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RESUME

En 2012, le nombre de nouveaux cas d’hémopathies malignes en France a été
estimé a 35 000. Plus d’un tiers des cas sont des hémopathies my¢loides. Aujourd’hui,
les dernieres avancées dans les traitements des hémopathies aboutissent a un
meilleurs taux de rémission compléte ainsi qu’ a de meilleurs taux de survie aprés
traitement. Cependant les risques de rechutes restent élevés. Les rechutes sont dues a
la prolifération de cellules tumorales résiduelles qui ont résisté au traitement. Les
cellules NK, qui participent a la surveillance immunitaire et qui sont capables de tuer
naturellement les cellules tumorales, devraient tuer ces cellules résiduelles, or de
nombreuses anomalies ont été observées dans la plupart des hémopathies malignes.
Notre projet s’inscrit dans la compréhension du role des cellules NK dans I'évolution de
ce type de pathologies.

Dans une premicre partie nous nous sommes intéressés a la polyglobulie de Vaquez
(PV) pour plusieurs raisons: cette pathologie présente une évolution lente et
progressive, elle peut évoluer en myélofibrose ou en leucémie myéloide aigué, et elle
est caractérisée par une mutation de JAK2 (mutation V617F JAK2 touchant 'exon 14
ou plus rarement mutation impliquant 'exon 12) présente dans la lignée myéloide chez
plus de 95% des patients. Nous avons d’abord cherché a détecter la mutation dans les
cellules NK de patients, puis, pour savoir si la mutation avait un effet sur les NK, nous
avons exploré leurs fonctions in vitro. Nos résultats ont montré que, bien que la
mutation soit présente dans les cellules NK, elle ne semble pas avoir d'impact sur les
fonctions des cellules NK que nous avons pu tester. Nous en avons conclu que
I'évolution de la polyglobulie de Vaquez en leucémie n’était peut-étre pas due a une
perte de fonction des NK mais plut6t a leur inhibition par I'environnement cellulaire.

Dans une deuxiéme partie nous avons étudié¢ la régulation des natural cytotoxicity

receptors (NCR) dans la leucémie aigué myéloide (LAM). Des travaux antérieurs ont
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montré que les NCR sont faiblement exprimés chez les patients, et que cette faible
expression est acquise au cours de l'évolution de la LAM et réversible lors de la
rémission compléte. De plus, la faible expression des NCR a la surface des NK est
corrélée a un mauvais pronostic de survie. D’aprés ces résultats, nous avons émis
I'hypothése que l'expression des trois NCR aurait une régulation commune s’effectuant
au niveau de transcription de leurs génes. Nos recherches bio-informatiques ainsi que
notre expérimentation d'immunoprécipitation de la chromatine (Chip) montrent que le
facteur de transcription ETS-1 semble étre impliqué dans la régulation commune aux

trois NCR.
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ABSTRACT

In 2012, new cases of hematological malignancies in France have been
estimated at 35,000. More than one third of cases are myeloid haemopathies. To date,
the latest advances in blood disorders treatments lead to a better complete remission
rate and a better survival rate after treatment. However, the risk of relapse remains
high. Relapses are due to the proliferation of residual tumor cells that have resisted to
the treatment. NK cells, which are involved in immune surveillance and which are
naturally capable of killing tumor cells, should kill these residual cells, but many
anomalies have been observed in most malignancies. Our project is included in the
understanding of NK cells role in the development of these diseases.

In a first part, we focused on polycythemia Vera (PV) for several reasons: the pathology
has a slowly progressive disease, it can evolve into myelofibrosis or acute
myelogenous leukemia, and it is characterized by the presence of JAK2 mutation
(JAK2 V617F, exon 14, or, less frequently, involving exon 12) in myeloid lineage, for >
95% of PV patients. We wanted to know if this mutation was found in NK cells from PV
patients and what effects the mutation had on NK cells functions. Our results have
shown that although the mutation was found in NK cells, it appears to have no impact
on NK cells functions. We conclude that the evolution of PV to leukemia is not due to a
loss of NK cell functions but to their inhibition by cellular environment.

In a second part, we investigated the regulation of natural cytotoxicity receptors (NCR)
in acute myeloid leukemia (AML) because previous works have shown that NCR are
weakly expressed in AML patients, that this down-regulation is acquired during
evolution of AML and reversible after complete remission, ant that NCR weak
expression is related to poor prognosis. We supposed that the expression of the three
NCR has a common regulation at genes transcription level. Our bioinformatic

researches and our experiment of chromatin immunoprecipitation (Chip) show that
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ETS-1 transcription factor is a good candidate involved in the common regulation of

the three NCR.
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Figure 1: Hematopoiesis and myeloid haemopathies

(Adapted from www.biolegend.com)
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. INTRODUCTION

A. HEMATOLOGICAL MALIGNANCIES

Hematological malignancies (HM) are blood cancers that affect the production and
function of blood cells (Figure 1). Most of these cancers start in bone marrow or lymph
node and then reach blood. HM are characterized by excessive proliferation of
immature hematopoietic stem cells which are able or not to be differentiated, in bone
marrow or lymphoid system.

The etiology of most hematological malignancies is not yet known. lonising radiation,
exposure to chemicals and dusts, industrial exposures including benzene, viral
infections, and genetic predisposition are all associated with an increased risk of one
or several of these diseases. Historically, hematological malignancies have been
commonly divided by whether the malignancy is mainly located in the blood (leukemia)
or in lymph nodes (lymphomas). World Health Organization (WHO) classification of
2001 exploits many different tumor characteristics and is based fundamentally on cell
lineage, reinforcing the distinction between lymphoid and myeloid neoplasm. Several
changes have been done in 2008, morphology based system incorporates clinical
features, morphology, immunophenotyping, and cytogenetic/molecular genetic data
leading to a single coherent diagnosis (Sabattini et al, 2010). The aim was to separate
and characterize distinct clinically and biologically relevant entities, especially to

choose which therapy targeted.

B. MYELOID HAEMOPATHIES

Myeloid haemopathies are clonal diseases of hematopoietic progenitors or stem cells.

They result from genetic and epigenetic alterations that perturb key processes such as
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self-renewal, proliferation and differentiation. Myeloid malignancies are characterized
by proliferation of hematopoietic precursors of cell line that normally produces
granulocytes, erythrocytes, thrombocytes, macrophages and mast cells. The group of
myeloid malignancies includes the following diseases: acute myeloid leukemia (AML),
myelodysplasic syndrome (MDS) and myeloproliferative neoplasms (MPN). MPN
comprises a variety of disorders such as chronic myeloid leukemia (CML),
polycythemia Vera (PV), essential thrombocythemia (ET) and primary myelofibrosis
(PMF). Chronic diseases are characterized by a proliferation and differentiation of
cancer cells with a slow evolution which can transform in acute leukemia. Acute

disorders, with blockade in cell differentiation, are associated with poor prognosis.

C. POLYCYTHEMIA VERA

a) Pathophysiology and epidemiology

PV is a clonal disorder arising in a multipotent hematopoietic progenitor cell that
causes the accumulation of morphologically normal red cells with predominance on
this lineage, white cells, and platelets in blood. PV is characterized by a mutation in the
tyrosine kinase 2 (JAK2) that occurs in immature cells and acts in signaling pathways
of the EPO-receptor (James et al, 2005). The JAK2V617F mutation on exon 14 (or
less frequently mutation in exon 12) leads to a constitutive activation of these
receptors and rends cells hypersensitive to EPO, inducing erythroblast proliferation.
Treatments and pressure of cellular environment lead to an accumulation of genetic
mutations in immature cells. Then, clinical evolution of PV is characterized by thrombo-
hemorrhagic complications and variable risk of transformation into myeloid metaplasia,
myelofibrosis or acute myeloid leukemia / myelodysplastic syndromes which have a
poor prognosis (Spivak, 2002). The incidence of AML/MDS ranges from 5% to 15%
after 10 years of disease with progressive increase of risk over time. The use of

myelosuppressive chemotherapy, with phosphorus P32 for example, is consistently
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associated with increased risk for leukemic transformation (Finazzi et al, 2005;
Kiladjian et al, 2003; Weinfeld et al, 1994).

The incidence of PV increases with age, the median age at diagnosis to be 64 years.
The overall incidence in the population was 10 cases per 100,000 by years, and the

disease was more common in men than women (sex ratio M/W 1.2).

b) Symptoms

The symptoms of PV are: trouble breathing when lying down, dizziness, excess
bleeding, full feeling in the left upper abdomen (due to enlarged spleen), headache,
itchiness, especially after a warm bath, red skin coloring, especially of the face,
shortness of breath, symptoms of blood clots in veins near the skin surface (phlebitis).
Other symptoms that may occur with this disease are bluish skin color, fatigue, red skin

spots and vision problems.

c) Diagnosis

In addition to a complete blood count (CBC), bone marrow aspiration and biopsy,
cytogenetic analysis and a serum erythropoietin test are used to diagnose
polycythemia vera. With the establishment of polymerase chain reaction (PCR)—based
methods for detecting the JAK2 mutation, this mutation is now the first molecular
diagnostic marker for PV, similar to BCR/ABL for chronic myelogenous leukemia.
Diagnostic criteria for PV according to the 2008 revised WHO guidelines (Tefferi &
Vardiman, 2008). Diagnosis requires the presence of both major criteria and one minor
criterion or the presence of the first major criterion with two minor criteria.

Major WHO criteria are:

* Hemoglobin > 18,5 g/dL in men and > 16.5g/dL in women, or other evidence of

increased red blood cell volume

¢ Detection of JAK2 V617F or JAK2 exon 12 mutation.

21



Minor WHO criteria are:

* Bone marrow biopsy showing hypercellularity with trilineage growth with prominent
erythroid, granulocytic, and megakaryocytic proliferation

* Serum erythropoietin level below the reference range for normal

* Endogenous erythroid colony formation in vitro.

The major diagnostic issue related to PV is distinguishing it from other forms of

erythrocytosis, which are more common than PV. JAK2 V617F mutation and

erythropoietin level are keys in the diagnosis of erythrocytosis. If the JAK2 mutation is

positive and EPO level is low, then the diagnosis of PV is confirmed.

If the JAK2 V6617Fmutation is absent but the EPO level is low, then testing for JAK2

exon 12 and 13 mutations would be helpful in making a diagnosis of PV in the 2-3% of

PV patients who are negative for JAK2 V617F mutation. Patients who are negative for

JAK2 mutations and have a normal or high EPO level have secondary erythrocytosis.

d) Treatments

PV is a serious disease because of its possible evolution in fibrotic transformation and
AML. Treatments are used to decrease the risk of arterial and venous thrombotic
events (approximately 20%). The current treatment consists primarily of phlebotomy,
used to decrease blood thickness and to keep the hematocrit below 45% or 47% in
men and 42% or 45% in women. One unit of blood is removed each week until the
number of red blood cells drops. The treatment is continued as needed. Patients are
also treated with aspirin to reduce the risk of blood clots may be an option for some
people. However, aspirin increases the risk of stomach bleeding and fails to prolong
survival or prevent thrombotic events or progression to myelofibrosis in PV (Najean &
Rain, 1997).

Other treatments may include chemotherapy (as the cytoreductive hydroxyurea) to
reduce the number of red blood cells made by the bone marrow. This option may use

when the numbers of other blood cell types are also high. In patients who are
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refractory to or intolerant of hydroxyurea, interferon-alpha can be used as an
alternative. Non-pegylated interferon has been shown to be effective in controlling
erythrocytosis, thrombocytosis and thrombotic complications, but was found to have
poor tolerability and excessive adverse effects. Recently, pegylated interferon alpha-2a
(PeglFN2a) was introduced and found to be better tolerated and less toxic than
standard interferon. In addition, pegylated interferon alpha-2a therapy was found to
induce both hematologic and molecular remissions (Gowin et al, 2012).
Myelosuppressive chemotherapy with busulfan is also an option for patients older than
65 years (Alvarez-Larran et al, 2014). The risks for secondary leukemia depend on the
type of therapy (phlebotomy, radioactive phosphorus-32 [32 P], chlorambucil) or the
type of myelosuppressive agents (hydroxyurea, interferon alfa) and duration of therapy.
The JAKA1/JAK2 inhibitor ruxolitinib is the first US Food and Drug Administration (FDA)—
approved drug for patients with intermediate- or high-risk myelofibrosis, including
primary myelofibrosis, post-polycythemia vera myelofibrosis, and post-essential
thrombocythemia myelofibrosis (Nussenzveig et al, 2009; Quintas-Cardama et al,
2011). Many other JAK inhibitors have been developed these last years, as SB1518, a
JAK2/FLT3 inhibitor (Baffert et al, 2010; Lasho et al, 2010; Tyner et al, 2010;
Verstovsek, 2009).

e) Tyrosine kinase JAK2 and JAK2V617F mutation

JAK proteins are a family of four Janus kinases (JAK) 1, 2 and 3 and tyrosine kinase 2.
They are coded by genes located on chromosome 9. In the cytoplasm, JAK proteins
play a key role in signal transduction by its association with type | receptors such as
growth hormone (GHR), prolactin (PRLR), leptin (LEPR), erythropoietin (EPOR),
thrombopoietin (THPO); or type Il receptors including IFN-alpha, IFN-beta, IFN-gamma
and multiple interleukins (Imada & Leonard, 2000; Muller et al, 1993). Many of those
receptors transmit anti-apoptotic, proliferative and differentiation signals, and their

expression and functions are critical for the formation of blood lineages. That’s why
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JAK?2 is involved in these various processes and mediates essential signaling events in
both innate and adaptive immunity.

JAK protein contains an active tyrosine kinase domain (JAK homology 1 (JH1)), a
catalytically inactive pseudokinase domain (JAK homology 2 (JH2)) which seems to
have an inhibitory role on JH1, a SRC homology 2 domain (SH2), and an amino terminal
FERM (4.1, Erzin, Radixin, Moesin) homology domain (Smith & Fan, 2008). The FERM
domain is responsible for attachment to the cytosolic domains of cytokine receptors

type | (Vainchenker & Constantinescu, 2013) (Figure 2).

JH7-JH5 JH4-JH3 JH2 JH1
nra—{ FERM (
. . V617F
Epi?:'::nfggg;:?g&n (exon 12) MPNs

(exon 14)

Figure 2 : Domain structure of JAK2 and mutation V617F / exon 14 (Smith et al, 2008)

Under physiological conditions, cell stimulation with EPO during erythropoiesis leads to
a conformational change of EPO-receptor (EPOR) and two cytoplasmic molecules
JAK2 get closer for autophosphorylation and activation. The association of activated
JAK2 with EPOR infers the phosphorylation of its cytoplasmic domain. Then, STAT
molecules (Signal Transducer and Activator of Transcription) are recruited,
phosphorylated and activated by JAK2. Once activated, STAT homodimerise and
translocate into the nucleus and promotes the transcription of several essential genes
involved in cell survival, apoptosis, proliferation and in the modulation of erythropoiesis
(Levine et al, 2007). JAK2 signaling is negatively regulated by SOCSA, a suppressor of
cytokine signaling (SOCS) proteins (Puigdecanet et al, 2008).
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signaling pathway (Quintas-Cardama et al, 2011)
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In early 2005, four different groups described an identical mutation in JAK2V617F in
large numbers of patients with MPDs (Baxter et al, 2005; James et al, 2005; Kralovics
et al, 2005; Levine et al, 2005). This somatic gain-of-function mutation is a guanine-
to-thymidine substitution at nucleotide 1,849 of the JAK2 gene that results in a valine-
to-phenylalanine substitution at codon 617 of JAK2 in exon 14 (James et al, 2005;
Kralovics et al, 2005; Zhao et al, 2005). JAK2V617F signaling pathway involves
activation of STAT and ERK, extracellular signal-related kinase; MEK, MAPK/ERK
kinase (David et al, 1995; Goh et al, 1999) (figure 3). The mutation also activates the
phosphatidylinositol 3-kinase (PI3K)/AKT mammalian target of rapamycin (mTOR),
forkhead transcription factors (FOXO) signaling proteins that transmit signals for
survival and proliferation, thereby preventing apoptosis of hematopoietic progenitor
cells (Cortot et al, 2006; Levine et al, 2005; Quintas-Cardama et al, 2011; Smith et
al, 2008).

The presence of the JAK2V617F mutation has been reported with variable frequencies
in myeloid haemopathies. JAK2V617Fmutation is present in 50% of essential
thrombocythemia (ET), 30% of primitive myelofibrosis (PM), also in patients with chronic
myelomonocytic leukemia (5%), myelodysplastic syndromes (5%) or AML (less than
20%). Its presence has been described in > 95% of PV. Furthermore, JAK2VG17F is
found in granulocytes in 90% to 95% of patients with PV. In patients with
myeloproliferative syndrome, the mutation is found in B and T Ilymphocytes
(Delhommeau et al, 2007; Larsen et al, 2007).

Other mutations , including JAK2 exon 12, have been described for patients lacking the
JAK2V617F mutation in PV, such as tet methyl cytosine dioxygenase 2 (TET2)
mutation (Smith et al, 2008; Tefferi, 2010; Tefferi et al, 2009b).The nature of TET2

mutations undermines their specific pathogenetic contribution to MPN and did not
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seem to affect survival, leukemic transformation, thrombosis risk or cytogenetic profile

in either PV or primary myelofibrosis (Hussein et al, 2010; Tefferi et al, 2009a).

D. ACUTE MYELOID LEUKEMIA

Acute leukemias are malignant proliferation of the hematopoietic tissue characterized
by an accumulation of immature cells in the blood and marrow which do not respond
normally to differentiation and proliferation factors. There are two main types of acute
leukemia according to the origin of hematopoietic precursor reached: lymphoblastic
acute leukemia (LAL) and acute myeloide leukemia (AML). ALL is most common in
childhood with a peak incidence at 2—5 years. AML are the most common acute
leukemia affecting adults. There are primary leukemia or leukemia that develop from
other types of pathologies such as myelodysplasic or myeloproliferative syndrome

(secondary AML) (Sanz et al, 1989).

a) Pathophysiology and epidemiology of AML

They are characterized by a blocking of the normal maturation of medullary myeloid
lineages with progressive invasion of bone marrow, blood and hematopoietic organs by
proliferation of abnormal immature elements called myeloblasts or blast. Without
treatment, AML can quickly be fatal. The expected outcome for acute myeloid
leukemia depends on certain factors: age, a history of blood disorders or cancers,
gene mutations or chromosome changes, response to chemotherapy.

The incidence of AML is estimated between 5 and 8 per 100 000 cases. Rarely
diagnosed before the age of 40 years, the median age at diagnosis is about 65 years.
The incidence increases with age and men are more affected than women (sex ratio =
1.5).

Several leukemia risk factor have been identified (Deschler & Lubbert, 2006): smoking,

exposure to certain chemicals such as benzene (a solvent used in oil refineries and
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other industries and present in cigarette smoke), certain cleaning products, detergents,
and paint strippers, treatment with certain chemotherapy drugs (alkylant agents) used
to treat other cancers, especially when they are combined with radiation therapy,
exposure to high doses of radiation; certain blood disorders, such as myeloproliferative
disorders, and certain congenital syndromes: trisomy 21 is associated with a frequency
of acute myeloid leukemia 20 times greater than the normal (Pedersen-Bjergaard et al,

2008).

b) Classification of AML

Different subtypes of AML were previously described as MO through M7 by the French-
American-British (FAB) system which was established in 2001 according to the blasts
morphology and their cell differentiation (Bennett et al, 1976; Bennett et al, 1985)
(Table 1). In 2008, the WHO reclassified AML in an attempt to predict the prognosis
and biologic properties more accurately and to enhance the clinical relevance of the
system (Vardiman, 2010) (Table 2). This new classification reflected those entities with
similar biologic and clinical features. It also takes into account the morphologic,
genetic, and immunophenotypic features of the disease entities. The WHO
classification system differs from the FAB system in that the previous blast cell
threshold of 30% for the diagnosis of AML has been reduced to 20%, and patients with
recurring cytogenetic abnormalities are now classified as having AML regardless of

blast percentage.
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French-American-British Classification

Mo

M1

M2

M3

M4

MS

Mo

M7

Myeloblastic undifferentiated
Myeloblastic without maturation
Myeloblastic with maturation
Promyelocytic

Myelomonocytic

Monoblastic

Erythroleukemia

Megakaryoblastic

Table 1. FAB classification (Bennett et al, 1985)

World Health Organization Classification

Acute myeloid leukemia with recurrent genetic abnormalities

Acute myeloid leukemia with t(8;21)(q22;q22); RUNX1-RUNXI1T]1

Acute myeloid leukemia with inv(16)(p13.1g22) or t(16;16)(p13.1;q22), CBF/MYH11
Acute promyelocytic leukemia with t(15;17)(q22;q12); PML/RARA

Acute myeloid leukemia with t(9;11)(p22;q23); MLLT3-MLL

Acute myeloid leukemia with t(6;9)(p23;q34); DEK-NUP214

Acute myeloid leukemia with inv(3)(q21g26.2) or t(3;3)(q21;q26.2), RPN1-EVI1

Acute myeloid leukemia (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
Acute myeloid leukemia with t(9;11)(p22;q23); MLLT3-MLL

>

V V V V V V V V V

Provisional entity: Acute myeloid leukemia with mutated NPM1

Provisional entity: Acute myeloid leukemia with mutated CEBPA

Table 2. WHO classification (Vardiman, 2010)
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c) Biology and clinic

There is no specific evidence of acute leukemia. The diagnosis is suspected in a
clinical complication of cytopenias (poor general condition, anemic syndrome, bleeding,
and infection status) or on abnormalities on blood counts.

The symptoms of AML are caused by the blocking of mature cells production which
result in pancytopenia and by the proliferation of leukemic cells. The lack of mature
white blood cell makes the patient susceptible to infections and the leukemic cells that
are derived from white blood cell precursors, have no infection-fighting capacity. The
deficient production of red blood cells can lead to patient complaints of weakness,
fatigue, or dyspnea on exertion. A lack of platelets can lead to easy bruising or
bleeding with minor trauma.

The accumulation of blasts in the bone marrow, and in other organs can cause other
disorders like bone pain, increased size lymph nodes (adenopathy), spleen
(splenomegaly), liver (hepatomegaly), gums... In rare cases, the blasts pass through
cerebrospinal fluid which is located around the brain and spinal cord, can cause
damage to the nerves and meninges. Hyperleukocytosis, leukostasis, or both can
cause impairment of blood flow, most often resulting in central nervous system or

pulmonary symptomes.

d) Diagnosis and prognostic factors

Baseline evaluation involves routine blood work, including a complete blood count with
differential, comprehensive metabolic profile, and coagulation studies. A bone marrow
aspiration or biopsy (if aspirate is not possible, i.e presence of myelofibrosis) should be
evaluated by cytochemistry, immunophenotyping, flow cytometry, and cytogenetic.
Additional studies, including chest radiography and echocardiography are needed to
determine a patient's ability to receive potentially cardiotoxic chemotherapy. A lumbar

puncture may be needed if CNS symptoms are identified. Human leukocyte antigen
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(HLA) typing is needed if bone marrow transplantation is being considered, and it

should be performed prior to myeloablation.

First, questioning allows specifying the personal and family background, risk factors
(especially previous cancer treatments and professional exposures) and comorbidities.
It is important for the diagnosis to find a previous complete blood count suggesting the
existence of a preleukemic syndrome. Clinical examination looks for tumor events,
infectious signs, bleeding and anemia.

The diagnosis is confirmed with a complete blood count and will find: anemia and
thrombocytopenia in 80-90% of cases; neutropenia, with or without leukocytosis (30%);
the presence of circulating blasts (their absence in blood does not exclude the
diagnosis of acute leukemia). A myelogram confirms the diagnosis and is also
essential for the identification of acute leukemia. The diagnosis is considered if
percentage of marrow blasts compared with nucleated cells is > 20% for LAM. The
risk pattern in AML is determined not only by cytogenetic abnormalities, such as
chromosomal deletions, duplications, or substitutions, but also by the elucidation of
certain molecular mutations leading to over- or under-expressions of one of many
proteins (Baldus et al, 2007; Dohner et al, 2010).

Cytogenetic studies performed on bone marrow in patients with AML play a crucial role
in characterizing the leukemia, helping determine disease aggressiveness, response to
treatment, and prognosis. The karyotype is the strongest predictor of response initial
treatment and the risk of relapse. Some chromosomic or cytogenetic abnormalities
can be in favor of a good or poor prognosis (Chen et al, 2010; Grimwade et al, 2010;
Orozco & Appelbaum, 2012) (Table 3). For example, the finding of a translocation
between chromosomes 15 and 17, or t(15;17) allowing the diagnosis of acute

promyelocytic leukemia (M3) is associated with a favorable prognosis.
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FAB leukemia type Karyotype Implicated genes Prognostic value

AML — M2 1(8;21)(922;922) RUNX1— RUNX1T1
inv(16)(p13g22)/ CBFB-MYH11
AML - M4 £(16:16)(p13:922) Favorable
AML — M3 t(15;17)(q22;921) PML-RARA
t(11923) MLL Poor or
AML - M4/5
intermediate
1(9;22)(q34;911) BCR-ABL1
AML all types —5/del(5q) Poor
—7/del(7q) -

Table 3. Prognostic value of AML according to the karyotype

Several molecular abnormalities have been shown to have prognostic importance in
patients with AML. FLT3 is the most commonly mutated gene in AML and appears to
be activated in one third of AML cases. Internal tandem duplications (ITDs) in the juxta
membrane domain of FLT3 are seen in 25% of AML cases, while others show
mutations in the activation loop of FLT3. Patients with FLT3 -ITD tend to have a poor
prognosis, and in a patient with normal cytogenetics (otherwise intermediate risk), the
presence of FLT3 -ITD mutation changes the patient to poor risk (Thiede et al, 2002).
Mutation in NPM1 is generally favorable; patients with this mutation show increased
response to chemotherapy and improved survival (changes otherwise intermediate-risk
patients into better-risk). However, if present together with the FLT3 mutation, this
survival benefit is negated (Brunet et al, 2012; Gale et al, 2008). Mutations in CEBPA
are detected in 15% of patients with normal cytogenetics and are associated with a
longer remission duration and longer overall survival (Frohling et al, 2004). Of note, the
presence of c-KIT mutations in patients with otherwise favorable cytogenetic markers
(eg, t(8:21), inv(16)) confers a higher risk of relapse and would place an otherwise

better-risk patient into the intermediate-risk category (Paschka et al, 2006).
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e) Description of therapeutic modalities

* Chemotherapy

Induction treatment

This first part of treatment is aimed at getting rid of all visible leukemia. How intense
the treatment is may depend on a person’s age and health. The most intensive chemo
is given to people under the age of 60. Some older patients in good health may benefit
from similar or slightly less intensive treatment.

Induction therapy aims to complete remission and to reduce the number of leukemic
cells, as well as to return proper function to the bone marrow. This treatment has one
or two courses of chemotherapy and includes 4 phases: the blast reduction; aplasia
due to the treatment (<5% blasts); regeneration and remission.

People who are much older or are in poor health may not have intensive
chemotherapy. Treatment of these patients is discussed. Age, health, and other
factors clearly need to be taken into account when considering treatment options.

All FAB subtypes are usually given induction chemotherapy with cytarabine (ara-C) and
an anthracycline. In younger patients, such as those under 60, induction often involves
treatment with 2 chemo drugs. The 3+7 combination of the anthracycline /
daunorubicin (45 mg/m? or 60 mg/m? intravenously for 3 days) and standard-dose
cytarabine (100 mg/m> by continuous infusion over 7 days) results in complete
remission rates between 65% and 75% in patients aged 18—60 years (Lowenberg et
al, 2003; Tallman et al, 2005).

The M3 subtype of AML, known as acute promyelocytic leukemia, is almost universally
treated with the drug all-trans-retinoic acid (ATRA) in addition to induction

chemotherapy, usually an anthracycline (Fenaux et al, 1999). Instead, ATRA (45
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mg/m?/day divided into two doses), which promotes differentiation of leukemic
promyelocytes into mature cells, has been shown to improve disease-free survival and
overall survival compared with chemotherapy alone. A significant complication of APL
treatment is APL differentiation syndrome which occurs 25% of the time when ATRA is
used alone. The mechanism is the rapid differentiation of blasts into neutrophils. This
syndrome is a cardiopulmonary syndrome characterized by fever, respiratory distress,
pericardial effusion, hypotension, and acute renal failure. Remission induction usually
does not destroy all the leukemia cells and a small number often persist. Without
consolidation treatment, the leukemia is likely to return within several months, this is

relapse.

Consolidation treatment (post-remission therapy)

Induction is considered successful if remission is achieved. Further treatment is then
given to try to destroy any remaining leukemia cells and help prevent a relapse. This is
called consolidation. It is at this point that may be offered an hematopoietic stem cell
transplantation (HSCT), proceeded by intensive chemotherapy. The specific type of
post remission therapy is individualized based on a patient's prognostic factors and
general health.

Post remission chemotherapy includes high-dose cytarabine (ara-c; HIDAC) for patients
younger than 60 years, in whom a survival advantage has been demonstrated with this
therapy, particularly in patients with good-risk, core binding factor cytogenetic
abnormalities. In patients younger than 60 years, HIDAC yields a 4-year disease-free
survival rate of 44%, but carries with it a 5% treatment-related mortality. In contrast,
HIDAC failed to improve the outcome of patients older than 60 years (15% disease-
free survival at 4 years). The HIDAC regimen is 1,000 to 3,000 mg/m? IV over 1 to 3

hours every 12 hours for 6 to 12 doses. High doses of cytarabine can be associated
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with cerebellar, ophthalmologic, and gastrointestinal toxicity, particularly in patients
over the age of 60 years.

The treatment of older AML patients is controversial. Older adults often cannot
tolerate the toxicities of intensive remission induction chemotherapy. With the typical
treatment plans, the treatment-related mortality is between 15% and 30%. Other less
intensive regimens that may be used are oral agents (such as hydroxyurea), "low dose
cytarabine" (20 mg/m2 subcutaneous injection twice daily for 10 days), or one of the
hypomethylating agents (azacitidine or decitabine). These are associated with less of
a myelosuppressive effect, lower treatment-related mortality, and less time spent in the

hospital.

* Hematopoietic stem cell transplantation (HSCT)

There are two main types of stem cell transplants: allogeneic and autologous. They
differ with regard to the source of the blood-forming stem cells.

Allogeneic bone marrow transplantation is another option for post remission therapy in
adults with AML. In this case, the stem cells come from an HLA-compatible donor,
brother or sister if possible. The transplantation procedure includes a previous
"conditioning" by a very intensive chemotherapy (which induces severe aplasia) with or
without total body irradiation followed by injection of donor stem cells by intravenous
way.

In an autologous transplant, a patient’s own stem cells are removed from his or her
bone marrow or peripheral blood. They are frozen and stored while the person gets
treatment (high-dose chemotherapy and/or radiation). A process called purging may be
used to try to remove any leukemia cells in the samples. The stem cells are then
reinfused to the patient.

Some complications and side effects can persist for a long time or may not occur until

months or years after the transplant. They include:
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* Graft-versus-host disease (GVHD), which can occur in allogeneic (donor) transplants.
This happens when the donor immune system cells attack tissues of the patient’s
skin, liver, and digestive tract. Symptoms can include weakness, fatigue, dry mouth,
rashes, nausea, yellowing of the skin and eyes (jaundice), and muscle aches. In
severe cases, GVHD can be life-threatening. GVHD is often described as either
acute or chronic, based on how soon after the transplant it begins. Drugs that
weaken the immune system are often given to try to keep GVHD under control.

* Damage to the lungs, causing shortness of breath

* Damage to the ovaries in women, causing infertility and loss of menstrual periods

* Damage to the thyroid gland that causes problems with metabolism

» Cataracts (damage to the lens of the eye that can affect vision)

* Bone damage called aseptic necrosis (where the bone dies because of poor blood

supply).

Graft-versus-host disease (GVHD) is the most serious complication of allogeneic stem
cell transplants. Sometimes the graft-versus-host disease becomes chronic and
disabling and, if it is severe enough, can be life-threatening. In full haplotype-
mismatched stem cell transplantation, in which donors and recipient are identical for
one HLA haplotype and incompatible at the HLA class | and I, there are risks of T-
cell-mediated alloreactions in the graft-versus-host (GvH) direction. These T-cell-
mediated reactions can be eliminated by altering the immunosuppressive intensity of
the conditioning to prevent the rejection of graft and GVHD. On the positive side, GVHD
also leads to “graft-versus-leukemia” (GVL) activity, through T-cell-mediated
alloreactions directed against host minor or major histocompatibility antigens on tumor
cells. However, another level of alloreactivity is provided by mismatches between KIR
receptors and HLA class | molecules. Indeed, in the full haplotype-mismatched setting,

NK cells have been demonstrated to exert an important GVL effects (Ruggeri et al,
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1999). Then, any leukemia cells remaining after chemotherapy and radiation therapy

should be killed by the immune reaction of the donor cells.

f) Role of NK cell alloreactivity in HSCT and cellular therapy

Cell-based therapies represent an area of exciting scientific and clinical development.
Because of the relatively poor outcomes of patients treated only with chemotherapy,
autologous HCT and more interestingly allo-HCT have been used as consolidation
therapy for patients with AML. The cure of refractory leukemia and other hematologic
malignancies following allogeneic stem cell transplantation has been largely
attributable to the ability of donor immune cells in the graft to recognize and eliminate
tumor cells that have escaped to high-dose of chemotherapy (Ruggeri et al, 2002). A
major barrier to the success of allo-HCT is the toxicity associated with the procedure.
Many variables influence treatment related mortality, including host factors (age, prior
treatment, and performance status) and transplantation characteristics (conditioning
regimen, MHC disparity between donor and recipient, and stem-cell source).

It has been established that donor-alloreactive NK cells decreased graft rejection,
enhanced engraftment, and mediated the GVL effect in the absence of GVHD after
mismatched hematopoietic cell transplantation. The potential for NK alloreactivity in
the GVH direction was determined by the KIR ligand incompatibility or “MHC
mismatching” between donor and recipient. Then, the goal is to choose a donor in
which NK cells will not recognize HLA molecules expressed by leukemia blasts. NK
cells would not be inhibited in the recipient and will be able to mediate potent GVL

(Ruggeri et al, 2007).
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For example, donor and recipient are HLA haplotype-mismatched and KIR-epitope
mismatched at the HLA-C locus. If the recipient leukemic blasts express HLA-Cw3, a
member of the group 1 HLA-C alleles, they are not recognized by the donor KIR2DLA
then donor NK cell are activated leading to leukemic cells lysis. In the case of
leukemia cells express HLA-C alleles of the supertype group 2 (HLA-Cw2, 4, 5, and 6),
they are recognized by KIR2DL1 and inhibit the activation of NK cells. KIR epitope
mismatching exerts another level of graft alloreactivity and a potent GVL effect (Patil &

Schwarer, 2009) (Figure 4).

KIR epitope Mismatch KIR epitope Match
LYSIS No LYSIS
Inhibitory .
Inhibitory Inhibitory KIR-specific I:B‘:g:r:
KIR-specific HLA-Cw3 KIR2DL1
KIR2DL1 )

Activating  Activa

. Activating Activating
Receptors Ligan .

Receptors Ligands

Donor/
Graft

Donor/
Graft

Recipient Recipient

Figure 4 : KIR mismatch in hematopoietic stem cell transplantation

Additional studies have shown that activating KIRs may be involved in the GVL effect,
as KIR2DS1 expressed on alloreactive NK that lyse targets cells expressing C2, and
can override NKG2A-mediated inhibition (Foley et al, 2008). Another study evaluated

the role of donor and recipient KIR genes and found that transplantations from a KIR-B
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haplotype donor (containing more activating KIR) resulted in lower relapse and
improved survival (Cooley et al, 2009).

Cytomegalovirus (CMV) may also be an important donor factor to potentiate donor NK
cell function to eliminate malignant cells. A lower risk of relapse has been reported in
umbilical cord blood transplantation and has been associated with CMV reactivation. In
recipients of umbilical cord blood transplantation, CMV reactivation induces a rapid
reconstitution of fully functional, educated NK cells with increased survival capacity
and the ability to respond rapidly with cytokines. In the absence of CMV reactivation,
NK cells remain hyporesponsive and recovery of NK cell effector function does not
occur fully for 6 to 12 months (Brunstein et al, 2010; Foley et al, 2011; Foley et al,
2012).

Finally, one strategy is to extend the collection of donors NK cells by ex vivo expansion
with 1I-2 and II-15 and with lymphocytes or feeder before infusion in recipient and
without concomitant HSCT (Denman et al, 2012; Fujisaki et al, 2009; Rubnitz et al,
2010).

However, although these projects are promising, questions about NK cells expansion
efficacy, cost, treatment toxicity and overall survival of patients remain to consider.
Other strategies to exploit favorable donor immunogenetics or to expand NK cells ex
vivo from blood, progenitors, or pluripotent progenitors may overcome immune barriers
of adoptive transfer. Comparative clinical trials will be needed to test these

approaches.
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II. NATURAL KILLER CELLS

Identified 40 years ago, natural killer (NK) cells are cytotoxic lymphocytes that play a
major role in the innate immune system particularly in host immune responses against
tumors, viruses, intracellular bacteria and parasites (Herberman et al, 1975; Kiessling
et al, 1975). NK cells population represents around 5 to 20% of lymphocytes in human
blood and constitutes the third types of cells differentiated from the common lymphoid
progenitor generating B and T lymphocytes (Bisset et al, 2004; Galy et al, 1995). In
contrast cytotoxic T lymphocytes which are activated by ligation to class | MHC
molecules with an appropriate specific peptide, one well defined function of NK cells is
the lysis of target cells deficient in expression of class | MHC proteins (the well-known
“missing self” hypothesis) (Ljunggren & Karre, 1990). In this manner NK cells carry out

immune surveillance rather than direct detection of foreign antigens.

A. NK CELLS SUBPOPULATION

NK cells population is heterogeneous; at least 48 different subtypes have been
described (Jonges et al, 2001). NK cells are characterized by the expression of CD56,
CD16 and lack expression of CD3 (Robertson & Ritz, 1990).

CD56 is an isoform of Neural Cell Adhesion Molecule (NCAM) implicated in cell—cell
adhesion (Nitta et al, 1989; Suzuki et al, 1991). NK cells exert cell cytotoxicity by
recognizing and inducing lysis of antibody-coated target cells (antibody-dependent cell
cytotoxicity (ADCC)) through antibody binding to the receptor CD16 (Fcy receptor Ill)
(Mandelboim et al, 1999).

NK cells are divided in two subpopulations upon their cell-surface density of CD56 and
CD16 (Cooper et al, 2001; Lanier et al, 1986). The majority (90%) of circulating NK

cells have low-density expression of CD56 (CD56%™) and express high levels of CD16
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(CD16"?"), whereas 10% of NK cells are CD56°"9" CD16%™ or CD56"™ CD16~ (Figure
5).

In the CD56%™/CD16"9" population, cells express high levels of immunoglobulin (Ig)-like
NK receptors and contain 10-fold more perforin and granzyme A cytolytic molecules
than the CD56°"9"/CD16™™ NK cell population. Moreover, NK cell show weak
proliferation abilities (Moretta, 2010).

In contrast, the CD569" /CD16™"%™ NK subset produces relatively large amounts of
cytokines (e.g. IFN-g, TNF-a, IL-10, IL-5, IL-13) and chemokines (e.g. MIP-1a, MIP-1b, IL-
8, RANTES) once activated, but has weak natural cytotoxic activity (Cooper et al,
2001). This cytokines production confers immune-regulatory function to NK cells,
enhance the innate immune response and help to shape the subsequent adaptive
immune response (Strowig et al, 2008; Yokoyama, 2008). NK cells also express
homing molecules and chemokine receptors such as CD62L and CCR7 which enable
them to home to secondary lymphoid organs through high endothelial venules

(Campbell et al, 2001; Jacobs et al, 2001).
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Figure 5 : NK cells sub-population (Cooper et al, 2001)
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B. NK CELLS FUNCTIONS

During formation of lytic NK cell immunological synapse via LFA-1/ICAM-1 adherence
molecules, mechanisms of ADCC and/or recognition of lacking MHC class | molecule
activate the NK cell cytotoxicity. Thus, activated NK cells release cytokines, perforin
and granzyme inducing the death of target cell. Furthermore, NK cells contribute to the
orientation of immune response recruiting Ty1 and Tu2 lymphocytes and activating

antibody presenting cells (APC).

a) Activation of NK cell cytotoxicity

Antibody-dependent cell-mediated cytotoxicity

NK cell are able to kill an antibody-coated target cell. CD56%™ NK cells subset
expresses high amount of CD16 receptors (FcyRlll) which recognizes Fc fragment of
immunoglobulins G (IgG). Two isoforms of CD16 have been identified, FcyRIIl A and
B.A isoform is a transmembrane receptor expressed by NK cells and a small
population of T lymphocytes as well as monocytes and macrophages. FcyRIll A is
involved in ADCC, phagocytosis, endocytosis and secretion of cytokines. Isoform B is

anchored in the outer layer of the membrane plasma neutrophil.

Recognition of lack of CMH class |

The important feature of NK cells is their inability to kill normal cells, while they are
highly cytotoxic for infected or transformed cells. Major histocompatibility complex
class | (MHC-I) molecules are usually present on all nucleated human cells. There are
two different classes of MHC molecules: MHC class | and Il that differ in their
structure, participation, and at times in their distribution among varied cells. These

molecules share a few common attributes: spatial location on cell membranes and
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presentation of antigens to immune competent cells. MHC class | molecules presents
viral or tumor antigens to CD8+ T-cells, whereas the processed bacterial antigens are
presented by MHC class Il molecules to CD4+ T-cells. Thus, MHC molecules, through
their presentation, make the immune competent cells alert and initiate a cascade of
events to set up a designated and customized adaptive immunity.

If the target is an allogeneic cell, it certainly possesses compatible MHC antigens. But,
if the target is a malignant cell, it is most commonly associated with the loss or down-
regulation of MHC class | molecules (Elkins et al, 1984; Urlacher et al, 1987). Then,
since there is no antigen presentation, CD8+ T-cells do not recognize and do not Kkill
these potential target cells.

NK activation is controlled by the integration of signals from activation and inhibitory
receptors. Inhibitory NK cell receptors recognize self MHC class | and restrain NK cell
activation (Figure 6 A) (Cassidy et al, 2014; Mocikat et al, 2003). When inhibitory MHC
class | molecules have a defect of presentation (lost or absence), inhibitory KIR
receptors are not engaged, reducing the signal threshold for triggering. Thus, if there
are activating ligands, activation of NK cells predominates (Figure 6B). In some
circumstance, activating ligands are increased and this leads to activation of NK cells
without loss of MHC class | (Figure 6C) (Ganal et al, 2012; Lanier, 2003). Actually,
these signals are combined and then NK cell decides to respond to the target cell or
not. NK cell activation remains complex with influences from NK cell environment,
cytokines and cytokines receptors signals, exposure to viruses and all receptors

signals (Vivier et al, 2011).
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Figure 6 : Regulation of NK cell effector activation (Vivier et al, 2011)

b) NK cytotoxicity

Granule exocytosis

NK cell uses two main mechanisms to kill tumor cells : granule exocytosis and death
receptors (Smyth et al, 2005). Cytotoxic granules contain perforin, granzymes, and
other effector proteins of cytotoxicity. Granules are directed to the site of cell—cell-
contact and fuse with the plasma membrane and secrete soluble effector molecules
into the tight cytotoxic synapse. CD107a or LAMP-1 (Lysosomal-Associated Membrane
Protein 1) is a marker of NK cell functional activity using multi-parameter flow
cytometry. During degranulation, CD107a is significantly up-regulated to the surface of
activated NK cells (Alter et al, 2004; Uhrberg, 2005).

To destroy these targets NK cells mostly use the granule exocytosis pathway, which
releases perforin and granzyme from cytolytic granules into the immunological synapse
formed with the target (Trapani & Smyth, 2002). Granzyme-A and -B, the most
abundant granzymes, are delivered to the target cell cytosol through perforin and
independently induce cell death. Granzyme-B enters the target-cell cytosol and induces

apoptosis through caspase-dependent and caspase-independent mechanisms.
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Granzyme-B shares substrate specificity with many members of the caspase family of
cysteine proteases. It cleaves and activates the apical caspases, caspase8, as well
as caspase 3, caspase 6, and caspase 7. Granzyme-B can directly activate
caspases3 and is capable of triggering apoptosis at multiple points of the caspase-
dependent pathway and therefore is not absolutely dependent on caspase8 cleavage.
Granzyme-B can also directly cleave BID (BH3 Interacting Death Domain) and CytoC
(Cytochrome-C) release from mitochondria. Cells overexpressing natural inhibitors of
caspases such as Bcl2 (B-Cell Leukemia-2), CRMA (Cytokine Response Modifier A)
and SPI2 are sensitive to Granzyme-B mediated apoptosis. Granzyme-B promotes
apoptosis by several mechanisms including cleaving ICAD (Inhibitor of CAD)/DFF45
(DNA Fragmentation Factor-45), the inhibitor of CAD (Caspase-Activated
DNAse)/DFF40 (DNA Fragmentation Factor-40). This pathway therefore provides an
immune mechanism to eliminate tumors by DNA fragmentation (Smyth & Trapani,
1995; Trapani et al, 1998) (figure 7). Although Granzyme-B is required for efficient
apoptotic killing of cells, Granzyme-A is able to achieve the same effect, but not with

the same efficiency or rapidity (Blink et al, 1999).
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Figure 7 : Granzyme Pathways (Hiebert & Granville, 2012)
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Death receptors

A second pathway involves death molecules produced by NK cells such as TNFa
(Tumor Necrosis Factor), TRAIL (TNF-related apoptosis-inducing Ligand) and FASL
(FAS Ligand). Death of tumor cell can be induced by the binding of ligands such as
FASL to specific receptors FAS located at the cell surface. FAS contains a
cytoplasmic death domain where FADD (Fas-associated death domain) can bind in
presence of FasL, and recruit pro-caspase 8 for subsequent activation in caspase 8.
This induces caspase 3 activation. Caspase 3 cleaves |-CAD, the inhibitor of CAD,
which is released to enter the nucleus and cleaves DNA (Nagata & Golstein, 1995; Van

Parijs & Abbas, 1996; Zamai et al, 1998) (figure 8).
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Figure 8 : Death receptors signaling pathway

(Adapted from http://www.bioscience.org)
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c) Cytokines production and regulation of immune response

The cytokine microenvironment and interactions with other cells of the immune system,
such as T cells, dendritic cells (DC) and macrophages define the intensity and the
quality of NK cell cytotoxic and cytokine responses (Long, 2007). On the inflammatory
site, sentinel immune cells that include dendritic cells, macrophages, and pathogen-
infected tissue cells release interleukin-1 (IL-1), IL-10, IL-12, IL-15, and IL-18(Cooper et
al, 2001). Rapidly, CD16°"9" NK cells that constitutively express cytokine receptors to
their surface produce a large variety of cytokines and chemokines. The main cytokines
produced by NK cells are tumor necrosis factor-a (TNF-a) and interferon y (IFN-y). NK
cells can also secrete several other factors, including immune regulatory cytokines
such as IL-5, IL-10, IL-13, the growth factor GM-CSF, and the chemokines MIP-1a, MIP-
1B, IL-8, and RANTES (Bluman et al, 1996; Fehniger et al, 1999; Maghazachi, 2010;
Warren et al, 1995). This production depends on the NK cell stimulation type and the
time course after activation (Fauriat et al, 2010; Vivier et al, 2008). Through cytokines
and chemokines, NK cells participate in a complex interaction network with other
lymphocytes, dendritic cells, and macrophages.

It is also known that IL-2 promotes NK cell proliferation, cytotoxicity and, to some
extent, cytokine secretion and that after activation of innate immune cells by pattern
recognition receptors, NK cells can amplify cytokine signals (Trinchieri, 1989).

INFy and TNFa influence both the innate immune response by activating macrophages
and maturation of pro-inflammatory DC, and the adaptive immune response by
promoting polarization of the CcD4" lymphocytes in Ty1 (Martin-Fontecha et al, 2004).
INFy and TNFa have also been shown to be essential in viral and tumor clearance
(Balkwill, 2009; Ikeda et al,, 2002).

GM-CSF is an important growth factor secreted by NK cells inducing tolerogenic DC
maturation and may indirectly have an impact on the formation of regulatory LT

(LTreg). It is also an essential factor for neutrophils growth (Levitt et al, 1991).
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Cytokines play critical roles in regulating all aspects of immune responses, including

lymphoid development, homeostasis, differentiation, tolerance, and memory.

C. NK CELLS RECEPTORS

To recognize and respond to tumor cells, NK cells express many different inhibitory
and activating receptors which maintain the balance of positive and negative signals

leading to cell tolerance or NK cells activation respectively.

a) NK cells MHC-specific receptors

NK-cell cytotoxicity is downregulated by the engagement of MHC-specific inhibitory
receptors. These receptors are represented by the killer cell immunoglobulin (Ig)-like
receptors (KIRs) and Ig-like transcripts (ILT2) that belong to the Ig superfamily and
CD94 (NKG2A/B and NKG2C/E) molecules that are included in the C-type lectin family.
They recognise HLA-A, B, C, E, H and G molecules (Campbell & Purdy, 2011; Middleton
et al, 2002) (Table 4).
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CcD
Gene name' designation Recognition motif on HLA ligands

KIR2DLA4 CD158d HLA-G

KIR2DS1 CD158h HLA-C Group 2°

KIR2DS2 CD158j HLA-C Group 1°

KIR2DS3 No CD assigned  HLA-C Group 1°

KIR2DS4 CD158i HLA-C (some of both Group 1 and 2), A*11°
KIR2DS5 CD158g Unknown

KIR3DS1 CD158¢2 HLA-Bw4?’

Table 4. KIR gene products and their HLA ligands (Campbell et al, 2011)

Inhibitory receptors are highlighted in grey

KIR family receptors contains inhibitory receptors but some of them are activating. KIR
appear to play a critical role in mediating self-tolerance as well as facilitating
cytotoxicity against infected or transformed cells (Benson & Caligiuri, 2014). They
regulate their responsiveness to signals received from their environment. The KIR
receptors family is encoded by 15 genes located on chromosome 19 (19913.4) on the
Leukocyte Receptor Complex (LRC) (Trowsdale, 2001). Nomenclature of KIR is based
on the number of C2-type immunoglobulin-like domains in the extracellular region, 2D
for two domains, 3D for three domains and by the length of the cytoplasmic domain, L

for long-tailed receptors and S for short ones (Marsh et al., 2003).
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All inhibitory KIR that have long cytoplasmic domains possessing immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) are critical for mediating inhibitory function
(MacFarlane & Campbell, 2006). After receptor engagement and tyrosine
phosphorylation, ITIMs recruit SH2-containing phosphatase 1/2 (SHP1/2) that can
dephosphorylate and inactivate adaptators involved in NK-cell activation.

The receptors that have activating forms are characterized by a short intracellular tail
and lack of ITIMs and are associated with a transmembrane signaling adaptor protein,
DAP12 (also called KARAP) (Smyth et al, 2005). The DAP12-dependent activation
occurs through the recruitment of Syk/ZAP-70 tyrosine kinases (z-chain associated
protein).

There is one exception, KIR2DL4, which has a short/long-tailed which is a unique long-
tailed activating associated with ITAM-containing FcERI-y adaptor instead of DAP12
(Goodridge et al, 2003; Kikuchi-Maki et al, 2005; Rajagopalan et al, 2001). Although it
has a long cytoplasmic tail that is typical of inhibitory KIR, engagement of this receptor
results in the activation of NK cells, not for cytotoxicity, but for cytokine and chemokine
secretion. Unlike all other KIRs, which are expressed on the surface of NK cells,
KIR2DL4 resides in endosomes but it surface levels can be up-regulated upon culture
of these NK cells in interleukin 2 (lI-2) (Goodridge et al, 2003; Kikuchi-Maki et al,
2005). Endosomal KIR2DL4 can signal from there through a serine/threonine kinase
cascade involving DNA-PKcs, Akt, and NF-xB (Rajagopalan et al, 2010). This
endosomal signaling results in sustained signals for a pro-inflammatory / pro-
angiogenic response. The only known ligand of KIR2DL4 is HLA-G (Rajagopalan &
Long, 1999). In healthy individuals, while classical MHC-I molecules are widely
expressed on most somatic cells, HLA-G expression is restricted to fetal trophoblast
cells at the maternal-fetal interface improving pregnancy (Rizzo et al, 2011). Currently
this statement is questioned (Li et al, 2009; van der Meer et al, 2007; van der Meer et

al, 2004).
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ILT receptors are also named LIR for leukocyte immunoglobulin-like receptor or MIR
for macrophages Ig-like receptors. LIR receptors are expressed on subsets of NK cells
and T cells, as well as on monocytes, B cells, and DC (Cosman et al, 1997; Godal et
al, 2010; Samaridis & Colonna, 1997). They are encoded by genes located on
chromosome 9. Most ILT receptors are transmembrane proteins containing two or four
extracellular |g domains. These receptors are divided in two groups according to the
nature of their transmembrane and cytoplasmic regions.

One group, including ILT2, ILT3, ILT4, ILT5, and LIR8, possesses a longer cytoplasmic
domain which contains several ITIM motifs. These ILT are inhibitory, and their co-
ligation with certain stimulatory receptors prevents cell activation. The ILT2 (also
named LIRI, CD85, MIR7) is an inhibitory receptor which is expressed at the surface of
some NK cells. ILT2 contains cytoplasmic immunotyrosine-based inhibition motifs
(ITIM) that, once phosphorylated, become docking sites for SHP-1 and SHP-2
phosphatases. ILT2 binds to HLA-G with a 3- to 4-fold higher affinity than to classical
MHC class |, which suggests that ILT2/HLA-G recognition may play a dominant role in
the regulation of NK-cell functions. It has been shown that ILT2/HLA-G interaction
impairs NK-cell functions through the inhibition of the late events of the NK-cell
activating synapse (Favier et al, 2010; LeMaoult et al, 2005).

A second group of ILT molecules including ILTA, ILT7, ILT8, and LIR6 have a much
shorter cytoplasmic domain lacking obvious signaling motifs. These receptors,
however, all possess a charged arginine residue within their transmembrane domain,
similar to the charged amino acid seen in activating NK cell receptors which associate

with a second signaling subunit.

CD94/NKG2 is a family of C-type lectin receptors. Because CD94 lacks cytoplasmic
signaling motifs, the association of CD94 with NKG2 subunits via disulfide-link is
critical for the biological activity of this family (Brostjan et al, 2002). CD94/NKG2

family includes seven members: NKG2A, B (NKG2B is an alternative splice variant of
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NKG2A), C, D, E and F (Carretero et al, 1997). CD94/NKG2 (A/C/E) heterodimers
recognise the non-classical MHC class | molecules HLA-E (Braud et al, 1998; Brooks
et al, 1999; Sullivan et al, 2007). These receptors are divided in activating and
inhibitory receptors according to their function. Consequently, they stimulate or inhibit
cytotoxic activity of NK cells. NKG2A/B contains cytoplasmic ITIM motifs that are
typical of inhibitory receptors in other NK cell receptor families such as KIR(Houchins
et al, 1991). In contrast, NKG2E, 2F and NKG2C contain a positively charged residue
in their transmembrane region that facilitates their association with the ITAM-
containing adaptor protein DAP-12 and hence appear to function as activating
receptors (Lanier et al, 1998). Genes encoding these receptors are localized in the
natural killer complex (NKC) on chromosome 12 (Chang et al, 1995; Lazetic et al,

1996).

b) NK cells activating receptors

NK cells require external positive signals to begin the process of cell activation. These
signals are delivered by activating receptors including NKG2D, CD16, the “natural
cytotoxicity receptors” (NCRs): NKp30, NKp44 and NKp46; and co-receptors such as
2B4 (CD244) or NTB-A.

NKG2-D was identified in 1991 and its function of activating receptor was first
described in 1999. NKG2D is constitutively expressed on the surface of all human NK
cells, and y/6 and CD8+ T lymphocytes and is encoded by the highly conserved KLRK1
(Killer cell lectin-like receptors subfamily K1) gene localized on chromosome 12p13.2
(Bauer et al, 1999; Glienke et al, 1998; Houchins et al, 1991; Watzl, 2003).

As described above, this triggering receptor is a C-type lectin surface receptor, but
contrary to other members of NKG2 family, NKG2D is a homodimer that binds to the
MHC-class-I-related Chain A and B (MIC-A and MIC-B) and UL-16 protein (ULBPS)
(Bauer et al, 1999; Cosman et al, 2001). Ligands for NKG2D are rarely detectable on
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the surface of healthy cells and tissues, but are frequently expressed by tumor cell
lines and in tumor tissues (Nausch & Cerwenka, 2008; Weiss-Steider et al, 2011).
NKG2D also palys a key role in antiviral infections and in autoimmune diseases
(Hayakawa, 2012; Nakamura et al, 2013; Zafirova et al, 2011). Engagement of
NKG2D/DAP10 by ULBPs or MICs expressed on a target cell can overcome an
inhibitory signal generated by NK-cell recognition of MHC class | molecules and trigger
NK cytotoxicity.

Upon recognition of its ligands, NKG2D

NKG2D

recruits its adaptor proteins DNAX-activating

protein 10 (DAP10) and DAP12 in the cell-cell DAFW E‘,D’[\PW
contact site called NK cell immunological w 7
synapse (NK-IS). DAP10 is phosphorylated 7 ‘,L]

on a tyrosine residue within the cytoplasmic f;:/ G*ﬁ Eg@@
domain, which recruits phosphoinositide Heed \\

kinase-3 (PI3K) and growth factor receptor- prolﬂ.e'r‘:li; ! cwm'omly |
bound protein 2 (Grb2). DAP10 molecules ;‘jl'v‘j'j'a', pltgipeoni

may induce the downstream activation of MAP

kinases belonging to the signaling kinase Figure 9 : NKG2D signaling pathways

cascades, using extracellular signal-regulated (2afirova et al, 2011)
protein kinase ERK1/2, the mitogen-activated protein kinases (MAPKs), JAK2, and
STAT factors (Watzl, 2003) (Figure 9). DAP12 mediates signaling via Syk/ZAP70. This
provides a platform for intracellular signal transduction inducing the cytotoxic activity of
NK cells and the lysis of their targets cells by perforin degranulation (Dustin & Long,

2010; Gilfillan et al, 2002). NKG2D appears to play either a complementary or a

synergistic role with NCRs.
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CD16 (FcyRllla) has been described as a receptor expressed on NK cells that
facilitates antibody dependent cellular cytotoxicity (ADCC) by binding to the Fc portion
of various antibodies (Aramburu et al, 1995; Cerwenka & Lanier, 2001). This is the
best-characterized membrane receptor responsible for the NK cell mediated-lysis.
CD16, the low-affinity receptor for the Fc portion of some IgG, is associated with Fc&RI
y chain which participates in signal transduction by increasing intracellular Ca®" levels
and a cascade of bio-chemical events leading to the production of perforine, granzyme

and cytokines such as IFN-y (Lanier et al, 1991; Vivier et al, 1991).

NKp46, NKp44, and NKp30 are important mediators of NK cell cytotoxicity. They are
also named NCR1, NCR2 and NCRS3 respectively. The identification of NCRs was
achieved in the 1990s and revealed that NKp46 and NKp30 are constitutively
expressed by NK cells whereas NKp44 is induced upon NK cell activation or cultured in
presence of interleukin 2 (Cantoni et al, 2003; Pende et al, 1999; Sivori et al, 1997;
Vitale et al, 1998). The NCR family is composed by a heterogeneous group of
molecules belonging to the Ig superfamily that are associated to different immune
receptor tyrosine-based activating motif (ITAM). All of the NCRs comprise an
extracellular ligand-binding domain, which binds to cellular and exogenously derived
ligands, a transmembrane domain, and a short cytosolic domain (Biassoni, 2009). NCR
transmembrane portions contain positively charged amino acids that are crucial for
their association with distinct signal-transducing molecules bearing immune receptor

tyrosine-based activating motifs.

NKp46/NCR1 is encoded by the NCR1 gene, which maps in the telomeric region of
LRC on human chromosome 19q13.42 (Biassoni, 2008; Moretta et al, 2001). This gene
is located in the highly polymorphic telomeric end of the class Ill region of the human

MHC locus.
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NKp46 structure of 46-kDa is composed by extracellular Ig-like C2-type domains
connected to the transmembrane domain by a short, 25-residue-long peptide. The
amino terminal portion of the transmembrane region of NKp46 contains an arginine
positively charged residue (green), which is involved in the formation of a salt bridge
with an aspartic acid negatively charged residue (red). This residue is associated

withCD3C or FceRy adaptor proteins that contain ITAM

NKp46

motifs (blue) (Figure 10).

The recognition of haemaglutinin (HA) in influenza-
infected cells, make a direct molecular interaction with
NKp46 ligand (Mandelboim et al, 2001). NKp46

recognizes also unknown ligands expressed on

pancreatic b-cells and on stellate cells in the liver which |cosz g n |
#‘ n - COOH

HOdC éOOH CdOH
of type | diabetes and to protection from liver fibrosis CD3g  FesRly

triggers an NK cell response, leading to the development

(Gur et al, 2012; Gur et al, 2010).

Binding of ligands to the extracellular immunoglobulin-like Fig‘;rt‘:ulfu:';:;‘;;i‘;“'ar
domain of NKp30 induces a slight conformational (Moretta et al. 2000)
reorganisation of the ligand- binding interface. CD3( and FceRydomains are
phosphorylated by tyrosine kinases of the Src family, followed by the recruitment of
Sykand ZAP70 tyrosine kinases. This signaling pathway triggers the NKp46-mediated
cytolysis. NKp46 appears to be a major triggering receptor of NK cells, which leads to
Ca®" mobilization cytotoxicity and cytokine release under crosslinking conditions (Sivori
et al, 1997). Indeed, NKp46 masked by specific mAbs inhibits lysis of the majority of
human tumors cells, including lung, liver and breast carcinomas, melanoma, and

Epstein—Barr virus (EBV)-transformed cell lines (Pessino et al, 1998; Sivori et al, 1999;

Sivori et al,, 1997).
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NKp44/NCR2 is encoded by similar gene to that coding for NKp30, NCR2, maps on
human chromosome 6p21.1, position located to the human triggering receptor
expressed on myeloid cells (TREM) gene cluster (Cantoni et al, 1999).

The NKp44 receptor displays a single Ig-like type V domain

NKp44
and NKp44 molecule is approximately 44kDa. NKp44 'jH:

"
glycoprotein is associated with the ITAM-bearing (\ i
KARAP/DAP12 signal-transducing molecules that become i
tyrosine phosphorylated upon NKp44 cross-linking (Cantoni

et al, 1999; Vitale et al, 1998).

The cellular ligand of NKp44 (NKp44L) is expressed on
CD41+ T-cells during HIV infection and its expression is Hooll"c COOH
correlated with the decline of the CD41+ T-cell count, both KARAPIDAP-12
ex vivo in HIV-infected patients and in vivo in SHIV-infected macaques (Vieillard et al,
2008; Vieillard et al, 2005; Ward et al, 2007). A novel NKp44 ligand has been
detected in 2013, it is an isoform of mixed-lineage leukemia-5 (MLL5), located in the
human chromosome band 7922. NKp44L was not detectable at a steady state in the
normal tissues but was present in a broad range of hematopoietic and non-
hematopoietic tumor and transformed cells, where it could trigger autologous NK cells
(Baychelier et al, 2013).

The expression of NKp44 may play a role in the marked increase of cytolytic activity
displayed by activated NK cells, whereas the lysis of some target cells is only
marginally NKp44-dependent, as demonstrated by the lack of significant interference

with cytotoxicity by antibody-mediated blocking of this molecule (Cantoni et al, 1999;
Vitale et al, 1998).
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NKp30/NCR3 is encoded by the NCR3 gene is located on human chromosome 6p21.3,
in the HLA class Ill region, close to the genes for lymphotoxin B and the allograft
inflammatory factor (AIF) (Trowsdale, 2001; Trowsdale et al, 2001).

NKp44 and NKp30 display Ig-V domains belonging to different subtypes, with NKp44
containing two disulfide bridges. NKp30 is associated with immune receptor tyrosine
based activation motif (ITAM)-containing adaptor proteins, such as disulfide-linked
homodimers of CD3( and possibly heterodimers of CD3( with the g-chain of the high-
affinity Fc receptor for IgE (FceRy).

During immune surveillance of malignantly transformed NKp30

cells, NKp30 recognizes the tumor antigens B7-H6 and

BCL-2-associated gene 6 (BAGSH, also known as BAT3) -——\IH2

which leads to NK cell kiling of the tumor cell and '( i

cytokine release (Kaifu et al, 2011; Pogge von 15zx‘zi.f;u!xizt..f!!!::loﬁi%?iﬁ
Strandmann et al, 2007). B7-H6 is thought to be a tumor- | LLLIIIRTLL :é‘x’}) é)(’)‘b%
specific ligand, because its expression has not been HOOC .
detected on healthy cells. NKp30 also binds several viral : :
ligands, including the protein pp65 of HCMV and HOO'FC C';"oo}q

CD3¢
recognition of vaccinia virus haemagglutinin (HA) inhibits s

NKp30-mediated functions (Arnon et al, 2005; Hartmann et al, 2012; Jarahian et al,
2011). NKp30 was found to cooperate with NKp46 and NKp44 in the induction of
cytotoxicity against a variety of target cells. Moreover, NKp30 is the major receptor
responsible for killing some tumor target cells, for which NKp46 or NKp44 do not

appear to play a significant role (Pende et al, 1999).

c) Activating co-receptors

Additional surface receptors are involved in triggering NK-mediated cytolytic activity.

Among them, the major known co-receptors are DNAM-1, NKp80 and 2B4/NTB-A.
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DNAM-1 is a 65-kDa surface glycoprotein, member of the Ig-superfamily, and contains
two Ig-like domains of the V-type and encoded by a gene located on human
chromosome 18g22.3. It has been implicated in cell adhesion and in triggering of T
and NK cell-mediated cytolysis (Shibuya et al, 1996). The DNAM-1 adhesion and
signaling require the recruitment of tyrosine kinase Fyn and the phosphorylation of
Ser329 by protein kinase C (PKC) and Tyr322 (Shibuya et al, 1998). DNAM-1 interacts
with adhesion molecule LFA-1 (Leukocyte function associated antigen-1), the poliovirus

receptor PVR (CD112) and with Nectin-2 (PVRL2).

NKp80 is encoded by gene maped on human chromosome 12p13.2-p12.3 in the NKC.
The signal transduction pathway of NKp80 is not dependent on associated ITAM-
bearing signal transducing polypeptides. Its transmembrane region does not contain
the charged amino acids that stabilize this interaction. The NKp80 cytoplasmic tail is
characterized by two tyrosine-based motifs (not corresponding to typical ITAM
sequences), which may play a role in NKp80-mediated signaling (Biassoni, 2008).
NKp80 cooperates in the NK-mediated killing of phytohemagglutinin (PHA)-stimulated
blast cells, but not of various tumor cells. The NKp80 has been shown to bind
activation-induced C-type lectin (AICL), also known as CLEC2B. AICL is preferentially
expressed on the surface of myeloid cells, and it is encoded in the NKC. The
NKp80/AICL interaction promotes myeloid cell killing and stimulates IFN-y cytokine

release from NK cells and TNF from myeloid cells (Welte et al, 2006).

2B4 and NTB-A are members of the Ig-superfamily, and belong to the CD2 subfamily,
which also includes CD48, CD58, CD84, CD150 (also termed SLAM), CS1, and Ly9
(Moretta et al, 2001). All of the genes coding for those coreceptors map on
chromosome 1 and can be divided in two clusters: one including CD2 and CD58 genes,
which maps at 1p13.1, and the other including NTB-A, CD84, CD150, CD48, CSA, Ly9,
and 2B4 genes, which is located at 1923.2-3 (Morra et al, 2001; Tangye et al, 2000).
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To induce activation of NK-mediated cytolytic activity, triggering function of 2B4 or
NTB-A is dependent upon the simultaneous engagement of a main activating receptor

NCR (Bottino et al, 2001; Parolini et al, 2000).

D. NK CELL IN HEMATOLOGICAL MALIGNANCIES

In the next three reviews, we resumed the mechanisms escape of hematological
malignancies from the NK cells surveillance. We also described the different NK cells
abnormalities observed in hematological malignancies and we listed novel agents used

in current treatments with their impact on NK cells functions.

Revue 1 : Hematological Malignancies Escape from NK Cell Innate Immune

Surveillance: Mechanisms and Therapeutic Implications

Revue 2 : Natural Killer Cells Modulation in Hematological Malignancies

Revue 3 : Les Cellules Natural Killer et leurs Anomalies dans les Hémopathies, et plus

particulierement la Maladie de Vaquez
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Hematological malignancies treatment improved over the last years resulting in increased achievement of complete or partial
remission, but unfortunately high relapse rates are still observed. Therefore, sustainment of long-term remission is crucial.
Immune system has a key role in tumor surveillance. Natural killer (NK) cells, at the frontier of innate and adaptive immune
system, have a central role in tumor cells surveillance as demonstrated in the setting of allogenic stem cell transplantation.
Nevertheless, tumor cells develop various mechanisms to escape from NK cells innate immune pressure. Abnormal NK cytolytic
functions have been described in nearly all hematological malignancies. We present here various mechanisms involved in the escape
of hematological malignancies from NK cells surveillance: NK cells quantitative deficiency and NK cell qualitative deficiency by
increased inhibition signaling or decreased activating stimuli. A challenge of immunotherapy is to restore an efficient antitumor
response. A combination of classical therapy plus immune modulation strategies will soon become a standard of care for

hematological malignancies.

1. Introduction

Hematological malignancies are cancers that affect blood,
bone marrow, and lymph nodes, thus maintaining a slight
contact with immune system cells. Although complete
remission (CR) rates have increased over the last years, the
high incidence of relapse impairs long-term prognosis. While
achievement of CR mainly relies on high-dose chemother-
apy, long-term control involves maintenance protocols with
daily, weekly, or monthly low dose of chemotherapy pro-
longed for some months or years, as well as the induction
or restoration of immune pressure against minimal residual
disease (MRD).

Natural killer (NK) cells play a key role in the immune
antitumor response as demonstrated by the low relapse
rate obtained in allogenic stem cell transplantation when
there is a mismatch of NK inhibitory receptors between the
host and the graft [1]. NK cells are lymphocytes that have
cytotoxic properties and cytokine-production capacities.

They are innate immune-effector cells that recognize and
kill transformed cells (i.e., tumor cells and virus-infected
cells). NK cells also have immune regulatory functions
thanks to cytokine and chemokine secretion, which favor the
development of a T-helper cell (TH1) response [2].

The role of NK cells in immune monitoring of tumors
is essential mainly due to their nonhuman leukocyte antigen
(HLA) restricted effect, as the absence or abnormal expres-
sion of HLA molecules induces NK-cell cytotoxicity (the so-
called “missing self” hypothesis of Karre [3]). Indeed, as a
consequence of antigen-specific immune pressure by T-cells,
tumor cells with downregulated HLA class I molecules are
progressively selected and thus could become targets for NK
cytotoxicity.

Phenotypically, NK cells are CD3—lymphocytes that
express CD56 and/or CD16 at different levels. CD16 is
the FcyRIlIa receptor that can mediate antibody-dependent
cell-mediated cytotoxicity (ADCC). When a NK cell has
recognized its target cell, it kills the target cell by secreting
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cytotoxic granules (perforin, granzyme, and granulysin), via
interaction with the tumor-necrosis factor family (Fas/FasL)
or even by cytokine secretion.

NK cells express a large panel of cell-surface activating
and inhibitory receptors that recognize ligands on potential
target cells. The balance between the signals delivered by
activating and inhibitory receptors determines whether or
not NK cells kill a target cell and secrete cytokines [4,
5]. Thus, a “dynamic equilibrium concept” between these
receptors controls NK cell activation.

Activating receptors are mainly represented by the nat-
ural cytotoxicity receptors (NCR) NKp30/NCR3, NKp44/
NCR2, NKp46/NCR1, and NKG2D, but also by coreceptors
such as 2B4/CD244 or NTBA. Activating receptors have
various ligands (see review [6]), such as the stress-induced
molecules HLA class-I chain-related A (MICA) and MICB,
which activates cytotoxicity in NK cells through their ligation
to NKG2D, leading to the destruction of the target cell.
Conversely, NK cell cytotoxicity is downregulated by the
engagement of HLA-specific inhibitory receptors (killer
immunoglobulin-like receptors (KIR) and CD94/NKG2A/B
heterodimers), thus protecting normal cells. The recognition
of normal HLA class I molecules on target cells downregu-
lates NK cytotoxicity.

Defects in NK-cell cytotoxicity have been observed
in all hematological malignancies [7-10]. The escape of
hematological malignancies from NK cell immunity can be
explained by general mechanisms that are common to all
immune-effector cells (see review [4]), that is, saturation
of the immune system by rapid growth of the tumor,
inaccessibility of the tumor because of deficient vascular-
ization, but also by dysfunction of the immune system
that could be restored by immune modulatory intervention.
In this paper, we focus on tumor escape from NK cells
surveillance by evocating successively various mechanisms
involved (summarized in Table 1): the quantitative defi-
ciency of NK cells, their qualitative impairments caused by
increased inhibition, or decreased activation signaling. We
then examine the key role of cytokine environments in tumor
immune escape from NK cells. Finally, we briefly evocate
various therapeutic means to enhance NK cell control of
hematological malignancies.

2. Tumor Escape from NK Cell
Surveillance: Role of NK Cells
Effectors’ Quantitative Deficiency

Quantitative deficiency is the first mechanism in myelodys-
plastic syndrome (MDS) to explain how tumors escape
from innate immune surveillance. MDS is a preleukemic
syndrome characterized by clonal hematopoietic stem-cell
disorders and peripheral cytopenia. In 1984, Kerndrup et
al., noticed that the decreased NK activity seen in patients
with MDS was caused by a decreased number of circulating
NK cells [5]. In 1994, Yokose et al., correlated the decreased
absolute number of CD3—CD16+ and CD3—-CD56+ cells,
in patients that had a high risk of MDS, with an increased
plasmatic level of sIL-2R [11]. The authors hypothesized
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that plasma sIL-2R is produced by malignant MDS cells in
the bone marrow and could impair IL-2 stimulated growth
of NK cells. Nonetheless, an increased absolute number
of NK cells can be associated with impaired cytotoxicity
(Sanchez et al., personal data). Thus, in most hematological
malignancies, qualitative impairment of the capacity of NK
cytotoxic seems more important for tumor escape than
quantitative defects.

3. Tumor Escape from NK Cell
Surveillance: Role of NK Cells
Effectors’ Qualitative Deficiency

3.1. NK Cell Qualitative Deficiency by Increased Inhibition
of NK Cell Cytotoxicity. Decreased expression of HLA class
I molecules is a way for tumor cells to escape specific T-
cell surveillance [35, 36]. Interestingly, the downregulation
of HLA class I may allow NK cell targeting of tumor cells.
Nevertheless, some reports from acute myeloid leukemia
(AML) show a normal expression of HLA class I that inhibits
the potential action of NK cells and leads to NK cell anergy
[12]. Upregulation of HLA-A, -C, and -E molecule surface
expression was demonstrated in a drug-resistant leukemic
cell line that was also resistant to NK cell cytotoxicity [13].
Demanet et al. showed, in leukemic cells from 24 patients
with acute lymphoblastic leukemia (ALL) and chronic lym-
phocytic leukemia (CLL), selective downregulation of HLA-
A and HLA-Bw6 associated with HLA-Bw4 preservation,
which provided an escape mechanism not only from T-cells
but also from NK cell surveillance [14].

Similarly, in CLL cells, Maki et al. have demonstrated
and increased the expression of tolerogenic HLA-GI, a
class I molecule that engages NK cell inhibitory molecules.
Blockade of HLA-G1 with a specific antibody in CLL sam-
ples increased their susceptibility to NK-mediated Kkilling,
demonstrating that HLA-G1 participates in protecting CLL
cells from NK-mediated killing [15]. Beside leukemia, upreg-
ulation of HLA class I has been also described in multiple
myeloma and lymphoma [16, 17]. High expression of HLA-I
molecules is observed in late-stage multiple myeloma (MM)
plasma cells, and confers protection from NK lysis, even
though NK cells efficiently kill early-stage tumoral plasma
cells in a NCR- and NKG2D-dependent pathways [17].

3.2. NK Cell Qualitative Deficiency by Impaired Acti-
vation of NK Cells. In AML, the downregulation of
NCRs NKp30/NCR3 and NKp46/NCR1 is associated with
decreased NK cell cytotoxicity [8, 18]. In sharp contrast with
healthy donors, in most patients with AML, the majority
of NK cells display low NCR surface density (NCR!),
This phenotype correlates with their weak cytolytic activity
against autologous leukemic cells, which cannot be reversed
by monoclonal antibody-mediated disruption of HLA class
I/KIR-receptor interaction. This phenotype is partially or
totally reversed when patients achieve CR, suggesting that
this phenotype is probably acquired by direct contact
between leukemia blasts and NK cells [19]. In addition, NK
cell activity correlates positively with the relapse-free survival



Clinical and Developmental Immunology 3
TaBLE 1: Mechanisms of escape, receptor, and ligand involved and type of hematological malignancy.
Mechanisms of escape R;c;(p ctgﬁsin Ligand in tumor cells nlq{aigr?:;l:}:gi;ap}e References
NK-cell quantitative deficiency MDS [5,11]
AML [12-14]
Increased expression of inhibitory receptors Upregulation of HLA class I Eki [1[4 1’41]5]
MM [16]
Lymphoma [17]
NKp30 AML [8, 18-20]
NKp46NKG2D CLL [21]
NCR-ligand AML
LGL (8]
sMICA and sMICB CLL [22]
CML (23]
MM
Decreased activation by decreased expression of ALL [24]
activating receptor or their ligands DNAM1 NKG2D on tumor cells CMML [25]
[26]
CD94/NKG2C AML
(27]
2B4/CD244 AML
(27]
CD16 AML
MM [27]
MM (28, 29]
(28, 29]
Impaired NK cell differentiation signaling CML (301
9% Personal data
Elevated TNF MDS [31]
Elevated PDGF MPS [32]
Impaired cytokine production Elevated TGEb (33]
Decreased IL1 AML [34]
IL2 and IFNy ALL [34]

Abbreviations: MDS: myelodysplastic syndrome; MPS: myeloproliferative syndrome; ALL: acute lymphoid leukemia; AML: acute myeloid leukemia; CML:
chronic myeloid leukemia; MM: multiple myeloma; CMML: myelomonocytic leukemia; LGL: large granular lymphoma; PV: polycythemia vera; sMICA:
stress-induced molecule HLA class-I chain-related A; IL: interleukin; IFNy: interferon-gamma.

of patients with AML [7]. In CLL, although no difference
is observed regarding NCR expression between patients and
age-matched healthy controls, decreased NCR expression
correlates with a poor prognosis [21]. Another mechanism
that is pivotal to the immune escape of AML blasts, is the
downregulation of ligands relevant in NCR-mediated target-
cell recognition [8]. Together, insufficient activation, caused
by defects in NCR expression and deficient expression of
their ligands on leukemic target cells, may represent a potent
method for tumor immune evasion. These abnormalities,
when present at the diagnosis of leukemia, may also be
related to a worse outcome [19].

Another activating receptor, NKG2D, has a crucial role
in NK cell activation. The NKG2D ligands, MICA, and
MICB [37], are expressed on half of AML blasts [38].
Leukemia cells that express MICA are lysed in vitro by NK
cells via NKG2D engagement with the sera of patients, but
not of healthy donors as the latter contain elevated levels
of seric soluble MICA (sMICA), which impairs NKG2D-
mediated immune surveillance of leukemia by triggering
internalization of surface NKG2D [39]. In large granular
lymphocyte (LGL) leukemia, the impaired cytolytic func-
tion of NK cells is associated with reduced expression of
NKG2D, which correlates with disease progression [22].
Abnormally high levels of sMICA and weak expression



of NKG2D on NK cells have also been reported in
chronic myeloid leukemia (CML) [40]. Interestingly, these
abnormalities are reversed by imatinib mesylate therapy.
In this setting, the level of MICA expression is under
the posttranscriptional control of BCR/ABL tyrosine-kinase
activity [40]. Similarly, MM patients have high levels of
sMICA whereas tumor cells express low levels of MICA [24].
In contrast, in monoclonal gammopathy of undetermined
significance (MGUS), a common disorder of aging and a
precursor lesion to MM, tumor cells express high levels
of MICA whereas low levels of sMICA are detected in
peripheral blood. These data suggest that alterations of
the NKG2D pathway are associated with progression from
MGUS to MM [24]. Alteration of the NKG2D pathway
is also observed in CLL and could, in part, be responsi-
ble for the defective NK cytotoxicity observed [15]. CLL
leukemic cells do not express MICA- or UL-16-binding
proteins (ULBPs) (excepted a very low expression of ULB3)
[23]. Similarly, NK-resistant B-ALLs cells do not express
MICA, MICB [25], or ULBPs (or only at very low levels)
[41].

Recently, Weiss-Steider et al. demonstrated that myelo-
monocytic leukemia cells produce and secrete MICA and
MICB, but also express the receptor NKG2D, resulting in an
in situ depletion of stress signals, thus avoiding activation
of NK cells [26]. Moreover, MICA and MICB appeared
to act as a tumor-growth factor resulting in strong tumor
proliferation in dose-dependent induction [26].

In addition to the downregulation of NCRs and NKG2D,
downregulation of the NK-cell activating receptors or the
co-receptor DNAM-1, 2B4/CD244 and CD94/NKG2C have
been described in AML [38]. Similar to the NKG2D
pathway, chronic exposure of these activating molecules to
their ligands may be responsible for their downregulation
[27]. This has been demonstrated for DNAM-1 since an
inverse correlation between DNAM-1-ligand expression on
leukemic blasts and DNAM-1 expression on NK cells has
been found. Furthermore, the culture of NK cells from
healthy donors with leukemic blasts that express DNAM-
1 ligands induce DNAM-1 downregulation at the NK cell
surface [27]. NK cell costimulatory molecule 2B4/CD244
has a natural ligand that is CD48, a molecule that is highly
expressed in hematological malignancy cells [42]. In MM,
despite normal NCR and NKG2D expression [17, 28, 29],
there is drastic downregulation of CD16 and 2B4/CD244,
which leads to decreased ADCC in MM (28, 29]. The
downregulation of CD16 can be explain by the continuous
exposure to circulating monoclonal immunoglobulin.

3.3. NK Cell Qualitative Deficiency by Impaired Differentia-
tion Signaling. Altered NK differentiation from CML CD34+
progenitors is linked to their constitutive production of
bioactive IL-15, which does not lead to NK cell differen-
tiation [43]. This has been directly attributed to the BCR-
ABL mutation, because the addition of BCR-ABL-transfected
stem cells suppresses the differentiation of autologous nor-
mal cord blood CD34+CD38— [30]. Impairment of the
signaling pathway is also suspected in polycythemia vera
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(PV), an MP disorder associated with an acquired activated
mutation of the tyrosin kinase JAK2. Patients with PV have
an increased percentage and absolute number of NK cells
with impaired cytotoxic functions, not caused by variation
in inhibitory or activating receptors (Sanchez et al., personal
data). The NK cytotoxic defect may be related to the direct
or indirect impairment of cytotoxicity signaling pathways,
putatively linked to JAK2 mutation. We are currently testing
this hypothesis via the transcriptomic study of NK cells taken
from PV patients (Baier et al., personal data).

4. Tumor Escape from NK Cell Surveillance:
The Pivotal Role of Cytokines

Several cytokines are known to inhibit NK cell activation.
In 1992, Verhoef et al. suggested that elevated and circu-
lating levels of tumor-necrosis factor (TNF) impairs NK
cytotoxicity in MDS [31]. Similarly, the high levels of PDGF,
detected in myeloproliferative syndrome (MPS) could impair
NK cell cytotoxicity [32]. TGF-f5 has also been implied in the
inhibition of NK cell function following chronic interaction
with tumor cells [33]. Indeed TGF-f antagonizes IL-15,
which induces proliferation and gene expression associated
with NK cell activation, resulting in inhibition of both
NK cell activating receptor molecules and components of
the cytotoxic apparatus [33]. Impaired NK cell function
as been also linked to a decrease production of NK cell
activating cytokine such as IL-1, interferon-gamma and IL-2
in the peripheral blood mononuclear cells of AML and ALL
patients [34].

5. Therapeutics Implications “from
Bench to Bedside”

As chemotherapy can disrupt potentially competent
immune-surveillance mechanisms, thus favoring a relapse
via induced immune suppression, the necessity of developing
immunotherapy that enhances immune surveillance after
chemotherapy is discontinued is admitted [44]. Markasz
et al. have characterized the effect of 28 frequently used
chemotherapeutic agents on the capacity of NK cells to
kill tumor cells [45]. Although most chemotherapy drugs
quantitatively decrease NK cell counts, some inhibit NK-cell
activity whereas others enhance NK cells ability to kill
tumors cells [45].

The greatest revelation of NK cells role in tumor control
has been shown in allogenic transplantation. In 2002,
Ruggeri et al. demonstrated a favorable prognosis for AML
patients who were recipients of a haploidentical allogenic
transplant with a NK HLA-specific receptor mismatch [46]:
this enhanced the antileukemic graft reactivity. Interestingly,
NK cell mismatch provides a graft-versus-leukemia (GvL)
effect that is devoid of the deleterious graft-versus-host
(GvH) reaction. This is because host cells, apart from
leukemia cells, do not express activating ligands for NK
cell cytotoxicity [47, 48]. Conversely, the benefit of NK-
cell alloreactivity after unrelated cord-blood stem-cell trans-
plantation remains unclear and is controversial [49]. Miller
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TaBLE 2: Novel agents used in hematological malignancies and their impact on NK-cell activation.
Class of drugs Therapeutic molecules Main indications recg}l)ktlgiilti?gii ds ?gi‘;t::f Activaltiigr;gnl(riesceptor References
IMIDs Thalidomide Multiple myeloma NKp46 [67]
Lenalidomide upregulation
Vorinostat Lymphoma NKp30 and NKp46 NKG2D and (68, 69]
HDACI Panobinostat DNAM ligand
downregulation upregulation
Demethylating 5-azacytidine MDS Up regulation NKG2D ligand [70,71]
agents 5-aza-2'-deoxycytidine KIR upregulation
iPrf}(:itE?tsoorrSne Bortezomib Multiple myeloma ?{o&nfg(g)iljslzs TRAIEaKnGngN AM [72-75]
ligand upregulation
All-trans retinoic Vesanoid AML3 NKG2D [76]
acid Upregulation
Tyrosine kinase Imatinib mesylate CML NKG2D sMICA (77]
inhibitors upregulation downregulation

Abbreviations: IMIDs: immunomodulaory drugs; HDACI: Histone deacetylase inhibitors; MDS: myelodysplastic syndrome; AML: acute myeloid leukemia;
CML: chronic myeloid leukemia; NK: natural killer cell; sSMICA: stress-induced molecule HLA class-I chain-related A.

et al. were the first to infuse NK cells from haploidentical
origins into AML recipients in a nontransplant setting [50].
Haploidentical NK cells can persist and expand in vivo
if patients receive intensive immunosuppression regimens
before NK cell infusion [50]. Successful transfer of allore-
active haploidentical KIR ligand-mismatched NK cells was
performed in 13 elderly patients after administration of a
combined immunosuppressive therapy of fludarabine plus
cyclophosphamide, followed by subcutaneous administra-
tion of IL-2 for 2 weeks. Donor versus recipient alloreactive
NK cells were shown to kill recipient leukemia cells. This
phase I study demonstrates that infusion of purified NK
cells is feasible and safe [51]. A phase II study, using a
greater dose of NK cells and multiple infusions is being
currently conducted. Similarly, a pilot study on transfer of
alloreactive haploidentical KIR ligand-mismatched NK cells
has been performed in children with AML after achievement
of CR. The study gave encouraging results, and has allowed
commencement of a phase II trial as consolidation therapy
in children with AML [52]. In MM myeloma, infusion of
haploidentical KIR-ligand mismatched NK cells has been
proposed in relapsed patients in the setting of autologous
stem-cell transplantation [53].

Since allogeneic transplantation raises several problems
regarding high morbidity and mortality rates, manipulation
of autologous NK cells rises increasing interest. The IL-15
supports large-scale expansion of NK cells by preserving
activating-receptor expression [54]. In vivo, the TGEF-f
blockade, by both anti-TGF antibodies and a small molecule
inhibitor of TGF-f signaling, is an interesting way to
suppress the NK-cytotoxicity inhibition caused by TGF-f
release by tumors cells [33]. In addition, because interferon
(IFN)a enhances IFNy and IL-12 secretion, which in turn
triggers NK cytotoxicity, Lion et al. proposed IFN« post-CR
maintenance immunotherapy for AML patients [55].

Another therapeutic approach to enhance NK cell cyto-
toxicity is the use of cytokines, such as IL-2, IL12, and
IL18 alone, or in association with histamine dihydrochloride,
which enhance both NK- and T-lymphocyte proliferation
and cytotoxicity [56, 57]. In AML, a postconsolidation
regimen with an association between histamine dihydrochlo-
ride and IL-2 has resulted in improved progression-free
survival (PFS) for patients (at 3 years PFS 40% versus
26% for controls) [58]. This association protected NK from
the downregulation of activating-receptor expression (more
particularly NKp46/NCR1) induced by leukemia cells; thus,
it enhanced NK cytotoxicity and tumor immune control with
significant improvement in leukemia-free survival [59].

Chemokine manipulation is also of interest as molecules
may both attract NK to the tumor-cell microenviron-
ment and stimulate their cytotoxic properties [60]. Specific
chemokine inhibitors are currently under investigation,
although redundancy and pleiotropy of the chemokine
system are obstacles in drug development [61]. An alter-
native immunotherapy based on cytokine manipulation is
NK stimulation via dendritic cells (DCs). Stimulation of
DCs using TLRY agonists converts tolerogenic DCs into
immunogenic DCs, and allows DC activation and cytokine
secretion, which enhances NK cytotoxicity [62].

Another attractive approach to enhance NK cytotoxicity
is to use monoclonal antibodies (mAbs). IPH-2101, a fully
human IgG4 anti-KIR mAb (developed by Innate Pharma)
is currently being tested in phase I and II clinical trials in
patients with AML and MM [63]. Its blockade of inhibition
could allow NK-cell activation when activating ligands are
present on target cells. Preliminary results show enhanced
NK cell activity has a good safety profile [63]. Bispecific
mAbs directed against both the target cells and cytotoxic
effectors (NK cells) are also currently under investigation.
Anti-CD20 mAbs that have enhanced affinity for CD16



have been also developed, and they are more effective at
NK activation than rituximab [64, 65]. Similarly, bispecific
mAbs, which targets the CD16 molecule on the NK cell
surface and CD30 (the molecule expressed in Hodgkin’s
tumor and anaplastic T-cell lymphoma), are currently being
evaluated [66].

Novel drugs with immunomodulatory properties are
increasingly being used these days to treat hematological
malignancies. Most have an impact on NK cell activity
and/or target susceptibility to NK lysis. Table 2 briefly
outlines the major mechanisms identified or suspected that
could explain their impact on NK cell cytotoxicity (see [9]).

6. Conclusion

As the knowledge of NK cells’ role in tumor surveillance
increases, therapies to boost NK immunity have emerged.
Because impairment of NK cell cytotoxicity is associated
with almost all hematological malignancies, restoration of
normal NK function is an attractive goal for immunotherapy.
New approaches attempt to boost immune surveillance by
enhancing NK cytotoxicity and tumor-cell susceptibility to
NK lysis. Because the mechanisms that tumors use to escape
NK surveillance are multiple, there are multiple potential
ways to increase the NK cell lysis of tumor cells, that is, by
increasing expression of activating receptors, diminishing or
counteracting expression of inhibitory receptors, increasing
NK cell cytotoxicity, and modulating target-cell sensibility to
NK cell lysis via upregulation of ligand expression on the
tumor-cell’s surface. Combined strategies, including cyto-
toxic conventional chemotherapy with immunomodulatory
agents, and NK cell manipulation, are becoming increasingly
attractive.
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Hematological malignancies (HM) treatment improved over the last years resulting in
increased achievement of complete or partial remission, but unfortunately high relapse
rates are still observed, due to remaining minimal residual disease. Therefore, sustainment
of long-term remission is crucial, using either drug maintenance treatment or by boosting
or prolonging an immune response. Immune system has a key role in tumor surveillance.
Nonetheless, tumorcells evade the specific TFlymphocyte mediated immune surveillance
using many mechanisms but especially by the down-regulation of the expression of HLA
class | antigens. In theory, these tumorcells lacking normal expression of HLA class |
molecules should be destroyed by natural killer (NK) cells, according to the missing-self
hypothesis. NK cells, at the frontier of innate and adaptive immune system, have a central
role in tumor-cells surveillance as demonstrated in the setting of allogenic stem cell trans-
plantation. Nevertheless, tumors develop various mechanisms to escape from NK innate
immune pressure. Abnormal NK cytolytic functions have been described in many HM. We
present here various mechanisms involved in the escape of HM from NK-cell surveillance,
i.e., NK-cells quantitative and qualitative abnormalities.

Keywords: hematological malignancies, natural killer cells, natural cytotoxicity receptors, immune escape,

immunotherapy

INTRODUCTION

The natural killer (NK) cells are central players in innate immunity
particularly regarding the surveillance against malignant tumors
(1, 2). NK role in tumor-cells clearance is proved by allogenic
stem cells transplantation, since a better engraftment and a low
relapse rate are observed when the graft NK inhibitory recep-
tors mismatch with recipient HLA molecules (3) (Figure 1). The
triggering event of NK-cells activation and killing of target cells
results from a balance between activating and inhibitory sig-
nals sent by membrane receptors that either enhance or block
the NK-mediated cytotoxicity (4). Inhibitory signals arise from
interaction between HLA-specific inhibitory receptors, as the
killer immunoglobulin-like receptors (KIR), NK group protein
2A (NKG2A), or Immunoglobulin-like transcript 2 (ILT-2) with
HLA class I molecules, whereas the absence or abnormal expres-
sion of the later molecules induces NK-cells cytotoxicity (5). The
down-regulation of HLA class I molecules is an immune escape
mechanism frequently used by tumor cells (6) that, accordingly,
should not be recognized by the T-lymphocyte receptor (TCR).
The absence of normal HLA class I molecule on tumor cells should
lead to NK-cells activation, more efficiently when co-stimulatory
molecules and ligands for NK activating receptor are present
at tumor cell surface. The natural cytotoxicity receptors (NCR)
NKp46/NCR1, NKp30/NCR3, and NKp44/NCR2 (7), NKG2D,
DNAM-1 and also co-receptors such as 2B4/CD244 and NTBA,
play a central role in NK activation. Once activated, NK lym-
phocytes kill tumor cells via FcgRIIIA (CD16) which can trigger

antibody-dependent cellular cytotoxicity (ADCC) on encounter-
ing target cells opsonized with IgG, via the Fas/Fas-L pathway and
via cytotoxic granules (perforin/granzyme) secretion (1, 8).

Defects in NK-cell cytotoxicity have been described in most
hematological malignancies (HM) (9-12) (Table 1). Interest-
ingly, tumor-cells develop various escape mechanisms to NK-
cell surveillance and contribute to the dysfunction of NK-cell
cytotoxicity (4).

NK-CELLS DYSFUNCTIONS IN HEMATOLOGICAL
MALIGNANCIES

QUANTITATIVE ABNORMALITIES

The first mechanism explaining tumor escape is the quantitative
abnormalities of NK cells. In myelodysplastic syndrome (MDS)
patients, decreased NK-cell cytolytic functions correlate with a
low number of circulating NK cells and a high level of sIL-2R (13,
14). In chronic myelogenous leukemia (CML), functional NK-cell
deficiency can be reversed in vitro by IL-2 (15), but this effect is
progressively lost while a progressive decrease in NK-cell number
is observed (16). In Philadelphia (Phl)-negative myeloprolifera-
tive syndrome (MPS), NK cytotoxic activity is decreased, mostly
in idiopathic myelofibrosis (IMF) patients. The percentage of NK
cells is decreased in IMF and increased in polycythemia vera (PV)
(17). We have confirmed that the percentage and absolute num-
ber of NK cells are significantly increased in PV, but we failed to
detect any abnormalities in the expression of activating NK-cell
receptors or cytotoxic functions (personal data, C. Sanchez). An
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FIGURE 1 | The effect of KIR/HLA class | mismatch in patients
undergoing allogenic stem cells transplantation (HSTC).The main
challenge in HSTC is to keep the balance between conserving the graft
versus leukemia (GvL) effect on the one hand and preventing risk of relapse
on the other. (A) Killer cell immunoglobulin-like receptor (KIR) of donors NK
cells is engaged by corresponding HLA ligand, which inhibits NK-cell function.
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Donor NK cells are non-alloreactive and do not kill recipient’s blasts, which
leads to the relapse of patient. (B) The concept and recognition of KIR-ligand
incompatibility (also known as KIR-ligand mismatch) has important
implications. KIR-mismatch is an independent predictor of survival in patients.
Graft versus tumor NK-cell alloreactivity reduces the risk of leukemia relapse,
and markedly improves event-free survival.

increase in the total number of NK cells in the peripheral blood
has also been described in chronic lymphocytic leukemia (CLL)
but still associated with defective cytolytic functions (18).

ALTERED ACTIVATING RECEPTORS PROFILES

In acute myeloid leukemia (AML) the down-regulation of acti-
vating receptors NKp30/NCR3 and NKp46/NCR1 correlates with
defective NK-cell cytotoxicity and poor leukemia prognosis (9, 19).
In patients attaining complete remission (CR) after chemother-
apy, NKp46/NCR1 expression returns to normal levels while
patients who do not achieve CR or who relapse maintain
abnormal NCR expression (9, 19). The defect in NCRs expres-
sion could be potentiated by the low expression of NCR and
NKG2D ligands by leukemic cells (20-22). Down-regulation of
the NK activating receptors/co-receptor DNAM-1, 2B4/CD244,
and CD94/NKG2C have also been reported in AML (23, 24).
Leukemic blasts that express DNAM-1 ligands induce DNAM-
1 down-regulation at the NK-cell surface (25), thus impending
NK-cell functions.

In acute lymphoblastic leukemia (ALL), expression of the
NKG2D activating receptor ligands MICA/B was only observed in
NK sensitive T-ALL cell line, while NK-resistant B-ALLs did not
express detectable amounts of MICA/B (26). Deficient engage-
ment of other activating receptors may also contribute to ALL
resistance to NK lysis, since B-ALL cells lose or express low lev-
els of several other NK activating ligands such as UL-16 binding
proteins (ULBPs), PVR (polio virus receptor, CD155), Nectin-2
(CD112), or CD48 (27).

In MDS, a pre-leukemic stage, Epling-Brunette et al. (13)
have shown that expression of NKp30/NCR3 and NKG2D was

decreased, in contrast with the data of Kiladjian et al. (28); this
discrepancy could be related to the heterogeneity of MDS patients.

In CML patients, Boissel et al. (29) reported high serum
SsMICA levels and weak NKG2D expression on NK cells, that
correlate with low NK-cell cytotoxicity capacities. Imatinib mesy-
late, the first inhibitor of tyrosine kinase used in CML, increases
NKG2D expression and decreases MICA protein production and
release, thus contributing to normal NK cytotoxicity through the
restoration of a functional NKG2D signaling (29).

Monoclonal gammopathy of undetermined significance
(MGUS) is a common disorder of aging and a precursor lesion
to multiple myeloma (MM). In MGUS, tumor-cells express high
levels of MICA, whereas low levels of sMICA are detected in
peripheral blood (30). This explains the capacities of NK cells to
kill MGUS tumor cells by interaction between MICA and NKG2D.
Conversely, MM patients present high plasma level of sMICA
while tumor-cells express low level of MICA, thus impending NK
stimulation via NKG2D (31). This reveals that the alterations in
the NKG2D pathway signaling are associated with the progres-
sion from MGUS to MM (30, 32). In peripheral blood from
patients with MM a normal expression of the NCRs and NKG2D
is observed, while 2B4/CD244 and the low-affinity Ig- Fc recep-
tor CD16 display significantly weaker expression in comparison
with healthy donors (31). Nonetheless, when NK are studied at
the site of tumor location, i.e., bone marrow, (33) a drastic down-
regulation of three major activating NK receptors (NKp30/NCR3,
NKG2D, and 2B4/CD244) is observed in comparison with bone
marrow from healthy donors (34). This suggests that some NK
abnormalities may be underestimated if only peripheral blood is
studied.
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Table 1 | Mechanisms of immune escape and drugs used with their effects on NK cells in hematological malignancies.

Hematological Principal mechanisms of escape References Principal class of Effects of drugs References
malignancies drugs used on NK activation
MDS NK-cell quantitative deficiency (13, 14, 49) Demethylating agents Up-regulation of KIR and (76, 81)
Elevated TNF IMIDs NKG2D ligands
NKp46 upregulation
AML Upregulation of HLA-I (9, 19, 39, HDACIs Upregulation of MICA/B (65, 67, 72,
Decrease expression of NKp30, 2B4/CD244 40, 54) Histamine dihydrochloride expression 73, 84, 85)
Production of ROS All-trans retinoic acid Suppress ROS
Monoclonal antibody production
(IPH2101) Promote NK-cells
cytotoxicity
CLL Upregulation of HLA-I low level of MICA (18, 37) Monoclonal antibody Mediate NK-cells (88)
or ULBP cytotoxicity
MM Production of sMICA/sMICB (30, 31) IMIDs NKp46 upregulation (79, 82-84,
Weak expression of CD16 Proteasome inhibitor NKG2D ligand 86)
IPH2101 upregulation
CML Production of sMICA and weak expression (29) Tyrosine kinase inhibitor sMICA down-regulation (29)
of NKG2D and NKG2D upregulation
ALL Low production of MICA/B and ULBP (26, 27, 41)

Down regulation of HLA-A and HLA-Bw6

MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; MM, multiple myeloma,; CML, chronic myelogenous leukemia;
ALL, acute lymphoblastic leukemia; s/MICA/B, soluble/stress-induced molecules human class I-like molecules A and B, ULBPs, UL-16 binding proteins; ROS, reactive
oxygen species; KIR, killer immunoglobulin-like receptors, PDGF, platelet-derived growth factor; HDC, histamine dihydrochloride; IMIDs, immune-modulatory drugs,

HDACIs, Histone deacetylase inhibitors.

In CLL, NK cells have weak cytotoxic functions which can be
restored by stimulation with recombinant IFN-y or IL-2 (35). We
failed to detect a difference in NCR expression between patients
and age-matched healthy donors (36), but we found a correlation
with abnormal activating molecule expression and poor progno-
sis factors. In CLL decreased NK functions could be explained in
part by absent or low level of MICA or ULBP (18, 37) at CLL
lymphocyte cell surface, thus impeding NKG2D engagement.

ABNORMAL KIRs PHENOTYPE AND INHIBITORY MOLECULES

Killer immunoglobulin-like receptor-mismatch in allogenic stem
cells transplantation improves the disease-free survival in AML
(38). In fact, NK-cell cytotoxicity is down-regulated by the engage-
ment of HLA-specific inhibitory receptors, including KIRs and
CD94 and NKG2A/B heterodimers. The analysis of KIR phenotype
in AML patients shows that the frequency of particular inhibitory
KIRs in association with their putative HLA class I ligands is sig-
nificantly increased compared to healthy donors (10, 39, 40). This
supports the hypothesis that AML blasts escape from immune
surveillance according to the dominance of inhibitory over acti-
vating KIR signals. In ALL, the resistance of B-cell precursors to
cytotoxicity is explained by the interaction between HLA-G and
KIR2DL4 (26). Demanet et al. (41) have observed in ALL and CLL
a selective down-regulation of HLA-A and HLA-Bw6 associated
with HLA-Bw4 preservation, which provided an escape mecha-
nism from NK-cell immune surveillance. Maki et al. (18) reported

in CLL cells an increased expression of HLA-G1, a class I molecule
that engages NK-cell inhibitory molecules and which has for lig-
and p49/KIR2DL4/CD158d (expressed on NK cells and a fraction
of T cells), ILT-2 [expressed on NK, T, B cells, dendritic cells (DC),
and monocytes], and ILT-4 [expressed on antigen-presenting cells
(APC)] (42).

TUMOR ENVIRONMENT AND ROLE OF CYTOKINES

One of the strategies used by tumor cells having an effect on
NK-cell function is the production of inhibitory molecules, which
decrease NK-cells number and inhibit NK-cell activation. Increas-
ing evidence supports the role of the tumor microenvironment
in conferring drug resistance, a major cause of relapse and incur-
ability of cancers. Tumor microenvironment includes tumor-cells
contact and interaction, but also production of soluble factors,
which provide signals for tumor growth and survival or inhibition
of NK.

ROLE OF CYTOKINES AND CELLULAR LIGANDS

Several cytokines decrease NK-cell activation and cytotoxicity,
such as the Transforming Growth Factor beta (TGF-f). High circu-
lating TGF-B level correlates with poor prognosis in acute leukemia
(43) and is linked to reduced NK-cell activity with reduced expres-
sion of NKp30/NCR3 and NKG2D (44). TGF-f antagonizes IL-
15, a cytokine that induces NK-cell proliferation and activation.
Thus, TGF-f inhibits the expression of both NK-cell activation
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receptor molecules and components of the cytotoxic apparatus
(45, 46). Several studies have also underlined that low INF-y
producing capacity of NK cells was correlated with loss of NK-cell
cytotoxicity (47, 48).

A physiologic concentration of platelet-derived growth factor
(PDGF) significantly inhibits human NK-cell cytotoxicity. Patients
suffering from IMF and essential thrombocythemia have signifi-
cantly elevated circulating levels of plasma PDGE. Pretreatment
of normal NK cells with concentrated PDGF-containing platelet-
poor plasma from patients with these diseases significantly inhibits
NK cytotoxicity. This inhibitory effect is reversed by neutralization
of plasma PDGF with anti-PDGF (17, 49). All these data suggest
that PDGF is probably a key factor of NK functional deficiency
in MPS.

Interaction between tumor cells and NK impairs NK-cell-
mediated cytotoxicity and thus induces tolerance to tumor inva-
sion. Up-regulation of the immunosuppressive cell surface gly-
coprotein CD200 and of soluble GITRL (glucocorticoid-induced
TNEFR related protein ligand) on AML cells specifically com-
promises NK-cell anti-tumor responses (50, 51) and is a poor
prognosis factor. AML cells exert direct immunosuppressive effects
on NK cells mediated by immunosuppressive ligands or soluble
factors and induce regulatory T lymphocytes (Treg) that weaken
NK-cell responses (52). NK cells can also interact with DC lead-
ing to activation of Treg and inhibition of NK cells (53). Recently,
ligand of NKp44/NCR2 (NKp44L) was identified as an isoform
of mixed-lineage leukemia-5 (MLL5) (54). This ligand is not
detectable in the normal tissues but is present in hematopoietic,
non-hematopoietic tumor and transformed cells. The expression
of MLL5 is a good prognosis factor in AML (55). Thus we can
speculate that the prognostic value of MLL5 expression is linked
to its capacity to activate anti-leukemia NK cells.

REACTIVE OXYGEN SPECIES

Non-malignant phagocytic cells down-modulate lymphocyte
functions by producing and releasing NADPH oxidase-derived
reactive oxygen species (ROS) (56). Monocytic and myelo-
monocytic (French-American-British classification M4/M5 sub-
types) AML cells, but not cells from myeloblastic (FAB class M2) or
immature (FAB class M1) AML, produce ROS via the NADPH oxi-
dase component gp91phox, and trigger extensive apoptosis of NK
cells via a poly-[ADPribose] polymerase-1 dependent pathway,
together with a down-regulation of NKp46/NCR1. This suggests
a novel mechanism of immune evasion in myelo-monocytic and
monocytic AML (57).

MATERIAL TRANSFER DURING CELL-CELL CONTACT

Tumor membrane-derived microvesicles (tMV) are important
mediators of cell-to-cell communication. These circular mem-
brane fragments are enriched in various bioactive molecules and
directly stimulate cells as a kind of “signaling complex.” An
important mode of communication between carcinoma cells and
immune cells involves tMV, also known as exosomes, ectosomes, or
microparticles. These microvesicles carry lipids, proteins, mRNAs,
and microRNAs and travel short or long distances to deliver unde-
graded and undiluted material to other cells (58). Microvesicles

present in AML patients’ sera contain TGF-f that down-regulates
the expression of NKG2D and thus interfere with NK-cell acti-
vation. Nonetheless, IL-15 protects NK cells from adverse effects
of tMV and could thus contribute to maintain their anti-tumor
response (59). Baj-Krzyworzeka et al. (60) have observed that
tMV carry mRNA of tumor cells and transfer some of them to
monocytes and modify their activity. This type of mRNA transfer
could participate to NK inactivation and tumor escape to innate
immunity.

IMMUNOTHERAPY APPROACHES

Modulation of NK-cell function by down-regulation of recep-
tors and/or ligand corresponds to an immune escape mechanism
for tumors. Restoring the expression of activating receptors on
NK cells, or corresponding ligands on cancer cells, is an effective
approach to cancer immunotherapy in order to improve disease-
free survival after therapy. Currently, in most AML patients, the
induction treatment leads to CR, defined as microscopic disap-
pearance of leukemic disease along with the return of normal
hematopoiesis. However, many patients in CR relapse with poor
prospects of long-term survival. One of developing immunother-
apy that enhances NK-cell ability to kill tumor cells is the allogenic
transplantation after chemotherapy. In AML, a recipient of hap-
loidentical allogenic transplant with a NK HLA-specific receptor-
mismatch is associated with a favorable prognosis because this
increases the anti-leukemic graft reactivity (61, 62). Rapid recov-
ery of NK cells after hematopoietic stem cell transplantation
has been associated with a reduction in the rates of relapse and
acute graft-versus-host disease (GvHD) (63). The transfer of NK
cell from haploidentical origins into AML recipients is a potent
immunotherapy intervention that is, unfortunately, associated
with a significant transplant-related morbidity and mortality that
limit its use (64).

The use of cytokines is another therapeutic approach to
enhance NK-cell cytotoxicity. IL-2, IL-12, II-15 (65), and IL-18
have been used in culture to increase cell cytotoxic prior to the
injection of NK cells in cancer patients (66). Another strategy
consists in restoring normal NCR expression since these mole-
cules are pivotal for the anti-leukemia response. A phase III study
in 320 AML patients has demonstrated that immunotherapy with
histamine dihydrochloride (HDC) and IL-2 decreases and delays
relapses in AML (67). HDC suppresses or inhibits ROS formation
in mononuclear and polymorphonuclear myeloid cells. This pre-
vents from oxygen radical-induced NK apoptosis, restores NK-cell
capacity to respond to IL-2, and improves NK proliferation and
production of immuno-stimulatory cytokines (56, 68—71). More-
over, in presence of HDC, cytotoxic functions of NK cells remain
intact due to the preserved expression of the activating receptors
NKG2D and NKp46/NCRI.

DNA methylation also has a key role in the control of gene activ-
ity in cancer cells. Two agents are currently used in MDS treatment:
5-azacytidine (Vidaza) and 5-aza-20-deoxycytidine (Decitabine)
(72). These two hypomethylating agents up-regulate NKG2D lig-
ands MICA/B leading to enhanced NK-cell cytotoxicity (73, 74).
Conversely we have observed the down-regulation of 2B4/CD244
in NK from AML patients treated with 5-azacytidine, that could
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have an opposite effect, i.e., cytotoxicity down-regulation (Leclerq
et al. personal data).

The immune-modulatory drugs (IMIDs) such as thalidomide
and lenalidomide are used in MM and MDS treatment and
have anti-angiogenic and anti-inflammatory properties. They also
act as IMIDs by cytokine release and activating effector cells
by enhancing ADCC and NK-cell cytotoxicity thanks to the
up-regulation of NKp46/NCR1 (75-77).

Bortezomib is a proteasome inhibitor used in MM treatment.
Physiologically, proteasome is involved in protein degradation. Its
inhibition by the drug interferes with tumor growth and with
innate immunity. Bortezomib is involved in the down-regulation
of HLA I molecules and in the up-regulation of NKG2D, TRAIL,
and DNAM ligands, thus leading to increased NK-cell cytotoxicity
against plasma cell (78, 79).

Another attractive therapeutic approach consists in blocking
the NKinhibitory receptors. A phase 1 trial has tested the IPH2101,
a fully humanized IgG4 anti-KIR monoclonal antibody, in patients
with relapsed/refractory AML (clinical trial registration num-
ber NCT01256073) and MM (clinical trial registration number
NCT00999830). IPH2101 promotes immune complex formation
and NK-cell cytotoxicity specifically against MM cell targets but
not normal cells. No evidence of autoimmunity was observed.
These findings suggest that IPH2101 is safe and tolerable and that
this approach warrants further development in MM and AML
(80-82) as we are waiting for clinical results.

Several studies revealed ADCC as one major mode of action
of antibody-based therapeutics and stimulated more interest in
how to mobilize, expand, and activate NK cells in humans (83).
In CLL, the ADCC pathway via the Fc receptor (FcgRIIla) CD16
at surface of NK cells is pivotal in the clinical effect of mAbs such
as rituximab or ofatumumab which mediate ADCC by NK cells
(84). Second generation mAb are designed in order to maximize
both direct apoptosis and ADCC. The role of ADCC is underlined
by better clinical responses to rituximab when NK cells expressed
the high-affinity form of the FcgRIII (85, 86).

Bi-specific NK-cell engagers (BiKE) simultaneously bind
CD16a and c-Met (a receptor overexpressed in many tumors) and
thus may increase NK-cell ADCC (87).

Another type of therapeutic strategy consists in taking advan-
tage from anti-cancer drugs properties (Table 1). Chemotherapy
drugs can be separated by their ability to inhibit (such as vinblas-
tine, chlorambucil, docetaxel) or enhance (such as asparaginase,
bleomycin, doxorubicin) NK-cell-mediated killing of target cells
(88, 89). In cancer, epigenetic changes are also involved in dysreg-
ulating NK-cell ligand expression. Histone deacetylase inhibitors
(HDACISs) such as trichostatin, are epigenetic anti-cancer agents
that modulate innate immunity by the regulation of expression of
NKG2D or DNAM-1 ligands. Indeed, HDACIs increase expres-
sion of ligands of these two activating receptors, MICA/B or
PVR and Nectin-2 respectively, on acute leukemia cells (90, 91).
This suggests that epigenetic drugs make tumor cells more sen-
sitive to NK-cell-mediated lysis (92). However, it has also been
demonstrated that HDACIs suppress NK-cell cytotoxic activity by
down-regulation of NKp30/NCR3, NKp46/NCR1 (93). Thus, the
same drug can have contradictory effects on NK cells.

CONCLUDING REMARKS

The more precise and exhaustive analysis of NK dysfunction in
HM has opened the way to novel therapeutic strategies involv-
ing either specifically developed drugs/antibodies or innovative
use of “old” drugs such as IMIDs. Due to the complexity of the
immune response and the putative opposed effects of a drug on
the various partners of the immune network, data obtained by
in vitro experiments or in vivo in animal models have to be eval-
uated in clinically and biologically carefully monitored clinical
trials.
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KEYWORDS Summary Natural Killer (NK) cells have been so named because of their ability to lyse non-
NK cells; self cells. Many studies have been conducted to understand ontogeny and physiology of NK
Polycythemia vera; cells, allowing the identification of many activating and inhibitory receptors on their surface.
Immune response; These cells are also able to modulate the immune response by cytokine secretion or by helping
JAK2 dendritic cells’ maturation. These properties have motivated the study of NK cells in mali-

gnant haemopathies, diseases for which few cures are available. NK cells’ abnormalities have
been described in all haemopathies. The major abnormality reported is the reduction in their
cytotoxic activity. We have chosen to be of particular interest to polycythemia vera, an hae-
mopathy characterized by the presence of a genetic defect, the JAK2 mutation. We observed
several abnormalities, including an altered distribution of lymphocyte subpopulations.

© 2012 Elsevier Masson SAS. All rights reserved.

Résumé Les cellules Natural Killer (NK) ont été nommeées ainsi du fait de leur capacité a lyser

MOTS CLES des cellules du non soi. De nombreuses études ont été menées pour comprendre |’ontogénie et la
Cellules NK ; physiologie des cellules NK, permettant la mise en évidence de nombreux récepteurs activateurs
Maladie de Vaquez ; et inhibiteurs a leur surface. Ces cellules sont aussi capables de moduler la réponse immunitaire
Réponse en sécrétant des cytokines ou en aidant a la maturation des cellules dendritiques. Ces propriétés
immunitaire ; ont motivé ’étude des cellules NK dans les hémopathies, pathologies pour lesquelles peu de
JAK2 traitements curatifs sont disponibles. Des anomalies des cellules NK ont été décrites dans toutes
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les hémopathies, dont notamment la diminution de leur activité cytotoxique. Nous avons choisi
de nous intéresser plus particulierement a la maladie de Vaquez, une pathologie caractérisée
par la présence d’une anomalie génétique, la mutation JAK2. Nous avons pu observer plusieurs
anomalies dont une répartition modifiée des sous-populations lymphocytaires.

© 2012 Elsevier Masson SAS. Tous droits réservés.

Introduction

Les cellules Natural Killer (NK) sont de découverte relative-
ment récente dans U’histoire de 'immunologie, mais leurs
capacités a lyser des cellules tumorales ou infectées par un
virus ont été rapidement remarquées. De ce fait, la connais-
sance de cette population lymphocytaire tres particuliere
a rapidement progressé avec l’identification de nombreux
récepteurs activateurs et inhibiteurs, la mise en évidence
de leurs capacités sécrétoires ou l’élucidation de leur onto-
génie.

Leurs propriétés antitumorales suscitent des espoirs en
hématologie, et il est envisagé de les utiliser comme outil
thérapeutique dans les hémopathies malignes, pathologies
pour lesquelles les traitements curatifs sont peu nombreux.
Une partie de U'article portera sur les anomalies des cel-
lules NK dans ces pathologies. Peu de données récentes
étant disponibles concernant les cellules NK dans la mala-
die de Vaquez, nous avons focalisé notre attention sur
ce syndrome myéloprolifératif particulier caractérisé par
’existence constante d’une anomalie moléculaire bien défi-
nie (mutation du gene JAK2). Aprés quelques rappels sur la
polyglobulie de Vaquez, nous ferons le point sur les données
disponibles sur les cellules NK chez les patients atteints de
polyglobulie primitive.

Physiologie des cellules Natural Killer

Les cellules NK furent décrites au début des années 1970 par
les équipes de Kiessling, d’une part, et d’Herberman,
d’autre part, qui avaient remarqué leur capacité sponta-
née a détruire d’autres cibles cellulaires [1,2]. Des 1986,
Karre observa que des cellules de lymphomes n’exprimant
pas de molécules human leukocyte antigene (HLA) de classe
I sont lysées par les cellules NK, sans que les lymphocytes
T n’interviennent [3]. Quelques années plus tard, Karre et
son étudiant, Ljunggren, formulérent ’hypothése du missing
self, hypothése controversée, car elle remettait en cause
les mécanismes de discrimination du soi et du non soi par
I’organisme [4]. Cette hypothése postule que les cellules
NK sont capables de lyser des cellules n’exprimant pas de
molécules HLA de classe |, des molécules en nombre insuffi-
sant ou altérées, méme si ces cellules appartiennent au soi.
Cela est illustré sur la Fig. 1.

Les cellules tumorales ou infectées par un virus
n’expriment plus, ou de facon altérée, les molécules HLA
de classe I, et sont ainsi reconnues et détruites par les
cellules NK. Les cellules NK sont de grands lymphocytes gra-
nuleux représentant 5a 15% des lymphocytes totaux. Elles
contiennent des granules cytoplasmiques riches en perforine
et granzyme, responsables de ’activité cytotoxique des NK.
Les cellules NK sont des effecteurs de I’immunité innée,

ne possédant pas, a l'inverse des lymphocytes B et T, de
récepteur dédié a la reconnaissance de l’antigéne. Physio-
logiquement, elles interviennent essentiellement par leurs
roles antitumoral et anti-infectieux, notamment antiviral.
Mais il a été montré récemment que ces cellules pour-
raient également avoir un réle dans la greffe allogénique
et dans les maladies auto-immunes [5]. Phénotypiquement,
les cellules NK sont définies au sein des lymphocytes par
’absence d’expression des récepteurs CD3 et CD19 mais par
’expression du CD16 et du CD56. Le CD16 est le récepteur
de type lll pour le fragment constant des immunoglobu-
lines de type IgG, permettant aux cellules NK de participer
au phénomeéne de cytotoxicité dépendante des anticorps
(antibody dependent cell cytotoxicity [ADCC]). Le CD56 est
un isoforme de 140kDa de la neural cell adhesion mole-
cule (NCAM) dont le réle est pour le moment mal défini.
Les cellules NK sont phénotypiquement et fonctionnelle-
ment hétérogenes. Les niveaux d’expression membranaire
du CD16 et du CD56 permettent l’identification de deux sous-
populations de cellules NK:

e une sous-population CD16P1e"t CD56%™/es : ces cellules
représentent la majorité des cellules NK circulantes mais
aussi des cellules NK de la moelle osseuse et de la rate.
Cette sous-population possede une faible capacité a pro-
duire des cytokines en réponse a une stimulation mais
possede un fort potentiel cytotoxique;

e une sous-population CD169m/mes CD56st : elle repré-
sente 5a 10% des cellules NK circulantes mais presque la
totalité des cellules NK présentes dans les organes lym-
phoides secondaires [6]. Ces cellules NK sont capables
de produire d’importantes quantités de cytokines et de
chémokines mais posseédent une faible capacité a lyser
spontanément des cellules cibles [7]. Cette capacité de
sécrétion d’IFNa et de TNFy leur conféere une fonction
immunorégulatrice. Enfin, ces cellules possédent un fort
pouvoir prolifératif en présence d’IL-2.

Apres activation, les cellules NK peuvent produire dif-
férentes cytokines (IFNy, TNFa, IL-1B3, IL-10, IL-3, IL-5et
IL-13) et chimiokines (IL-8, MIP-1« et RANTES) [8]. Ces diffé-
rentes molécules conférent leurs différentes propriétés aux
cellules NK:

e UIFNvy, produit précocement au cours d’une infection, est
impliqué dans les défenses anti-infectieuses ;

e la production de cytokines et chimiokines permet aux
cellules NK, d’une part, de participer a ’orientation
Th1ou Th2 de la réponse immunitaire, et, d’autre part, de
recruter d’autres cellules participant a la réponse immu-
nitaire;
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o enfin, les cellules NK peuvent aider a la maturation des
cellules dendritiques et réciproquement [9].

Ainsi, les cellules NK interviennent précocement dans la
réponse immunitaire acquise au site de l’inflammation ou
au niveau des organes lymphoides secondaires par sélec-
tion des cellules dendritiques. Les deux sous-populations
de cellules NK présentant des caractéristiques distinctes
et des localisations différentes, ont des roles distincts au
cours de la réponse immunitaire et correspondent a des
stades de maturation différents [10]. Freud et al. ont mis
en évidence, dans les organes lymphoides secondaires, des
cellules NK aux différentes étapes de leur différenciation,
allant des cellules souches CD34" CD45RA* aux cellules
CD3~ CD56e"t [11]. De plus, cette équipe a également
montré que le développement des cellules NK est relati-
vement similaire a celui des lymphocytes T, en termes de
stades, d’activation des antigénes et de la migration des
cellules dans les organes lymphoides au cours de leur matu-
ration [12]. Les résultats de cette étude ainsi que d’autres
études plus récentes confirment I’hypothése de Lanier selon
laquelle les cellules NK CD569™ dériveraient directement
des cellules NK CD56P¢" [13]. En outre, |’équipe de Chan
a pu mettre en évidence une implication du CD56 dans
|’étape de maturation terminale : dans un modéle de cocul-
ture fibroblastes/cellules NK CD56°""t purifiés, |’ utilisation
d’un anticorps bloquant Uinteraction entre le CD56et le
fibroblast growth factor receptor-1 (FGFR-1) inhibe la géné-
ration des cellules NK CD56%™ [14]. Enfin, Ferlazzo et al.
ont suggéré que l’activation des cellules NK CD56"¢" a pour
effet une augmentation de U’expression des KIRs, récepteurs
caractéristiques de la sous-population CD569™ [15]. Diffé-
rentes cytokines, notamment U’IL-15, UIL-21, le FLT3-ligand
et le c-kit ligand, sont également impliquées dans la diffé-
renciation des cellules NK a partir d’un précurseur immature
[6].

Les multiples études menées sur les cellules NK ont per-
mis la mise en évidence de nombreux récepteurs activateurs
et inhibiteurs, mais aussi de différentes molécules costimu-
latrices, qui régulent finement U’activité des cellules NK. Les
cellules NK expriment a leur surface des récepteurs HLA-
spécifiques et des récepteurs non HLA-spécifiques.

Parmi les récepteurs HLA-spécifiques, on retrouve les
killer cell immunoglobulin-like receptors (KIRs), spécifiques
des HLA-A, B, C et G [16]. Ces récepteurs peuvent étre

Presence des HLA classe |

Pas de
cytolyse

Absence des HLA classe |

Cytolyse

Théorie du missing self.

activateurs ou inhibiteurs, selon que leur portion cyto-
plasmique est longue (L) et contient un motif inhibiteur
immunoreceptor tyrosine-based inhibitory motif (ITIM) ou
qu’elle est courte (S) et contient un motif activateur Immu-
noreceptor Tyrosine-based Activating Motif (ITAM). Leur
dénomination repose également sur le nombre de domaines
immunoglobulin-like : on distingue ainsi des récepteurs avec
2 (KIR2D) ou 3 (KIR3D) domaines immunoglobulin-like.

Les récepteurs de la famille leukocyte immunoglobulin-
like receptors (LIR)/immunoglobulin-like transcripts (ILT)
sont d’autres récepteurs spécifiques des molécules HLA de
classe I. LIR1/ILT2 (CD85j) reconnait plusieurs molécules
HLA [17] alors que le LIR2/ILT4 ne reconnait que HLA-F [18].
Ces deux récepteurs sont des récepteurs inhibiteurs. Enfin,
le récepteur hétérodimérique CD94/NKG2A (CD159a), de
type C-lectine, est également un récepteur inhibiteur et
reconnait la molécule HLA-E.

Les cellules NK, lysant préférentiellement les cellules
n’exprimant pas de molécules HLA de classe | [15],
expriment aussi a leur surface des récepteurs activateurs
non spécifiques des molécules HLA de classe I.

Trois récepteurs présentant cette caractéristique ont été
récemment identifiés : le NKp30/natural cytotoxicity recep-
tor (NCR) 3, le NKp44/NCR2 et le NKp46/NCR1. Ces NCR sont
des récepteurs activateurs et sont spécifiques des cellules
NK [19]. Le NKp30et le NKp46 sont exprimés constitutive-
ment sur les cellules NK alors que le NKp44 n’est exprimé que
par les cellules NK activées [20—22]. Ainsi, le NKp44 pourrait
contribuer a ’augmentation d’efficacité des cellules NK
activées a lyser les cellules cibles [23]. Les NCR jouent un
role coopératif ou synergique dans la cytotoxicité médiée
par les cellules NK. De plus, des analyses phénotypiques et
fonctionnelles ont montré que la densité de NCR a la sur-
face des cellules NK est variable d’un individu a Uautre
et qu’il existe une corrélation entre la densité de surface
des NCR et la capacité des cellules NK a lyser les cellules
cibles [24]. Par ailleurs, des données récentes suggérent
I’existence d’un cross-talk entre les NCR: ’activation de
’un ou ’autre des NCR induirait un processus de phospho-
rylation de tyrosines qui n’est pas restreint aux molécules
associées au NCR entrant en interaction avec un ligand
mais qui implique également les molécules de signalisa-
tion associées aux autres NCR. Cela suggére que la cascade
de signalisation activée par l’engagement d’un NCR peut
étre amplifiée par l’activation simultanée de molécules de
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signalisation associées a d’autres membres de la méme
famille de récepteurs [25]. Les ligands des trois NCR sont
pour l’instant mal connus mais il semblerait que les NCR
soient capables de se lier a des molécules virales comme
la protéine pp65du cytomégalovirus pour le NKp30ou des
hémagglutinines de l’influenza virus pour le NKp46 [26,27].
Plus récemment, un nouveau ligand du NKp30a été décrit :
HLA-B associated transcript-3ou BAT-3 [28], un facteur
nucléaire relargué par la cellule tumorale en réponse a des
signaux de stress. La molécule NKG2D fait aussi partie de la
famille des récepteurs activateurs des cellules NK non HLA-
restreints. NKG2D peut étre exprimée par les lymphocytes
T CD8* et les lymphocytes TCR y/3. Ce récepteur appar-
tient a la superfamille des récepteurs de type C-lectine.
Ses ligands ont été identifiés récemment : MICA, MICB (MHC
class I chain-related A/B) et les ULBP1-4 (UL16-binding pro-
teins). Les genes codant pour MICA et MICB se trouvent
sur le chromosome 6, dans le complexe des génes codant
pour le HLA [29,30]. Ces molécules peuvent étre induites en
condition de stress et sont surexprimées dans des tumeurs
épithéliales comme le sein, 'ovaire, le colon, le rein et les
poumons. Les ULBP sont des molécules glycosyl phospha-
tidyl inositol-ancrées (GPI) caractérisées par la capacité a
induire U’activation des cellules NK médiée par le NKG2D.
Leurs génes sont également localisés sur le chromosome 6.

Enfin, les cellules NK portent a leur surface des corécep-
teurs, qui jouent un role dans l’activation des cellules NK.
Leur fonction activatrice est dépendante de l’engagement
simultané d’un récepteur activateur. De plus, la fonction
activatrice ne serait pas uniqguement dépendante de la den-
sité de surface de certains des principaux récepteurs NK
mais aussi de l’existence d’un nombre d’interactions suf-
fisantes entre le récepteur et ses ligands sur les cellules
cibles. La molécule 2B4/CD244 (ou p38) est une molécule
de 70kDa exprimée par les cellules NK, les lymphocytes T
CD8*, les monocytes et les granulocytes [31]. Le 2B4 a pour
ligand la molécule CD48 [32] et est capable de s’associer a
une Src homology (SH)-containing phosphatase (SHP1). Le
récepteur NKp80a été identifié récemment. Comme 2B4,
il permet préférentiellement U’activation des cellules NK
présentant un phénotype NCRP"eht, Cette protéine est qua-
siment spécifique des cellules NK: elle a été décrite sur une
sous-population lymphocytaire T exprimant également le
CD56. Le NKp80 est exprimé sous forme de dimeére et appar-
tient a la superfamille des récepteurs de type C-lectine.

Les principaux ligands des cellules NK, leur fonction et
leur(s) ligand(s) sont rappelés dans le Tableau 1.

La découverte de récepteurs activateurs et inhibiteurs
a la surface des cellules NK a permis d’expliciter la théo-
rie du missing self, le controle de ’activation des cellules
NK résultant de la balance entre les signaux activateurs et
inhibiteurs mettant en jeu ces différents récepteurs. Ainsi,
plusieurs situations peuvent étre décrites :

o la cellule cible normale exprime a sa surface des molé-
cules HLA de classe | reconnues par un récepteur
inhibiteur de la cellule NK. Dans ce cas, |’engagement des
ligands de la cellule NK avec les molécules HLA de classe
| présentes sur la cellule cible génére un signal inhibiteur,
empéchant la lyse de la cible par la cellule NK [4];

e la cellule cible exprime des ligands pour les NCR mais
n’exprime pas de molécules HLA de classe | (ou des
molécules altérées), anomalie observée dans les cellules
cancéreuses ou infectées par des virus. Dans ce cas, les
récepteurs inhibiteurs ne peuvent s’engager avec leurs
ligands et il n’y a pas d’inhibition du signal activateur. En
conséquence, la cellule cible est lysée;

e enfin, la cellule cible peut exprimer de facon anormale
des ligands reconnus par les NCR ou le NKG2D, sans avoir
perdu U'expression des molécules de HLA classe I. La géné-
ration d’un signal inhibiteur est donc possible avec pour
conséquence le blocage de l’activation et de la cyto-
toxicité naturelle des cellules NK. Néanmoins, dans cette
situation, le signal inhibiteur peut étre dépassé si la den-
sité en récepteurs activateurs ou si leur affinité pour leurs
ligands est importante.

Cellules Natural Killer et hémopathies
malignes

Les cellules NK, du fait de leurs propriétés antitumorales,
ont été largement étudiées dans les hémopathies. Il est inté-
ressant de noter que des anomalies de ces cellules ont été
décrites dans presque toutes les hémopathies, myéloides ou
lymphoides, chroniques ou aigués.

Une anomalie a été décrite de facon constante dans
toutes les hémopathies étudiées : la diminution de I’activité
cytotoxique des cellules NK, qui pourrait permettre
d’expliquer Uexpansion des différents clones malins. Cette
diminution de U’activité cytotoxique est mise en évidence
par le test de cytotoxicité au chrome 51qui permet
d’étudier la lyse de cellule cibles, des cellules K562 (lignée
cellulaire dérivant d’une érythroleucémie n’exprimant pas
de molécules HLA de classe | a leur surface). Cette diminu-
tion d’activité cytotoxique pourrait étre reliée a différentes
anomalies des cellules NK: anomalie de nombre, anomalie
de ’expression des récepteurs, anomalie de production des
molécules cytolytiques. ..

La diminution de U’activité cytotoxique pourrait étre
reliée a la diminution globale du nombre de cellules NK,
phénomeéne observé dans la myélofibrose primitive (MP) ou
dans la leucémie myéloide chronique (LMC) a un stade évo-
lué. Un pourcentage de cellules NK diminué a également été
rapporté dans les leucémies aigués myéloblastiques (LAM).

Des anomalies de U'expression des récepteurs ou des
ligands de ces récepteurs peuvent également étre a
Uorigine de la diminution de ’activité cytotoxique des
cellules NK. Au cours de ’évolution de la LMC, des cel-
lules NK porteuses du transcrit bcr/abl apparaissent. Ces
cellules présentent des capacités de prolifération dimi-
nuées et acquierent l’expression de récepteurs inhibiteurs :
les CD158i et CD158j, et dans une moindre mesure le
CD158e, suggérant que l’oncogéne BCR/ABL pourrait favo-
riser ’acquisition de ces récepteurs ou favoriser la survie
des clones exprimant ces récepteurs [34]. Une anomalie
d’expression des récepteurs activateurs pourrait également
expliquer une diminution de l’activité cytotoxique des cel-
lules NK. Chez les patients atteints de LAM, une proportion
significativement augmentée de cellules NK présentant un
phénotype NCR¥!' [24] i.e. ayant une faible expression mem-
branaire du NKp30et du NKp46, a été rapportée [35]. De
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Tableau 1  Principaux récepteurs impliqués dans les fonctions Natural Killer (NK) [33].

Gene Récepteur Fonction Ligand(s)

FCGR3A CD16 A; ADCC IgG Fc

Ncam1 CD56

NKp30 NKp30 (NCR3, CD337) A; cytotoxicité, production de cytokines BAT-3, pp65

NKp44 NKp44 (NCR2, CD336) A; cytotoxicité Hémagglutinines virales
NKp46 NKp46 (NCR1, CD335) A; cytotoxicité, production de cytokines Hémagglutinines virales
NKp80 NKp80 (KLFR1) A; cytotoxicité CLEC2B (AICL)
NKG2D NKG2D (CD314) A; cytotoxicité MICA/B, ULBP
NKG2C NKG2C/CD9%94 (CD159c) A; cytotoxicité HLA-E

KIR2DS1 KIR2DS1 (CD158h, p50.1) A; cytotoxicité, prolifération HLA-Cw2, 4, 5, 6
KIR2DS2 KIR2DS2 (CD158j, p50.2) A; cytotoxicité, prolifération HLA-Cw1, 3,7, 8
KIR3DS1 KIR3DS1 (CD158¢2) A; cytotoxicité HLA-Bw4?

KIR2DS4 KIR2DS4 (CD158i, p50.3) A HLA-Cw4

2B4 2B4 (CD244) A; cytotoxicité, production de cytokines CD48

Dna-m1 DNAM-1 (CD266) A; cytotoxicité Nectin-2, PVR
Lf-at LFA-1a (CD11a) A; cytotoxicité ICAM-1 (CD54)
12ra IL-2Ra (CD25) A; prolifération IL-2

Ifngri IFN-yRa (CD119) A; cytotoxicité, prolifération IFN-y

112rb2 IL-12RB (CD212) A; production de cytokines IL-12

NKG2A NKG2A/CD94 (CD159a) | HLA-E

LIR1/ILT2 LIR1/ILT2 (CD85j) I HLA-A, B, C,E,F, G
KIR3DL3 KIR3DL3 (CD158z) | ?

KIR2DL3 KIR2DL3 (CD158b2, p58.2) | HLA-Cw1, 3,7, 8
KIR2DL2 KIR2DL2 (CD158b1, p58.2) I HLA-Cw1, 3,7, 8
KIR2DL 1 KIR2DL1 (CD158a, p58.1) | HLA-Cw2, 4, 5, 6
KIR2DL4 KIR2DL4 (CD158d, p49) 1?; production de cytokines HLA-G, A3, B46
KIR3DL1 KIR3DL1 (CD158e1, p70) | HLA-Bw4 (par exemple B27)
KIR2DL5A KIR2DL5A (CD158f) | ?

KIR2DL5B KIR2DL5B | ?

KIR3DL2 KIR3DL2 (CD158k, p140) | HLA-A3, A11

A: activation; | : inhibition; BAT-3: HLA-B associated transcript-3; CLEC2B: C-type lectin domain family 2, member B; MICA/B: MHC
class | chain-related protein A/B; ULBP : UL16-binding proteins; ICAM: intercellular adhesion molecule 1.

plus, chez les patients en rémission de leur LAM, il a été
observé une augmentation de U’expression du NKp30et du
NKp46, associée a une restauration de [’activité cytotoxique
des cellules NK [36], témoignant a la fois du caractére
acquis mais aussi réversible de cette anomalie. Dans le myé-
lome multiple (MM), au fil de ’évolution de la maladie, les
plasmocytes deviennent résistants aux cellules NK du fait
d’une expression augmentée des molécules HLA de classe
I, Uutilisation d’anticorps masquant les molécules HLA de
classe | permettant la restauration de la susceptibilité des
plasmocytes aux cellules NK [37]. De plus, la présence de
multiples transcrits du HLA-G dans les plasmocytes a aussi
été rapportée [38]. Le HLA-G est capable d’inhiber les fonc-
tions effectrices des lymphocytes T et des cellules NK,
pouvant permettre |’échappement des cellules tumorales.
De facon intéressante, il a également été observé la pré-
sence d’au moins un transcrit du HLA-G dans les cellules
leucémiques de 89 % des patients atteints de LLC. Le blocage
du HLA-G par un anticorps permet d’augmenter la suscep-
tibilité des cellules leucémiques aux cellules NK [38]. De
plus, les cellules de LLC n’expriment ni MICA, ni ULBP, les
ligands du récepteur activateur NKG2D. Dans les LAM, il a au
contraire été montré une augmentation des concentrations
des molécules MICA et MICB dans le plasma des patients [39].

Ces molécules solubles sont capables d’activer les proces-
sus d’internalisation du NKG2D, entrainant une diminution
de Uactivité cytotoxique des cellules NK [40]. De facon simi-
laire, dans les syndromes myélodysplasiques (SMD), il a été
noté une augmentation des taux plasmatiques de la forme
soluble du récepteur de U’IL-2, aboutissant a une activation
inappropriée des cellules NK [41]. Enfin, des anomalies de
production de molécules participant a la cytotoxicité des
cellules NK pourraient également étre impliquées dans la
diminution de leur activité cytotoxique. Ainsi, dans les SMD,
il a été montré une diminution de la production d’interféron
v et de TNFa [42]. Chez les patients atteints de MP, il a été
observé une augmentation des concentrations sériques de
platelet-derived growth factor (PDGF), molécule capable
d’inhiber les fonctions des cellules NK [43]. Les principales
anomalies des cellules NK décrites dans les hémopathies sont
regroupées dans le Tableau 2.

Les anomalies observées peuvent étre a l’origine d’une
baisse de ’activité cytotoxique des cellules NK, les empé-
chant de combattre la prolifération des cellules souches
hématopoiétiques anormales. De ce fait, les cellules NK
nous ont paru étre intéressantes a étudier. Nous avons choisi
de les étudier dans la maladie de Vaquez pour plusieurs
raisons. Tout d’abord, cette pathologie a été peu étudiée
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Tableau 2 Anomalie des cellules Natural Killer (NK) observées dans les différentes hémopathies [33].

Leucémies aigués lymphoblastiques

Leucémies aigués myéloides

Myélome multiple

Leucémie lymphoide chronique

Syndromes myélodysplasiques

Syndromes myéloprolifératifs

Diminution de U’activité cytotoxique (augmentation possible par UIFN ou I’IL-2)
Diminution de la production de protéines cytolytiques (9,2 % [P] vs 16,5% [T])

Expression du phénotype inhibiteur KIR AB (2DL1, 2DL2, 2DL3) chez 51,0% des
patients vs 31,1 % des témoins, liée surtout au 2DL2

Diminution de l’activité cytotoxique

Pourcentage diminué de cellules NK

Phénotype NCRIU (expression diminuée des NCRs) chez 16 P sur 18

Expression diminuée du NKG2D

Expression du phénotype inhibiteur KIR AB (2DL1, 2DL2, 2DL3) chez 51,0% des
patients vs 31,1 % des témoins, liée surtout au 2DL2

Taux augmenté des MICA (335 [P] vs 64 [T] pg/mL) et des MICB (121 [P] vs 21
[T] pg/mL)

Diminution de !’activité cytotoxique

Résistance acquise des plasmocytes aux cellules NK lors de la progression de la
maladie (augmentation de I’expression des molécules HLA de classe )
Expression du HLA-G (100 % des patients)

Expression diminuée du NKG2D et du 2B4

Expression diminuée du MICA sur les plasmocytes

Diminution de [’activité cytotoxique (augmentation possible par UIFN ou U’IL-2)
Nombre de cellules NK augmenté (45 % des patients)

Expression du HLA-G (89 % des patients)

Pas d’expression des ligands activateurs sur les cellules leucémiques
Diminution de la production de protéines cytolytiques

Diminution de [’activité cytotoxique (augmentation possible par UIFN ou U’IL-2)
Augmentation des taux de sIL2R

Diminution de la production d’IFNvy (62 [P] vs 232 [T] pg/mL) et TNFa (7,3 [P]
vs 80 [T] pg/mL)

Expression diminuée du NKp30

Expression diminuée du NKG2D

Expression de MICA/B par 30% des cellules CD34+

Pas d’expansion des cellules NK in vitro aprés activation par IL-2
Augmentation de |’apoptose des progéniteurs myéloides

Diminution de U’activité cytotoxique (sans augmentation par UIFN ou U’IL-2)
Apparition de [’oncogene BCR/ABL dans les cellules NK de la LMC évoluée
Cellules NK : augmentées dans la PV (16,7 [P] vs 9,8 [T] %), diminuées dans la
MP (5,8 [P] vs 9,8 [T] %) et la LMC évoluée

Expression augmentée du PDGF dans la MP

Expression diminuée du NKG2D dans la LMC

Expression du MICA/B par les cellules CD34+ dans la LMC

Concentration sérique élevée des MICA dans la LMC

P: patients; T: témoins; MICA/B: MHC class | chain-related protein A/B; KIR: killer cell immunoglobulin-like receptors ; NRC : natural
cytotoxicity receptor ; PDGF : platelet-derived growth factor ; LMC : leucémie myéloide chronique.

contrairement aux hémopathies aigués. Par ailleurs, cette e la polyglobulie primitive pourrait avoir une évolution

pathologie présente quelques particularités:

naturelle vers la MP, pathologie avec une expression
clinique et biologique bien distincte, pour laquelle il
n’existe pas a ’heure actuelle de traitement efficace (en

o il s’agit d’une pathologie de développement lent, pouvant dehors peut étre de allogreffe de cellules souches).
permettre la mise en place d’une réponse immune;

o elle peut étre controlée par des saignées thérapeutiques,
sans qu’il y ait besoin d’induire une immunosuppression
par l'utilisation de drogues cytotoxiques;

la présence quasiconstante d’une anomalie du géne JAK2
(mutations V617F ou de ’exon 12) pose la question de la
présence et du role de cette mutation en ce qui concerne
les fonctions des cellules effectrices de I’immunité;

La maladie de Vaquez ou polyglobulie
primitive

La polyglobulie (P) primitive, ou maladie de Vaquez (V),
est une pathologie d’incidence faible (deux a trois cas pour
100000 habitants par an). L’age médian au diagnostic est
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Figure 2  Voie de signalisation JAK/STAT.

de 60 ans (maladie rare avant 40 ans et exceptionnelle chez
I’enfant) et le sex-ratio H/F est voisin de 1,2. Ce syndrome
myéloprolifératif résulte de I’expansion clonale d’une cel-
lule souche hématopoiétique pluripotente, prédominant sur
la lignée érythroblastique. Cela est a ’origine de la plupart
des signes observés: signes d’hyperviscosité (hypertension
artérielle, céphalées), splénomégalie. Un prurit a eau
chaude ou une érythrose tégumentaire peuvent également
étre observés. Parfois, la maladie peut étre révélée par une
complication thrombotique, veineuse le plus souvent (syn-
drome de Budd-Chiari par exemple). La PV peut s’acutiser
en LAM ou évoluer en myélofibrose. Le diagnostic de cette
pathologie fut longtemps un diagnostic d’exclusion mais la
découverte en 2005de la mutation JAK2V617F a permis,
d’une part, d’affiner le diagnostic de la PV et, d’autre part,
d’élucider la physiopathologie de cette maladie [44,45].
La mutation JAK2V617F est présente dans 95% des PV
mais aussi dans 50% des thrombocytémies essentielles et
30% des myélofibroses primitives. D’autres mutations ont
été depuis décrites chez les patients ne possédant pas la
mutation JAK2 V617F, notamment sur U’exon 12du géne
JAK2 [46]. La protéine mutée JAK2 joue également un role
dans la physiopathologie de la maladie. Les protéines JAK
sont des tyrosine kinases associées a différents récepteurs
de cytokines. La protéine JAK2se lie aux récepteurs de
’érythropoiétine (EPO), du granulocyte macrophage-colony
stimulating factor (GM-CSF) et la thrombopoiétine (TPO)
[47,48]. Cette protéine est constituée de plusieurs domaines
dont les domaines JH1 et JH2 sont fonctionnellement impor-
tants: JH1 porte U'activité kinase alors que JH2 semblerait
exercer un role inhibiteur sur JH1 [46]. Les mutations
survenant principalement dans le domaine JH2, U’effet inhi-
biteur est annulé et la tyrosine kinase reste dans son état
activé. L’activation constitutive de JAK2 a pour effet final

’activation de la transcription de génes impliqués dans la
prolifération et la survie cellulaire notamment. Ce méca-
nisme est illustré sur la Fig. 2.

La maladie est le plus souvent découverte lors d’un bilan
systématique, bien que quelques signes puissent étre révé-
lateurs. L’augmentation de ’hématocrite, du nombre de
globules rouges ou du taux d’hémoglobine sont importantes
a prendre en compte et sont les premiers signes évoca-
teurs de la maladie, confirmés par la mise en évidence de la
mutation JAK2. La polyglobulie est certaine pour des héma-
tocrites supérieur a 56 % chez la femme et supérieur a 60%
chez ’lhomme ou si le volume globulaire total (VGT) est
supérieur de plus de 25% a la valeur théorique normale. Les
anciens et les nouveaux critéres diagnostiques sont présen-
tés dans le Tableau 3, montrant toute ’importance accordée
a la mutation JAK2 V617F.

Concernant le traitement de cette pathologie, les objec-
tifs sont de maintenir U’hématocrite sous 45% et les
plaquettes sous 450G/L. Les traitements symptomatiques
peuvent étre les saignées et l’aspirine. Les traitements
myélofreinateurs les plus utilisés sont le pipobroman et
’hydroxyurée. Des inhibiteurs de tyrosine kinase, plus ou
moins spécifiques de JAK2, sont en développement.

Les cellules Natural Killer dans la maladie de
Vaquez

Dans cette derniére partie, nous allons nous intéresser plus
spécifiquement aux cellules NK dans la polyglobulie primi-
tive. Les équipes de Gersuk et Froom se sont intéressées plus
globalement aux cellules NK dans les syndromes myélopro-
lifératifs [49,50]. Si Froom ne rapporte pas de différence de
pourcentage de cellules CD16+ entre les patients atteints de
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Tableau 3  Critéres diagnostiques de la polyglobulie de Vaquez.

Criteres de I’OMS 2001

Criteres de I’OMS 2008

Critéres majeurs

Criteres mineurs

A1: VGT >25% de la valeur théorique ou
Hb>18,5g/dL (H) ou>16,5 (F) g/dL

A2 : pas de cause de polyglobulie secondaire
A3: splénomégalie

A4 : anomalie cytogénétique clonale (sauf
chromosome Philadelphie)

A5 : pousse spontanée de colonies
érythroblastiques en culture

b1: thrombocytose

b2 : hyperleucocytose > 12 G/L

b3 : panmyélose avec prolifération érythroide
et mégacaryocytaire a la BOM

A1: Hb>18,5g/dL (H) ou>16,5
(F) g/dL ou VGT >25% de la valeur
théorique

A2 : mutation du gene JAK2

(JAK2 V617F ou mutation de
’exon 12)

b1 : myéloprolifération des
3lignées a la BOM

b2 : EPO sérique basse

b3 : pousse spontanée de colonies

b4 : EPO sérique basse

A1+ A2 +1autre critére A ou
A1+ A2 +2critéres b

Diagnostic de PV si

érythroblastiques en culture

A1+A2+1critére b ou
A1+2criteres b

VGT : volume globulaire total ; EPO : érythropoiétine.

SMP (1143 %) et les témoins (124+4%) [50], Gersuk et al.
montrent un pourcentage de cellules NK augmenté chez
les patients atteints de PV: 16,7 +£2,1% vs 9,8 £1,3% [49].
Les patients présentent en valeur absolue un nombre de
0,46 +0,18G/L cellules NK (en moyenne, 0,2G/L de cel-
lules NK). Pour étudier plus précisément les cellules NK,
nous les avons définies selon leur phénotype classique CD3~
CD16* CD56*. Nous avons pu montrer une augmentation
significative des cellules NK en pourcentage et en valeur
absolue. Froom et al. rapportent la diminution de I’activité
cytotoxique des cellules chez dix patients sur 26 [50]. De
méme, Gersuk et al. montrent également une diminution
de activité cytotoxique chez les patients atteints de PV:
76,94+5,4LU vs 173,9 6,3 LU [49]. Cette unité LU est défi-
nie comme le nombre de cellules effectrices provoquant
30% du relargage spécifique du 3'Cr par 10* cellules cibles,
exprimé pour 107 cellules effectrices [49]. Les deux équipes
montrent que UIFNa et UIL-2 permettent d’augmenter mais
pas de restaurer l'activité cytotoxique des cellules NK
chez les patients. Nos études préliminaires sur les capaci-
tés d’activation des cellules NK chez les patients atteints
de maladie de Vaquez suggerent un déficit fonctionnel
de ces cellules. De nombreuses anomalies de ’expression
des récepteurs ayant été décrites, nous avons étudié
’expression de récepteurs activateurs (NCRs et NKG2D)
et de récepteurs inhibiteurs (CD158a, CD158b, CD158e,
CD158i, CD85j et CD159a). L’expression de ces récepteurs
est normale, a "exception du CD158a dont |’expression est
augmentée chez les patients atteints de PV. Ces données
suggérent que le déficit cytotoxique des cellules NK pourrait
étre lié a une ou des anomalies de voies de signalisation mal-
gré 'expression quasi normale des récepteurs a la surface
des cellules NK.

Deux voies nous semblent intéressantes a investiguer
dans ce contexte. D’une part se pose la question de
la présence de la mutation JAK2 V617F dans les cellules
NK des patients et de ses éventuels effets sur les cel-
lules. La transfection de la lignée NK-92avec le géne
JAK2 muté pourrait permettre d’étudier les effets de la

mutation sur les cellules NK. Des expériences similaires
ont déja été réalisées avec la transfection du transcrit de
fusion bcr/abl dans cette lignée cellulaire. Il a été observé
une diminution du nombre de cellules NK et [’expression
de récepteurs inhibiteurs. Ce modéle permettrait éga-
lement d’étudier les effets d’une molécule anti-JAK2.
D’autre part, le clone malin pourrait se développer du
fait d’une résistance des progéniteurs érythroblastiques
aux cellules NK. Ainsi, il semble intéressant de rechercher
’expression du HLA-G mais aussi des autres molécules HLA
de classe | a la surface des progéniteurs érythroblastiques
des patients.

Conclusion

La découverte de récepteurs spécifiques des molécules HLA
de classe | sur les cellules NK ainsi que l’étude de leurs
fonctions, de leur régulation et de leurs propriétés molé-
culaires permettent d’envisager leur utilisation comme une
immunothérapie innovante dans les hémopathies. En effet,
des anomalies des cellules NK (nombre, expression des
récepteurs, diminution de ’activité cytotoxique...) ont été
décrites dans toutes les hémopathies. Nos premiéres études
sur les cellules NK dans la polyglobulie de Vaquez nous ont
permis de mettre en évidence des anomalies, notamment
de la répartition des sous-populations lymphocytaires, nous
engageant a poursuivre nos investigations dans cette patho-
logie.
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. WHICH ROLE FOR NK CELLS IN HAEMOPATHIES
DEVELOPMENT ?

The incidence of malignancies in France has been checked by the Health Surveillance
Institute  (HIS) between 1980 and 2012. HIS estimated that hematological
malignancies, including leukemia or lymphoma, represent 10% of new cancer cases in
France, or 35 000 per year. Prevalence is more important for individual aged 60 and
older. Current treatments with chemotherapy prolong progression-free survival but the
risk of relapse and transformation of some haemopathies in acute leukemia remains
high. To date, allogenic transplantation is the only curative treatment.

There has been a substantial gain in our understanding of the role that natural killer
cells play in mediating innate host immune responses against cancer. Although NK
cells have long been known to be capable of kiling cancer cells independently of
antigen recognition, the full therapeutic potential of NK cell-based immunotherapy has
yet to be realized.

This ten last years, defects in NK cells function, activation and phenotype have been
described in almost all hematological malignancies (Sanchez et al, 2011). These
observations led us to continue investigating NK cells functions in these pathologies,
and more particularly in polycythemia Vera and acute myeloid leukemia.

The monitoring of NK cell activity in patient with hematological malignancies is clearly
topical as evidenced by the review of Sebastien Viel et al. published in 2013 (Viel et al,
2013). In this context, our overall objective is to understand what the role of NK cells in

PV and AML development.
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IV. RESULTS

A. Result 1: Natural killer cells in patients with polycythemia vera

In this first part, we investigated the peripheral NK cytotoxicity abilities and phenotype

in patients with polycythemia Vera. PV is an interesting disease for several reasons:

* Few studies have been conducted on NK cells in this disease,

* PV has a slowly progressive disease, and can be controlled by therapeutic
bleedings, without need of inducing immunosuppression by using cytotoxic drugs,

* [t can evolve into myelofibrosis or acute myelogenous leukemia,

* s characterized by almost constant presence of a molecular defect (JAK2 V617F)
in myeloid lineage, and the JAK2V617 mutation is present 95% of PV
patients(Larsen et al, 2007).

Thus, the immune system seems to be able to control the development of the disease

but not to eradicate it. This raises several questions:

- Is the mutation found in NK?
- What are the consequences of this mutation in NK cells: their number, their
functions?

To answer these questions, we have first determined the percentage of JAK mutation

in purified PV-NK cells, the number and percentage of NK and test NK cells cytotoxicity

abilities in vitro before and after expansion with II-2. Next we have investigated
expression of inhibitory and activating receptors at NK cells surface and their gene
level expression. We combined these experimentations by an original transcriptomic
analysis comparing NK cells from PV and healthy donors which is the reflect of genes
transcription in a cell for a given condition. This work leads to an article currently in

submission.
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Summary

Natural killer lymphocytes are pivotal cells of innate immunity that sense defective expression of
human leukocyte antigen class I molecules and are complementary to specific cytotoxic T
lymphocytes. Natural killer are potent antileukemic cytotoxic effectors. A defect in their
cytotoxicity has been described in some hematopoietic malignancies such as acute myeloid
leukemia, multiple myeloma and myelodysplasic syndromes. This defect is at least partially
linked to a decreased or absent expression of some activating natural killer molecules, more
particularly the so-called natural cytotoxicity receptors. In the present study, we more
particularly focused our attention on natural killer cells of polycythemia vera, a
myeloproliferative disease characterized by the presence of mutated JAK2 tyrosine kinase. The
polymerase chain reaction analysis of natural killer from patients showed that they expressed the
mutated form of JAK2. In polycythemia vera the proportion of natural killer was increased
compared to healthy donors. The proliferative and cytotoxic capacities of natural killer cells
from patients were similar to healthy donors. Expression of activating or inhibitory receptors was
comparable in patients and donors, with nonetheless an imbalance for the inhibitory form of the
CD158a,h couple of receptors in patients. Finally, the transcriptomic profile analysis clearly
identified a discriminant signature between natural killer cells from patients and donors that

could putatively be the consequence of abnormal continuous activation of mutated JAK2.



Introduction

Myeloproliferative disorders (MPD) are clonal pluripotent stem cell disorders characterized by a
spontaneous growth of myeloid cells in bone marrow. Among the Phildadelphia (Phl)
chromosome-negative MPD, polycythemia vera (PV) often has a favourable evolution limited to
thrombotic events, although an increased incidence of secondary malignancies, development of
myelofibrosis or acute leukaemia may impair life expectancy (Tefferi et al., 2013). Moreover, in
absence of allogenic hematopoietic stem cells transplantation, these diseases are incurable. PV is
treated with phlebotomy and non specific cytotoxic drug such as hydroxyurea, or more recently,
in the presence of myelofibrosis, by Janus kinase (JAK) inhibitors which do not stop the
evolution of disease but improve symptoms and decrease splenomegaly.

Since malignant cells in haemopathies often have abnormal human leukocyte antigen (HLA)
class I molecule expression, they should be natural targets for natural killer (NK) cells although
they have developed some way to escape to innate immunity (Baier ef al., 2013; Sanchez ef al.,
2011). Knowledge on NK cell functions in MPD relies on very few studies. Early studies have
shown that MPD patients have decreased cytotoxic activity of NK cells despite an increase in the
absolute count of CD16+. In vitro treatment with IFN-a or IL-2 restored normal NK cytotoxicity
in the study of Gersuk et al. but not in the study of Froom et al.(Froom et al., 1989; Gersuk ef al.,
1993). Among MPD, PV is characterized by a constant acquired mutation of JAK2 affecting
exon 14 and, less frequently, exon 12 (Baxter et al., 2005; James et al., 2005). This mutation
leads to a gain of function with constitutive phorphorylation and downstream signaling via
STAT3 and STATS. JAK2 participates in the signaling of the interferon gamma receptor (IFNy-
R), which is expressed by NK cells and lead to STAT]1 activation that increases the expression of
interferon-stimulated genes (Schneider et al., 2014). On the one hand, defect in NK cytotoxic
functions have been described in many malignancies (Baier et al., 2013; Sanchez et al., 2011).
On the other hand, a simple view could assess that the JAK2 gain of function could induce NK
cell activation and augment cytotoxicity, thus providing an increased anti-tumoral and anti-
infectious defense. Of note, since IFN-y is also produced by NK cells, JAK2 gain of function
could lead to a self-entertained autocrine loop with constitutive activation of STATI, leading to
auto-immunity and susceptibility to infections, a result that is counter-intuitive with the
hypothesis of increased NK activation (O'Shea et al., 2013). Moreover, it has been shown that
the non-classical HLA molecule HLA-G is secreted by erythroblasts in all hematopoietic organs
and that this molecules turns-off the erythropoietin receptor signaling through JAK2 and JAK2
V617F dephosphorylation in PV (Menier et al., 2008). In addition, the HLA-G molecule can be
transferred to activated NK cells by trogocytosis, leading to blockade of NK proliferation and



cytotoxicity owing to its interaction with the ILt2 inhibitory receptor on other NK cells
(Caumartin et al., 2007). In chronic myeloid leukemia (CML), a MPD characterized by a gain of
function due to constitutive tyrosine-kinase properties of the ber-abl protein, decreases NK
cytotoxicity is observed due to an abnormal expression of inhibitory killer immunoglobulin-like
receptors (KIRs) (Chiorean et al., 2003).

From these observations, we conclude that available data do not allow us to predict NK
phenotype in PV, although the development of an immune response against PV clone could be of
great interest in the attempt to eradicate the disease. In order to answer this question we analyzed
NK from PV patients in comparison with HD regarding the expression of activating and

inhibitory molecules, cytotoxic functions and gene expression patterns.



Methods

Cell preparation and cultures

Peripheral blood mononucleated cells (PBMC) were isolated from blood samples using
lymphocyte separation medium density gradient centrifugation (Eurobio Technologies, France).
Purified NK cells were obtained after depletion using EasySep kit (StemCell Technologies,
Vancouver, Canada). Purity of the NK cell fraction (CD3/CD16/CD56") obtained from PV
patients was assessed by flow cytometry and varied from 64 to 86 %. NK were expanded for
three weeks from total PBMC cultured at 0.75.10°ells/ml with feeder EBV cells at
0.75.10%ells/ml in RPMI 1640 medium GlutaMAX with 10% fetal calf serum (FCS) in the
presence of recombinant human IL-2 (1000 UI/mL) (Sigma, St Louis, MO). The K562 cell line
was grown in RPMI 1640 medium with 10 % FCS.

CD107a mobilization assay

NK cells were stimulated with K562 cells at ratio 1/1. The negative control was obtained with
NK cells and medium. The positive control was obtained with NK cells stimulated with phorbol-
12-myristate-13-acetate (PMA) (2.5 pg/mL) and ionomycin (0.5 pg/mL). The CD107a-FITC
antibody was added directly to the wells at a concentration of 50 pL/mL and incubated

overnight. After incubation, cells were labeled with CD56" for 15 minutes at 4°C in the dark.

Immunophenotyping

Fluorescein isothiocyanate (FITC), phycoerythrin (PE), phycoerythrin-cyanin (PC5) coupled
monoclonal antibodies (mAbs) were used to define the NK cells phenotype: CD3 (IgG1), CD16
(IgGl), CD56 (IgGl); activatory receptors and coreceptors: NCR3/NKp30 (IgGl),
NCR2/NKp44 (IgG1), NCR1/NKp46 (IgGl), NKG2D (IgG1), CD244/2B4 (IgG1l); inhibitory
receptors: CD158a,h (IgGl), CD158bl,b2j (IgGl), CD158el/e2 (IgGl), CD158i (IgG2a),
CDS85)/ILT2 (IgG1), CD159a/NKG2A (IgG2b). PBMC were stained with anti-CD3, anti-CD56,
anti-CD158a,h (clone EB6) and anti-CD158a (clone 143211, IgG1, R&D Systems)-conjugated
mAb. All antibodies were purchased from Beckman Coulter (Marseille, France). Total blood was
incubated for 15 minutes at 4°C, washed with PBS and analyzed on a XL-Epics (Beckman

Coulter, Marseille, France). Background levels were measured using isotypic controls.



Quantification of intracellular perforin and granzyme

NK cells (5.10°) were first incubated during 15 minutes at 4 °C with 10 pL anti-
CD3"¢/CD56" and then fixed and permeabilized with Intraprep reagent (Beckman Coulter,
Marseille, France). NK cells were incubated with anti-perforin™ (eBiosciences, San Diego,

USA) or anti-granzyme B"* (R&D Systems) during 15 minutes at room temperature.
granzy y g p

Transcriptome analysis

Sample amplification, labeling, and hybridization followed the Low Input Quick Amp Labeling,
one-color protocol (version 6.5, May 2010) recommended by Agilent Technologies. 500 ng of
each total RNA sample was reverse transcribed into cDNA using oligo dT-T7 promoter primer.
Labeled cRNA was synthesized from the cDNA. The reaction was performed in a solution
containing dNTP mix, cyanine 3-dCTP, and T7 RNA Polymerase, and incubated at 40 °C for 2
hours. Hybridization was performed into whole human genome microarray slides (4x44K
G4112F, Agilent Technologies, Santa Clara, CA) containing 45,220 oligonucleotide probes at 65
°C for 17 hours. Hybridized microarray slides were then washed according to the manufacturer’s
instructions and scanned using an Agilent DNA Microarray Scanner, using the Agilent Feature
Extraction Software (Agilent Technologies). Quantification files derived from the Agilent
Feature = Extraction  Software = were  analyzed using the AgiND  package
(http://tagc.univmrs.fr/AgiND). We also used the AgiND R package for quality control and

normalization. Quantile methods and a background correction were used for data normalization.



Results

Characteristics of patients and controls

After informed consent, blood samples were obtained from seventeen patients with PV and from
fifteen aged-matched HD (66.3 years +/- 12.3 for PV patients vs 64.4 +/- 9.3 for HD). The
patients were diagnosed according to the world health organization (WHO) criteria. Median
haemoglobin, platelets and leucocytes counts at the time of blood sample collection were 18.7
g/dL (range : 16.0 - 22,6 g/dL), 438 G/L (range : 210 - 643 G/L) and 12,1 G/L (range : 3.3 - 26,4
G/L), respectively. The JAK2 V617F mutation was found in 16 highly purified NK cells sample
from patients and one patient had a mutation in exon 12 (F537-K539delinsL) (data not shown).

PV patients were naive from any cytotoxic treatment at time of blood sampling.

Proportion and proliferation of NK cells in PV patients

Distribution of lymphoid populations in EDTA blood was compared between seventeen PV
patients and fifteen HD and did not reveal significant difference regarding absolute number of
lymphocytes (1.66 G/L = 0.67 vs 1.79 G/L = 0.49, not significant [NS]) (data not shown). We
observed an increased percentage of NK cells (12.2 % = 7.3 vs 7.4 % = 5.3, p <0.05) (Fig 1A) as
well as an increased absolute number of NK cells (0.180 G/L = 0.088 vs 0.126 G/L = 0.082, p <
0.05) (Fig 1B). In line with the predominance of the CD56"™ subset in peripheral blood, this
subset accounted for the increase of NK cells. In vitro stimulation with Il-2 induced a mean fold
increase of 500 = 250 at 21 days of culture for HD and of 400 = 200 for PV-NK cells (Fig 1C).
After 21 days of culture, proliferation capacities of PV and HD NK cells decreased (data not

shown).

NK cells cytotoxicity

NK cells cytolytic granules membrane contains the lysosomal-associated membrane protein-1
(LAMP-1), corresponding to the CD107a cluster, which detection is considered to reflect
degranulation and indirectly cytotoxic capacities (Alter et al., 2004). The basal NK-mediated
cytolytic activity against K562, assessed by evaluation of degranulation by CD107a surface
expression, was not significantly different between PV patients and HD after short term
(overnight) culture (11.4% £ 5.93 vs 11.04% + 5.39, [NS]) (Fig 2A), or long term (17 days)
culture with 1000U/ml 11-2rh (23.3% £ 9.9 vs 29.2 £13.2, [NS]) (Fig 2B). We next investigated
the content in intracellular perforin and granzyme B of NK cells (Fig 2C). We did not found any
difference between PV patients and HD, either in percentage of NK cells expressing perforin
(74.4 % = 27.0 vs 70.6 % = 31.9) and granzyme B (66.6 % = 10.8 vs 58.7 % + 14.2) or in MFI :
perforin (16.8 = 8.7 vs 19.6 = 9.6) and granzyme B (8.9 = 2.8 vs 7.4 = 2.2) (data not shown). So,



PV-NK cells did not present any deficit in content of important cytolytic molecules, perforin and
granzyme B. We investigated gene expression of TNFa, granzyme B and IFNy by RT-qPCR. In
PV patients, the expression of TNFa gene tended to be increased (4.8 = 1.60 vs 6.18 = 0.91 in
relative value) while gene expression of granzyme B, IFNy tended to be decreased (1.8 = 0.81 vs
0.73 £2.62 and 4.86 + 2.14 vs 4.07 = 1.76) (data not shown). We did not detect any difference in
NK cytotoxicity between PV patient and HD.

Expression of activating receptors by peripheral PV NK cells

Flow cytometry analyses were investigated in EDTA blood on NK cells. We failed to detect any
significant difference in percentage of NK cells expressing NKp30/NCR3 (58.1 % + 20.6 vs 58.1
+ 20.7%,p > 0.05, [NS]), NKp46/NCRI1 (68.9 % + 20.9 vs 74.9 % + 16.0, p > 0.05, [NS]),
NKG2D (95.8 % + 1.7 vs 94.8 % + 2.5, p>0.05, [NS]), 2B4/CD244 (97.6 % + 1.7 vs 97.4 % +
1.1, p>0.05, [NS]), and CD158i (0.7 % + 17.7 vs 1.8 % =+ 20.7, p>0.05, [NS]) between PV
patients and HD (Fig 3A). MFTI for these four receptors and this co-receptor were also similar for
NKp30/NCR3 (9.24 + 8.8 vs 11.79 + 6.74, p > 0.05, [NS]), NKp46/NCR1 (16.55 + 14.75 vs
22.14 £ 12.32, p > 0.05, [NS]), NKG2D (29.82 + 19.45 vs 38.63 + 15.35, p>0.05, [NS]),
2B4/CD244 (65.81 + 24.67 vs 67 + 32.21, p>0.05, [NS]), and CDI158i (3.55 + 4.61 vs 2.65 +
4.18, p>0.05, [NS]) between PV patients and HD (Fig 3B). NKp44/NCR?2 is expressed only by
activated NK cells. Three PV patients expressed this receptor (17.6 % of the patients) and only
one HD expressed it (data not shown), although in both cases with very low MFI. In RT-qPCR,
as expected, we were not able to detect RNA for NKp44/NCR2 in resting NK cells. Gene
expression of 2B4 and NKp46/NCR1 was similar between PV patients and HD (6.4 = 0.70 vs 6.2
+ 1.07 and 5.3 = 0.48 vs 5.4 = 2.34). In PV patients, gene expression of NKp30/NCR3 and
NKG2D tends to be decreased (5.9 = 0.94 vs 4.6 = 1.78 and 7.8 = 0.66 vs 6.9 + 0.76), but this

difference was not significant (data not shown).

Expression of inhibitory receptors by peripheral PV-NK cells

In the series of fifteen HD, CD158b, CD158e, CD85j and CD159a were expressed by 25.8 % =
16.5, 12.2 % = 8.0, 36.3 % = 25.8 and 47.7 % = 20 of NK cells respectively. Fourteen PV
patients exhibited same percentage of positive cells for these different receptors: 31.2 % = 17.5
[NS], 14.2 % = 11.5 [NS], 49.3 % = 20.5 [NS] and 45.5 % = 16.7 [NS] respectively (Fig 4A).
Concerning the mean fluorescence intensity, we were not able to detect any statistical difference
between PV-NK cells and HD-NK cells (Fig 4B).

The receptor CD158/KIR2DL1/DSI1, exists in inhibitory and activating forms. We quantified the
expression of both forms by using the CD158a,h antibody that recognizes both activating and



inhibitory form and the 143211 antibody that recognizes the inhibitory form only of CD158
(Cognet et al., 2010). In a series of eight PV patients and eight HD, PV-NK cells expressed
higher percentage of inhibitory form of CD158a,h receptor (58.9 % = 33 vs 48.4 % = 27.15,p >
0.05, [NS]) although not reaching a statistical significant difference (Fig 4C).

Gene expression analysis of PV NK cells

By transcriptional approach, we looked for genes that were differentially expressed between NK
cells from PV patients and HD. Thus, 10 RNA samples from 5 PV patients, 4 HD and NK-92
cell line were used to characterize the transcriptional signature of PV. Hierarchical clustering
revealed seventeen differentially expressed genes and completely separated PV patients from HD
(Fig 5). Several genes like FAM27, XRRAR1,HDDC, ZNF282, TNFRSF 1B, GCG, NFIC,ALF1I,
SLC6A45, TOAP, SNX21, TRAVS and the non-coding ARN LOC100506845, LOC100508554 and
A 33 P3348151 were down regulated while C70rf54 gene is the only gene that was over-

expressed compared to HD.



Discussion

The possible role of the immune system in the control of PV, in its evolution to myelofibrosis or
acute myeloid leukemia and in the increased incidence of secondary malignancies led us to
thoroughly study NK cell phenotype. Although PV patients have a normal number of
lymphocytes, they present an increased percentage and absolute number of NK cells in
comparison with HD. This could suggest a proliferative advantage of PV-NK cells at least in
vivo, since in vitro proliferation was not different from HD. We can hypothesize that under
suboptimal in vivo conditions PV-NK cells have a proliferative advantage that disappears when
NK are cultured under optimal conditions, i.e high concentrations of IL-2 and strong stimulation
by feeder cells (EBV-infected B-cells) that express high level of NK stimulating molecules. In so
far as the JAK2 mutation present in PV patients corresponds to a gain of function with increased
activation of the JAK/STAT pathway, we hypothesize it could explain the increased number of
NK cells in PV patients. To test this hypothesis, we performed RT-qPCR on highly purified PV-
NK cells. The JAK2 mutation was detected at a significant level in all samples, we concluded to
its presence in PV-NK cells, in accordance with the notion that this mutation occurs in very
primitive cells explaining the multi-lineage abnormalities observed in JAK2-mutated MPD
(Delhommeau et al., 2007; Larsen et al., 2007). We then tested the expression of both
stimulating and inhibitory molecules on PV-NK in comparison with HD-NK, since the
observation of increased KIRs expression in CML suggested that the JAK2 gain of function
mutation, which has common point with the BCR/ABL gain of function, could lead to
comparable results (Chiorean ef al., 2003). Regarding the activating and co-activating receptors
expression (NCRs, NKG2D and 2B4) we failed to detect a significant difference in surface
expression between PV-NK and HD-NK, although RT-qPCR showed a trend for decreased
genes expression of NKp30/NCR3 and NKG2D in PV patients, but without impact on protein
level, suggesting that post-transcriptional regulation plays a role in the level of expression of
these molecules. We also failed to detect any expression difference for the inhibitory receptors
CD158a, CD158b, CD158e, CD159a and CD8S5j. In addition, we evaluated the expression of
CD158a,h a receptor that shares both an inhibitory and an activating form (Cognet et al., 2010).
We observed a trend for an increased expression of the inhibitory form of CD158a, h although
the number of tested samples did not allow to attain a statistically relevant signification. The
study of Chiorena et al. (Chiorean et al., 2003) has showed that the BCR/ABL fusion protein
induced decreased NK cytotoxicity. This prompted us to indirectly test this property by flow
cytometry detection of NK degranulation. We observed a trend for short term decreased

degranulation in PV-NK, which was restored during culture and even became higher than HD-



NK. Although we did not reach a statistically significant level, this data suggest that PV-NK
have normal degranulation functions and probably cytotoxic functions, or that at least these
functions are restored by optimal ex vivo culture conditions, allowing their use in a
immunotherapeutic approach. Furthermore, the quantification by flow cytometry of perforin and
granzyme B showed no differences between PV-NK and HD-NK, thus indicating a normal
cytotoxic armamentarium. Detection of granzyme gene expression by RT-qPCR detected only
moderately decreased levels, suggesting again a role for post-transcriptional regulation of protein
levels (data not shown). On the contrary, increased RNA levels were detected for TNFa (data
not shown), in line with the normal expression observed by Chiorean et al. in CML-NKs
(Chiorean et al., 2003). Human NK cells constitutively express membrane TNFo (mTNFa) that
is responsible for cytotoxic activity of resting NK cells (assessed using paraformaldehyde fixed
NK cells in order to avoid the participation of cytotoxic soluble mediators such as perforine,
granzyme and TNFa) (Caron et al., 1999). Normal or even increased TNFa levels could
participate in immune surveillance by resting PV-NK, without any effect of a putative imbalance
of negative vs positive signaling surface molecules. Finally, since PV-NK seems to mostly
behave as normal HD-NK despite the JAK2 gain of function mutation, we compared the whole
gene expression in the two NK populations by the transcriptomic microarray approach. We
identified a pattern of gene expression that distinguished PV-NK from HD-NK, with seventeen
genes differentially expressed between PV and HD NK cells. The only gene expression up-
regulated in PV-NK was C7orf54 (Chromosome 7 open reading frame 54). This gene has no
known function and has been identified in a genome-wide gene—environment interaction analysis
for asbestos exposure in lung (Wei et al., 2012). The other fifteen genes were all less expressed
in PV-NK than in HD-NK. The functions of these fifteen genes are mostly unknown in NK,
except for the tumor necrosis factor receptor superfamily member 1B (TNFRS1B = TNFR2 =
CD120b = p75) which is the ligand for TNFa, a cytokine produced by NK themselves and
monocytes/macrophages. The down-regulation of both TNFRSIB could have putative
implication for NK cytotoxicity, since this receptor as a positive role in the regulation of
cytotoxic function of NK cells that could not be detected under our investigational procedures.
Nonetheless, the measure of TNFR2 expression at NK cell surface has to be performed since
RNA levels do not preclude effective protein expression (Mason et al., 1995). We lack of
identified functions for some of the other fourteen differentially expressed genes. Nonetheless,
we surprisingly observed that some genes more expressed in HD-NK than in PV-NK
corresponded to genes associated to diseases and more particularly to cancer. AIF1 (allograft
inflammatory factor 1) is associated with demyelinating polyneuropathy, XRRAR1 (X-ray

radiation resistance associated 1) is suspected to be involved in neuroblastoma and colorectal



cancer, TROAP (trophinin associated protein) is associated with in human gallbladder cancer,
while ZNF282 (zinc finger protein 282/ HUB-1) and LOH-12CR2 (loss of heterozygosity, 12,
chromosomal region 2) expression are both associated with leukemia (Cave et al., 1995; Chang
et al., 2009; Mesak et al., 2003; Okumura et al., 1997; Pawlik et al., 2013). Although it is not
possible to draw firm conclusion from this observation, we can nonetheless observe that JAK2
gain of function mutation, despite the constitutive activation of the JAK/STAT pathway, does
not lead to over-expression (at least in NK) of oncogenes, in line with the observation that acute
leukemia in PV patients rarely are JAK2-mutated, suggesting that the leukemic process is not
under JAK2 control. We also failed to obtain a functional enrichment from our transcriptional
study of PV-NK, a result that is counterintuitive in the context of a gain of function mutation.

We conclude that, in contrast with the study of Chiorean et al. (Chiorean et al., 2003) in
CML in wich the significant modification of CML-NK phenotype is induced by BCR/ABL gain
of function mutation, the JAK2 mutation did not drastically modify PV-NK phenotype at least
for the parameter we tested. This could be in part due to the inhibition of receptor signaling
through JAK2 (either normal or mutated) by HLA-G molecules secreted by the remaining
normal erythroblasts (Menier et al., 2008). This observation is important since it may give some
clue for the relative good prognosis of PV that, despite its potent gain of function mutation, has a
relatively low rate of leukemic transformation that could in part be explained by effective innate
immune surveillance, in contrast with CML, leukemia, myeloma or even myelodysplastic
syndromes (Costello et al., 2013; Costello et al., 2002; Kiladjian et al., 2006). Moreover, the
preserved functions of PV-NK predict the putative efficacy of immunotherapeutic strategies and
could partly explain the efficiency of PV treatment by [FNa (Kiladjian ef al., 2011). In fact, part
of the mechanisms of action of IFNa in PV relies on its immune properties; enhancement of NK
cells cytotoxicity, production of IFN-y, accumulation and survival of NK by IL-15 induction,
together with the secretion of other cytokines via an autocrine IFN-y loop (Hervas-Stubbs et al.,
2011). All these effects are likely to be more efficient on a population with normal or subnormal
baseline properties, in sharp contrast with the drastic loss of function of NK observed in

leukemia and that is hardly overcome by today available immune-restoration strategies.
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Figure Legends

Fig 1: Distribution of NK cells in PV and proliferation capacities of PV-NK cells in vitro, in
response to recombinant human IL-2. Distribution of lymphoid populations in EDTA blood
was compared between PV patients (n=17) and HD (n=15). The percentage (A) and the absolute
number (B) of NK cells in PV patient (0) compared to HD (x). (C) NK cells from 10 PV patients
and 9 HD are counted following 21 days of culture. The mean of fold increase is determined and

reflects the proliferation capacities of NK cells.

Fig 2: Short and long term cytolytic function with content in perforin and granzyme of NK
cells. (A) Cytolytic activity of resting NK cells against K562, for 19 PV patients (O) and 10 HD
(X). (B) Cytolytic function of NK cells from 7 HD and 7 PV-patients is measured after seventeen
days of culture. (C) The content in perforin and granzyme of NK cells was measured by flow
cytometry. Results are expressed in percentage of NK cells containing perforin and granzyme in

a series of 6 HD and 4 PV patients.

Fig 3: Expression of co- activating receptors in PV. Expression of activating receptors
(NKp30, NKp46, NKG2D, and CD1581) and co-receptor 2B4 by resting NK cells in PV patients
(O) and in HD (X): (A) percentage of expression, (B) MFI.

Fig 4: Expression of inhibitory receptors (CD158b, CD158e, CD159a and CD85j) by resting
NK cells in PV patients (O) and in HD (X): (A) percentage of expression, (B) MFI. (C) This
figure represents the percentage of inhibitory from of CD158 a, h in PV patient (8) and HD (8).

Fig 5: Hierarchical clustering of PV-NK cells genes. Differential gene expression obtained
between resting NK cells from 5 PV-patients (UPN) and 4 HD with one NK cells line NK-92.
Seventeen genes are differentially expressed; over-expressed genes are represented in red and

down-regulated genes in green.
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Conclusion

In this study, the JAK2 mutation found in each purified samples of PV-NK cells. The
mutation, characterized by a gain of function can be at the origin of the increasing of
absolute number and the percentage of PN-NK cells. However, JAK2V617F seems to
be silent since it does not induce modification of NK cells functions in vitro. Our results
lead us to conclude that PV-NK cells behave as control cells. That is right that in vivo,
this behavior can be inhibited in part by the production of HLA-G molecules secreted by
PV-normal erythroblasts. It could be interesting to test in vitro, the effect of PV-cell
environment on NK cells from HD. The release of HLA-G molecules by PV-
erythroblasts, the NK cells functions and receptors phenotype could be tested after co-
culture models with PV- erythroblasts or HLA-G molecules directly.

For this project, we hypothesized that JAK2V617in PV- NK cells could be at the origin
of loss of function explaining the evolution of the pathology, but we failed to detect

very significant abnormalities in PV-NK, at least regarding the parameters we tested.
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B. Result 2: Regulation of natural cytotoxicity receptors expression in NK cells from

patients with acute myeloid leukemia

In this second part, we focused on expression of NCR1/NKp46, NCR2/NKp44 and

NCR3/NKp30 in patients with acute myeloid leukemia. Our previous works on AML have

shown that:

* The three NCR are weakly expressed in AML patients (NCR™" phenotype),

* This down-regulation is acquired during evolution of AML and reversible after
complete remission,

» NCR™' phenotype is related to poor prognosis

(Costello et al, 2002; Fauriat et al, 2007).

- As the three NCR are located in two different chromosomes (NCR1/NKp46 on
chromosome 19, and chromosome 6 for NCR2/NKp44 and NCD3/NKp30), we
hypothesized that the expression of NCR has a common regulation at their

genes transcription level.

Firstly, we have made a transcriptomic approach comparing NK cells from healthy

donors with NK cells from AML patients (AML-NK cells) in order to obtain differentially

expressed genes which can highlight different pathway involved in NCR regulation.

Then, to better understand the mechanisms of NCR regulation in AML-NK cells, we

have:

* Verified the decrease of NCR expression on normal NK cells co-cultured with AML
tumorous cells (AML blasts).

* Investigated common putative regulatory elements for the three NCR.
Currently this work is still in progress and need next experimentations to validate the
hypothesis. To make reading easier and homogenize the writing of this work with the

rest of the manuscript, this part is presented as an article draft.
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INTRODUCTION

Acute myeloid leukemia (AML) is characterized by proliferation of immature and
abnormal leukocytes that interfere with the normal production of normal blood cells.
Several subtypes of AML have been described according to cytological characteristics
and chromosomal abnormalities (Falini et al, 2010). Disease progression and the high
incidence of relapse after chemotherapy or after transplantation of allogeneic
hematopoietic stem cells suggest that leukemic blasts escape to the immune system
(Asai et al, 1998; Jiang et al, 1997; Lavigne & Acres, 1989).

Natural killer (NK) cells are lymphocytes of the innate immune system that recognize
and Kkill various types of malignant cells. Under physiologic condition, cells are
protected from NK cells mediated lysis through adequate amount of MHC-class |
expression. A deficient MHC class | expression has been observed in leukemia cells,
making them target of NK cells mediated lysis (Elkins et al, 1984; Urlacher et al,
1987). NK kill tumor cells by engagement of various activating receptors such as the
natural cytotoxicity receptors (NCR): NCR1/NKp46, NCR2/NKp44 and NCR3/NKp30 that
strongly enhance the cytolytic activity of NK cells. Defects of NK functions have been
described in many hematological malignancies including AML (Costello et al, 2012;
Costello et al, 2002; Fauriat et al, 2007; Kiladjian et al, 2006). The expression of the
three NCR is high (NCR™") for most healthy persons and low (NCR™") in most patients
with AML. The NCR expression is related to AML prognosis. The NCR™! phenotype is
acquired during leukemia development since a complete (for NCR1/NKp46) or partial
(for NCR3/NKp30) reversibility is observed in patients achieving complete remission
(CR) after “classical” chemotherapy. Moreover, the proposed action mechanism of
treatment with IL-2 + Ceplene® (histamine dihydrochloride) for consolidation in AML is
the restoration of normal NCR expression (Brune et al, 1996; Costello et al, 2002;
Fauriat et al, 2007; Thoren et al, 2009). Reversibility of the NCR! phenotype after CR
suggests that leukemia cells might be involved in down-regulation of NCR expression.

The regulatory mechanisms of the NCR is are poorly understood, in particular how the
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parallel expression of these receptors is coordinated since their genes are located on
two different chromosomes, suggesting the existence of a common negative / positive
regulatory factor to these receptors.

The NK cells from mice deficient in lkaros, ETS1, MEF (myeloid ELF1 (E74-like
factor 1)-like factor; also known as ELF4), IRF2 (interferon-regulatory factor 2) or
RUNX3 have decreased cytotoxicity. The ETS-1 factor functions, at the earliest stages
of NK cell development in mice, promote expression activating receptors such as
NKp46 (Ramirez et al, 2012). However, it is unclear whether these transcription factors
have roles in NK cytotoxicity (Barton et al, 1998; Lacorazza et al, 2002; Lohoff et al,
2000; Lotem et al, 2013; Ramirez et al, 2012; Townsend et al, 2004; Wang et al,
1996). A motif homologous to the ETS-binding site was identified in the mouse
promoter that enhanced perforin, transcription in cytotoxic cells. This study also
identified two DNA-binding proteins that interact with this element, which were
postulated to be members of the ETS family of transcription factors (Glimcher et al,
2004; Koizumi et al, 1993).

Altogether, these data are in line with our hypothesis of a common regulation of
NCR in patient with AML. We aim to highlight the mechanism of NCR down-regulation
first by cultivating NK NCR®" from healthy donors with leukemic cells or healthy
hematopoietic cells, in order to observe the appearance of the NCR™ phenotype, and
second by analysis of NCR promoters region with observation of a common putative
binding site of transcription factors. Interestingly, our preliminary results indicate that
ETS-1 is a potential regulatory element of NCR expression in acute myeloid leukemia.

Ultimately, further insights into the biology of NK cells and particularly into the
regulation of NCR expression, might also promote the development of novel strategies

for stimulating their anticancer activity.
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MATERIAL AND METHODS

Patients and controls
Peripheral blood samples were obtained from 8 LAM patients (UPN1 to 8) and 8
healthy donors (HD46, 49, 62, 197, 567,574, 662, 940) after informed consent. Median
age of LAM patients was 78 years, and the half was women. The patients studied were
classified according to the WHO classification (Table 1). Healthy patients samples
came from the Etablissement Frangais du Sang Alpes-Méditerranée (EFS). All of them
have NCR™™ phenotype except for donor number 940 which has NCR™' phenotype.
AML-patients have NCR™" phenotype and we have excluded patients who presented

CD45"/CD56" leukemic cells phenotype.

NK Cells expansion and NK cells sorting
Peripheral blood mononuclear cells (PBMC) were isolated from blood using lymphocyte
separation medium density gradient centrifugation (Eurobio Technologies). NK cells
were expanded from 15 (for healthy NK cells) and to 31 days (for AML NK cells) from
total PBMC cultured at 0.75.10%cells/ml with feeder EBV cells (from M.Villalba team,
Montpellier) at 0,75.10%cells/ml in RPMI 1640 medium GlutaMAX with 10% fetal calf
serum (FCS) in the presence of recombinant human II-2 (1000 Ul/mL) (Sigma) at 37°C
in 5% CO2. Expended NK cells were purified by EasySep Human NK Cell Enrichment kit
(EasySep) or by flow cytometry from expansion medium. Purity of obtained NK cell

fractions (CD16+/CD56+) varied from 87 to 98%.

Co-culture
After expansion, healthy NK cells were co-cultured with AML blast coming from PBMC
of AML patients with ratio NK/AML blast 1/5 and during five days in RPMI 1640
GlutaMax medium 10% FCS and lI-2rh (1000U/ml). Expanded AML NK cells were co-

cultured with PBMC from donors in the same conditions and during 48 hours.
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Malignant NK cell line NK-92 (ATCC, France) were co-cultured 48 hours with three AML
lineages (ratio 1/5): MOLM-14, KG-1 and Kasumi-1 (ATCC, France), corresponding to
AML5, AML6 and AML2 respectively. NK-92 (ATCC) was cultured in Alpha Minimum
Essential medium without ribonucleosides and deoxyribonucleosides complemented
with 2 mM L-glutamine, 1.5 g/L Sodium bicarbonate, 0.2 mM Inositol, 0.1 mM 2-
mercaptoethanol, 0.02 mM folic acid, 200-400 U/ml recombinant human IL-2, 12.5%

horse serum and 12.5% fetal bovine serum.

Immunophenotyping

Fluorescein isothiocyanate (FITC), phycoerythrin (PE), phycoerythrin-cyanin (PC5)
coupled monoclonal antibodies (mAbs) were used to define the NK cells phenotype:
CD3 (IgG1), CD56 (IgG1), activating receptors: NCR1/NKp46 (IgG1), NCR2/NKp44
(IgG1) and NCR3/NKp30 (IgG1). All antibodies were purchased from Beckman Coulter
(Marseille, France). PBMC and expanded or co-cultured NK cells were incubated for 15
minutes at 4°C, washed with PBS and analyzed on a FACS Calibur cytometer (BD
Biosciences). Background levels were measured using isotypic controls (IgG1 Mouse),
and all mean fluorescence intensities (MFI) were expressed in ratio MFI antibody/ MFI
isotypic control. Results are expressed in MFI + SEM (standard error of the mean). To
know if modulation on NCR expression was significant, we have used Student paired

T.Test.

RNA extraction and quantification
Total RNA was extracted using RNeasy Mini kit (Qiagen) according to manufacturer
instructions. ARN were quantified with NanoDrop spectrophotometer (Thermo scientific)

and the RNA integrity was assessed using Agilent 2100 Bioanalyser (Agilent).

Reverse transcriptase quantitative PCR (RT-qPCR)
A mixture containing optimized concentrations of dNTPs, random primers, oligo (dT)
primer and gScript reverse transcriptase, was used for cDNA synthesis. Transcripts

were quantified by real-time quantitative reverse transcription polymerase chain
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reaction (RT-PCR) on an stratagene Mx3005P sequence detector (Agilent
Technologies) with Applied Biosystems predesigned TagMan Gene Expression Assays
and TagMan Universal PCR Master Mix. The following probes were used (Applied
Biosystems): NCR1/NKp46 (Hs00183118_m1), NCR2/NKp44 (Hs00183113_m1),
NCR3/NKp30 (Hs00394809 _mA1), NKG2D/KLRK1 (Hs00183683_m1), ETS1
(Hs00428293 m1). Housekeeping genes used were the gene GAPDH
(Hs02758991 g1) and TBP (Hs00427620 _m). Results are expressed in relative mean

expression £+ SD (standard deviation).

Transcriptome analysis
Sample amplification, labeling, and hybridization followed the Low Input Quick Amp
Labeling, one-color protocol (version 6.5, May 2010) recommended by Agilent
Technologies. 100 ng of each total RNA sample was reverse transcribed into cDNA
using oligo dT-T7 promoter primer. Labeled cRNA was synthesized from the cDNA. The
reaction was performed in a solution containing dNTP mix, cyanine 3-dCTP, and T7
RNA Polymerase, and incubated at 40 °C for 2 hours. Hybridization was performed at
65 °C for 17 hours into whole human genome microarray slides (Agilent®SurePrint G3
V2 8 x 60K, Agilent Technologies, Santa Clara, CA) containing 24 000 probes with
8 200 LincRNA (Long intergenic non-coding RNAs). Hybridized microarray slides were
then washed according to the manufacturer's instructions and scanned using an
Agilent DNAMicroarray Scanner, using the Agilent Feature Extraction Software (Agilent
Technologies). Quantification files derived from the Agilent Feature Extraction
Software were analyzed using the AgiND package (http://tagc.univmrs.fr/AgiND). We
also used the AgiNDR package for quality control and normalization. Quantile methods

and a background correction were used for data normalization.

Statistical analysis
For each comparison measurement of differential gene expression was obtained using
the TigrMulti-experiment viewer (TMeV) program. Significant Analysis of Microarray
(SAM) and Student’st-test were applied to determine fold changes (FC) and P-values
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(P), respectively. The data were analyzed using a two-class unpaired response type,
which compared control versus AML samples.

For each samples comparison, the functional annotation corresponding to the
differentially expressed genes was identified using DAVID (Database for Annotation,
Visualization, and Integrated Discovery; http://david.abcc.ncifcrf.gov/) with high
classification stringency, FDR < 5% (False Discovery Rate). We also used ClueGo, a
cytoscape plug-in to decipher functionally grouped gene ontology and pathway

annotation networks (Bindea et al, 2009).

Research of common putative transcription factors binding sites to NCR genes

The MAPPER.database (http://genome.ufl.edu/mapperdb) is a web-based platform for
the analysis of transcription factor binding sites (TFBSS) in multiple genomes. The
database contains predicted binding sites identified in the promoters of all human,
mouse and Drosophila genes using 1017 probabilistic models representing over 600
different transcription factors. MAPPER; includes three large libraries of TFBSS
models: TRANSFAC, MAPPER and JASPAR (Riva, 2012). We first performed this
multiple search on the region -8Kb upstream transcription start site (TSS) of the human
NCR1/NKp46, NCR2/NKp44 and NCR3/NKp30 genes. We extracted those sequences
using BioMart (PMID 19144180) in GRCh37/hg19 coordinates from V76
((http://grch37.ensembl.org/) annotations (PMID 19906699). The ETS1 motif was
retrieved from JASPAR core vertebrates database (version 5.0 _alpha) and shortened
to the core motif of 8bp.

The RSAT suite was then used to scan this modified ETS1 motif upstream of NCRs
(NCR1/NKp46, NCR2/NKp44 and NCR3/NKp30). Thisin-silico search of ETS1 was
performed with oligo-analysis (van Helden et al, 1998) and matrixscan (Turatsinze et
al, 2008) from the RSAT (Regulatory Sequence Analysis Tools) (Thomas-Chollier et al,
2011) suite with default settings and p-val<10-4 (http://tagc.univ-mrs.fr/rsa-tools/).
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Chromatin Immunoprecipitation (ChiP)

Approximately 1x10” NK-92 cells were suspended in an ice-cold PBS. Proteins were
cross-linked to the DNA using a final concentration of 1% formaldehyde for 10 min at
room temperature. The formaldehyde was quenched with 0.125 mM glycine (final
concentration). After centrifugation, the cell pellet was rinsed with an ice-cold PBS
solution and then suspended in ChIP Lysis Buffer (Protease inhibitor (Roche applied
sciences), 50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1mM EDTA, 10% glycerol, 0.5%
NP-40 and 0.25% Triton 10X). The sample was incubated on ice for 5 min and the
pellet was rinsed with an ice-cold PBS solution again.

For sonication, the pellet was suspended in 300 ul ChiIP Lysis Buffer. Fragmentation of
the DNA was performed on ice, first to isolate and break down the nuclei and then to
fragment the DNA (size 200-500 nucleotides) with a Covaris™S2 sonicator. The
sheared chromatin was cleared by centrifugation at 4°C.

Magnetic Dynabeads protein A/G (Invitrogen) was added to the sample and the
suspension was transferred and divided into two fractions (IP and input). We used 4 pg
of ETS-1 antibody (C-4), a mouse monoclonal 1gG4 antibody (sc-55581) (Santa Cruz
biotechnology), the fraction without antibody (input) served as a positive control while,
mouse nonspecific antibodies served as a negative control. All fractions were
incubated for 1h at 4°C on a rotator device. The immune complexes were washed two
times with 100ul of IP Buffer 1 and IP Buffer 2, respectively (Invitrogen). All washing
steps were carried out at 4°C. To reverse crosslink, the Dynabeads protein A/G were
suspended in reverse cross linking buffer (Invitrogen) and proteinase K and incubated
in a thermal cycler for 15 min at 55°C. The DNA was isolated using the PCR

Purification Kit (Invitrogen) following the manufacturer's instructions.
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The DNA was amplified by quantitative PCR (Syber green 1, Light Cycler® 2, Roche
applied science) using NCR-specific primers pair. All g-PCR results were replicated and
normalized with input. Semi-quantitative results were obtained after 40 cycles PCR

amplification. The primers used were:

Forward Reverse

NCR1/NKp46 5-GGAGTTGTGAACGTTCTGATGA-3’ 3-TAGTGCTGAGCAGTGGGGACT-%’

NCR2/NKp44 5’-GGGAAGCAGTCCATAACTCG-3 3’-TCCCAGGCCTCTGTAGAAA-5’

NCR3/NKp30 5’-AGGGTCTCTAGGAGGCCAAG-3 3'-GTGCAGTGAGGCCAGATTC-5’
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RESULTS

Comparison between NK cells from AML patients and from healthy donors

* NK cells from AML patients exhibit weak proliferation abilities following in vitro

stimulation

Clinical characteristics of AML patients included in the present study were listed on
Table 1. Since the percentage of AML-NK cells in total PBMC is very low, we have
expanded NK cells beforehand. Indeed, percentage of NK cell in AML patients reached
2.42% + 2.19 versus 10.6% + 3.18 for HD (figure 1a). After 17 days of in vitro culture
for HD-NK cells expansion, we obtained a proliferative index of 312 £93 and the
percentage of NK cells ranged from 7.6% + 2.9 to 46.8% + 21. To reach the same
percentage of AML-NK cells, the enrichment was carried on 31 days. Thus, we
obtained 33.45% + 18.88 NK cells, with a proliferative index of 79 + 19. We observed
that this NK cell expansion protocol induced an increase of NCR and NKG2D
expression for all AML-NK (figure 1b). We compared NCR MFI ratio of HD-NK cells
versus NCR MFI ratio of AML-NK cells. Mean MFI ratio for NCR1/NKp46 was 41% vs
58%, for NCR2/NKp44 683% vs 262%, for NCR3/NKp30 93% vs 54%, and for NKG2D
240% vs 40%.

We conclude that proliferation of AML-NK cell is slower and weaker than HD-NK cells
and that increased of NCR expression was lower than it observed in HD-NK cells,
except for NCR1/NKp46. NCR2/NKp44 that is only expressed on activated NK cells
was not recovered at HD level. The proliferation of AML-NK cells was 4 times weaker
than the proliferation of HD-NK cells, even after thirty days of stimulation with EBV
feeder cells and high concentration of II-2. EBV cell line was developed to select and
activate specifically NK cells by NKG2D ligands expression (MHC class-I-chain-related
protein A (MICA) and B (MICB) and UL16-binding protein 1 and 2 (ULBP1 and ULBP2).
Surprisingly, this cell line activates AML-NK cells by NKG2D without drastic increase of
its receptor compared to HD-NK cells. This underlines that through in vitro stimulation,

AML-NK cells exhibit low activation abilities by low expression of activating receptors,
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except for NCR1/NKp46. Our results are in agreement with publication of Fauriat et al.
(Fauriat et al, 2007) that showed a complete recovery for NCR1/NKp46 and a partial

recovery for NCR3/NKp30 in patients achieving complete remission.

* Microarray analysis revealed an AML-NK cells transcriptional signature

To characterize an AML transcriptional signature, we used 16 RNA samples obtained
after NK cells expansion, 6 from expanded AML-NK cells and 8 from expanded HD-NK.
High purity of HD and AML-NK cells was obtained: 92.83% + 5.74 for HD-NK cells and
95.16% =+ 38.15 for AML-NK cells. After conducting a significant analysis of microarray
(SAM) analysis with a FDR = 5%, we visualized (cf. heatmap) that 90 transcripts
differentially expressed between HD and AML patients. In the first cluster, 30 genes
were up-regulated and in the second cluster 60 genes were down-regulated in NK cells
from AML patients compared to HD (figure 2). Overexpressed genes in AML patients
were related to cell death and apoptosis (FAIM2, CASP1 and SH3KBP1). Among the 60
underexpressed genes we found genes involved in cells functions for different
pathologies: IGF2BP2, AlIF1, FZD6,GAB2, RUNX2, SNCA and in NK cells functions:
IL12RB2 and IRAKS.

Hierarchical clustering clearly distinguished AML-NK from HD-NK cells. We noted that
differences in NCR expression observed in vivo in AML-NK cells NK and the possible
pathways involved in down-regulation of NCR did not appeared in the heatmap. These
results are probably due to the NK cell enrichment protocol which has faded these
differences. Several remaining down-regulated genes were related to NK cells
functions and proliferation as for example interleukin-12 receptor beta 2 (IL12RB2)
which promotes the proliferation and cytotoxicity of NK cells via JAK/STAT pathway
(Galon et al,, 1999; Lehtonen et al.,, 2003). Interleukin-1 receptor-associated kinase 3
(IRAK3) is an essential component of the IL-R immune signal transduction pathways
and stimulates proliferation and interferon-gamma production by human NK cells
(Cooper et al, 2001; del Fresno et al, 2005). Monocytes are the main source of

secreted IL-1, which is also produced by activated macrophages and neutrophils.
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Perturbations in IGF2BP2 expression are characteristic in B-acute lymphoblastic
leukemia (Stoskus et al., 2011). Allograft inflammatory factor 1 (AIF1) plays a role in
macrophage activation and T-lymphocytes proliferation (Zhao et al,, 2013). It has been
published that frizzled class receptor 6 (FZD6) triggers oncogenic transformation of B-
cell in mouse model (Wu et al, 2009) and that runt-related transcription factor 2
(RUNX2) was transcription factor involved in leukemia transformation (Kuo et al., 2009).
GRB2-associated binding protein 2 (GAB2) is involved in the regulation of cell
proliferation and hematopoiesis and enhance oncogenic signaling (Zatkova et al,
2006). Under expression of synuclein alpha non A4 component of amyloid precursor,
SNCA is characteristic of megakaryocytes of myeloproliferative neoplasm (Maitta et
al., 2011; Nakai et al., 2007).

After thirty days of activating expansion, these under-expressed genes in AML-NK cells
and their functions associated with other pathology explain the weak proliferation
abilities of AML-NK cells that we observed. By this way, they highlight in part the cause
of defect in NK cells function and then the proliferation of leukemic cells in AML
patients. Other genes that with differential expression between AML-NK and HD-NK
failed to give us more clues since their function is still unknown. Of course, expression
level of differentially expressed genes will be verified by RT-qPCR, together, when
possible, with direct quantification of the corresponding protein. Furthermore, another
transcriptomic approach will be realized with resting NK without preliminary expansion
in order to more extensively define the differentially expressed gene between AML-NK

and HD-NK.

Monitoring of NCR down-expression in HD-NK cells in presence of AML blasts

* NCR1/NKp46 and NCR3/NKp30 expression of HD-NK cells are down-regulated in
presence of AML blasts

To observe in vitro the NCR down-expression of expanded HD-NK during contact with

AML blasts, expanded HD-NK were co-cultured with HD-PBMC or AML-blast from

NCR™" AML patients over 5 days (n=8). We then compared MFI ratio of NCR and
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NKG2D in the AML co-culture with HD-PBMC co-culture. MFI for NCR1/NKp46
decreased of 28% (1278 + 1.70 vs 9.22 + 0.99, p=0.0188), NCR2/NKp44 MFI
decreased of 21% (155 £ 4.65 vs 12.23 + 3.01, p > 0.05, [NS]), NCR3/NKp30 MFI
decreased of 20% (10.19 + 2.15 vs 8.15 + 1.76, p=0.0173). As control, no significant
difference was observed in NKG2D expression (a decrease of 16% (16.12 + 3.51 vs
13.53 £ 2.73, p > 0.05, [NS])) (Figure 3).

Fauriat et al. (Fauriat et al, 2007) have shown a similar decrease for NCR1/NKp46
(17%) and NCR3/NKp30 (28.3%) when HD-NK cells derived from progenitor cell
(CD34+) were co-cultured 15 days with irradiated leukemic cells (ratio 1/20). However,
when they co-cultured mature HD-NK cells 1 to 5 days with leukemic cells (ratio 1/20),
they have observed a decrease of 67% for NCR3/NKp30 and no modification in
NCR1/NKp46 expression. Our results demonstrated that co-culture of mature HD-NK
cells with non-irradiated leukemic blast (ratio 1/5) during 5 days induced a decrease of
these two NCR. Our data thus suggest that the process of NCR down-regulation takes

place in mature NK cells, during cell-to-cell contact with AML blast.

* NCR1/NKp46 and NCR3/NKp30 genes expression is decreased in presence of AML

blasts

Next, we wanted to analyze NCR messenger RNA level variation following AML blats
coculture by performing RT-gPCR. After normalization with TPB gene, we compared
NCR genes expression level when HD-NK cells were co-cultured with AML-blast or with
HD-PBMC which is the calibration condition (100%) (Figure 4). Mean expression for
NCR1/NKp46 decreased of 42.2% (57.8 = 24.5 vs 100%, p > 0.05, [NS]), NCR2/NKp44
mean expression increased of 4% (104.3 + 448, p > 0.05, [NS]), NCR3/NKp30
decreased of 43% (56.9 £ 48, p > 0.05, [NS].9), and NKG2D decreased of 15.7% (84.2
+ 28.1, p > 0.05, [NS]). These results indicated that NCR genes expression level tends
to decrease as observed for NCR expression. The lack of significance of results could
be explained by the dilution of ARN of expanded HD-NK cells with other AML PBMC we

have added for the co-culture. Increasing number of experimentations and sorting of
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NK cells after co-culture will probably lead to significant values that could underline

that decrease of NCR at NK cells surface is correlated to their mRNA level.

Research of common transcription factor for NCR genes regulation

* A common putative binding site ETS-1 in NCR promoters

To characterize putative common regulatory elements we investigated the NCR
promoters. Using Mapper2 database we obtained binding sites of common
transcription factors (TF) upstream of the three NCR genes [-8Kb; TSS] (Table 2).
Taking into account the involvement of ETS-1 TF in NK cell development and
cytotoxicity in mice model, (Ramirez et al, 2012) we decided to focus on ETS-1 TF.
We next scanned the region [-8Kb; TSS] of NCR promoters with the matrix of ETS-1
motif from JASPAR database (Figure 5) using MatrixScan from the RSAT suite. Our
approach identified several putative binding sites of ETS-1 upstream the three NCR
(Figure 6). Among these binding sites we chose the three sites closest to the TSS but
also found in conserved regions between seven different species (rhesus, chimp,
mouse, chicken, dog, elephant, and zebrafish) defined from GERP elements in 37-way
multiple genome alignments (Cite PMID 19906699). These predicted ETS-1 binding
sites have for coordinates: for NCR1/NKp46: chr19: 54,906,112-54,906,119 (position -
76; -69 from TSS with p-val= 3.4e-05) for NCR2/NKp44: chr6: 41,303,270-41,303,277
(position -345; -338 from TSS with p-val= 9.1e-04) and for NCR3/NKp30: chr6:
31,593,068-31,593,076 (position -7917; -7910 from TSS with p-val= 9.5e-04) (Figure 7

a, b, c).

* NCR are down regulated in NK-92 co-cultured with Molm-14 AML cell line

Since the investigation of gene regulation may be difficult to realize on primary NK
cells, we decided to investigate effect of ETS-1 on NCR regulation mechanisms in
cellular model. Our objective is to work with large amount of cellular material in order

to easier decipher mechanism of NCR down-regulation. We co-cultured NK-92 with
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three AML cell lines over 48 hours (n=10). The co-culture of NK-92 with AML cell line
MOLM-14 significantly decreased the three NCR expressions at NK-92 surface. MOLM-
14 corresponds to AML4 subtype a myelomonocytic leukemia, one of the most harmful
of leukemia. Compared to internal control (NK-92 cultured without AML cell line), MFI
for NCR1/NKp46 decreased of 40.8% (413 £ 0.36 vs 244 + 0.33, p=0.001),
NCR2/NKp44 MFI| decreased of 225% (2.16 + 0.17 vs 1.67 £ 0.06, p=0.006), and
NCR3/NKp30 MFI decreased of 29% (3.36 + 0.46 vs 2.39 + 0.20, p=0.023) (Figure 8).
Co-culture of NK-92 with other AML cell lines KG-1 (AML6 subtype) and Kasumi (AML2
subtype) did not affect NCR expression. These results are different than those of
Fauriat et al. (Fauriat et al, 2007). In our experimentation, the fact that the two cell
lines did not affect NCR expression at surface of NK-92 could be due to the loss of
differential characteristics during cellular immortalization. In conclusion, co-culture of

NK-92 with MOLM-14 will be a good model to investigate NCR down-regulation.

* ETS-1 transcription factor bind in vivo the predicted region in NCR promoters,

in NK-92

Based on these results we designed pair of primers to perform site-specific chomatin
immunoprecipitation (ChiP) assay and to test the recruitment in vivo of this ETS-1
candidate in NK-92 cell line. After crosslinking and sonication, the chromatin extract
was immunoprecipited by commercial ETS-1 mouse monoclonal antibody and its non-
immune counterparts. The corresponding DNA fragments were then purified as
previously described (Yeh et al, 2001). The three regions of ETS-1 binding sites were
amplified by PCR using specific primer pairs (see Material and Methods). We observed
a strong recruitment of ETS-1 on targeted regions upstream the three NCR genes
(Figure 9). This experimentation did not allow us to conclude if ETS-1 binds directly the
targeted region. Indeed, in genes regulation, transcription factors do not act alone,
some other TF can interact together to induce gene transcription. This Chip-gPCR will
be repeated and EMSA (electrophoretic mobility shift assay) experimentation will

confirm if ETS-1 binds directly the predicted region or if other TF interact with ETS-1.
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» ETS-1 gene expression is decreased in presence of AML blasts

To know if ETS-1 mRNA level decreases in the same way than NCR expression, we
then performed a preliminary study of ETS-1 gene expression level in expanded NK
cells after co-culture with AML blasts. We compared the level expression of ETS-
1gene in HD-NK cells co-cultured with AML-blast or the co-culture with HD-PBMC
(condition of calibration =100%) (Figure 10). ETS-1 gene expression level decreases of
34% (66.1 = 19.4 vs 100% p > 0.05, [NS]). Even if data are not significant, the ETS-1
transcript level follows the same regulation than NCR1/NKp46 and NCR3/NKp30

mMRNA. Then, ETS-1 could be a good candidate for a common regulation.
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CONCLUSION

The role NK cells in evolution of AML and their in vivo or ex vivo manipulation for
cellular immunotherapy led us to study NK cells in AML. We investigated the regulation
of NCR expression in AML patients. Since AML patients present a low percentage of
NK cells, these cells were firstly expanded in vitro with EBV feeder cells and high
concentration of IL-2. Although these two components are used to activate specifically
NK cells, expansion of AML-NK cells showed slow and low proliferation abilities with
weak recovery of activating receptors expression. Interestingly, this expansion protocol
could be usable in perspective of cellular therapy with NK cells activation ex vivo since
it increases NCR1/NKp46 and NCR3/NKp30 expression as well as observed in AML
patients when CR was attained. Furthermore, these data explain in part why AML
patients possess a weak percentage of NK cells. In patients, proliferation of AML blast
in blood certainly amplifies the weak proliferation abilities of AML-NK cells. The
transcriptomic approach comparing expanded NK cells from patients and HD has
confirmed that expansion protocol erases differences in NCR expression observed in
vivo between AML and HD-NK cells. However, the down-expressed genes as IL12RB2
and IRAK3 may explain the defect in NK cells activation and proliferation observed

during NK cells expansion.

In parallel, we have confirmed that NCR1/NKp46 and NCR3/NKp30 were down-
expressed when HD-NK were co-cultured in vitro with leukemic blasts. Preliminary
results of RT-qPCR suggest that NCR71/NKp46and NCR3/NKp30 genes expression

level paralleled the down-regulation of these two receptors at cell surface.

Next, we have identified a common putative binding site of ETS-1 transcription factors
close to the transcription starting site (TSS) of the three NCR genes, in vertebrates
conserved regions. ETS-71 gene expression level tends to decrease in parallel to the
decrease of mRNA level of NCR when HD-NK were cultured with leukemic blasts. The

chromatin immunoprecipitation (ChIP) assays revealed the recruitment of ETS-1 to the
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fragment predicted in the three NCR genes promoters. In conclusion, our preliminary
results highlight the common regulation of NCR by a putative regulatory element during
contact between HD-NK cell and leukemic blast.

To validate our hypothesis and according to our scheme, we will test the impact of
ETS-1 on NCR transcription and NCR surface expression using ETS-1 silencing by
short interfering RNA (siRNA) on NK-92 cell line. NCR expression at NK-92 surface will
be measured by flow cytometry and NCR with ETS-71 genes expression level will be
measured by RT-gPCR. We will compare transfected NK-92 versus NK-92 control by
transcriptomic approach. This approach will also be performed with NK-92 NK cell line
co-cultured with leukemia MOLM-14 cell line. Finally, transcriptomic approaches of NK-
92 and AML-NK cells will be confronted together and may reveal pathways, proteins,
and regulatory elements similar or not between cellular model and primary AML-NK
cells. Altogether, we hope these data will highlight mechanisms of the NCR down-

expression in AML patients in order to base the NK cell immunotherapy on precise

data.

NK-92 NK-92 Inhibition ~ of ~ ETS-1
transcription factor using
siRNA and its effect on NCR
genes expression level and

. . NCR expression at NK cell
siRNA anti-

ETS-1

surface.

ARNm NCR

ARNmM TF /

ARNm TF
’
4

4

Ultimately, our goal is, once the mechanisms of decreased expression of NCR
identified, to restore their expression by reversing the negative control mechanisms.
Further insights into the biology of NK cells might also promote the development of
novel strategies for stimulating their anticancer activity.

133



REFERENCES

Asai O, Longo DL, Tian ZG, Hornung RL, Taub DD, Ruscetti FW, et al. (1998). Suppression of graft-
versus-host disease and amplification of graft-versus-tumor effects by activated natural killer
cells after allogeneic bone marrow transplantation. The Journal of clinical investigation 101(9):
1835-1842.

Barton K, Muthusamy N, Fischer C, Ting CN, Walunas TL, Lanier LL, et al. (1998). The Ets-1
transcription factor is required for the development of natural killer cells in mice. Immunity 9(4):
555-563.

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, et al. (2009). ClueGO: a
Cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation
networks. Bioinformatics 25(8): 1091-1093.

Brune M, Hansson M, Mellgvist UH, Hermodsson S, Hellstrand K (1996). NK cell-mediated killing of
AML blasts: role of histamine, monocytes and reactive oxygen metabolites. European journal of
haematology 57(4): 312-319.

Cooper MA, Fehniger TA, Ponnappan A, Mehta V, Wewers MD, Caligiuri MA (2001). Interleukin-
1beta costimulates interferon-gamma production by human natural killer cells. European journal
of immunology 31(3): 792-801.

Costello RT, Knoblauch B, Sanchez C, Mercier D, Le Treut T, Sebahoun G (2012). Expression of
natural killer cell activating receptors in patients with chronic lymphocytic leukaemia.
Immunology 135(2): 151-157.

Costello RT, Sivori S, Marcenaro E, Lafage-Pochitaloff M, Mozziconacci MJ, Reviron D, et al. (2002).
Defective expression and function of natural killer cell-triggering receptors in patients with
acute myeloid leukemia. Blood 99(10): 3661-3667.

del Fresno C, Otero K, Gomez-Garcia L, Gonzalez-Leon MC, Soler-Ranger L, Fuentes-Prior P, et al.
(2005). Tumor cells deactivate human monocytes by up-regulating IL-1 receptor associated
kinase-M expression via CD44 and TLR4. J Immunol 174(5): 3032-3040.

Elkins WL, Pickard A, Pierson GR (1984). Deficient expression of class-l HLA in some cases of
acute leukemia. Cancer immunology, immunotherapy : Cll 18(2): 91-100.

Falini B, Tiacci E, Martelli MP, Ascani S, Pileri SA (2010). New classification of acute myeloid
leukemia and precursor-related neoplasms: changes and unsolved issues. Discovery medicine
10(53): 281-292.

Fauriat C, Just-Landi S, Mallet F, Arnoulet C, Sainty D, Olive D, et al. (2007). Deficient expression of
NCR in NK cells from acute myeloid leukemia: Evolution during leukemia treatment and impact
of leukemia cells in NCRdull phenotype induction. Blood 109(1): 323-330.

Galon J, Sudarshan C, Ito S, Finbloom D, O'Shea JJ (1999). IL-12 induces IFN regulating factor-1
(IRF-1) gene expression in human NK and T cells. J Immunol 162(12): 7256-7262.

Glimcher LH, Townsend MJ, Sullivan BM, Lord GM (2004). Recent developments in the
transcriptional regulation of cytolytic effector cells. Nature reviews. Immunology 4(11): 900-911.

Jiang YZ, Barrett AJ, Goldman JM, Mavroudis DA (1997). Association of natural killer cell immune

recovery with a graft-versus-leukemia effect independent of graft-versus-host disease
following allogeneic bone marrow transplantation. Annals of hematology 74(1): 1-6.

134



Kiladjian JJ, Bourgeois E, Lobe |, Braun T, Visentin G, Bourhis JH, et al. (2006). Cytolytic function
and survival of natural killer cells are severely altered in myelodysplastic syndromes. Leukemia
20(3): 463-470.

Koizumi H, Horta MF, Youn BS, Fu KC, Kwon BS, Young JD, et al. (1993). Identification of a killer
cell-specific regulatory element of the mouse perforin gene: an Ets-binding site-homologous
motif that interacts with Ets-related proteins. Molecular and cellular biology 13(11): 6690-6701.

Kuo YH, Zaidi SK, Gornostaeva S, Komori T, Stein GS, Castilla LH (2009). Runx2 induces acute
myeloid leukemia in cooperation with Cbfbeta-SMMHC in mice. Blood 113(14): 3323-3332.

Lacorazza HD, Miyazaki Y, Di Cristofano A, Deblasio A, Hedvat C, Zhang J, et al. (2002). The ETS
protein MEF plays a critical role in perforin gene expression and the development of natural
killer and NK-T cells. Immunity 17(4): 437-449.

Lavigne P, Acres S (1989). Advisory Committee on Epidemiology. Resolutions. Canada diseases
weekly report = Rapport hebdomadaire des maladies au Canada 15(25): 127-129.

Lehtonen A, Lund R, Lahesmaa R, Julkunen |, Sareneva T, Matikainen S (2003). IFN-alpha and IL-12
activate IFN regulatory factor 1 (IRF-1), IRF-4, and IRF-8 gene expression in human NK and T
cells. Cytokine 24(3): 81-90.

Lohoff M, Duncan GS, Ferrick D, Mittrucker HW, Bischof S, Prechtl S, ef al. (2000). Deficiency in the
transcription factor interferon regulatory factor (IRF)-2 leads to severely compromised
development of natural killer and T helper type 1 cells. The Journal of experimental medicine
192(3): 325-336.

Lotem J, Levanon D, Negreanu V, Leshkowitz D, Friedlander G, Groner Y (2013). Runx3-mediated
transcriptional program in cytotoxic lymphocytes. PloS one 8(11): e80467.

Maitta RW, Wolgast LR, Wang Q, Zhang H, Bhattacharyya P, Gong JZ, et al. (2011). Alpha- and
beta-synucleins are new diagnostic tools for acute erythroid leukemia and acute
megakaryoblastic leukemia. American journal of hematology 86(2): 230-234.

Nakai M, Fujita M, Waragai M, Sugama S, Wei J, Akatsu H, et al. (2007). Expression of alpha-
synuclein, a presynaptic protein implicated in Parkinson's disease, in erythropoietic lineage.
Biochemical and biophysical research communications 358(1): 104-110.

Ramirez K, Chandler KJ, Spaulding C, Zandi S, Sigvardsson M, Graves BJ, et al. (2012). Gene
deregulation and chronic activation in natural killer cells deficient in the transcription factor
ETS1. Immunity 36(6): 921-932.

Riva A (2012). The MAPPER2 Database: a multi-genome catalog of putative transcription factor
binding sites. Nucleic acids research 40(Database issue): D155-161.

Stoskus M, Gineikiene E, Valceckiene V, Valatkaite B, Pileckyte R, Griskevicius L (2011).
Identification of characteristic IGF2BP expression patterns in distinct B-ALL entities. Blood
cells, molecules & diseases 46(4): 321-326.

Thomas-Chollier M, Defrance M, Medina-Rivera A, Sand O, Herrmann C, Thieffry D, et al. (2011).
RSAT 2011: regulatory sequence analysis tools. Nucleic acids research 39(Web Server issue):
W86-91.

Thoren FB, Romero Al, Brune M, Hellstrand K (2009). Histamine dihydrochloride and low-dose
interleukin-2 as post-consolidation immunotherapy in acute myeloid leukemia. Expert opinion on
biological therapy 9(9): 1217-1223.

Townsend MJ, Weinmann AS, Matsuda JL, Salomon R, Farnham PJ, Biron CA, et al. (2004). T-bet

regulates the terminal maturation and homeostasis of NK and Valpha14i NKT cells. Immunity
20(4): 477-494.

135



Turatsinze JV, Thomas-Chollier M, Defrance M, van Helden J (2008). Using RSAT to scan genome
sequences for transcription factor binding sites and cis-regulatory modules. Nature protocols
3(10): 1578-1588.

Urlacher A, Falkenrodt A, Tongio MM, Mayer S (1987). HLA class | antigens on normal and
leukemic cells (quantitative analysis). Tissue antigens 29(5): 237-245.

van Helden J, Andre B, Collado-Vides J (1998). Extracting regulatory sites from the upstream
region of yeast genes by computational analysis of oligonucleotide frequencies. Journal of
molecular biology 281(5): 827-842.

Wang JH, Nichogiannopoulou A, Wu L, Sun L, Sharpe AH, Bigby M, et al. (1996). Selective defects
in the development of the fetal and adult lymphoid system in mice with an lkaros null mutation.
Immunity 5(6): 537-549.

Wu QL, Zierold C, Ranheim EA (2009). Dysregulation of Frizzled 6 is a critical component of B-
cell leukemogenesis in a mouse model of chronic lymphocytic leukemia. Blood 113(13): 3031-
3039.

Yeh JC, Hiraoka N, Petryniak B, Nakayama J, Ellies LG, Rabuka D, et al. (2001). Novel sulfated
lymphocyte homing receptors and their control by a Core1 extension beta 1,3-N-
acetylglucosaminyltransferase. Cell 105(7): 957-969.

Zatkova A, Schoch C, Speleman F, Poppe B, Mannhalter C, Fonatsch C, et al. (2006). GAB2 is a
novel target of 11q amplification in AML/MDS. Genes, chromosomes & cancer 45(9): 798-807.

Zhao YY, Yan DJ, Chen ZW (2013). Role of AIF-1 in the regulation of inflammatory activation and
diverse disease processes. Cellular immunology 284(1-2): 75-83.

136



FIGURE LEGENDS

Table 1. AML patients and their clinical characteristics.

Table 2. List of common putative binding site of transcription factors upstream NCR
genes, in [-8Kb, TSS] region.

Figure 1. AML-NK cells exhibit a weak proliferation ability compared to HD-NK cells. (a)
Flow cytometry Dot Plot at day O and day 17 of NK cell expansion for healthy donors
(HD) and AML patients. In ordinate: fluorescence intensity of antibody against CD56
specific marker of NK cells. In abscissa: fluorescence intensity of antibody against
CD3 specific marker of T lymphocytes. Evolution of NK cell percentage is observed in
Q1 quarter. (b) Evolution of activating receptors (NCR1, NCR2, NCR3 and NKG2D)
expression expressed in mean fluorescence intensity (MFI) compared to isotypic
control, before and after NK cell expansion.

Figure 2. Heatmap of gene expression changes in AML patients versus donors.(a) The
hierarchical clustering represents overexpressed (red) and underexpressed (green)
genes in sorted NK cells from 6 AML-patients (UPN) and 8 HD. Normalized signal
intensities were treated with the SAM software to highlight the most differentially
expressed genes with a FDR set at 5%.

Figure 3. Activating receptors expression in presence of leukemic blasts. Evolution of
NCR1, NCR2, NCR3 and NKG2D expression in MFI ratio, after co-culture of HD-NK
cells with leukemic blasts compared to the co-culture with HD-PBMC (peripheral blood
mononuclear cells).

Figure 4. Genes expression level of activating receptors after co-culture with leukemic
blasts. Histograms represent the relative mean expression in percentage of NCR7Y,
NCR2, NCR3 and NKG2D genes when HD-NK cells are co-cultured with PBMC from
AML patients, compared to the same HD-NK cells co-cultured with PBMC from donors
(corresponding to 100%).

Figure 5. ETS-1 motif. ETS1 motif was retrieved from JASPAR core vertebrates
database.

Figure 6. ETS-1 binding regions upstream NCR genes. Each putative binding sites of
ETS-1 were represented by blue bars in the [-8Kb ; TSS] region.
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Figure 7. Coordinates of chosen ETS-1 binding sequences. Three binding sites for
ETS-1 have been predicted in silico. NCR1/NKp46: Ch19: 54,906,112-54,906,119 (a)
for NCR2/NKp44: Ch6: 41,303,270-41,303,277 (b) and for NCR3/NKp30:
Ch6:31,593,068-31,593,076 (c). Putative binding sites of ETS-1 were represented
between blue bars, in vertebrates conserved regions (represented in violet, or with
green or blue alignments).

Figure 8. Activating receptors expression in NK-92 co-cultured with leukemic blasts.
Evolution of NCR1, NCR2 and NCR3 expression, in MFI ratio, after co-culture of NK-92
with Molm-14 AML cell line compared to NK-92 control.

Figure 9. In vivo recruitment of ETS-1 transcription factor on the human NCR genes
promoter. (a) Semi-quantitative PCR results of electrophoresis on an agarose gel. (b)
Results of the quantitative chromatin immunoprecipitation assays performed using
antibodies specific for ETS-1 as described in Materials and Methods.

Figure 10. Genes expression level of ETS-1 after co-culture of HD-NK cells with
leukemic blasts. Histograms represent the relative quantity of genes expression level
of NCR1, NCR2, NCR3, NKG2D and ETS-1 when HD-NK cells are co-cultured with
PBMC from AML patients, compared to the same HD-NK cells co-cultured with PBMC
from donors (corresponding to 100%).
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Table 1.

AML Bone AML Blood
Patients Sex Age marrow Blood blast subtype Lymphocytes
blast (WHO)

UPN 1 F 67 18% 48% undeterm. 56%
UPN 2 F 56 100% 36% M1 58%
UPN 3 F 84 80% 80% undeterm. 51%
UPN 4 F 98 undeterm. undeterm. undeterm. 20%
UPN 5 M 85 20% 8% M4 25%
UPN 6 M 86 40% 19% MO 28%
UPN 7 F 53 77% 90% M5 9%

UPN 8 M 63 9% 2% ND 23%

Table 2.

AML: Acute Myeloide Leukemia; UPN: Unic Patient Number; WHO: World Health Organization; undeterm.:

undetermined

Transcription
Factors NCR1 NCR2 NCR3
171-166 -84-79
AML1 273-268 -265-260 -90-95
br_Z1 237-225 2614 ~406-418
CP2 179169 130120 134144
al 2 -307-298 105-96 91-100
Dof2 A -334-329 -126-131
-37 =33
-257 -253 -231-235
ETS1 -360 -356
Hand1_Tcfe2a -243-235 -132-124 -232-240
HMG 1 ~405-397 ~407-399 285203
61-53
MZF1_5_13 -122-114 289281 -19-27
NEKB1 307207 -106-96 91 -101
PacC 1914 -439-434 -160-165
-105-96
RELA -338-329 98400 -91-100
51-32 16-35
RREB1 -71-52 -134-115 -133-152
-477-458 212-231
22-30
Sp1 167 -361-353 P
-282-268 9379
Su(H) -354-340 -164-150 R
TP53 296277 e mn
YT 459-440 130-149
-125-106
znf143 %090 224-205 -263-282
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Figure 3.
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Figure 4.
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Figure 5.

% ETS
2
2
AC
i — A
3 o [y < 0
Figure 6.
-8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000
ENSG00000204475| 6| 31588895 | 31592985 | NCR3 L - ! T 1 T ! L 1 | = T
ENSG00000189430| 19| 54906150| 54916140 NCR1 Ll 41 1 et [1 T TTT
1 | [ | gy | nl I |
e W T |'[ | 1

ENSG00000036264 | 6] 41335655 | 41350887 | NCR2 H

145



Figure 7 a.
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Figure7 b.
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Figure 7 c.
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Figure 10.

Genes expression level
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V. CONCLUSION

During my thesis, | focused on NK cells in two different malignant haemopathies. Our
first objective was to the replace the role of NK in evolution of PV and our second
objective was to highlight a possible mechanism of the three NCR co-regulation. We
have concluded for the first part that NK cells from PV patients behaved like normal
NK cells, at least for the functions tested, although transcriptional analysis clearly
distinguished PV-NK form HD-NK. For the second project which is still in progress, our
preliminary results have shown that among numerous transcription factors which can
be involved in regulation of NCR expression, ETS-1 TF seems to be a good candidate

for our researches.

The work | have performed and the scientific expertise | have acquired during my
thesis have allowed me to contribute to the flow cytometry experiments, to the
interpretation of data and to the revising of the manuscript for two other articles
(Annexes 1 and 2). | have also written a review on NK cells modulation in
hematological malignancies, and participated to the writing of two others. During the
three years of my thesis, | also participated to the supervising of four students for

driving experimentation in cellular biology / flow cytometry / RNA extraction.

Currently, for June month and with Dr. Geoffroy Venton (Hematologist to the
Conception Hospital in Marseille), we work in collaboration with the company Advanced
Biodesign (ABD). This company, member of Lyon biopdle, is a young biotechnology
company founded in August 2010, working in the field of applied research and human
health, in particular, the field of immuno-diagnostic. ABD aims to provide specific tools
for research and diagnostics. Along with their service activities, ABD has an internal R

& D activity very active in infectiology and oncology. Indeed, the company has
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developed a molecule that targets and kill pre-leukemic stem cells. To the laboratory,
our objectives are to test this molecule on stem cells from leukemic graft collected
after treatment or leukemic PBMC and observe the effect on cellular viability. We also

need to test the innocuousness of the molecule on graft from donors.
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A. Differential expression of natural killer cell activating receptors in blood versus

bone marrow in patients with monoclonal gammopathy
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Summary

In monoclonal gammopathies (MG) and multiple myeloma (MM), normal
natural cytotoxicity receptors (NCR) expression (NCR1/NKp46, NCR2/
NKp44, NCR3/NKp30) is observed in natural killer (NK) cells. Nonethe-
less, except in plasma cell leukemia, few tumor plasmocytes are present in
PB, while NK studies have been performed on peripheral blood (PB). For
this reason we focused our attention on NK from bone marrow (BM).
Our study demonstrates that the down-regulation of NCR3/NKp30 is only
detectable in NK from BM but not in PB, and shows a drastic decrease of
both NKG2D and CD244/2B4/p38 expression in NK from BM in compar-
ison with PB. In conclusion, our data more precisely describe the mechan-
ism of immune escape of MG/MM from innate immunity since we show
a drastic down regulation of 3 major activating NK receptors (NCR3/
NKp30, NKG2D and CD244/2B4/p38) at the site of tumor, i.e BM, that
was undetectable in PB. Further studies regarding immune regulatory
drugs in MG/MM will imperiously require the assessment of immune cell
status not only in PB but also in BM to obtain more relevant data regard-
ing anti-tumor efficacy.

Baille, Marseille 13005, France. Email: regis.
costello@free.fr
Senior author: Prof. Régis T. Costello

Introduction

Multiple myeloma (MM), despite initial response to
conventional treatments and promising results with novel
agents, is the paradigm of an incurable malignancy.
Innate response and more specifically natural killer (NK)
cells may participate in MM eradication or control (for
review see ref. 1), as tumour plasmocytes are efficiently
killed by normal NK cells.” Nonetheless (i) high HLA
class I molecule (particularly HLA-G) and high MHC
class I chain-related protein A (MICA) expression on
bone marrow (BM) myeloma cells may protect tumour
cells from NK lysis,”* (ii) decreased cytotoxicity of
peripheral blood (PB) NK cells has been described in
monoclonal gammopathies (MG) and MM. Phenotype
and functions of PB NK cells have already been analysed
in MG/MM. Expression of normal natural cytotoxicity
receptors (NCR) (NCR1/NKp46, NCR2/NKp44, NCR3/
NKp30) was shown, and a down-regulation of CD244/
2B4/p38 was present’ that may prevent its binding to the
CD48 molecule at the MM cell surface.® Nonetheless,
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Keywords: anti-tumour immune response; CD244/2B4/p38; multiple
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except in plasma cell leukaemia, few tumour plasmocytes
are present in PB, whereas NK studies have been per-
formed on PB. As most MG/MM tumour cells are located
in BM, we focused our attention on NK from BM.

Materials and methods

Blood samples were obtained from 13 patients before
treatment: two MG of unknown significance (MGUS)
and 11 MM. Healthy donors (HD, n = 37) were also anal-
ysed; 22 were selected as ‘age-matched’ (66-8 years £+ 14.6
for HD versus 68 years £ 6 for patients). Regarding the
International Myeloma Working Group prognosis index’,
four patients were scored I, two patients scored II and
five patients scored III, while regarding the MGUS one
patient had a prognosis score® of 1 and one had a score
of 2. Median haemoglobin level was 114 g/l (80-148,
n = 130-170), median calcemia level was 2-31 mmol/l
(2:02-2-65, n = 2-23 to n = 2-58), median creatinine level
was 90 umol/l (63-464, n = 60-120), median percentage
of BM plasmocytes was 20% (875, n < 5). Bence Jones

© 2013 John Wiley & Sons Ltd, Immunology, 139, 338-341
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proteinuria was detected at significant levels in four
patients, MM-related bone lesions were detected in four
patients. Cytogenetic analysis was performed in 11
patients and was abnormal in six patients. Data for each
patient are detailed in Table 1. The analysis of PB was
carried out less than 4 hr after blood sampling, on whole
blood after red blood cell lysis (Q-Prep® lysing kit, Beck-
man-Coulter, Villepinte, France). The analysis of BM cells
was performed after a Ficoll® gradient (Eurobio, Cour-
taboeuf, France) and depletion of plasmocytes (MACS®
technology, using anti-CD138 monoclonal antibody, Milt-
enyi Biotec, Paris, France). The NK cell population was
defined as CD3~ CD56". The following monoclonal anti-
bodies were all obtained from Beckman-Coulter: anti-
CD3-FITC (UCHT1), anti-CD56-PC5 (N901-NKH1),
anti-NCR1/NKp46-phycoerythrin ~ (PE),  anti-NCR2/
NKp44-PE, anti-NCR3/NKp30-PE, anti-NKG2D-PE, anti-
CD244(2B4,p38)-PE. Triple staining was performed using
CD3-FITC/CD56-PC5 in addition with anti-NCR1/
NKp46-PE, anti-NCR2/NKp44-PE and  anti-NCR3/
NKp30-PE. For cell surface staining, cells (5 x 10°) were
incubated for 20 min at 4° with 10 ul of the correspond-
ing antibodies for 100 ul of cell preparation. Flow cytom-
etry was performed on an Epics XL® flow cytometer
(Beckman-Coulter). The results are expressed as follows;
percentages correspond to (% positive cells — % isotype
control), while the mean fluorescence intensities (MFI)
correspond to the ratio (MFI positive cells : MFI isotype
control). Statistical analysis was performed using the spss
software (SPSS User’s Guide. SPSS Inc., 1993; Chicago,
IL). The Kolmogorov—Smirnov test was used to deter-
mine if the data fitted a normal distribution. As this test
rejected the assumption of normality for all variables,
comparisons were made using the non-parametric Wilco-
xon matched-pairs (PB versus BM for each patient)

Table 1. Patient’s characteristics

signed rank test or the Student’s t-test (patients versus
HD).

Results and discussion

First, we checked the percentage of NK cells in PB versus
BM (data not shown), and failed to detect a significant
difference both regarding the whole NK population
(BM 11% =+ 9 versus PB 9-5% =4 4, P > 0-05) and the
CD56%™  subpopulation (BM 98% + 2 versus PB
94% =4 8, P > 0-05), whereas we detected a difference
regarding the CD56"8" subset (BM 2% = 2 versus PB
6% =+ 8, P < 0-05). We then compared the same parame-
ters between PB from patients and HD (data not shown).
We did not detect a difference regarding the whole NK
population (10% =+ 4 for HD versus 9-5 + 4 for patients,
P> 005), the CD56"™ (87% + 13 for HD versus
91 £ 9 for patients, P > 0-05) or the CD56"8M subset
(13% + 13 for HD versus 9% + 8 for patients,
P > 0-05).

As defects in activating receptors have been described in
NK cells from PB in many malignant haemopathies (see
Sanchez et al.' for review), we checked their expression by
flow cytometry (Fig. 1a,b; % and MFI, respectively) in PB
from HD (black bars) versus PB from patients (white
bars). Regarding the percentage of cells expressing each
receptor, we failed to detect any significant difference in
NKp30/NCR3 (HD 67% = 21 versus patients 61% =+ 25,
P > 0-05), NKp44/NCR2 (HD 7% =+ 6 versus patients
11% £ 7, P > 0-05) and NKp46/NCR1 (HD 79-5% =+ 14
versus patients 75% =+ 17, P > 0-05) and CD244/2B4/p38
(HD 98% =+ 1 versus patients 96% =+ 7, P> 0.05). In
contrast, we detected a significant difference regarding
NKG2D (HD 94% =+ 6 versus patients 85% =+ 10 versus,
P < 0-01). Regarding the MFI of each receptor, we failed

Age Type of  Type of Calcemia  Creatinine  BJ Bone Marrow

(years) MC gammopathy IPI Hb (g/l) (mmol/l) (umol/l) proteinuria lesions  Cytogenetics  plasmocytes (%)
UPNI1 74 IgA K MM I 119 2-16 90 No No t(4;14), 9% 10
UPN2 67 IgG 2 MGUS 2 142 2-41 77 No No t(4;14), 86% 8
UPN3 67 IgG 4 MM I 148 2:36 64 No No Normal 12
UPN4 74 IgG 4 MGUS 0 132 2:27 63 No No Not done 4
UPN5 55 IgG 4 MM I 145 2:25 85 No No p53 deletion 11
UPN6 58 IgG 4 MM I 108 2:36 138 No No Normal 18
UPN7 66 IgG /4 MM I 106 2-02 119 > 1 g/day No Normal 20
UPNS 75 IgA A MM I 114 2-40 90 No No t(4;14), 80% 20
UPN9 66 A MM 111 95 2:65 464 > 1 g/day  Yes Not done 75
UPN10 71 IgG /4 MM III 80 2:22 387 No No t(4;14), 85% 40
UPNI11 71 A MM I 108 2:25 66 > 1 g/day Yes MAF del. 50
UPN12 74 IgG 4 MM 11 95 2-4 124 No Yes Normal 53
UPNI13 66 K MM I 129 2:17 164 >5 g/day  Yes Normal 72

UPN, unique patient number; MC, monoclonal component; IPI, International Myeloma Working Group prognosis index; BJ, Bence Jones; MAF,

musculo-aponeurotic fibrosarcoma oncogene homologue.

© 2013 John Wiley & Sons Ltd, Immunology, 139, 338-341
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to detect any significant difference in NKp30/NCR3 (HD
13 + 7-5 versus patients 13-5 + 14, P > 0-05), NKp44/
NCR2 (HD 1:5 4+ 0-35 versus patients 1.7 £ 0-4,
P > 0-05) and NKp46/NCR1 (HD 20 + 9 versus patients
21 £ 12, P > 0-05). In contrast, we detected a significant
difference regarding NKG2D (HD 39 =+ 16 versus patients
22 £ 9, P < 0-01) and CD244/2B4/p38 (HD 76 + 36 ver-
sus 59 + 30, P < 0-001).

Finally, we compared the expression of the various
activating receptors (Fig. la,b; % and MFI, respectively)
between PB (white bars) and BM (grey bars) of
patients. Regarding the percentage of cells expressing
each receptor, we detected a significant difference in
NKp30/NCR3 expression (PB 61% + 25 versus BM
51,4% + 22, P < 0:05) but not for NKp44/NCR2 (PB

340

Figure 1. Comparison of the percentage (a)
and mean fluorescent intensity (b) of natural
killer (NK) cell expression of activating
receptors in peripheral blood (PB) from
healthy donors, PB of monoclonal gammopa-
thies of unknown  significance/multiple
myeloma (MGUS/MM) patients, and bone
marrow (BM) of MGUS/MM patients. The
percentage (a) or mean fluorescence intensities
(MFI) (b) of NK cell expression of the activat-
ing receptors in healthy donors’ PB (black
bars), MGUS/MM patients’ PB (white bars)
and MGUS/MM patients’ BM (grey bars).
Each plot corresponds to duplicate data from
the 13 patients or 22 healthy donors, expressed
as mean =+ standard deviation. Percentages are
expressed after subtraction of control isotype,
whereas MFI corresponds to the ratio between
the molecule studied and the isotype control.
These results are based upon gated NK cells
(CD3™ CD56").

11% 4+ 7 versus BM 13,7% =+ 11, P > 0-05) and
NKp46/NCR1 (PB 75% =+ 17 versus BM 62-5% =+ 26,
P >0-05). We detected a significant difference for
NKG2D  expression (PB  85% =+ 10 versus BM
38:5% =+ 21, P <0-01) and CD244/2B4/p30 expression
(PB 96% =+ 7 versus BM 91% =+ 6, P < 0-05). Regard-
ing the MFI of each receptor, we detected a significant
difference in NKp30/NCR3 expression (PB 13-5 £ 14
versus BM 8 £ 5, P < 0-05) but not for NKp44/NCR2
(PB 1-7 £ 0-4 versus BM 2 £ 0-7, P > 0-05) or NKp46/
NCR1 (PB 21 % 12 versus BM 15-5 £ 12, P > 0-05). In
contrast, we detected a significant difference regarding
NKG2D expression (PB 22 &9 versus BM 5 + 3,
P < 0-01) and CD244/2B4/p38 (PB 59 + 30 versus BM
29-4 £ 12, P < 0-01).

© 2013 John Wiley & Sons Ltd, Immunology, 139, 338-341
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Our study (i) confirms our previous results regarding
the down-regulation of NK cell activating receptors in
MGUS/MM; (ii) extends our observation with the down-
regulation of NKG2D in PB; (iii) shows that the down-
regulation of NCR3/NKp30 is only detectable in BM but
not in PB; (iv) more precisely defines the innate immune
defects in MG/MM by demonstrating a further drastic
decrease of both NKG2D and CD244/2B4/p38 expression
from PB to BM. A drawback in our report is the lack of
corresponding data for normal BM NK cells. This could
suggest that the differences observed are only related to
the site of sampling and not to the disease. This hypothe-
sis is unlikely as a recent report of Eissens et al.” failed to
detect significant differences between NK from BM or PB
regarding the molecules we studied. In conclusion, our
data more precisely describe the mechanism of immune
escape of MG/MM from innate immunity because we
show a drastic down-regulation of three major activating
NK receptors (NCR3/NKp30, NKG2D and CD244/2B4/
p38) at the site of tumour, i.e. BM, whereas a less pro-
found or absent down-regulation was observed in PB.
Further studies regarding immune regulatory drugs in
MG/MM will inevitably require the assessment of
immune cell status not only in PB but also in BM to
obtain more relevant data regarding anti-tumour efficacy.
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Abstract:

Background: Abnormal NK phenotype and cytotoxic functions have been described in acute myeloid
leukemia, chronic lymphocytic leukemia, myeloma and myelodysplastic syndromes. Defective NK
cytotoxicity is due to decreased expression of the Natural Cytotoxicity Receptors (NCRs),
2B4/CD244/p38, or NKG2D. This prompted us to test the expression of these molecules on circulating
NK cells from patients with AIDS-RL in comparison with HIV+ patients without lymphoma, healthy

donors and HIV- patients with lymphoma.

Methods: Blood samples were analyzed by flow cytometry for NCRs, 2B4/CD244/p38 and NKG2D
expression on NK cells defined as CD3-/CD56+ lymphocytes. We also analyzed by quantitative PCR
specific RNA for NKp30/NCR3 and NKp46/NCR1.

Results: We could not detect any defect in NKp46/NCR1 expression between all groups.
NKp44/NCR2, NKp30/NCR3 and NKG2D had lower expression in AIDS-RL in comparison with
HIV+ patients without lymphoma when compared to patients with similar (>0.3 G/L) CD4+
lymphocyte levels. Expression of 2B4/CD244/p38 was lower in AIDS-RL than in HIV-negative
lymphoma. Comparison of specific NKp30/NCR3 and NKp46/NCR1 RNA showed increased steady
state levels, despite decreased surface expression for NKp30/NCR3,

suggesting abnormal post-transcriptional regulatory mechanisms.

Conclusions: We show a more pronounced defect in NK activating molecule when HIV infection is
associated with lymphoma than when only one condition (HIV positivity or lymphoma) is present.
Defective NK function may be one of pathophysiological factors explaining the increased incidence of

lymphoma in HIV patients in addition to CD4+ depletion and dysfunction.

Keywords:

Natural Killer Cells; Natural Cytotoxicity Receptors; HIV-1; Lymphoma; Antitumor Immune

Response.



Background:

Advances in lymphoma treatment prolong progression-free survival. Nonetheless, many patients
relapse. Deficient cytotoxic functions of natural killer (NK) cells [1], which can be infected by HIV
[2], may participate in the failure to cure AIDS-related lymphomas (AIDS-RL). Engagement of
inhibitory receptors by human leukocyte antigen (HLA)-class-I molecules inhibits NK cytotoxicity.
Thus, according to the “missing self hypothesis”, absent or deficient expression of HLA-class-I
molecule activates NK if an additional activating signal is delivered by the natural cytotoxicity
receptors (NCR) NKp30/NCR3, NKp44/NCR2 or NKp46/NCR1, 2B4/CD244/p38 and NKG2D.
Deficient NK functions interfere with the anti-tumor response: 1) during treatment, via decreased
efficiency of anti-CD20 antibody-driven cell cytotoxicity (ADCC) [3, 4, 5] 2) during the complete
remission phase by favoring residual HLA-class-I negative lymphoma cells to escape from NK-
mediated immunity [6]. Abnormal NK functions have been described in hematological malignancies
such as acute myeloid leukemia, chronic lymphocytic leukemia, myeloma and myelodysplastic
syndromes [7, 8, 9, 10]. Of note, down-regulation of NCRs is associated with HIV infection [11]. We
compared the NK cell surface activating molecules expression between patients with AIDS-RL, HIV-

positive patients without lymphoma and lymphoma patients not infected by the HIV.



Results:
Population characteristics:

Among the 31 AIDS-RL (mean age: 43 £ 8 years) of the study, 20 had CD4+ lymphocytes <300/mm’
(mean 133 + 70/mm’), 11 had CD4+ lymphocytes >300/mm’ (mean 630 + 260/mm”’). Only 2 patients
(6.4%) were not treated by highly active antiretroviral therapy (HAART) at study inclusion. The
control cohort included 56 HIV-positive patients without lymphoma (mean age: 44 + 9 years) selected
to be matched for the CD4+ lymphocyte count with the AIDS-RL: among this population, 9 patients
[16%] were not treated by HAART. Two groups were designed: HIV patients with <300 CD4+
lymphocytes/mm® (n=12; mean age 44 + 8.4 years, 1 patient without HAART) and HIV patients with
>300 CD4+ 1ymphocytes/mm3 (n=44; mean age 44 + 9.8 years patients without HAART). Two other
control cohorts of 33 HIV-negative lymphoma patients (mean age: 62 + 14 years) and 19 healthy

subjects (HS, mean age: 41 16 years) were included.

Lymphoid cells repartition (Figure 1- Panel A):

There was no significant difference in total lymphocytes and T-lymphocytes count among the different
groups (p>0.05). Lymphoma groups had more B lymphocytes (1700 +7000/mm®) than HIV (200
+200/mm*) and HS (300 £100/mm’) because of lymphoma circulating cells. Total NK cells counts in
AIDS-RL with <300 CD4+ lymphocytes/mm’ and HIV+ patients without lymphoma but with <300
CD4+ lymphocytes/mm’ were lower than in the other groups (mean 41 + 35/mm”® for AIDS-RL <300
CD4+ lymphocytes/mm3 and 51 + 52/mm’ for HIV+ without lymphoma with <300 CD4+
lymphocytes/mm® vs 137 + 257/mm’ for AIDS-RL with >300 CD4+ lymphocytes/mm’, 131 +
148/mm’ for HIV+ with >300 CD4+ lymphocytes/mm”, 276 + 510/mm’ for HIV-negative lymphoma
patients and 150 + 70/mm’ for HS (p= 0.04 and 0.02).

NK activating receptors expression (Figure 1-Panel B, C, D, E, F):

No difference in NKp46/NCR1 expression was observed (Figure 1, panel B, p>0.05, NS). The
analysis of NKp44/NCR2 expression, an activating receptor only expressed on activated NKs (Figure
1, panel C) showed no difference between AIDS-RL and HIV-negative lymphoma patients (p>0.05,
NS) and between AIDS-RL and HIV patients without lymphoma but with <300 CD4/mm’ patients
(p>0.05, NS). However, AIDS-RL with >300 CD4+ lymphocytes/mm’ expressed lower NKp44/NCR2
than HIV+ patients without lymphoma with >300 CD4+ lymphocytes/mm’ (MFIr median (M)=1.52;
interquartile range (IQR)[1.24-1.850] vs M=1.80 IQR[1.540-2.110], p=0.011) and than HS (M=1.75
IQR[1.650-2.000], p= 0.006). In spite of a very high NKp44/NCR2 expression by one HIV+
lymphoma with <300 CD4+ lymphocytes/mm’® (MFIr = 6.21), this group tended to express lower



NKp44/NCR2 than HIV+ patients with >300 CD4+ lymphocytes/mm’ (M=1.42 IQR[1.320-1.765] vs
1.80[1.543-2.115], p=0.06). HIV-negative lymphoma patients expressed more NKp44/NCR2 than
HIV+ patients without lymphoma and >300 CD4+ lymphocytes/mm’ (M= 1.48 IQR[1.330-1.690] vs
1.80[1.543-2.115], p=0.02) or HS (M=1.75[1.650-2.000], p=0.002). There was no difference in
NKp30/NCR3 expression (Figure 1, panel D) between AIDS-RL and HIV-negative lymphoma
patients (p>0.05, NS) or between AIDS-RL and HIV+ patients without lymphoma and <300 CD4+
lymphocytes/mm® (p>0.05, NS). NKp30/NCR3 expression was lower in AIDS-RL with >300 CD4+
lymphocytes/mm’ than in HIV+ patients without lymphoma and >300 CD4+ lymphocytes/mm’ (M=
4.555 IQR[2.693-9.645] vs 7.525[4.853-16.19], p=0.014) or HS (M=8.86 IQR[4.630-14.56], p=0.041).

Regarding NKG2D (figure 1, panel E), AIDS-RL with <300 CD4+ lymphocytes/mm3 had a lower
expression of NKG2D than HIV+ lymphoma patients with >300 CD4+ lymphocytes/mm® (M=15.92
IQR[8.125-29.93] vs 29.18[18.18-41.32], p= 0.036), than HIV+ patients without lymphoma but >300
CD4+ lymphocytes/mm’® (M=24.92 IQR[18.68-35.45], p= 0.005), than HIV-negative lymphoma
patients (M=31.89 IQR[25.71-42.17], p=0.001), or than HS (M=31.78 IQR[27.40-37.50], p=0.001).
AIDS-RL with >300 CD4+ lymphocytes/mm’ had lower expression of NKG2D than HIV-negative
lymphoma patients (M=23.65 IQR[15.45-28.19] vs 31.89[25.71-42.17], p=0.03), than HS (M=31.78
IQR[27.40-37.50], p=0.005) or HIV+ patients without lymphoma but >300 CD4+ lymphocytes/mm’
(M=24.92 IQR[18.68-35.45], p=0.005).

We failed to detect 2B4/CD244/P38 expression difference (Figure 1, panel F) between AIDS-RL and
HIV+ patients without lymphoma (NS, p>0.05). 2B4/CD244/P38 expression was lower in AIDS-RL
with <300 CD4+ lymphocytes/mm’ than in HIV-negative lymphoma patients (M=37.36 IQR[21.45-
51.68] vs 63.43[45.16-86.86], p=0.002) and than in HS (M=51.64[38.93-78.76], p=0.023).
2B4/CD244/P38 expression was lower in AIDS-RL with >300 CD4+ lymphocytes/mm3 than in HIV-
negative lymphoma patients (M=41.11 IQR[32.18-50.35] vs 63.43[45.16-86.86], p= 0.012).

Quantitative RT-PCR of NKp30/NCR3 and NKp46/NCR1 (Figure 2):

In line with cell surface expression, AIDS-RL had no modification of NKp46/NCR1 specific RNA
level (0.5<normalized ratio <2 for the 6 of the 7 patients analyzed) compared with HIV+ population
without lymphoma (Panel A). We did not find any correlation between NKp46/NCR1 expression and
CD4+ lymphocyte count. On the contrary, NKp30/NCR3 RNA (Panel B) was overexpressed in AIDS-
RL patients (normalized ratio >2 for the 7 patients analyzed). No significant RNA level was detected
for NKp44/NCR2, a results in line with normal physiology since this molecule is only expressed by

stimulated NKs (data not shown).



Discussion:

The total NK cells count in patients with <300 CD4+ lymphocytes/mm’ was lower in AIDS-RL in
comparison with the other groups, suggesting a poor prognosis as shown in low or high grade HIV-
negative lymphomas [12, 13]. Low circulating counts concerned the NK CD56™¢" and CD56""
subsets, while the CD56™"¢ subpopulation was elevated in AIDS-RL (data not shown). Since this
NK cell subset has poor cytolytic and cytokine production abilities, AIDS-RL had both decreased total
NK cell counts and expansion of an ineffective population. Regarding the NCR we found no
difference in NKp46/NCR1 expression in the different groups but, in contrast, a significant decrease in
both NKp44/NCR2 and NKp30/NCR3 was observed in AIDS-RL with >300 CD4/mm’ in comparison
with HIV+ patients with comparable CD4+ lymphocytes. Thus in moderately immune-suppressed
patients the development of lymphoma is associated with low expression of two activating molecules.
Regarding NKp44/NCR2, low levels should be of good prognosis since NK cells in HIV-controller
patients do not up-regulate NKp44/NCR2 thus protecting uninfected CD4+ lymphocytes from
inadequate NK killing [14]. Regarding the mechanism of NCR regulation, quantitative RT-PCR
measured comparable NKp46/NCR1 levels in AIDS-RL and controls, suggesting an identical
regulation at both transcriptional and post-transcriptional levels. However elevated level of
NKp30/NCR3 specific RNA was detected in AIDS-RL in comparison with HIV patients without
lymphoma, despite identical surface expression of NKp30/NCR3. This suggests that a post-
transcriptional mechanism negatively interferes with NKp30/NCR3 RNA traduction or protein
stability, leading to identical surface expression despite higher specific RNA levels. Regarding
NKG2D, we observed a gradient of expression from lower level (AIDS-RL <300 CD4/mm”) to
HS/HIV-negative lymphoma patients, with intermediary levels for AIDS-RL with >0.3 G/L CD4+
lymphocytes followed by HIV+ patients without Iymphoma. The NKG2D ligands
MICA/MICB/ULBP are stress molecules expressed on tumor cells, and secreted at high levels in HIV
patients, leading to down-regulated NKG2D expression on NK and impaired anti-lymphoma
cytotoxicity [15]. Expression of 2B4/CD244/p38 was lower in AIDS-RL (whatever CD4+ lymphocyte
levels) than in HIV-negative lymphoma patients. The 2B4/CD244/p38 ligand is the CD48 molecule
[16, 17] which is expressed on B normal and neoplastic lymphocyte and is drastically up-regulated by
Ebstein-Barr virus (EBV) infection. The down-regulation of 2B4/CD244/p38 could thus impair the

cytotoxicity against EBV-positive B-cell lymphomas.



Conclusion:

In addition to the expansion of an ineffective CD56-negative NK population, AIDS-RL patients had
decreased levels of 2 out of 3 NCRs, of NKG2D and of 2B4/CD244/p38. The most significant
difference concerned NKG2D, which expression was significantly decreased regarding both HIV
patients without lymphoma, non-HIV lymphoma patients and HS. This specific abnormality is of great
interest since lymphoma cells express the stress ligands MICA/B and ULBP, but may escape to NK
cytotoxicity due to impaired NKG2D expression. Of note, HAART was not sufficient to restore a
normal phenotype since most of our patients were already treated at the time of NK phenotype
analysis, with NK abnormalities also detected in patient with a satisfactory immune status (CD4+
lymphocytes >300/mm”). Since these defects in NK immune surveillance may also impair the anti-
infectious immunity, they could also partly explain the susceptibility to infection of HIV patients
during chemotherapy, even with high CD4+ T-lymphocytes levels. Altogether our data suggest than

immune intervention aiming at NK cell function restoration could be of interest in AIDS-RL patients.



Material and methods:

Study design:

According to previous data [8], we hypothesized that 75% + 10% of AIDS-RL patients and 15% =+
10% of HIV patients without lymphoma had low NCR expression (NCR™"). In order to show a
statistically significant difference between the 2 groups with a risk a = 5% and = 75%, we included

in our study 31 AIDS-RL patients and 56 HIV positive patients without lymphoma.

Patients:

From July 2006 to June 2011 patients from Marseille, Nice and Paris were included in first line of
therapy. Inclusion criteria were the co-existence of HIV infection with biopsy-proven lymphoma. The
56 HIV positive patients without lymphoma were recruited from Service des Maladies Infectieuses
(Hopital Nord, Marseille). According to Helsinki declaration, patients were informed and signed a
consent form. Biological samples were collected at diagnosis time, before lymphoma treatment.
Additional comparison of our data was also performed with 33 non-HIV patients with lymphoma and

19 healthy subjects (HS).

Blood samples and cell separation:

Blood samples were collected on EDTA and analyzed by flow cytometry. Dry pellets of PBMC were
frozen at -80°C for subsequent quantitative RT-PCR analysis.

qRT-PCR analysis:

gRT-PCR analysis concerned 7 AIDS-RL patients and 32 HIV-positive patients without lymphoma.
gqRT-PCR analysis was performed with the Applied Biosystems 7900HT Fast Real-Time PCR system
using Taqman detection. Total RNA was isolated using TRIzol reagent (Invitrogen Life
Technologies). Capture of fluorescence was recorded on the ABI Prism 7900HT scanner and the Ct
(threshold cycle) was calculated for each assay (Sequence Detection System Software 2.3, Applied
Biosystems). We used GAPDH as endogenous control (ACt = Ct target gene—Ct GAPDH). GAPDH
TagMan Gene Expression assays were from Applied Biosystems. Since the NCR expression is almost
exclusively restricted to NK, the PCR was performed on the whole PBMC population, but the values
were adjusted to the percentage of NK present in each sample. We compared ACt with the mean of
VIH ACt using a ratio (ACt HIV+Lymphoma/ ACt HIV), considering that a ratio >2 corresponded to

RNA overexpression.



Phenotypic analysis :

Flow cytometry was performed on an Epics XL flow cytometer (Beckman Coulter). The NK cells
were defined as CD3-/CD56+/CD16+. The following mAbs were used (Beckman-Coulter, Marseille,
France): anti-CD3™"™® (UCHT1), anti-CD56"“> (N901-NKH1), anti-NCR1/NKp46™ (BAB281), anti-
NCR2/MNPHPE (7231), anti-NCR3/NKp30™ (Z25), anti-NKG2D-PE (ON72), anti-P38 (C1.7), anti-
IgG1™C, anti-CD197 (J4.119), CD4TH/CD8FP/CD3 ™, anti-CD3™“/CD16™ (UCHT1/3G8). All
our results were expressed as the mean fluorescent intensity ratio molecule of interest/isotypic control

(MFIr).

Statistical analysis:

Data were compared between the 4 groups using a nonparametric Kruskal-Wallis test; post hoc tests
for multiple comparisons were performed when the test was significant (macro Marta Garcia-Granero
[07/2008] for SPSS). The statistical analyses were performed using the SPSS software package,
version 17.0 (SPSS Inc., Chicago, IL, USA). All tests were two-sided. Statistical significance was
defined as p < 0.05.



Abbreviations:

NK; natural killer, NCR; natural cytotoxicity receptors, AIDS-RL; AIDS-related lymphoma, HS;
healthy sublects, MFI; mean fluorescent intensity, PBMC; peripheral blood mononucleated cells,

PCR; polymerase chain reaction.
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Figure legends:

Figure 1: Flow cytometry analysis of whole PBMC population (panel A) and of NK cells (panels B to
F). Results are expressed as absolute number of cells per volume unit, i.e. Giga/Liter in panel A.
Results are expressed as mean fluorescence intensity ratio (in comparison with isotype controls, cf.
Material and Methods). When significant, statistical results are indicated with the corresponding p-

value.

Figure 2: RT-qPCR analysis of NKp46/NCR1 (panel A) and NKp30/NCR3 (panel B). Values under 2
correspond to an RNA expression not statistically superior to the gene control, value above 2

correspond to over-expressed RNA.
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