimination of HIV-infected cells (156, 157); another example
is recurrent respiratory papillomatosis where lack of activating KIRs was associated with

a more severe course of disease (146).

In summary, there are mechanisms by which NK cells recognize viral infection, and
viruses have evolved multiple escape strategies to avoid NK cell-mediated clearance. In
addition to evoke an NK cell response, viral infection might affect NK cell repertoires in
a longer time-frame. This effect has in particular been investigated in CMV infection, as

reviewed below.

CYTOMEGALOVIRUS INFECTION
Cytomegalovirus (CMV) is a double-stranded DNA virus belonging to the family of

herpesviruses (158). Different CMV strains cause infection in humans (referred to as
CMV here) and mice (MCMYV), and CMYV infection has been extensively studied in
both species. Primary CMV infection initiates viral replication in the mucosal
epithelium and is often asymptomatic, but may cause infectious mononucleosis. In
healthy individuals, CMV infection elicits innate, and subsequently adaptive, immune
responses. However, the infection is not cleared, as the virus remains in host cells,
probably of the myeloid lineage, where it establishes latent infection (158, 159). In most
CMV-infected individuals, the virus remains latent throughout life, but may cause re-
infection in immunocompromised subjects. Allogeneic transplantation, immuno-
suppressive chemotherapy and HIV infection are thus associated with CMV
reactivation, at worst causing organ failure and mortality if not controlled by antiviral
therapy (159). The seroprevalence of CMV (i.e., the proportion of subjects harboring
IgG antibodies against CMV as a reflection of past infection) varies between ethnic
groups and increases with age; in the United States 67% of the adult population are
reported to be CMV seropositive (160) with 50% reported for a younger cohort (161),

while the seroprevalence in Sweden is 83% in the adult population (162).
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An adaptive immune response with expansion of CMV-specific CD8* and CD4" T cells
is crucial for controlling the infection (158, 159). However, classical HLA class I
molecules are downregulated in CMV infection (163) enabling CMV to evade virus-
specific T-cell responses. As mentioned previously, decreased HLA class I expression
may on the other hand render infected cells more susceptible to NK cells, as class I-
dependent inhibitory signaling is decreased. Indeed, multiple reports of NK cell
deficiencies pinpoint the role of NK cells as important effector cells in defense against
herpesviruses (136, 164). The abundance of evasion strategies that CMV utilizes to
avoid NK cell immunity further supports the importance of NK cells in controlling the
infection. For example, CMV encodes for proteins that reduce the expression of stress
ligands, including MICA/B and ULPBs that are upregulated as a result of CMV
infection, thereby avoiding NK cell activation through NKG2D ligation. Moreover,
CMYV encodes for proteins that engage iKIRs and LILRB1, as well as the UL40 protein
containing a leader sequence for HLA-E presentation; these mechanisms induce
inhibitory signaling in KIR" and NKG2A* NK cells, respectively (136, 165).
Interestingly, unlicensed NK cells have been reported as critical in protection against
MCMYV infection, possibly as these cells are not impeded by expression of ligands to
inhibitory receptors (166).

CMV IMPACT ON THE NK CELL REPERTOIRE

CMV infection induces persistent phenotypic changes in the NK cell repertoire,
characterized by an expansion of NKG2C* NK cells. The CMV-induced expanded NK
cells are long-lived and apparently stable over time and have been termed adaptive, or
“memory-like”, NK cells (167). The term “memory” stems from the capacity of these
adaptive NK cells to respond to a second infection several months after the primary
infection (167). There is no precise definition of the phenotype of these CMV-induced
adaptive NK cells, but reduction of the signaling proteins Syk, EAT-2 and FcRy as well
as the transcription factor PLZF are observed in expanded NKG2C* CD56%™ NK cells
after CMV infection (168, 169). Moreover, the expanded NK cell subset displays lower
levels of the inhibitory receptor TIGIT and the NCRs, NKp30 and NKp46, along with
increased levels of LILRB-1, KIRs (170), and CD57 (171) (fig. 9). Expression of the
inhibitory PD-1 receptor, accompanied with very low NCR expression, was recently
reported on mature CD56%™ NKG2A- KIR* CD57* NK cells in some CMV-
seropositive individuals, and the specific subset was also characterized by compromised
effector functions against tumor cells (172). In addition to promoting maturation, CMV
drives NK cell education, as CMV-induced adaptive cells predominantly express self-
KIRs (173-175). Consistent with these observations, the results in Paper II imply that
the frequency of mature CD56%™ NKG2A- NKG2C* KIR* CD57* NK cells was higher,
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in parallel with lower percentages of unlicensed NK cells, in CMV-seropositive AML

patients receiving immunotherapy as compared to CMV-seronegative patients.

NK CELL DIFFERENTIATION

CD56 Bright CD56 Dim CcD56Pim  “"ADAPTIVE”
CD16- CD16+ CD16+ NK CELL

Figure 9. NK cell maturation and differentiation. CD56""" NK cells differentiate into CD56™ NK
cells. During the differentiation process, NK cells lose NKG2A expression while gaining KIRs,
NKG2C and CD57. CMV-driven adaptive NK cells show high expression of CD57, NKG2C and
self-iKIRs, and are low in NCR expression.

The underlying mechanisms that promote expansion of memory-like NK cells in
response to CMV infection are only partially understood. Induction of NKG2C is
apparently driven by increased NKG2C/CD94 — HLA-E interaction, as the CMV
protein UL40 allows for increased expression of HLA-E on the surface of infected cells
(171, 176). In parallel, co-stimulation via adhesion receptor CD2 ligation to CD58 on
infected cells contributes to activation and effector-functions of adaptive NK cells during
CMYV infection (177-179). CD16 binding to CMV-specific antibodies has also been
implicated as a mechanism that promotes CMV-induced expansion of adaptive NK
cells; despite that memory-like NK cells from CMYV seropositive individuals are deficient
in FcRy and Syk, they expand in the presence of CMV-specific antibodies. Thus, CD16
signaling seems functional in memory-like FcRy™ Syk™ NK cells, possibly as CD16
signals via CD3(. Indeed, CMV-induced adaptive NK cells exhibit higher IFN-y
production to antibody-mediated stimuli compared to conventional NK cells, although

there is no difference in degranulation (169).
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Antibody-mediated expansion has been proposed to account for the expansion of
NKG2C* NK cells observed exclusively in CMV seropositive individuals in response to
other severe virus infections (180-183), where other viral infections are suggested to
cause CMV reactivation that elicits production of CMV-specific antibodies (184). In
addition, the cytokine milieu might be important in the generation of adaptive NK cells
in CMV infection, where IL-12 has been proposed as a crucial component (185). The
longevity of the pool of memory-like NK cells requires maintenance, and epigenetic
modifications have been suggested to, at least in part, contribute to the long-lasting
phenotypic alterations observed in CMV-induced adaptive NK cells. Epigenetic
regulation has been demonstrated for FceRy, Syk and EAT-2 that are all downregulated
in CMV-induced adaptive NK cells (168, 169).

CMV REACTIVATION IN THE TRANSPLANT SETTING

As mentioned earlier, CMV reactivation occurs mostly in immunocompromised
subjects. CMV reactivation in a transplant setting is reportedly associated with elevated
frequencies of adaptive NKG2A~ NKG2C* self-KIR* CD57*, IFN-y producing, NK
cells, with elevated levels stable up to a year after resolution of the infection (174, 175,
184). Although reactivation of CMV in transplanted patients may cause significant
morbidity and mortality, several studies have correlated CMV reactivation after allo-
geneic transplantation (allo-SCT) in AML with lower risk of relapse (186-189),
although disputed by others (190). In addition, CMV seropositive recipients tended to
be more protected against relapse than those that had not experienced prior CMV
infection (43, 188). However, CMV seropositivity per se was associated with increased
relapse risk (188).

CMV-driven maturation of potent IFN-y-producing, and possibly long-lived, NK cells
has been proposed to explain the association between CMV reactivation and a favorable
course of disease in allo-transplanted AML patients (43). In line with this hypothesis, a
study that included several types of leukemia demonstrated high numbers of CMV-
induced adaptive CD56%™ CD57* NKG2C* NK cells to associate with lower risk of
leukemic relapse after SCT (191). However, another study reported high frequencies of
terminally differentiated NK cells to correlate negatively with leukemia control (192).
Another theory aiming to explain the protective effect observed after CMV reactivation
in allo-SCT proposes that CMV reactivation in AML blasts may induce expression of
stress ligands and thereby render the leukemic cells more susceptible to NK cell- or T
cell-mediated killing (193). Still, there is no consensus regarding the impact of CMV
reactivation and adaptive NK cells on allo-SCT, and the area needs to be further

investigated.
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With the proposed benefit of CMV-induced adaptive NK cells in combating AML, we
investigated how CMV seropositivity impacted on clinical outcome of AML in a non-
transplant setting. As shown in Paper II, we were unable to identify a benefit of CMV
seropositivity in terms of clinical outcome. On the contrary, CMV seropositivity was
associated with poor leukemia-free and overall survival for AML patients receiving
immunotherapy for relapse prevention. As cytokine co-stimulation using IL-12 and IL-
18 is insufficient to promote IFN-y production or degranulation towards autologous
CD4* T cells in adaptive NK cells from CMV seropositive individuals (168), it is
tempting to speculate that the cytokine-based therapy in this setting was not sufficient to
promote effector functions of CMV-induced memory-like NK cells, as further discussed
in the “Results and discussion” section. Comparisons of the impact of CMV in allo-SCT
and immunotherapy in AML patients for non-transplanted patients should be
interpreted with caution. In the transplant setting, patients are heavily
immunocompromised, which allows for reactivation of otherwise latent CMV virus, and
subsequent expansion of CMV-specific memory-like NK cells. Additionally, reactivated
CMV might infect AML blasts, supporting enhanced activating signaling that will not
be present in latent CMV infection (193).

The memory-like property ascribed to NK cells after CMV infection has elicited
significant interest. Strategies to induce memory in NK cells iz vitro, with the aim to
utilize their specific properties for therapeutic purposes in adoptive transfer, are currently
underway in hematological malignancies, as reviewed in next chapter. In conclusion, not
only are NK cells important in the immune defense against viral infections, but virus-
induced modifications of the NK cell repertoire seem to influence NK cell effector
functions towards malignant cells. Indeed, NK cells play a significant role in the

elimination of malignant cells in certain cancers, as described in the next chapter.
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NK CELLS IN CANCER

NK cells were first identified as lymphocytes that kill HLA-deficient tumor targets in
vitro without prior sensitization, and have since been reported to kill a variety of tumor
cells in vitro and in animal models i vivo (194). Still, the role of NK cells in immuno-
surveillance of cancer cells is debated, although a growing body of evidence imply a role
of NK cells in both direct and indirect cancer control (11). Several studies have reported
associations between low natural cytotoxic activity and high cancer risk in large cohorts
of patients. The cytotoxic activity was partially determined by genes encoding NKG2D,
which further supports a role for NK cells in prevention and/or control of cancer (195,

196).

NK CELL RECOGNITION OF MALIGNANT CELLS

Similar to viruses, tumor cells may escape cytotoxic T cell responses by downregulating
MHC class I molecule-expression (138), which is achieved by mutations, deletions or
hypermethylation in the HLA genes, loss of heterozygosity in chromosomes 6 or 15, or
by transcriptional downregulation or oncogene activation (197). Although reduced
MCH class I expression results in avoidance of antigen presentation, and thereby
reduced activation of T cells, it will lower the inhibitory signaling delivered to NK cells
upon target cell interaction, allowing for NK cell cytotoxicity (27). Thus, NK cells may
act as a complement to T cells in the immunosurveillance of cancer cells. Additionally,
transformed cells commonly upregulate stress ligands to activating NK cell receptors,
and thereby become more susceptible to NK cell cytotoxicity. Stress-ligands commonly
upregulated on malignant cells include the ULBPs, MICA and MICB, that are
recognized by NKG2D, and PVR and Nectin-2 binding to DNAM-1 on NK cells (198-
200). Moreover, expression of the NKp30 ligand B7-HG6 has been reported on myeloid
leukemia cells (64), and an NKp44 ligand has been detected on several tumor cells (66).
There are also indications of expression of NKp46 ligands on tumor cells, as several cell
lines display binding of soluble NKp46 fusion proteins in parallel with the finding that
NKp46 blockade inhibits NK cell killing of certain tumor cell lines (201).

ESCAPE MECHANISMS OF MALIGNANT CELLS

Driven by selection pressure, evasive malignant phenotypes with a variety of defense
mechanisms have evolved to avoid NK cell attack. Malignant cells may thus shed and

release soluble forms of ligands to activating NK receptors, which compromises NK cell
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function (202). As mentioned earlier, soluble B7-H6 has been detected in cancer
patients (139, 141, 142), although its presumed immunomodulatory function remains
to be elucidated. Of note, release of soluble ligands might also induce NK cell activation,
as in the case of BAT-3 released by tumor cells, which triggers NK cell secretion of IFN-
y and TNF (65).

Low NK cell numbers are found in tumors, with a phenotype of mainly CD56"", that
are more pro-angiogenic than CD56%™ NK cells, and with high expression of inhibitory
receptors. This suggests that the tumor microenvironment impairs homing of NK cells
to tumor sites and alters the NK cell phenotype (138). Accumulation of myeloid-derived
suppressor cells (MDSCs), driven by malignant cells, remodels the tumor micro-
environment and suppresses effector T and NK cells through several mechanisms (203).
Secretion of reactive oxygen or nitrogen species from MDSCs and other myeloid cells
alters effector cell functions and induces apoptosis in NK cells, and MDSC-mediated
depletion of essential lymphocyte metabolites arrests effector cell proliferation and
signaling capacity. Moreover, the production of TGF-f by tumor cells and MDCSs
inhibits NK cells by downregulating surface expression of activating receptors (204,
205). TGE-B is, together with a set of other factors, also responsible for differentiation of
regulatory T cells (Tr) that in turn suppress T and NK cells (206).

NK CELLS IN THE CONTROL OF MALIGNANT CELLS

NK cells have been ascribed a protective role in a broad range of malignancies. In
neuroblastoma, NK cells were implicated an important role, based on studies of direct ex
vivo NK cell cytotoxicity against malignant cells (207), and additional studies have
proposed KIR/HLA genotypes and unlicensed NK cells to impact on the clinical
outcome in neuroblastoma (208, 209). Moreover, ex vivo NK cell cytotoxicity has been
demonstrated against malignant cells from patients with acute lymphoid leukemia (ALL)
(210), chronic lymphocytic leukemia (CLL) (211), multiple myeloma (212), and solid
tumors including gastric cancer, ovarian cancer, colon cancer and renal cell cancer (213).
In vitro NK cell cytotoxicity against acute myeloid leukemic blasts (Paper I, 214)
together with indirect evidence of NK cell alloreactivity after haploidentical allogeneic
stem cell transplantation (allo-SCT; described further below) (215, 216) have prompted

exploration of therapies enhancing NK cell reactivity in myeloid leukemia.

The seemingly exceptional position of NK cells in controlling hematological
malignancies might be coupled to the immunoregulatory role of NK cells, as the
malignant cells share features with immune cells. It is possible that proximity to stroma
and the tumor environment of solid tumors enable for mechanisms that suppress NK

cells. Interestingly, despite that the initial tumor killing capacity of NK cells was
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detected in killing assays against HLA-deficient tumor cells, malignant blasts from
myeloid leukemias commonly express HLA class I (217). In line with this finding, i
vitro NK cell cytotoxicity against leukemic blasts is enhanced when there is a KIR-ligand
mismatch present (214). However, NK cells reportedly kill malignant cells expressing
HILA class I molecules (106, 218-220), presumably as activating signaling may override
the inhibitory KIR — HLA signaling. Accordingly, we could in Paper I demonstrate NK
cell cytotoxicity towards HLA-expressing AML blasts in an HLA-matched setting.

ACUTE MYELOID LEUKEMIA

Acute myeloid leukemia (AML) is a heterogeneous malignancy characterized by clonal
expansion of abnormally or poorly differentiated cells of myeloid origin in the bone
marrow, blood and other organs (221). AML is associated with several mutations,
including karyotypic changes (such as gene translocations and deletions) and mutations
in leukemic cells with a normal karyotype. The diagnosis is based on morphologic
examination of bone marrow and blood smears, immunophenotyping and molecular
analysis (221, 222). AML is classified according to the World Health Organization
(WHO) classification system on the basis of genetic aberrations on leukemic cells.
Previously, AML was classified using the French-American-British (FAB) system, where
morphological examination stratifies AML into subtypes MO to M7 based on the
maturation stage of the leukemic cells. The FAB classification does not provide
significant information of relevance to choice of treatment and prognosis with the
exception of the M3 subtype (acute promyelocytic leukemia) that is treated differently
than other forms of AML and also carries distinctly favorable prognosis.

The outcome of AML depends on patient-associated prognostic factors (e.g., age, health
status and performance status) and disease-related prognostic factors (e.g., white cell
count, genetics, prior myelodysplastic syndrome) (221, 222). Age is an independent risk
factor, and only 5-15% of patients >60 years of age are cured from AML, while cure
rates are higher (around 40-50%) in younger patients (221, 223). The type of genetic
aberrations in leukemic cells may prognosticate outcome, and the European
LeukemiaNet (ELN) classification stratifies AML by genetics into favorable, inter-
mediate and adverse risk groups (222). For example, karyotypic abnormalities such as
translocation between chromosomes 8 and 21 (t(8;21)) and translocation or inversion
involving chromosome 16 ((¢(16;16) or inv(16)) are associated with favorable outcome
whereas ©(6;9), inv(3), t(3;3) and deletions of chromosomes 5 or 7 herald poor
prognosis. In normal karyotype AML, mutations of NPM identifies patients with lower
risk whereas mutated FL73-ITD carries high risk.
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Standard initial treatment for newly diagnosed AML is induction chemotherapy,
comprising 3 days of anthracycline and 7 days of cytarabine (referred to as “7+3”), but
the intensity and regimen may vary depending on the age and health status of the
patient. Induction therapy results in complete remission (CR) in 60-85% of younger
patients (<60 years) and 40-60% of older patients (>60 years), with CR defined as <5%
blasts in the bone marrow and absence of circulating blasts, blasts with Auer rods or
extramedullary leukemia along with the return of normal hematopoiesis (221, 222).
Patients in CR are further given consolidation therapy. Most commonly, consolidation
treatment encompasses additional cycles of chemotherapy (high-dose cytarabine), but
may also include stem cell transplantation (SCT), either autologous (auto-SCT) or
allogeneic (allo-SCT). Patients considered for allo-SCT are typically those <70 years
with high-risk genetic aberrations in leukemic cells or treatment-refractory AML.
Conditioning regimens, aiming to achieve myeloablation, before transplantation require
that patients are expected to tolerate intense treatment, and nonmyeloablative or
reduced-intensity conditioning regimens that allow allo-SCT in older patients, are now
being evaluated. Together with the possibility of using donors that are not fully
matched, which has evolved in recent years, these alternative conditioning regimens have
allowed for a wider use of allo-SCT. Notably, however, the vast majority of AML
patients are not transplanted and typically do not receive further treatment beyond the
phase of consolidation chemotherapy. The high overall mortality in AML
(approximately 70%) is mainly contributed by a failure to achieve CR and by relapse of
leukemia after the completion of chemotherapy (222).

ALLOREACTIVE NK CELLS IN THE STEM CELL TRANSPLANTATION SETTING

Traditionally, allo-SCT in AML has been performed using ecither a related (usually a
sibling) or an unrelated donor with a good match (10/10 or 9/10) between the donor
and recipient HLA genotypes. Due to difficulties in finding siblings or other donors
with a sufficient HLA match, haploidentical allo-SCT, where one haplotype is identical
between the donor and recipient, is becoming more common owing to improved graft
manipulation, prophylactic treatment preventing the transplanted cells from attacking
the tissues of the recipient (graft versus host disease; GvHD; see below) and pre-
transplantation conditioning. After infusion, donor cells engraft and reconstitute a
“new” immune system in the recipient. Graft failure is a major complication in HLA-
haploidentical SCT, and pre-conditioning treatment is important to allow proper
engraftment (224). Successfully engrafted donor cells may then exert reactivity against
the leukemic blasts, referred to as the Graft-vs-Leukemia (GvL) effect, where T cells have
been identified as the main anti-leukemic effector cells. In addition to the desired GvL
effect, the grafted T cells may also attack the recipient’s healthy tissues, a potentially
dangerous, or even lethal condition called Graft-vs-Host Disease (GvHD) (216).
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Notably, donor NK cells have been suggested to decrease GYHD by contributing to
eradication of APCs that otherwise initiate donor alloreactive T-cell-mediated GvHD
(215). Even though GvHD may occur in a fully matched transplantation setting, the
haploidentical allo-SCT increases the risk of T cell-mediated GvHD (216). In order to
avoid GvHD in this setting, the graft is in some cases completely or partially depleted of
T cells (222).

NK cells are the first lymphocytes to reconstitute after transplantation (43), and the
reconstituted NK cells will develop in an HLA-environment represented by both the
donor hematopoietic cells and the recipient stromal cells, and may therefore be educated
in regards to the donor’s as well as the recipient’s HLA genotypes (225-227). In an
HILA-haploidentical setting, NK cells have been demonstrated to engraft and give rise to
NK cells expressing iKIRs that lack a matching recipient HLA molecule (216, 225,
228). As these NK cells are responsive, or licensed, in terms of the donor HLA genotype,
they have been proposed to exert alloreactivity towards the recipient’s leukemic blasts.
Several studies have demonstrated clinical efficacy of donor/recipient KIR-ligand
mismatch in the haploidentical transplantation setting, suggesting a role for alloreactive
NK cells after allo-SCT (215, 216, 229, 230). However, other studies report no impact
of KIR-ligand-mismatch after HLA-haploidentical SCT (231). Of note, a mere a
mismatch between the donor KIR and recipient HLA has been reported to affect the
transplantation outcome, as recipients that lacked HLA for a donor KIR were protected
from relapse, independently of the HLA match status (232). This further supports the
hypothesis that donor NK cell subsets expressing only iKIRs that lack cognate HLA on
recipient’s cells may attack and kill leukemic blasts. However, the question remains how
long the allo-reactivity of transplanted NK cells with a KIR-ligand mismatch will last.
Possibly, NK cell contact with stromal cells results in licensing of NK cells according to
the recipient’s HLA gene set-up, which presumably renders the allo-reactive NK cells
unlicensed and hyporesponsive (226, 227).

In addition to the presence of a donor/recipient KIR-ligand mismatch, the KIR gene
content of the donor cells has been reported to impact on the transplantation outcome,
where donor haplotypes characterized by presence of KIR-B or aKIR genes were
associated with improved clinical outcome (43, 231, 233-235). Also the HLA genotype
of the recipient may impact on survival in both KIR-ligand-mismatched and -matched
donor/recipient settings. Thus, presence of KIR-B or aKIRs are differentially protective
in recipients with HLA-C1 present compared to recipients homozygous for HLA-C2
(236-238). Together, these data indicate that outcome of allo-SCT might depend on the
activation status of the transplanted NK cells, as determined by donor KIR gene
content, recipient HLA genotype, and the combination of these. Many aspects can

contribute to differences observed in clinical outcome between separate studies;
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preparation regimen, graft content (T cell depletion or not), graft source, inclusion
criteria for patients, and the size of the alloreactive NK cell pool within the graft (111),
may all affect outcome (239). Nevertheless, several studies from transplantation cohorts
implicate an anti-leukemic effect of NK cells, and therapeutic strategies aiming at
unleashing allo- or auto-reactivity towards malignant cells in AML are reviewed in next

section.

IMMUNITY IN AML

Many patients diagnosed with AML are not eligible for transplantation due to disease-
related factors, high age or health issues. As allo-SCT currently is the only consensually
curative treatment for AML patients beyond induction and consolidation chemotherapy,
there is significant need for other non-transplant treatment strategies for AML patients
in the post-consolidation phase (222). Also in the non-transplant setting, NK cell
function is implicated in clinical outcome, presumably by exerting cytotoxicity against
leukemic cells. In non-transplanted AML, downregulation of the NCRs, NKp46 and
NKp30, has been observed, with an NCR®" phenotype correlating with poor in vitro
killing capacity and poor clinical prognosis (12, 13). A poor clinical outcome has also
recently been correlated with NK cell repertoires characterized by a low maturation

profile (CD56"" KIR" CD57") (240).

Several NK cell-related immune escape mechanisms in AML have been observed,
including AML blast downregulation or shedding of ligands to activating NK cell
receptors, which result in impaired NK cell recognition and cytotoxicity (241). AML
patients commonly harbor low numbers of NK cells with a deficient cytotoxic capacity,
suggesting that immunosuppressive mechanisms depressing NK cell function may be
operable (in addition to the immunosuppression likely achieved by the previous
chemotherapy). One of these mechanisms is the production of reactive oxygen species
(ROS) by both non-malignant and malignant myeloid cells, which has been
demonstrated to reduce NK cell functionality and causing them to undergo apoptosis
(134, 242-245). Upregulation of the kinase GSK3-f in NK cells in AML patients is
another mechanism proposed to contribute to NK cell dysfunction in AML (which will
be mentioned later in this chapter) (246). Additionally, AML cells secrete other
immunosuppressive factors including TGF-B and a soluble form of the IL-2 receptor,

which may inhibit NK cell proliferation and cytotoxicity (241).
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NK CELL-BASED IMMUNOTHERAPY IN AML

With the seemingly important role of intact NK cell function in AML, and based on the
multiple evasion mechanisms present in AML, many immunotherapeutic approaches are
currently being under development with the aim to utilize NK cells for improved

elimination of leukemic blasts.

Inhibitory blockade

As AML blasts express MHC class I, one approach to increase the NK cell activity is to
therapeutically target inhibitory signaling. Administration of a monoclonal antibody
directed towards KIR2DL1 and KIR2DL2/L3 (IPH2101; Lirilumab), was proven safe
with efficacious blocking of KIR, in a phase I trial enrolling AML patients in CR1
(247). IPH2101 was also well tolerated in combination with the approved drug
lenalidomide in phase I trial in multiple myeloma (248). Moreover, an antibody
targeting NKG2A (IPH2201; monalizumab) is currently being evaluated for targeting
inhibitory interactions in several HLA-E expressing tumor types with limited reported
toxicity of the drug (249). As AML blasts express HLA-E, and since NKG2A expression
is commonly upregulated on AML NK cells, blocking NKG2A has been suggested as an
approach to increase NK cell-mediated cytotoxicity towards AML cells (250).
Nevertheless, the responsiveness of an NK cell is tuned by the strength of the inhibitory
input (57). Thus, a potential caveat with blocking mAbs targeting inhibitory receptors is
that NK cells might become hyporesponsive in the absence of inhibitory signaling. This
can be compared to the situation after HLA-haploidentical SCT, where donor NK cells
may be educated with respect to recipient HLA repertoire expressed on stromal cells
(226, 227), and thereby lose their alloreactivity.

BiKEs and TriKEs

Another approach to facilitate enhanced interaction and response between NK cells and
AML cells is the use of bispecific killer engagers (BiKEs) or trispecific killer engagers
(TriKEs). These reagents are smaller than conventional antibodies and combine variable
portions of antibodies directed towards antigens that are expressed on leukemic blasts,
and CD16 on NK cells (251, 252). For AML therapy, a BiKE directed against CD33
has been developed. In addition to CD33, TriKEs have been produced either directed
against CD123, or containing an IL-15 linker that co-stimulates NK cells (251-253). A
therapy based on BiKEs or TriKEs has evoked interest as it can be provided as an off-
the-shelf product have shown promising data, and a clinical phase I trial are currently
under way to further evaluate the potential use of a TriKE in AML and MDS patients
(251, 252).
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Engineered NK cells

Another potential off-the-shelf strategy is to use engineered NK cell lines. Activated NK
cells (aNKs) are derived from the NK-92 cell line, and a phase I trial that administered
aNKs to patients with refractory renal cell carcinoma and melanoma reported infusions
of these cells to be safe (254). High-affinity NK cells (haNKs) are modified aNKs that
express high-affinitcy CD16 and produce IL-2. Used together with antibody therapy,
haNKs are proposed to improve the antibody-induced ADCC response (255). The use
of engineered T cells transduced with chimeric antigen receptors (CARs) directed
against tumor antigens, CAR-T cells, has emerged in recent years, hitherto mostly for B
cell malignancies. NK cell therapies based on the same concept, CAR-NK cells, are
currently under investigation. As for halNKs, most CAR-NK cells are engineered NK-92
cells. CAR-transduced NK cells directed against CD19 have been reported to kill
malignant B cells, and CAR-NK cells directed against CD33 for AML therapy are under
investigation (256, 257).

Additional means to achieve NK cell-mediated eradication of malignant cells comprise
the targeting of NK cell inhibitory (PD-1, TIGIT) or activating receptors (e.g.,
NKG2D), as well as pathways regulating NK cell cytotoxicity and maturation (258).

Cytokine-based immunotherapy

IL-2 is a T cell-derived cytokine that efficiently stimulates cytolytic and proliferative
activity of NK cells and promotes expansion and differentiation of effector CD8* T cells
(259-261). In 1992, IL-2 was approved by the FDA as monotherapy in renal cell
carcinoma and metastatic melanoma (262). Remarkably, 5-10% of patients with
metastatic melanoma or renal cell carcinoma experience complete regression of
metastatic disease after IL-2 therapy, and approximately 70% of these patients were
cured from cancer (263). In AML, six studies with a total of >1,500 patients have
evaluated IL-2 as post-consolidation immunotherapy for the prevention of relapse, but
with disappointing results as IL-2 therapy failed to significantly reduce relapse rate or
improve survival in any of the studies (264-269). A meta-analysis supported the
inefficiency in IL-2 to prevent relapse for AML patients in remission (270).

A reason for the inefficiency of IL-2 to mount a powerful anti-leukemic response may be
that several immunosuppressive pathways are operable in AML. One of these is
production of ROS by myeloid cells, which suppress NK cell functions and induce NK
cell apoptosis (243). One clue to understanding why IL-2 did not prove effective came
with the finding that addition of monocytes to co-cultures of IL-2 stimulated NK cells
and AML blasts abolished the NK cell-mediated cytotoxicity towards AML blasts (271,
272). Monocyte-derived ROS were demonstrated to be the cause of this effect, causing
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ROS-sensitive NK cells to undergo apoptosis (243). In 1996, Brune e /. demonstrated
that histamine synergized with IL-2 to promote NK cell-mediated killing of AML blasts
in the presence of ROS-producing monocytes (273). Histamine acts by ligating H2-
histamine receptors on myeloid cells, leading to reduced or inhibited production of
oxygen radicals by the myeloid NADPH oxidase (NOX2) (242). These findings
translated into the development of an immunotherapeutic regimen combining low dose
IL-2 and histamine dihydrochloride (HDC; a histamine salt). HDC/IL-2 was first tested
in malignant melanoma and renal cell carcinoma, and later administered to AML
patients in the post-consolidation phase in a phase I/II trial (271), suggesting that the
regimen was safe and feasible. In a randomized phase III trial, patients treated with
HDC/IL-2 displayed significantly improved leukemia-free survival compared to the
control arm (274). In agreement with early-phase studies, the treatment was tolerable
and devoid of severe toxicity were observed (274), which contrasts with studies using
high-dose IL-2 regimens (275). HDC/IL-2 administered in the postconsolidation phase,
is approved in the EU for relapse prevention in AML patients (reviewed in, 276).

Histamine dihydrochloride and IL-2 immunotherapy in AML

Immunotherapy with HDC/IL-2 affects the immune system in multiple ways. Firstly,
IL-2 and HDC have individual effects including the above-mentioned lymphocyte
stimulation exerted by IL-2 (259-261), and the reduced HDC-induced reduction of
NOX2-derived ROS caused by activation of H2 receptors on myeloid cells (242).
Secondly, the addition of HDC might also potentiate the efficacy of IL-2 therapy, as
observed in melanoma patients with liver metastasis (277, 278) or in patients with renal
cell carcinoma (279), who were treated with either HDC/IL-2 in combination or with
IL-2 alone.

A phase IV tial (the Re:Mission trial, NCT01347996, see BOX), designed to assess
immunomodulatory effects of HDC/IL-2, was administered to AML patients in CR1.
The immunotherapy induced expansion of both CD56*" and CD16* NK cells, along
with upregulation of NK cell NCR expression (280). High blood counts of CD56""
NK cells before treatment start and an NCR"#" phenotype predicted leukemia-free and
overall survival (LES and OS, respectively) (280, 281), implying that the expansion and
activation of NK cells is clinically relevant. In further support for a role for NK cells in
AML during HDC/IL-2 immunotherapy, a low HLA-ABC expression in myeloid cells,
indicating low-grade inhibitory signaling to NK cells, was associated with favorable
clinical outcome in the Re:Mission trial (Paper SIII). In Paper I, high proportions of
unlicensed NK cells were found to predict LES. Moreover, an additional effect was
observed in patients with high proportions of unlicensed NK cells and an NCR"&"
phenotype. Thus, NK cells characterized by both low inhibition (i.e., iKIR™ NKG2A~

41



unlicensed NK cells) and high activation (high NCR expression) were protective. CMV-
driven education of NK cells was reported in Paper II, where AML patients seropositive
for CMV harbored NK cell repertoires characterized by high inhibitory input through
expression of inhibitory KIRs to self-HLA. In agreement with the protective effect of
low inhibitory receptor expression to self-HLA in Paper I, CMV seropositivity impacted
negatively on outcome (Paper II). In Paper III, we reported that a polymorphism at the
-21 position of HLA-B, which determines whether NK cells are licensed via NKG2A or
KIR, affected clinical outcome, as patients with a genotype that predicc NK cell-
licensing via NKG2A showed improved LES. Together, these results indicate that NK
cell repertoires characterized by low inhibitory input are relevant to the clinical outcome
and also that IL-2/HDC induces effector functions in NK cells that receive low
inhibitory input from AML blasts (a subject that will be discussed further in the “Results

and discussion” section).
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Figure 10. Overview of the Re:Mission trial. Patients diagnosed with AML were enrolled in the phase IV
Re:Mission trial after they had achieved complete remission (CR) and received consolidation therapy.
HDC/IL-2 was administered in ten 3-week cycles with three (first 3 cycles) or six (following cycles)
weeks off in between. Samples were collected at onset and after cycle 1 and 3. Data obtained from
analysis of these samples are presented in Paper I-ll.
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BOX: Histamine and IL-2 immunotherapy in AML — the Re:Mission trial
In order to gain a deeper understanding on the immunomodulatory properties of
the treatment, a phase IV clinical trial was conducted. The “Re:Mission trial”
(NCT01347996) enrolled 84 AML patients (FAB-M3 excluded) in first complete
remission (CR1), from 20 centers in Europe. Patients received ten 3-week cycles of
HDC (0.5 mg)/IL-2 (16,400 U/kg) with 3 (first three cycles) or 6 (cycles 4-10)
weeks rest periods (fig. 10). Both drugs were delivered subcutaneously and could be
administered by the patients themselves at home without supervision. Patients were
followed for at least two years for leukemia-free survival (LFS) and overall survival
(OS). PBMC:s were collected at onset and end of cycle 1 and 3, and were shipped to
our lab at Sahlgrenska Cancer Center, which served as the central laboratory for
immunological assessments. Multicolor flow cytometry panels were designed to
measure immunological parameters on subsets of NK cells, T cells and myeloid cells
(Paper I-III, and SI-SIV, 280, 281). In addition, genotyping was performed to
determine KIR and HLA genotypes. Presented data in Papers I-III concerning post-
consolidation immunotherapy of HDC/IL-2 are all derived from samples analyzed
within the Re:Mission trial.
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IL-15-based immunotherapy

The IL-2 receptor consists of three subunits, or “chains”; the o, f and y chains (261).
The o chain is also called CD25 and binds IL-2 with low affinity, while a complex of
and vy binds IL-2 with intermediate affinity. For high-affinity IL-2 binding, all three
chains need to be engaged. The  component of the IL-2 receptor, IL-2Rp, is essential
also for IL-15, and the effects of IL-15 resemble those of IL-2, with IL-15 promoting
NK cell development, differentiation and survival (282). In vitro assays have
demonstrated IL-15-stimulated NK cells to harbor higher amounts of granzyme B,
perforin and CD107a. IL-15 stimulation also induced increased expression of LFA-1
with a more open conformation after co-incubation with target cells, leading to
enhanced inside-out signaling. In a recent study, it was suggested that IL-15 stimulation
in vitro primarily primes cytotoxic responses in CD56"" NK cells, supporting the
notion that cytotoxic effector functions can be exerted by both mature CD564" NK
cells, but also by the more immature CD56" NK cells (112).

In order to avoid toxicity associated with high-dose IL-2 and expansion of regulatory T
cells (Tegs) observed in low-dose IL-2-based regimens (the issue of Ty, expansion during
IL-2 therapy will be further discussed below), replacement of IL-2 with IL-15 has been
proposed for cytokine-based cancer immunotherapy (230, 283). A clinical study where
IL-15 was administered to patients with melanoma or renal cell carcinoma reported
substantial effects on NK and T cell expansion (284). Endogenously produced IL-15 is
mainly presented to NK cells in a membrane-bound form where it is associated with IL-
15Ra (258). As o chains contribute to the binding affinity both when present on the cell
presenting IL-15, or the cell binding to IL-15, this presentation allow for high affinity
binding of IL-15. Soluble IL-15, which is not associated with IL-15Ra, will therefore
induce weaker responses than membrane-bound IL-15 (258). Approaches to enhance
binding affinity of therapeutic IL-15 to NK cell receptors by the use of engineered IL-15
agonist complexes (e.g., the super agonist complex ALT-803), are currently being
evaluated in clinical trials (258).

Adoptive transfer of NK cells

In an attempt to make use of NK cell alloreactivity, adoptive transfer of KIR/HLA-
mismatched NK cells is being evaluated. Several clinical studies have demonstrated
adoptive transfer of NK cells to be safe, with transient donor NK cell engraftment and
expansion (285, 286). Adoptively transferred NK cells do not permanently engraft
unless patients receive intense conditioning prior to the cell transfer. To stimulate in vivo
expansion of the transferred NK cells, IL-2 has been administered to patients after
adoptive transfer (285, 286). Lately, a shift from IL-2 to IL-15 in this setting has been
suggested in order to avoid expansion of Ty (230, 283).
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Cytokine-induced memory-like NK cells

Prior to an adoptive transfer, NK cells are enriched ex vivo using different strategies
including CD3 depletion and/or CD56 enrichment, and may also be further expanded
before infusion through cytokine stimulation or co-culturing with feeder cells (230).
Expansion of NK cells in vitro may also be performed in presence of a combination of
IL-12, IL-15 and IL-18, followed by incubation in low-dose IL-15 for 1-3 weeks. This
regimen was reported to generate NK cells that respond vigorously to a second stimulus
by increased IFN-y production, and that possess increased proliferative capacity
compared to conventional NK cells weeks after the first cytokine exposure (4). Due to
their ability to respond to re-stimulation, these NK cells have been named cytokine-
induced memory-like (CIML) NK cells. In contrast to the memory-like NK subset
found after in vivo CMV infection, the repertoire of cytokine-induced memory-like NK
cells mainly comprises CD56"" NK cells. Further, while the CIML cells are high in
NKG2A, NKG2D and NCR expression, their expression of CD57 is decreased, while
the NKG2C and KIR expression pattern remains largely unchanged (4, 287).
Additionally, in contrast to CMV-induced memory-like NK cells, no differences in
FcRy or Syk expression have been observed between CIML and conventional NK cells
(288).

Despite the increased IFN-y response, CIML NK cells do not degranulate more
vigorously than control NK cells stimulated with IL-15. However, CIML NK cells
display increased expression of high affinity IL-2Rafy, and stimulation with IL-2
renders CIML NK cells more cytotoxic than conventional NK cells against in vitro
tumor cell lines (289). Adoptive transfer of CIML NK cells together with repeated
cytokine infusion iz vivo (low-dose IL-2 or IL-15) is currently evaluated as treatment
strategies in hematological malignancies (283, 287, 289, 290). A recent phase I trial
(NCT01898793) demonstrated substantial proliferation and expansion of in vivo-
transplanted allogeneic CIML NK cells to AML patients (287). Interestingly, the
authors demonstrated that not only the licensed NK cell subset responded to cytokine
stimulation, but also the unlicensed CIML NK cells were functional and responded to
tumor targets or ligation of activating receptors (288). This indicates that cytokine
stimulation may render unlicensed NK cells functional and responsive. The results
further imply that the anti-leukemic effector function of adoptively transferred CIML
NK cells might, at least in part, be exerted by unlicensed NK cells that will not be
inhibited by HLA molecules expressed on the leukemic blasts.
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In contrast to HLA haploidentical allo-SCT, where engrafted NK cells may be educated
by HLA molecules present on grafted cells (225), adoptively transferred NK cells will
presumably be educated by the recipient’s HLA molecules. Thus, there is a risk that the
allo-reactivity based on KIR/HLA mismatch is lost, although this possibility should be
further studied. Based on the results in Paper I, where we observed a benefit of high
frequencies of unlicensed NK cells on clinical outcome during HDC/IL-2 AML
immunotherapy, it may be speculated that also unlicensed CIML NK cells are endowed

with anti-leukemic effector function.

CMV-induced adaptive NK cells

Another approach currently investigated for adoptive NK cell transfer is to take
advantage of the anti-tumor properties ascribed to CMV-induced adaptive NK cells.
One example is a study that aims to utilize NK cells from CMV seropositive individuals
expanded in an environment where the kinase GKS3 is inhibited. GKS3 is upregulated
in AML, and inhibition of GSK3 in healthy donor NK cells enhanced their cytotoxicity
against AML blasts (246). Moreover, GLS3 inhibition in IL-15-activated NK cells from
CMV-seropositive donors led to NK cell maturation, induced expression of CD57 and
several transcription factors, and increased secretion of TNF-a and IFN-y (246, 291).
With this background, an ongoing clinical trial (FATE NK-100) will assess the efficacy
of adoptive transfer of those highly mature NK cells, expanded during GKS3 inhibition,
to patients with refractory or relapsed AML (283, 291).

Albeit promising, no significant clinical long-term benefit of adoptive transfer of NK
cells has been demonstrated. However, a fraction of patients acquire complete remission,
which may make them eligible for subsequent allo-SCT. Thus, adoptive transfer of NK
cells may be used as a bridging therapy allowing more patients to undergo allo-SCT
(230, 287).
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RESULTS AND DISCUSSION

A main goal of this thesis work was to contribute to the understanding of the role of NK
cells in leukemia and inflammation with emphasis on the potential impact of inhibitory
interactions between NK cells and HLA class I molecules expressed by host cells. NK
cell cytotoxicity against malignant cells was originally described as a consequence of
“missing self”, where NK cells could attack cancer cells that lack MHC class I on their
surface (16). Accordingly, solid tumors commonly downregulate HLA class I and thus
become susceptible to NK cell cytotoxicity. By contrast, in accordance with previous
reports, we have observed that malignant blasts in both AML and chronic myeloid
leukemia (CML) present HLA class I expression at levels comparable with healthy cells
(Paper I and unpublished, 217). The state of the art in this research area is that
inhibitory input tunes the functional response of NK cells such that those NK cells that
receive a high amount of inhibitory signaling will possess a larger cytotoxic potential
(57). Thus, upon an encounter with an HLA-deficient cell, NK cells that express
multiple inhibitory receptors will be the cells that display most missing self-recognition,

and hence the most efficient killers.

However, in a normal HLA environment, these NK cells will also be the most inhibited
subset. It seems paradoxical that a body of evidence points towards a key role for NK
cells in myeloid leukemia, where the malignant blasts express HLA and thus may put the
missing self-recognition out of play. With intact expression of HLA class I on malignant
myeloid cells, an NK cell must override or avoid the inhibitory signaling input to exert
cytotoxicity. According to the current dogma, NK cells that lack inhibitory receptors to
sel-HLA molecules will not receive any inhibitory input and will consequently be
hyporesponsive. This may be a way to avoid NK cell autoreactive reactions. (56).
However, ample evidence suggests that these unlicensed NK cells can become responsive
upon in vitro cytokine stimulation (Paper I, 55, 56, 62, 209, 288). It is thus conceivable
that NK cells that express few or no inhibitory receptors may have higher capacity to kill

HILA class I-expressing malignant cells under certain conditions.

Classical NK cell activation assays typically use cell lines, such as the HLA-deficient
myeloid leukemic K562 cell line, as target cells. Although degranulation assays against
HILA-deficient cell lines constitute an important model system for studies on NK cell
cytotoxicity, the lack of HLA signaling disregards the important contribution of
interactions between inhibitory receptors and HLA. In order to study NK cell

cytotoxicity in the context of HLA-mediated signaling, we performed degranulation
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assays using HLA-matched AML blasts as target cells (presented in Paper I). As
expected, both S-iKIR* and NKG2A~ NS-iKIR* NK cells responded poorly without
prior stimulation; S-iIKIR* NK cells because they were inhibited by signaling via ligation
of HLA class I, and NKG2A™ NS-iKIR" NK cells because of their hyporesponsive state.
However, upon IL-2 stimulation, NKG2A™ NS-iKIR* NK cells gained functionality, as
illustrated by increased degranulation towards AML blasts (Paper I). This increased
responsiveness might be explained by the reported IL-2-induced replenishment of the
granular stock of perforin and granzyme B (292), and convergence of lytic granules

(293).

A majority of all individuals have a genetic discordance between K7R and HLA, and one
may ask why this discordance has not disappeared during evolution. Clinical
observations imply an anti-malignant function mediated by unlicensed NK cells. In
neuroblastoma and follicular lymphoma, patients who received treatment with a
monoclonal antibody (mAb) targeting the malignant cells were protected if they carried
a missing ligand genotype (that is, presence of a KIR lacking its cognate HLA) (209,
294). A similar observation was made after auto-SCT followed by mAb therapy in
patients with neuroblastoma (208). These studies did not involve cytokines that activate
unlicensed cells; instead, the data supports the interpretation that unlicensed NK cells
became activated by mAb-mediated CD16 ligation. Accordingly, in vitro experiments
show that while ADCC of S-iKIR-expressing subsets is blocked, NS-iKIR subsets may
become the most efficient NK cell effector population (295).
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Figure 11. Impact of unlicensed NK cells on clinical outcome in the
Re:Mission trial. Leukemia-free survival (LFS) for patients dichotomized
into high or low frequency of unlicensed NKG2A™ NS-iKIR NK cells at
treatment start (C1D1) and at onset of cycle 3 (C3D1).
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With this background, we speculated that HDC/IL-2 immunotherapy administrated to
AML patients in the Re:Mission trial might activate unlicensed NK cells, and that this
may impact on clinical outcome. Among the trial patients with a missing ligand
genotype, the frequency of unlicensed NKG2A™ NS-iKIR NK cells varied considerably.
We therefore investigated how the frequency of NKG2A~ NS-iKIR NK cells impacted
on outcome, and observed that a high proportion of NKG2A™ NS-iKIR NK cells was
associated with reduced incidence of relapse (Paper I, fig. 11). Presumably, HLA class I
expressed on AML blasts inhibits activation of S-iKIR NK cells, while IL-2 stimulated
NS-iKIR NK cells, that are not inhibited by HLA-mediated inhibition, might be able to
exert cytotoxicity against the leukemic cells. With the observed benefit of high counts of
unlicensed NK cells, it was unexpected that a missing ligand genotype per se was not
associated with improved LES (Paper I). However, it seems reasonable to assume that in
order to benefit from a missing ligand genotype, the patient must have functional NK
cells; and secondly, the missing ligand benefit can arguably only be beneficial if the
patient has a substantial number of unlicensed NK cells. Accordingly, our continued
studies demonstrated that a missing ligand genotype was exclusively protective in the
group of patients with high NCR expression (fig. 12, un-published data). Moreover,
CMV-driven differentiation of the NK cell repertoire, which concomitantly leads to
depletion of unlicensed NK cells, correlated with poor prognosis for patients seropositive
for CMV, and a missing ligand genotype was protective only in patients who had not
experienced CMYV infection (Paper II, fig. 13). The importance of activation in parallel
with lower inhibition was further highlighted by the findings that high expression of
NKp46 and presence of KIR-B genes (encoding activating KIRs) were only associated
with LES in patients with a missing ligand genotype (Paper I).
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Figure 12. Impact of a missing ligand genotype for AML patients with functional
NK cells. Leukemia-free and overall survival (LFS) for the patients in the
Re:Mission trial with above-median expression of NKp46. Patients were
dichotomized based on their KIR and HLA genotype, with either a missing ligand
genotype (allowing for presence of unlicensed NK cells) or all ligands present.
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Figure 13. Impact of CMV seropositivity on outcome in the Re:Mission trial. A) Leukemia-free
and overall survival for patients within the Re:Mission trial seropositive (CMV+) or
seronegative (CMV-) for CMV-IgG. B) Pie charts illustrate median frequencies of unlicensed
NKG2A" NS-KIR CD56°™ NK cells at specified time points in seropositive or seronegative
patients. C) Leukemia-free survival for AML patients with a missing ligand or all ligands
present genotype.



The hypothesis that unlicensed cells act as effector cells upon stimulation is to a large
extent based on correlative data comparing K/R and HLA genotypes with clinical
outcome. However, even though a missing ligand genotype allows for presence of NS-
iKIR* NK cells, the model does not take into account the more conserved HLA-E —
NKG2A interactions. When we instead investigated how the frequency of NKG2A*"
NS-iKIR NK cells impacted on outcome in the Re:Mission trial, a similar protection
pattern was observed for this subpopulation as for the NKG2A™ NS-iKIR NK cells
reported in Paper I (fig 14, un-published data). Thus, the impact of NS-iKIR NK cells
was equally evident when NKG2A expression was disregarded. We can therefore not
determine whether it is IL-2-activation of hyporesponsive NKG2A~ NS-iKIR NK cells
that is responsible for the protective effect of NS-iKIR NK cells, or if the effect is caused
by IL-2 enabling licensed NKG2A* NS-iKIR NK cells to override the inhibitory
NKG2A-signal. Nevertheless, these data suggest that NK cells that lack S-iKIRs receive
lower inhibition and hence can eradicate the HLA-expressing AML-blasts after IL-2
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Figure 14. Impact of non-self inhibitory KIR (NS-iKIR) NK cells on clinical outcome in the
Re:Mission trial. Panels show leukemia-free survival for AML patients receiving HDC/IL-2
immunotherapy. Patients were dichotomized based on high or low frequency of NKG2A™"
NS-iKIR NK cells according to receiver-operating characteristics (ROC) curves and Youden
index (AUROC and 95% Cl: 0.600, 0.452-0.747 before treatment, and 0.623, 0.464-0.782 at
onset of third treatment cycle). Outcomes were analyzed using the log-rank test.

Elevated levels of NKG2A* NK cells are commonly found in AML patients (296), and
we observed further induction of NKG2A upon HDC/IL-2 treatment within the
Re:Mission study (Paper II). This incited us to investigate the role of NKG2A for the
outcome of the immunotherapy. Expression of the NKG2A ligand, HLA-E, is
dependent on the presence of leader peptides from the classical HLA class I molecules.
As mentioned in the first chapter, the expression level of HLA-E is to a certain extent

regulated by a dimorphism in -21 position of HLA-B, with a methionine allowing for
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functional presentation of HLA-E, while a threonine residue does not (48). HLA-B -
21T is commonly associated with the strong KIR ligands, Bw4* HLA-B and HLA-C2,
while -21M commonly associates with the weaker HLA-C1 (50). Thus, individuals
homozygous for -21T at HLA-B (T/T) harbor NK cells that are primarily licensed by
iKIRs, while NKG2A dominates in individuals with an M/x genotype (50). The clinical
consequences of this dimorphism are largely unexplored. In the Re:Mission trial, an M/x
genotype was associated with relapse control and prolonged survival, while
corresponding analysis in a cohort of allotransplanted AML patients did not reveal any
survival benefit of either an M/x or T/T genotype (Paper III, fig. 15). Thus, despite the
high levels of NKG2A-expression in the Re:Mission trial, presence of NK cells

controlled via NKG2A interactions impacted beneficially on the clinical outcome.

These data indicate that NK cell repertoires that are mainly licensed via NKG2A might
exert a stronger anti-leukemic response after IL-2 stimulation compared to repertoires
biased towards KIR-dependent licensing. With the observed elevated levels of NKG2A
expression in the Re:Mission trial, it is tempting to speculate that HDC/IL-2 therapy
could be combined with therapeutic antibodies targeting NKG2A, such as
monalizumab. On the other hand, we did not observe any negative impact of high
NKG2A expression or high frequency of NKG2A* NK cells in the trial. Thus, another
possibility is that NKG2A-mediated signaling can be more easily overridden than
corresponding KIR-mediated signaling, which would offer an explanation why the M/x
genotype was protective during HDC/IL-2 AML therapy. Accordingly, multiple studies
report that NKG2A-mediated inhibition may be overridden by activating stimuli, either
by signaling via KIR2DS1 — HLA-C2 (297) or by co-engagement of NKG2D and
MICA/B (26). In the presence of IL-2, we observed that NKG2A* iKIR™ NK cells
degranulated significantly more than NKG2A~ S-iKIR* NK cells towards HLA-matched
AML blasts (Paper III, fig. 15). This finding suggests that NK cells receive a stronger
inhibitory input via their iKIR compared to NKG2A in the presence of cognate HLA
molecules, and that this difference renders iKIR* less cytotoxic towards AML blasts after
cytokine stimulation. As strong inhibitory input also tunes the responsiveness of NK
cells, the hypothesis of a stronger interaction mediated by iKIRs as compared to
NKG2A is supported by the lower responsiveness of NKG2A* KIR™ NK cells compared
to NKG2A™ KIR* NK cells in assays towards HLA-deficient target cells (298).
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Figure 15. Impact of NK cell licensing via NKG2A or inhibitory KIRs. Left: Impact of the HLA-B
-21 dimorphism on clinical outcome. Leukemia-free survival for AML patients receiving
HDC/IL-2 therapy dichotomized based on their HLA-B -21 genotype; M/x vs. T/T (n=80).
Right: Frequency of CD107a+ NKG2A™ self-KIR" (open circles) or NKG2A" KIR™ (filled circles)
NK cells that were stimulated with 500 U/ml IL-2 overnight or not stimulated (ctrl) and
exposed to C1/C1 matched AML blasts (n=7; one-way ANOVA and Bonferroni’s multiple
comparison test).

The protective impact observed for an M/x genotype (Paper III), together with the
association between high levels of NS-iKIR* NK cells and favorable clinical outcome
regardless of NKG2A expression (Paper I, fig. 14), suggests the presence of an
inhibitory signaling hierarchy. NKG2A and iKIRs both signal via ITIMs, and it is
intriguing that there seems to be a difference in their inhibitory potential. While
NKG2A is a type II membrane protein, with its C terminal exposed to the exterior, and
the N-terminal located at the cytoplasmic side of the membrane, type I membrane iKIRs
are organized in the opposite direction (299). Hence, the two ITIMs in the intracellular
portion of the receptors will be oriented in opposite directions, with the N terminal
ITIM located proximally in KIRs and distally for NKG2A in relation to the membrane
(300). This results in a difference in the ITIM-mediated binding to the two SH2
domains of SHP-1/2 on NKG2A and iKIR (see fig. 16). Even though docking of only
one SH2 is capable of activating SHP-1/2, simultaneous engagement of both domains
promotes a more potent activation (300). Moreover, the N terminal ITIM has been
reported to play the most important role in both KIR and NKG2A signaling (300, 301).
It is possible that the opposite orientation of the ITIMs results in different capacity of
NKG2A and iKIRs to signal via the N terminal ITIM, or to engage both SH2 domains
of SHP-1/2 simultaneously, which ultimately may lead to a disparate potency to
transduce an inhibitory signal. Thus, NK cells expressing NKG2A may receive a lower
level of inhibitory input compared to NK cells licensed via S-iKIRs. In a missing-self
setting, the NKG2A™ S-iKIR* NK cells will accordingly respond stronger than NKG2A*
iKIR™ NK cells. However, in presence of IL-2 stimulation, the magnitude of the
activating input is increased, and as the weaker inhibitory signal received by NKG2A* S-
KIR™ NK cells may be more easily overridden, these NK cells will exert stronger

degranulation responses against HLA-matched malignant cells (illustrated in figure 18).
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Figure 16. Signal transduction by NKG2A and
inhibitory KIRs. NKG2A and KIR have their ITIMs
oriented in opposite directions, with the N-
terminal membrane-proximal in iKIRs and
membrane-distal in NKG2A. Thus, the binding of
SHP-1/2, via the two SH-2 domains, will differ in
these two inhibitory receptors. SHP-1/2 trans-
duces the inhibitory signal further in the intra-
cellular signaling cascade, ultimately resulting in
inhibition of NK cell effector functions.

Actin rearrangement
Cytotoxicity
Cytokine release

In parallel with reports implicating unlicensed NK cells as important effector cells in
combating malignancies, a population of CMV-induced adaptive NK cells has been
proposed to be protective in AML (191). Patients seropositive for CMV harbor a larger
fraction of adaptive CD56%™ NK cells characterized by high expression of NKG2C,
CD57 and self-KIRs (Paper II, 171:Beziat, 2013 #54, 174). It may seem paradoxical
that the proposed effector cells would be on the one side immature, hyporesponsive and
unlicensed, and on the other side highly mature with high expression of S-iKIRs.
However, the potential cytotoxicity of different NK cell phenotypes may be context-
dependent. Within the Re:Mission trial, there was no correlation between the
abundance of highly mature CD56%™ NKG2A~ KIR* NKG2C* CD57* NK cells and
clinical outcome (Paper II). It is tempting to speculate that these otherwise protective
NK cells lose relative importance during cytokine-based immunotherapy. Mature
CD57* CD56% NK cells reportedly express lower levels of IL-2RB (60), and CMV-
induced adaptive NK cells were less responsive to cytokine stimulation, including IL-2
and IL-15 (168, 172, 302). Hence, in the context of cytokine-based immunotherapy,
the CMV-induced adaptive NK cells might not be the main NK cell subpopulation that
becomes activated. Instead, other normally hyporesponsive, low-grade-inhibited NK
cells may become pivotal effector cells. However, among the CMV-seropositive group of
patients, who harbor low levels of these autoreactive NK cells, a high proportion of
NKG2C* NK cells after the first treatment cycle was indeed associated with lower
relapse rate (fig. 17, un-published data). It is thus possible that patients that lack low-
grade-inhibited S-iKIR NK cells benefit from presence of more mature NK cells with
high expression of the activating NKG2C receptor.
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Figure 17. Impact of NKG2C" NK cells on clinical outcome. Graphs show leukemia-free survival
after first cycle of HDC/IL-2 treatment for AML patients in the Re:Mission trial. Patients were
dichotomized based on high or low proportion of NKG2C* NK cells among the mature CD56°™
NKG2A™ NK cells. Outcomes were compared using the log-rank test.

It should be noted that there is no consensus phenotype of adaptive NK cells, and the
phenotypic analysis in Paper II did not include expression of TIGIT, Siglec-7 or PD-1,
or abundance of FceRy, EAT-2, SYK or PLZF, all reported to be altered in adaptive NK
cells from CMYV seropositive individuals (168, 172, 175, 303). Therefore, it cannot be
excluded that presence of specific adaptive NK cells could associate with a beneficial

outcome not detected in the analysis.

NO TREATMENT HDC/IL-2 TREATMENT

-2,

Strong Weak
inhibitory inhibitory
input o input

No AML blast
killing killing

Viable AML blasts

Figure 18. HDC/IL-2-induced NK cell-mediated killing of AML cells. Reactive oxygen species (ROS)
produced by myeloid cells suppress NK cell functions and the NK cells cannot respond to AML
blasts. Treatment with histamine dihydrochloride (HDC) inhibits formation of ROS, and allows IL-2-
stimulation of NK cells. Upon interaction with AML blasts, NK cells that receive activating input in
parallel with low inhibitory input may mediate cytotoxicity against the leukemic blasts.
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Impact of regulatory T cells during HDC/IL-2 immunotherapy

A potential caveat with IL-2-based immunotherapy is the induced proliferation and
expansion of regulatory T cells (Twy), as these cells express the high-affinity IL-2 receptor
(304, 305). T suppress cytotoxic functions of lymphocytes, among them NK cell
cytokine production and cytotoxicity (306, 307). In fact, IL-2-driven T, expansion is
evaluated as a strategy to decrease acute GvHD or chronic GvHD after allo-SCT (305,
308-310). In accordance with these studies, we observed that HDC/IL-2 induced
profound T, expansion in the Re:Mission trial (Paper SII). Surprisingly, no association
was observed between clinical outcome and the number of T at treatment start, after
three weeks of therapy, or the magnitude of the T\, expansion during those three weeks.
Hence, T\, numbers after three weeks of treatment probably reflects a patient’s capacity
to mount a treatment response rather than immune system inhibition. A possible
explanation to the failure of T, to negatively impact on outcome was offered by the
finding that the expanded T, population collapsed to baseline levels already one week
after the end of the first treatment cycle, while NK cell levels remained elevated (fig. 19)
(Paper SII, 280, 281). The T., induction was also significantly lower during later
treatment cycles, possibly due to exhaustion of the supply of T.. However, we did
observe that a high reduction of T., between the first and later cycles correlated with
improved clinical outcome (Paper II). Collectively, these results suggest that Tr may
negatively impact on the efficiency of HDC/IL-2 immunotherapy, but that the benefit
of IL-2-induced NK cell expansion dominates.
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Figure 19. HDC/IL-2-induced expansion of T..gs and NK cells. Graphs show
frequency of T and NK cells before HDC/IL-2 treatment start (C1D1),
after the first treatment cycle (C1D21) and one week after the end of the
first treatment cycle (C1D28).
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There is a possibility that combining HDC/IL-2 with therapeutic approaches that target
Tregs might further improve the efficacy of this immunotherapy. Several strategies to
avoid Ty, induction or deplete the T, population have been proposed. Approaches to
inhibit T\, include blocking CTLA-4, or targeting T\, proliferation and function using
anti-cancer drugs (306). Moreover, conjugating IL-2 to diphtheria toxin (IL2DT) has
been tested as a strategy to deplete CD25-expressing cells before adoptive NK cell-
transfer in AML (311). Although this strategy resulted in enhanced expansion of donor
NK cells, it may be detrimental in a non-transplant setting, as it would also target
CD25* CD56"" NK cells. Instead, an alternative approach would be to replace IL-2
with a lymphocyte-stimulating cytokine that does not stimulate Ti, such as a modified
version of IL-2, an IL-2 “superkine”, with increased binding affinity to IL-2RB but less
effect on Tre. As discussed above, an additional alternative would be to combine HDC

with IL-15 or engineered IL-15 agonist complexes that do not trigger T (258).
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CONCLUDING REMARKS

The detailed analyses of the immunological parameters within the Re:Mission study
have revealed a set of biomarkers and other factors that seem to impact on clinical
outcome. These include age, the number of induction cycles acquired to achieve CR,
HILA class I expression in the myeloid compartment, expression of NKp46, presence of
S-iKIR™ NK cells, CMYV serostatus, genotype of KIR/HLA and -21 HLA-B, and, as not
mentioned in this thesis, transition of effector memory T cells (Trm) to effector T cells
(Te). While the observed associations between immune status and outcome should be
confirmed in future studies, the results point to biomarkers that may be useful in
prognosticating outcome, and in the selection of optimal therapy. The Re:Mission trial
was a phase IV trial, and this did not include a control arm of patients who did not
receive HDC/IL-2 therapy. It is conceivable that some biomarkers are predictive
specifically for the outcome of the immunotherapy, whereas other biomarkers may
prognosticate clinical outcome also in untreated patients (fig. 20). Yet another group of
biomarkers may be both prognostic and predictive. For example, high numbers of
CD56"%" NK cells at treatment start were associated with increased LFS in the trial.
High numbers of these cells may reflect bone marrow recovery, which presumably is
beneficial for all patients. On the other hand, immature CD56"" NK cells express
CD25 and hence respond vigorously to IL-2. Thus, pre-treatment levels of CD56
NK cells will most likely also affect the treatment response. Another example is the
phenomenon of CD8 T cell transition; in the trial, HDC/IL-2 immunotherapy induced
a shift in the CD8* T cell population in a fraction of patients, which resulted in
decreased percentage of effector memory T cells and increased percentage of effector T
cells (Paper SI). Patients displaying such a shift showed superior LFS and OS. Although
the shift is clearly therapy-dependent, it cannot be excluded that the altered distribution
of T cell subsets may reflect inherent immunity that determines favorable prognosis also

in patients that do not receive immunotherapy.

Figure 20. Prognostic and predictive markers.
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Another limitation to the conclusions of the Re:Mission trial is that the trial design did
not allow for analyses of the contribution by the respective components of the HDC/IL-
2 regimen for the observed, and potentially clinically relevant, immunomodulation.
While monotherapy with IL-2 reportedly does not prevent relapse in AML, it seems
probable that many aspects of immune modulation noted during therapy, including NK
cell expansion in blood and induction of NK cell NCR expression, are indeed explained
by the IL-2 component. It may thus be hypothesized that the addition of HDC to a
regimen of IL-2 unleashes NK cell and T cell functions, including their inducibility by
IL-2, in the malignant microenvironment by targeting a pivotal mechanism of immuno-

suppression.

CMYV seropositivity did not affect the outcome in a control cohort of non-transplanted
AML patients in CR. Thus the negative impact of CMV seropositivity observed in the
Re:Mission trial (Paper II) is likely restricted to patients receiving immunotherapies that
activate normally hypo-responsive autoreactive NK cell populations. Accordingly, the
positive impact of a genetic KIR/HLA discordance, predicting presence of NK cells
characterized by low inhibitory input, in malignancies has been observed in settings
where the treatment has disturbed the homeostasis of the immune system (by either
cytokines, therapeutic antibodies or autologous transplantation) (Paper I-III, 208, 209,
294). These findings suggest that HDC/IL-2 is responsible for the improved clinical
outcome observed for patients harboring NK cell repertoires characterized by low-grade

inhibition.

Based on our data implicating NK cells and T cells as anti-leukemic effector cells during
HDC/IL-2 therapy in AML, the question emerges whether the two populations
independently contribute to the anti-leukemic effect. Analysis of the impact of Tem-Tes
transition and NKp46"¢" on clinical outcome revealed an additive effect when patients
were both transition-positive and harbored NK cells with high NKp46 expression
(Paper SI). Moreover, while the contribution of a high NKp46 expression impacted on
leukemic relapse only for patients with a missing ligand genotype but not for patients
with all ligands present, a T cell-transition was associated with reduced relapse in both
patient groups (Paper I). Together, these findings suggest that NK cells as well as
cytotoxic T cells exert anti-leukemic action during HDC/IL-2 therapy in AML.
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