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Project aim and objectives

CD56""™ NK cells are a lymphocytic subset with suspected immunoregulatory
properties. In multiple sclerosis (MS), treatment with daclizumab results in an increase
of CD56""9" NK cells which correlates with a reduction in brain inflammation and
improvement of clinical symptomatology in most patients. In addition to daclizumab,

treatment with IFNB-1a also induces an increase of this particular cell population.

To understand the role of CD56"" NK cells in the pathogenesis of MS, we aimed to
investigate the phenotypical and functional properties of these cells in healthy donors
and MS patients either untreated or treated with anti-CD25 monoclonal antibodies,
IFNB-1a and natalizumab.

Specific objectives

1. To determine the effect of treatment on the relative frequency of T and NK cell

subsets in peripheral blood of MS patients treated with anti-CD25 mAb, IFNB-1a and

natalizumab.

2. To phenotypically characterize NK cells in MS patients using cell surface markers.

3. To assess intracellular cytokine production.

4. To determine the mechanism and dynamics of CD56""" expansion.



1. Introduction

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is a disabling disease of the central nervous system (CNS) that
constitutes the most common cause of neurological disability in young adults between
20 and 40 years. MS is an inflammatory T-cell-mediated autoimmune disease
characterized by the breakdown of the nerve insulating myelin sheath and axonal
degeneration. The neurological disturbances translate mainly into progressive
accumulation of motor, cognitive, sensory, autonomic and emotional impairment.

Several therapies for MS exist, although there is currently no cure.

1.1.1 Epidemiology of MS

MS affects women approximately twice as often as men and its incidence and
prevalence vary geographically (Ebers 2008). The epidemiology of MS has been
characterized by a north-to-south gradient. Areas with high frequency include Europe,
southern Canada, northern United States, New Zealand, and southeast Australia
(figure 1). In these areas the prevalence is more than 100 per 100,000. The highest
reported rate of 300 per 100,000 is in the Orkney lIslands, Scotland. The prevalence

rate in Germany was estimated as 149 per 100 000 in 2008 (www.who.int).

Figure 1. Epidemiology
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1.1.2 The genetic factor

Studies in genetic epidemiology confirm that the environment acts at a population level
indicating epigenetic modifications to germline susceptibility. Autoimmune diseases
such as multiple sclerosis MS have a multiple genetic background (Ramagopalan et al.
2008). First-degree relatives of affected MS individuals have an approximately 2%—5%
higher risk to develop MS. Studies of monozygotic twins suggest that 25-30% of MS
risk is genetically determined and the risk rapidly drops to 3-5% with dizygotic twins,
supporting the complex genetic susceptibility to MS and the importance of other factors
(Ebers 2005).

1.1.2.1 MHC and non-MHC-related genes

Epidemiological and genetic studies have consistently identified associations with the
major histocompatibility complex (MHC) class Il alleles in several autoimmune
diseases. The HLA-DR2 haplotype (DRB1*1501, DRB5*0101 and DQB1*0602) exerts
the strongest effect on genetic risk for MS (Oksenberg et al. 2008 and Caillier, 2008).
However, the precise contributions of its individual alleles and their modes of action
remain poorly understood, due in part to the strong linkage disequilibrium in this region.
For almost three decades the influence of non-HLA genes remained elusive, but recent
Genome-Wide Association Studies in MS patients (MS-GWAS) have identified
approximately 50 non-MHC risk loci for MS susceptibility (Sawcer et al. 2011). A large
proportion of the associated genes in MS are involved in immune system processes
such as 1) cell cycle and activation; 2) chemotaxis, adhesion and transendothelial
migration; and 3) intracellular transport mechanisms (Infante-Duarte et al. 2005).
Several genes are also associated with other autoimmune diseases like rheumatoid
arthritis (RA) (CLEC16A, IL2RA, IL7RA, IRF5) or type | diabetes mellitus (CLEC16A,
IL2RA, CD226) (Stahl et al. 2010).

1.1.3 The environmental factors

Epidemiological studies point to Epstein—Barr virus infection, sunlight exposure, vitamin
D levels and dietary fatty acids as strong non genetic factors related to MS (Munger et
al. 2006, Islam et al. 2007 and Fujinami et al. 2006). The time of the year at birth has
also been implicated and individuals born in May have a higher risk for MS than those
born in November, suggesting the gestational or neonatal environment or climate as a
risk to develop the disease (Willer et al. 2005).
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1.2 Clinical presentation and diagnosis

Around 80% of MS patients start their symptomatology with a clinically isolated
syndrome (CIS). CIS describes a neurologic episode that lasts at least 24 hours and is
caused by inflammation/demyelination in one or more sites in the CNS. The episode is
monofocal when symptoms and signs are derived from only one clinical lesion. A
multifocal episode is characterized by more than one lesion in CNS (Compston and
Coles, 2008).

Eighty percent of the MS patients develop the relapsing-remitting form of the disease
(RRMS), which is characterized by unpredictable relapses followed by relative quiet
periods (remission) with no signs of disease activity. Gradually, the recovery of each
episode is incomplete and the accumulation of symptoms persists. Around 65% of
these patients evolve to a secondary progressive phase (SPMS), which develop a
progressive neurological decline between each acute attack without any remission
period. Around 10-15% of MS patients make their debut with a primary progressive
subtype of the disease, the primary progressive form (PPMS), which is characterized
by a progression of the disability from onset, without or only occasional and minor
remissions and improvements (Fig. 2) (Compston and Coles, 2008).

The course of the disease is not predictable, but there are some disease-related
factors that add some predictive value for a favorable prognosis, such as female
gender, early age at the onset of disease (younger than 40), first attack consisting of
optic neuritis or other sensory symptoms and non progressive disability 5 years after
onset. The negative prognosis is seen in those patients with difficulty when walking or
sustained impairment in coordination after the resolution of the first relapse, and those
patients with a large number of lesions detected by magnetic resonance imaging (MRI)
at the time of diagnosis (Tremlett et al. 2006).

The Kurtzke expanded disability status score (EDSS) is the most common used
instrument to measure clinical disability in MS, quantifying disability in eight functional
systems (pyramidal, cerebellar, brain stem, sensory, bowel and bladder, visual,
cerebral and other)(Kurtzke 1983). This index uses numbers in a scale ranging from 0
for normal examination and function, to 10 for death due to MS. Scores from 0 to 4.5
refer to fully ambulatory patients, whereas values from 5.0 to 9.5 are emphasized on
the impairment in deambulation. The average time spent with an EDSS score of 1 is 4
years, while the average for an EDSS score of 4 to 5 is 1.2 years and a score of 6 is 3
years (Weir et al. 2002).

11
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Figure 2. Graphical representation of MS progression
In MS, the prototypical course of the disease correlates to time and accumulating disability

The principle of diagnosis is to detect special and temporal dissemination of lesions in
CNS. Clinical evidence is supplemented by laboratory tests such as CSF analysis and
evoked potentials. The current diagnostic criteria for MS are the McDonald criteria,
which includes MRI evidence. MS diagnosis in an early stage of the disease is
important as early intervention is beneficial for long-term disease evolution (Hurwitz
2009) (Fig. 3).
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Figure 3. Algorithm for the diagnose of MS

Dissemination in time of magnetic resonance lesions requires: a) detection of gadolinium
enhancing lesions at least 90 days after the onset of the initial clinical event, if not at the site
corresponding to the initial event, and b) detection of a new T2 lesion if it appears at any time
compared with a reference scan done at least one month after the onset of the first clinical
event. In the case of recurrent stereotyped clinical episodes at the same neurological site, the
criteria for MRI definition to determine dissemination in space are three features from: (1) one
gadolinium-enhancing lesion or nine T2 MRI lesions, (2) one or more infratentorial lesion, (3) at
least one juxtacortical lesions, or (4) three or more periventricular lesions (a spinal cord lesion
can replace some of these brain lesions). PP-MS can be diagnosed after 1 year of a
progressive deficit and two of: (1) a positive brain MRI, (2) a positive spinal cord MRI, and (3)
positive oligoclonal bands. Those patients who do not meet all the diagnostic criteria but who
have a specific clinical presentation can be considered as possibly MS. Modified from the
McDonald criteria (Polman et al. 2005)

1.3 Treatment

There is no cure for MS, but the current therapeutic strategies aim to slow down the
course of the disease, treat relapses and improve symptoms. In the case of severe
exacerbations of the disease, high-dose corticosteroids are aimed to reduce
inflammation. The Food and Drug Administration (FDA) has approved the use of beta
interferon-1a and -1, glatiramer acetate, fingolimod, mitoxantrone and natalizumab as
disease-modifying drugs in the treatment of MS. These agents are effective in the
treatment of RRMS, delaying the time of progression to disabling stages. Drugs

approved as first- and second-line treatments for MS are described in table 5.
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Among the most widely used drugs are the beta interferons (IFNB), namely IFNB-1a
(Avonex and Rebif) and IFNB-1b (Betaseron). The exact mechanisms for IFNB to
achieve immunomodulatory and anti inflammatory effects remain uncertain. However,
several modes of action have been proposed, including the blockage of T-cell
activation and proliferation, apoptosis of autoreactive T cells, induction of Treg cells,
inhibition of leukocyte migration across the BBB, cytokine modulation, and potential
antiviral activity (Ann Marrie and Rudick, 2006). The effects of IFNB can be manifested
clinically as decreased MRI lesion activity, decreased brain atrophy, delayed definite
diagnose of MS after neurological symptoms onset, reduced relapse rate and
decreased risk of maintained disability progression (Rudick et al. 1999).

Glatiramer acetate (Copaxone) is a random polymer of four amino acids found in the
myelin basic protein (MBP), mimicking the conformational regions of this protein. The
proposed effects of this treatment include differentiation of CD4+ T cells into Th2 cells,
increment of frequency and activity of Treg cells, and modulation of CD8+ T cells
(Karandikar et al. 2002).

Fingolimod (Gylena) is the first oral treatment approved by the FDA for MS. It is a
structural analogue of sphingosine that is phosphorylated by sphingosine kinases into
FTY720-P, a high affinity agonist for sphingosine 1-phosphate (S1P) receptors (Billich
et al. 2003). The function of fingolimod is to sequester lymphocytes in the secondary
lymph organs (SLO), preventing them from migrating to the central nervous system.
Mitoxantrone (Novantrone) has been approved as a second-line treatment for RRMS; it
is a topoisomerase Il inhibitor used as an antineoplastic agent in the treatment of
certain types of cancer. Its immunosuppresive properties lie on the reduction in the
number of B cells, inhibiting T helper cell function and enhancing T cell suppression
(Rio et al. 2011).

Table 1. First- and second-line drugs approved for MS

Approved first line drugs
IFNB1b (Betaseron, Extavia) CIS considered at high risk of developing
MS. RRMS. SPMS with relapses
IFNB1a (Avonex) CIS, RRMS

IFNB1a (Rebif) RRMS
SPMS with relapses

Glatiramer acetate (Copaxone) CIS. RRMS

Relapsing forms of MS
Fingolimod (Gilenya)



Approved second line drugs

Highly active RRMS or SPMS with frequent

Mitoxantrone hydrochloride (Novatrone) relapses and progression of disability
during first-line treatment

Natalizumab (Tysabri) RRMS patients who have not responded to
a full and adequate course of interferon
beta

Fingolimod (Gilenya) Rapidly evolving aggressive RRMS and

relapsing forms of MS
Drugs approved by the US Food and Drug Administration (FDA) for the treatment of MS.
Reference: RIO, J., COMABELLA, M. & MONTALBAN, X. 2011. Multiple sclerosis: Current
treatment algorithms. Curr Opin Neurol, 24, 230-7.

1.3.1 Therapies under investigation

1.3.1.1 Oral drugs

Four oral drugs for RRMS, apart of fingolimod, have been reported to have positive
results: cladribine, teriflunomide, laquinimod, and dimethyl fumarate. Cladribine (Litak)
is a purine analog that, such as Teriflunomide (A77 17269), an enzymatic blocker of
dihydroorotate dehydrogenase, inhibits rapidly dividing cells, including activated T
cells. Laquinimod (Allegro) is a derivative of linomide that causes a TH1 to Th2 shift
profile. It also down regulates MHC class Il, chemokines and adhesion related
molecules important to inflammation. Dimethyl fumarate is a fumaric acid ester that

inhibits microglial and astrocytic activation by suppressing the synthesis of nitric oxide,

IL-1B, TNF-x and IL-6 (Wilms et al. 2010).

1.3.1.2 Monoclonal antibodies

Monoclonal antibodies (mAbs) represent a specific therapeutic strategy for the
treatment of MS. Three of them (alemtuzumab, rituximab, and daclizumab), approved
in the treatment of other diseases, are already in clinical trials for MS. Natalizumab is
the only mAb approved by the FDA for the treatment of MS.

Natalizumab (Tysabri) is a humanized recombinant monoclonal antibody that inhibits
the interaction between VLA-4, a surface molecule found on nearly all leukocytes, and
the vascular cell adhesion molecule-1 (VCAM-1) expressed on endothelial cells to
block leukocyte migration into the CNS. This treatment decreases by 50% the risk of
sustained disability progression in comparison to healthy donors, and by 25% when
compared to control group treated with IFNB. Although this drug is in general well
tolerated, of 96,582 patients treated with Tysabri as of January 4, 2012, 201 patients

developed progressive multifocal leukoencepalopathy (PML) (www.fda.org).
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Alemtuzumab (Campath) is a humanized monoclonal antibody that targets the CD52
antigen present on the surface of B and T lymphocytes, natural killer (NK) cells,
monocytes, macrophages and some dendritic cells (Hale et al. 1990). Alemtuzumab
induces a rapid depletion of lymphocytes followed by a differential recovery of
lymphocyte subsets with prolonged suppression of CD4+ T cells. Evidence from phase
Il trials suggests that alemtuzumab reduces relapse rates in MS by over 70%
compared to interferon P-1a, improves MRI parameters, and may also reduce
disability. However, at least 20% of patients with MS treated with alemtuzumab
develop de novo antibody-mediated autoimmune diseases (AID) during follow-up such
as Grave’'s disease and immune thrombocytopenic purpura (Coles et al. 1999 and
Cossburn et al. 2011).

Daclizumab (Zenapax) is a humanized monoclonal antibody that targets the alpha
chain of the IL-2 receptor complex (IL-2Ra or CD25) inhibiting the binding of IL-2 to its
receptor on activated T-cells without causing T-cell depletion. In the CHOICE study, a
phase Il clinical trial to test daclizumab in MS, daclizumab given as monotherapy or
combined with IFNB produced a reduction in the number of brain lesions detected by
MRI. Unexpectedly, a consistent increase in the frequency of CD56°"" NK cells in
peripheral blood related to the clinical effect was observed (Bielekova et al. 2006). The
exact mechanism by which daclizumab expands this NK cell population is not

understood.

The receptor for IL-2 (IL-2R) consists of three subunits, IL-2Rx (CD25), IL-2Rf

(CD122), and the common gamma chain (CD132). All three subunits are required for
the formation of the high affinity IL-2R (Kd~ 10 pM). CD122 and CD132 have
intracellular signaling motifs and together form the intermediate affinity receptor (Kd~
0.1-1 nM), whereas CD25 does not induce a signal transduction by itself and binds with
low affinity to IL-2 (Kd ~10 nM). IL-2 bound to the high-affinity IL-2R is short-lived on
the cell surface because this complex is rapidly internalized (t1/2 10-20 min) (Malek
2008). CD25 is expressed constitutively at low levels only in resting human T cells and
on CD56°™" NK cells, but it is highly up regulated upon activation. A possible
explanation would be that the blockage of IL-2 signaling in T cells by daclizumab
induces an increase in the availability of IL-2 for the CD56°"" NK cells, since these
cells express high levels of CD122, the intermediate affinity chain of the IL-2 receptor,

and therefore these cells expand.
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1.4 Pathophysiology

MS is characterized by an inflammatory process in the CNS (neuroinflammation) that
leads to a disruption of the myelin sheath (demyelination). Events such as
remyelination, oligodendrocyte depletion, astrocytosis, and neuronal and axon
degeneration are also involved in the development of the disease.

The disease process starts in the periphery with the activation of autoreactive CD4+ T
cells, for example after recognition of a viral peptide, inducing the expression of
adhesion molecules such as LFA-1 and VLA-4 that promote the transmigration to the
brain parenchyma after adhesion to the BBB endothelium. These cells become
reactivated by CNS-resident antigen presenting cells (APC) and release cytokines that,
subsequently activate macrophages and microglia to finally recruit CD8+ T cells, B

cells and mast cells.

1.4.1 Role of the immune system in MS

1.4.1.1 Effector cells

1.4.1.1.1 CD4/Th1 cells

MS is considered an autoimmune disease initiated by MHC class ll-restricted CD4+
Th1 lymphocytes, which polarize to the production of IFNy, tumor necrosis factor-a
(TNFx) and lymphotoxin (LT) (Lassmann and Ransohoff 2009). Myelin-specific CD4+
rather than CD8+ T cells are the primary mediators in most models of EAE, probably
because the induction method favors the activation of MHC class ll-restricted T cells.
Other facts supporting the role of CD4+ T cells in the pathology of MS are, 1) the
possibility to passively or adoptively transfer EAE by in vitro reactivated myelin-specific
CD4+ T cells (Zamvil and Steinman 1990), but not by antibodies; 2) the susceptibility to
EAE of humanized transgenic mice expressing HLA-DR4 (DRB1*0401) (Forsthuber et
al. 2001); 3) the development of spontaneous or induced EAE in mice expressing both
MS-associated HLA-DR molecules and specific TCR for MS-patient derived MBP
(Quandt et al 2004); and 4) the induction of CD4+T cells cross reactivity by an altered
peptide ligand of MBP (83-99) leading to disease exacerbation (Bielekova et al. 2000).

However, many MS features are not reflected in Th1-mediated brain inflammation
suggesting that besides Th1 cells, other immune mechanisms and neurodegenerative
components within the target tissue might contribute to the initiation, propagation and

modification of this disease.
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1.4.1.1.2 Th17 cells

It was largely accepted that Th1 cells, driven by IL-12, were the pathogenic T cells in
MS and EAE. Recently, the role of IL-17-producing CD4+ T cells, driven by IL-23 and
referred to as Th17 cells, has been associated to the active disease in MS and to the
pathogenesis of EAE. In RRMS patients the frequency of Th17 cells increases in CSF
(Brucklacher-Waldert et al. 2009) and in peripheral blood (Durelli et al. 2009).
Concentrations of IL-17 in CSF are significantly higher in MS patients than in healthy
donors. Moreover, memory T cells producing IL-17 and IL-22 infiltrate into the MS
lesion (Kebir et al. 2007), where transcripts of IL-17 have been found highly
upregulated (Lock et al. 2002).

Th17 cells in MS show higher basal levels of activation markers, costimulatory
molecules and adhesion molecules than Th1 cells. In comparison to Th1, the Th17 cell
population binds better to human endothelial cells due to surface expression of CD146,
possesses a higher proliferative capacity and is less susceptible to regulatory T cell-
mediated suppression (Brucklacher-Waldert et al. 2009 and Kebir et al. 2007). These
characteristics give Th17 cells a high pathogenic potential for MS.

In the EAE model, mice lacking components of the IL-12/Th1 axis (Zhang et al. 2003)
are prone to a more severe development of the disease than those mice lacking
components of the IL-23/Th17 axis (Langrish et al. 2005). Interestingly, NK cell
enrichment in the CNS improves disease. The activity of CNS resident NK cells has
been associated with suppression of myelin-reactive Th17 cells (Hao et al. 2010). This
and other studies show that the regulatory effect of various ameliorative mechanisms in
EAE and possibly MS is exerted in part through Th17 modulation.

Apart of the described Th1 and Th17 cells, another effector T cell subset, Th9 cells,

has recently been described. Driven by the combined effects of TGF-B and IL-4, Th9

cells produce large amounts of IL-9 and IL-10 (Veldhoen et al. 2008). Th9 cells are
capable of inducing EAE upon adoptive transfer (Jager et al. 2009).

1.4.1.1.3 CD8+ T cells

A recent interest for CD8+ T cells in the pathology of MS has revived due to their
greater abundance than CD4+ T cells in acute and chronic multiple sclerosis lesions
(Hauser et al. 1986), their preferential clonal expansion (Babbe et al. 2000), and their
pathogenicity in some animal models of MS (Sun et al. 2001 and Huseby et al. 2001).

Other data supporting a role of CD8+ T cells are 1) enhanced production of LT in
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SPMS patients (Buckle et al. 2003), 2) increased adhesion to brain venules (Battistini
et al. 2003), 3) augmented frequency of CD8+ T cells against EBV epitopes in MS

patients, and 4) a correlation between proliferating CD8 T cells in MS secreting both IL-

10 and IFN-y, and MRI- documented tissue destruction (reviewed by Killestein et al.

2003). However, the exact contribution of CD8 T cells in the pathogenesis of MS
remains ambivalent as the HLA-A*0301 allele is reported to increase susceptibility
(Fogdell-Hahn et al. 2000), whereas the HLA-A*0201 allele confers protection from the
disease (Brynedal et al. 2007). New humanized mouse models of MS have revealed
key contributions of MHC class I-restricted CD8+ T cell responses in initiating
autoimmunity and additional contributions from MHC class Il-restricted CD4+ T cells for
disease progression (Friese et al. 2008). However, in other models of MS, the role of
CD8+ T cells may be protective (Koh et al. 1992 and Najafian et al. 2003), remaining
the possibility of a mixture of both pathologic and regulatory CD8+ T cells in MS.

1.4.1.2 Regulatory cells

1.4.1.2.1 Tregs

The function of Tregs is to suppress harmful immune responses against foreign and
self antigens. In autoimmunity, Treg cells control the number and function of
autoreactive T cells (Mills 2004). An imbalance between effector and regulatory cells is
suggested as a possible cause of MS. In comparison to neurological diseases of non-
inflammatory and non-autoimmune component, the frequency of CD4+ CD25""
FoxP3+ Treg cells in CSF is higher in MS patients. However, frequency of Treg cells in
periphery does not differ in MS patients and healthy donors (Feger et al. 2007). In MS,
Treg cells are functionally impaired or have deficits in their maturation as their potential
to inhibit myelin-specific and antigen nonspecific T-cell proliferation is reduced
(Viglietta et al. 2004, Haas et al. 2005 and Kumar et al. 2006).

CD39, an ectonucleotidase that hydrolizes ATP to AMP, is expressed primarily by
immune-suppressive FoxP3+ Treg cells. RRMS patients show reduced frequency of
CD39°*° Tregs in periphery (Borsellino et al. 2007). Treg cells suppress proliferation
and IFNy production by responder T cells, but only the CD4+ CD25"¢" CD39"*
population, suppress IL-17 production, whereas the CD39"™ Treg subset produces IL-
17. In MS patients, a reduced suppressive function of CD39°°° Treg cells against Th17

cells is observed (Fletcher et al. 2009).
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In the EAE model, CD4+ CD25+ cells have a clear beneficial role in the disease,
suppressing cytokine production by myelin-specific pathogenic TH1 cells. Their transfer
into normal mice prior to immunization results in decreased disease severity (Kohm et
al. 2002).

1.4.1.2.2 NK cells

As effector cells, they play key roles in host immune responses against tumors,
viruses, intracellular bacteria and parasites. Human NK cells are classified into two
major subsets. Regulatory NK cells expressing high levels of CD56 and no CD16 are
known as CD56°"%" whereas the naturally cytolytic subset CD16+ CD56"" is known as
CD56%™. CD56°™ cells are the most abundant subset in blood (=90%). These cells
produce large amounts of granzymes and perforin and mediate robust cytotoxicity
toward MHC class-I deficient targets. CD56"%" represent a small fraction (=10%) of NK
cells in blood, but in lymph nodes and in inflammatory compartments, they are found in
higher proportions (up to 90% of NK cells). Because of their low production of perforin
and Granzyme B, CD56°" NK cells were considered non cytotoxic; however, recent
data has shown that these cells release high amounts of Granzyme A and K (Jiang et
al. 2011). In addition to killing MHC class I-deficient targets, CD56"" NK cells can
also kill different targets than the ones killed by the CD56%™ subset, specifically the
MHC class I-expressing immature dendritic cells (iDC) (Della Chiesa et al. 2003) and
activated T cells (Bielekova et al. 2006).

NK cells have been classified into different subsets based on their cytokine profile. NK1
and cells produce IFNy and IL-10, whereas NK2 produce IL-5 and IL-13 (Peritt et al.
1998 and Takahashi, 2001 #9824). NK17/NK1 cells secrete IL-17 and IFNy, are
generated upon activation via IL-2, and are more abundant in CSF of MS patients, but
their precise role in autoimmune diseases is not yet clear (Pandya et al. 2011). The
NK-22 subset produces the Th17 cytokine IL-22, probably playing an important role in

mucosal immunity (Cella et al. 2009).

1.4.1.2.2.1 NK cell development

NK cell differentiation in humans occurs in the secondary lymphoid tissue (SLT), where
95% of all CD34+ cells have a phenotypic pattern of NK progenitor cell (NKP)
expressing CD34+ CD45RA+ and integrin b7 whereas only 6% have this
phenotype in the periphery. The differentiation process has been divided into

maturational stages, starting with a precursor NK or multipotential stage 1 (CD34+
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CD117- CD94-), immature NK cells or stage 2 (CD34+CD117+CD94-), going through
NK-committed stage 3 cells (CD34-CD117+CD94-) and finally becoming mature stage
4 (CD34-CD117+/-CD94+) NK cells (Freud and Caligiuri 2006) (Fig. 4).

_ < Stage 4

Stage 3

Figure 4. Progressive expression of CD56 during NK cell differentiation

The progressive CD56 expression by in vivo stages of human NK cell differentiation is shown.
Stage 1 corresponds to CD34+ CD117neg CD94neg cells. Stage 2 is characterized by
expression of CD34+ CD117+ CD94 neg. Stage 3 cells have a CD34neg CD117(+/-) CD94neg
phenotype and stage 4 are those CD34neg CD117(+/-) CD94+ cells. Figure taken from Freud A
G et al. J Exp Med 2006;203:1033-1043.

In this multistep process, the expression of other specific NK cell surface molecules
allows the identification of precise stages of maturation. The first surface molecules
acquired during stage 1 and 2 are CD161, 2B4 and CD56. The acquisition of LFA-1,
NKp46, NKp30, NKG2D, and DNAM-1 activating receptors is correlated with the
gradual acquisition of cytotoxicity. Expression of CD16 and Killer-cell immunoglobulin-
like receptors (KIR) occurs at later stages (Freud and Caligiuri 2006). The acquisition
of other surface markers occurs gradually from a more immature CD94+ NKG2A+
CD62L+ CD57- KIR-CD56"" NK cell profile to a CD94"" NKG2A+/- CD62L+/- CD57-
/+ KIR-/+ CD56%™ intermediate phenotype that progress further towards the terminally
differentiated CD94" (Yu et al. 2010) NKG2A- CD62L- (Juelke et al. 2010) CD57+
(Bjorkstrom et al. 2010) KIR+ CD56%™ NK cells. Blood CD56°" CD16"¢ NK cells are
equivalent to stage 4 and, since CD56"" cells can differentiate to CD56%™ cells in
vitro, blood CD56%™ CD16+ NK cells may represent stage 5 (Yu et al. 2010). A scheme

of differential expression of NK markers on different stages is shown in figure 5.
1.4.1.2.2.2 NK cells in central nervous system

In non pathogenic conditions, only a small number of immune cells cross the BBB to

enter the CNS (reviewed by Cayrol et al. 2008). Although NK cell-related genes are
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detected in the CNS (Bryceson et al. 2005), direct evidence on the presence of NK
cells in the healthy human brain and spinal cord are scarce. Disruption of BBB leads to
recruitment of large amounts of leukocytes into the CNS, among them NK cells
(Hammarberg et al. 2000) during the course of infections, as well as in autoimmune
CNS inflammation (Hansen et al. 2007 and Huang et al. 2006). However, the functional
significance of NK cell recruitment and their mechanisms of action during brain
inflammation are unknown.

The chemokines CX3CL1 (fraktaline), produced by neurons, and CXCL10 and CCL2,
produced by macrophage/microglia and astrocytes, recruit NK cells into the CNS
(Rollins 1997, Sorensen et al. 2002 and Dogan et al. 2008 ). Expression of CX3CR1,
the chemokine receptor for CX3CL1, is decreased in MS patients, specifically on NK
cells. This expression is dependent on disease activity and is particularly reduced in
patients with a stable disease course. CXC3R1 is an additional differentiation marker in
humans that may link NK cell maturation with the ability to migrate to different organs

including the central nervous system (Hamann et al. 2011).

1.4.1.2.2.3 NK cells in EAE

In the EAE model, NK cells in the CNS can control the magnitude of the inflammatory
response. Severity of EAE dramatically increases after depletion of NK cells (Zhang et
al. 1997 and Xu et al 2005). Mice lacking CXCR3, a chemokine that recruits NK cells to
CNS, exhibit a selective deficit in NK cell homing to the CNS that results in increased
EAE-related mortality (Huang et al. 2006). The use of IL-2/Anti-IL-2 mAb complexes in
the EAE model induces a specific expansion of NK cells in peripheral blood and CNS
and an attenuation of disease activity and CNS pathology. In contrast, treatment with
IL-2 complexes in animals depleted of CNS-resident NK cells does not alter the course
of EAE (Hao et al. 2011), underlining the importance of NK cells in disease

development.

1.4.1.2.2.4 NK cells in MS

In both RRMS and CIS patients, the frequency of CD3™® CD56P°° CD8%™ CD4"¢
lymphocytes, consistent with the NK cell profile is low (De Jager et al. 2008 ).

Interestingly, an increase in the frequency of the CD56°"" NK cell subset has been
reported during the last trimester of pregnancy, a time of reduced MS relapses in
women with MS (Airas et al. 2008). Similarly, an elevated proportion of circulating
CD56""" NK cells has been observed in patients with RRMS after treatment with IFN-
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B and daclizumab, which correlates with a good response to treatment (Saraste et al.

2007, Vandenbark et al. 2009 and Bielekova et al. 2006).
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Figure 5. Surface antigen expression during NK development in SLT

P
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In vitro, NK cells isolated from daclizumab-treated MS patients, as well as activated NK
cells from healthy donors, are capable of killing activated T cells, suggesting that NK
cell cytotoxicity against activated T cells may represent one physiological mechanism
for the termination of adaptive immune responses that is enhanced in vivo by
daclizumab administration.

The emerging role of CD56""™ NK cells as critical suppressor cells in target organs of
autoimmunity gives us the chance to explore their phenotypical and functional
characteristics in health and autoimmune disease such as MS, and the better

understanding might wide the possibilities for new therapeutic targets.
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2. Materials and methods

2.1 Materials

Media and supplements

Bovine serum albumin (BSA)

Dimethyl sulfoxid (DMSO) for cell culture
Dubelcco’s Phosphate Buffered Saline (PBS) 1x
Dubelcco’s Phosphate Buffered Saline (DPBS) 10x
Isocove’s Modified Dubelcco’s Medium (IMDM)

L-Glutamine, 200mM
Lymphocyte Separation Medium
Penicillin/Streptomycin, 100x
RPMI 1640

Serum, fetal bovine

Serum, human type AB

X-VIVO 15, serum free medium

Cell stimulation

Anti-CD3/Clone OKT3
lonomycin

Phorbol myristate acetate (PMA)
hr IL-2 (tecin)

hr IL-15

rh IL-18

rh 1L-21

Live/dead fixable dead cell kit
Basiliximab (Simulect)
Daclizumab (Zenapax)

Reagents for cell culture

2-beta Mercaptoethanol, 50 mM
Brefeldin A

eFluor670 cell proliferation dye

MEM Non Essential Amino acids 100x
Mycoalert mycoplasma detection kit
Sodium pyruvate 100 mM

Trypan blue solution, 0.4%

Vybrant CFDA SE cell tracer kit

Magnetic cell separation/activation

NK isolation kit, human
NK cell activation/expansion kit human

Company

PAA
AppliChem
PAA

PAA

Gibco
Invitrogen
PAA

PAA

Gibco
Biochrom AG
PAA
Lonza

Company
Bioxell

Sigma Aldrich
Calbiochem

Hoffmann-Roche

Peprotech
R&D (MBL)
Peprotech
Invitrogen
Novartis

Catalog No.

K45-001
A3672.0100
H15-002
H15-011
31980-022
25030-024
J15-004
P11-010
61870
S0115
C21-021

BE 04-418F

Catalog No.

BE00001-2
10634-1mg
524400

RO 23-6019
200-15
B001-5
200-21
134960

Hoffmann-La Roche

Company

Invitrogen
eBioscience
eBioscience
Gibco

Lonza

Gibco

Sigma Aldrich
Invitrogen

Company

Miltenyi Biotech
Miltenyi Biotech

Catalog No.

31350010
00-4506
650840-90
11140-035
LTO7-118
11360-039
18154
V12883

Catalog No.

130-092-657
130-094-483
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Antibodies for flow cytometry

Specificity

anti-CD14

anti-CD14
anti-CD16
anti-CD16
anti-CD16

anti-CD16
anti-CD3
anti-CD3
anti-CD4
anti-CD4
anti-CD45
anti-CD56
anti-CD56
anti-CD8

anti-CD8a

anti-CD8a
anti-CD56
anti-CD3

Fluorochrome

V450

PB
FITC

APCCy7
APCCy7

FITC
PeCy5.5
PE-Cy5.5
V450
PECy7
V500

PE

APC
V500
Brilliant
violet 570

PacBlue
Qdot-605
Q-dot 655

Cytokine receptors

anti-CD122
anti-CD127
anti-CD127

anti-CD132*

anti-CD132
anti-CD25
anti-CD25
anti-CD25

anti-IL18Rx

PE
FITC
PE
PE
PE
PE
PE
PE

PE

Adhesion molecules

anti-CD11a
anti-CD11b
anti-CD11b

anti-CD11c
anti-CD11c
anti-CD2
anti-CD2

FITC
PE
PE

PE
AF488
FITC
FITC

Activating receptors

anti-HLA-DR FITC

anti-HLA-DR FITC
anti-NKG2D PE

Clone

MdbP9

M5E2
3G8
3G8
3G8

3G8

UCHT1
UCHT1
RPA-T4
RPA-T4

HI30
Hanti-CD56
N901 (NKH-1)
RPA-T8

RPA-T8

RPA-T8
MEM-188
S4.1

Mik-B3
HIL-7R-M21
eBioRDR5
TUGh4
AG184

2A3
M-A251
B1.49.9

H44

G-25.2
ICRF44
VIM12

B-ly6
BU15

RPA-2.10
S5.2

G46-6

G-46-6
1D11

Company

BD Biosciences

BD Biosciences
BioLegend
BioLegend
BioLegend

BD Biosciences
Biozol

Beckman Coulter

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

Beckman Coulter

BD Biosciences

BioLegend

BioLegend
Invitrogen
Invitrogen

BD Biosciences
BD Biosciences
eBioscience
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences

Catalog No.

560349

558121
302006
302018
302018

555406
9515-16

560345
560649
560777
318306
IM2474
560775

M15168

301033
Q10307
Q10012

554525
560549
12-1278-73
338606
555900
341011
555432

Beckman Coulter A07774

eBioscience

BD Biosciences
BioLegend
Caltag

BD Biosciences
ABDSerotec

BD Biosciences
BD Biosciences

eBioscience

BD Biosciences
eBioscience

12-7183-71

347983
301306
CD11b04

555392
MCA2087A488
555326
347593

555811

555811
12-5878-42

Isotype

IgG2b,k
mlgG2a, k
IgG1,k
IgG1,k
IgG1,k

m I1gG1, k
IgG1
rigG2a,k
IgG1,k
IgG1,k
IgG1,k
IgG1,k
IgG1
IgG1,k

IgG1, k

lgG1,k
lgG1,k
mlgG1
lgG2b, k
mlgG1
lgG1
lgG1,k
mlgG2a

mlgG1

mlgG2a
lgG1,k
lgG1
IgG1, «
lgG1
lgG1,k
IgG2a

IgG2a,k
IgG2a k
mlgG1
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anti-NKG2D PE
anti-NKG2D PE

Chemokine receptors

anti-CXCR3 AF488
anti-CD197

(CCR7) PE
anti-CD197

(CCR7) PE-Cy7

1D11
1D11

1C6/CXCR3

3D12

3D12

Markers of NK cell development

anti-CD161  AF647
anti-CD57 FITC
anti-CD62L  PE
anti-CD94 FITC

Activation markers

anti-CD26 PE
anti-CD27  APCCy7
anti-CD69  APCCy7

Ectonucleotidases
anti-CD39 FITC

anti-CD39 PECy7
anti-CD73 PE

HP-3G10
Hanti-CD57
DREG-56
HP-3D9

M-A261
M-T271
FN50

eBioA1 (A1)
A1
AD2

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences

BD Biosciences

BioLegend
BioLegend
BD Biosciences
BD Biosciences

BD Biosciences
BD Biosciences
BioLegend

eBioscience
BioLegend
BioLegend

Intracellular cytokines/transcription factors

anti-IFN-y PacB

anti-IFN-y  pE

anti-IFN-y FITC
anti-IL10 PE
anti-1L22 AF647
anti-TNFox  v450
anti-FoxP3  FITC
anti-FoxP3  Alexa647
anti-FoxP3  APC

4S.B3
4S.B3

4S.B3
JES3-9D7
22URTI

PCH101
PCH101
206D

PCH101

Reagents for flow cytometry

FACS Flow, 20L
Fixation buffer
Lysing solution

eBio
eBio
eBio
eBio
eBio
eBioscience
eBioscience

Biolegend

eBioscience
Company
BD Biosciences

eBioscience
BD Biosciences

557940
320806

558047

552176

557648

339910
322306
555544
555888

555437
560222
310914

11-0399
328212
344004

57-7319
12-7319-

11-7319-71
12-7108-
51-7229-42

77-5776
11-4776-71
320114
17-4776

Catalog No.

342003
00-8222-49
349202

IgG1,k
IgG1,k

IgG1,k
IgG2a,k

IgG1

lgG1,k
IgM, k
mlgG1
lgG1,k

IgG1,k
IgG1,k
IgG1, k

IgG1
IgG1
IgG1,k

IgG1,k
IgG1,k

IgG1,k
IgG1,k
IgG1

IgG1,k
IgG1,k

IgG2a,k
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Permeabilisation buffer, 10x eBioscience 00-8333-56

FoxP3 Fix/Perm buffer 4x Biolegend 421401

Buffers and solutions Content

FASC buffer 0.1% BSA, 00.2% NaN3. In 1x PBS
MACS/Sorting buffer 0.5% human Serum, 2mM EDTA. In 1x PBS
Standard Medium FCS 10%, Pen/Strep 1%, L-Glu 2mM. In RPMI

FCS 10%, Pen/Strep 1%, L-Glu 2mM, MEM
NEAA, sodium pyruvate, 2-BMercaptoethanol. In

NK medium RPMI

Freezing medium RPMI 40%, FCS 40%, DMSO 20%

Fixation buffer 2% PFA in 1xPBS

HEK-Medium D-MEM/Glutamax, 10% FCS, 1% Pen/Strep
Kits Fluorochrome Company Catalog No.

Anti-human FoxP3 staining set

Clone PCH101 APC eBioscience 775776-40
Human IL-2 Biotinylated Fluorokine Kit Avidin-FITC R&D Systems  NF200
Consumables Company
Cryotubes Grenier
Eppendorf tubes Eppendorf
FACS tubes Sarstedt
LS/MS columns for magnetic isolation Miltenyi Biotech
Parafilm "M" Pechiney
Pipette tips Sarstedt
Serological pipettes Falcon
Sterile surgical blades Braun
Syringe filters VWR
Tissue culture flasks Sarstedt
Sarstedt and
Tissue culture plates Greiner
Equipment Company
Benchtop refrigerated centrifuges Hereaus, Eppendorf, BC
FACS Aria cell sorter BD Bioscience
FACSCanto BD Bioscience
Freezers Liebherr
Freezing container, Nalgene Cryo 1°C Roth
Fridges Liebherr / Thermo
Incubator, IncuSafe Scientific, Sanyo
MACS Multistand Miltenyi Biotech
Magnet, MACS Mini and Midi Miltenyi Biotech
Microscope Zeiss
Neubauer improved chamber Marienfeld
Nitrogen tank MVE
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Pipettes Eppendorf/Gilson

Racks Roth
Sterile bank, class Il standard Thermo Scientific
Vortex-Genie 2 Scientific Industries
Waterbath Eppendorf, GFL
Software Company
FACS DIVA Software v6.1.3 BD
GraphPad Prism GraphPad Software, Inc.
Adobe lllustrator CS3 Adobe Systems Incorporated

2.2 Methods

2.2.1 Donors

Healthy volunteers were recruited either from the blood bank at the UKE, or from our
colleagues in the Institute of Immunology. All MS patients were recruited by the MS
outpatient clinic of the neurology department at the UKE. This study was approved by
the local ethics committee (Ethik-Kommission der Arztekammer Hamburg, Nr. 2758,
title ‘Heterogenitat der Multiple Sklerose — Studie zu Phanotypisierung, biologischen
Markern un zur Risikokommunikation bei Multiple Sklerose’) and written informed
consent was obtained from all study subjects.

The study population consisted of 66 patients with RRMS diagnosed by McDonald
criteria (Polman et al. 2005). Age range was 20-61 years. Score for the expanded
disability status scale (EDSS) ranged 0-6 (Kurtzke 1983). All patients were in
remission. The group included untreated (n=16) and treated (n=50) patients. Among
the latter, we counted with Avonex- (n=12), Rebif- (n=18), Tysabri- (n=15), daclizumab-
(n=4) and basiliximab-treated patients (n=1).

We obtained clinical data such as EDSS at the time of diagnose and at the time of
sampling, duration of the disease and rate of relapse per year. Treated patients were
treated for at least three months and a maximum of three years, and did not receive
any steroidal or other immunomodulatory therapy within the last four weeks prior to
sampling.

Patients were classified as responders when there were no relapses during the follow-
up period, no new lesions detected by MRI and no increase in the EDSS score. A
partial responder was indicated by the presence of at least one new T2-hyperintense or
enhancing lesion detected by MRI without clinical impairment. Patients labeled as non-
responders included those who experienced one or more relapses, or increased at

least one point in the EDSS score that persisted for a minimum of two consecutive
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visits separated by a 6-month interval, or presented one or more new T2-hyperintense
or enhancing lesions detected by MRI. We included only good responders to treatment.
As control group, we included 26 healthy donors (HD) matched in age and sex. The
characteristics of MS and control donors are listed in Tables 1 and 2, respectively.

We could follow longitudinally two MS patients treated with basiliximab. One was
followed for two years and was considered a good responder, whereas the other was

retired from treatment after 6 months with basiliximab due to a bad response.

Table 2. Cohort of MS patients analyzed

EDSS at

Initial time of Disease Rate of
Age Sex EDSS sampling duration relapsel/year
UNTREATED

UNOO1 27 M 1 1 1 month low
UNO002 21 F 2 1 5 months low
UNO0O03 37 F 3 3 baseline middle
UNO004 46 M 2 2 6 years low
UNO0O05 26 F 2 3 6 years middle
UNO0O06 51 F 0 0 14 years low
UNOO07 20 M 4,5 4,5 baseline middle
UNO08* 41 M 2 2 baseline

UNO009 33 M 2 0 6 months middle
UNO10 32 F 0 0 15 months middle
UNO11 25 F 0 0 3 months low
UNO012 29 M 2 2 4 months low
UNO013 48 F 0 2 18 years middle
UNO14 57 F 1 1 1 year low
UNO015 54 F 0 0 7 years low
UNO16 31 F 0 0 2 years low

AVONEX

AV001 25 F 3 5 years middle
AV002 25 F 2 3 8 years low
AV003 20 F 0 2 4 months middle
AV004 26 M 2 2 4 months middle
AV005 41 M 3,5 13 years low
AV006 25 F 2 4 3 years high
AV007 26 F 2 2 1 year middle
AV008 42 F 2 2 4 years low
AV009 61 M 2 3,5 9 years low
AV010 34 F 0 2 1 year low
AV011 47 F 3 6 5 years none
AV012 39 F 1 2 2 years low
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REBIF

REOO01 34 F 0 0 9 months low
REO002 34 M 3 2 37 months low
RE003 24 F 0 0 1 month low
REO04 46 F 3 36 months low
RE005 40 F 6 18 years low
RE006 44 F 2 2,5 5 years low
REOO7 27 M 1 1 4 months low
REO08 21 F 2 1 8 months low
RE009 38 F 0 1 20 months middle
REO010 24 F 0 0 14 months middle
RE012 49 F 3 4 1 year high
REO013 53 F 3 3 1 year middle
REO014 48 F 0 3,5 10 years low
REO015 36 F 2,5 7 years low
REO016 38 F 2 2,5 11 years low
REO17 29 M 2 2 7 months low
REO18 35 M 2 2 9 months low
TYSABRI
TYS001 49 M 2 4,5 11 years low
TYS002 27 F 1 4 3 years middle
TYS003 46 F 2 4 11 years low
TYS004 36 F 5 3,5 2 years low
TYS005 29 F 2,5 9 years low
TYS006 37 M 0 2 4 years high
TYS007 42 F 3 9 years low
TYS008 38 F 4 15 years low
TYS009 41 F 0 6 15 years low
TYS010 40 F 3,5 16 years low
TYS011 51 F 0 4 11 years low
TYS012 44 F 3 13 years low
TYS013 32 M 0 3,5 13 years low
TYS014 51 M 2 3,5 12 years low
TYS015 36 F 0 2,5 9 years low
Anti-CD25
A25001 36 F 2 5,5 9 years middle
A25002 28 F 2,5 6 1 year high
A25003 32 F 0 2,5 3 years low
A25004 43 M 2 4 12 years high
A25005 38 F 6 10 years low

EDSS: Expanded Disability Status Score, scale 0-10. Initial EDSS is the score obtained at the
moment of MS diagnose. Rate of relapse/year indicates the number of relapses suffered within
12 months; low <1/year, medium 1-2/year and high >2/year. All Tysabri-treated patients had
high annual relapse rate before treatment. *Patient diagnosed with CIS, not confirmed as MS at

the moment of sample. F: female, M: male
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Table 3. Healthy controls
Code _ Sex _ Age

Code Sex Age
HDOOT F 25 HDO014 F 28
HDOO2 HDO015 F 31
HDO003 F 29 HDO16 v >
HD004 M 28 HDO17 M 20
HDOOS M 32 HDO018 F 23
HDOO6 F 28 HDO019 F 46
HDOO7 M 29 HD020 M 24
HDOOS F 30 HD021 F 45
HDOOY M 23 HD022 F 43
HDO010 F 28 HD023 = 56
HDOT1 M o7 HD024 F 20
HDO012 F 23 HDO25 = 28
HDO013 F 31 HD026 = 29

2.2.2 Isolation of Peripheral Blood Mononuclear Cells

PBMC were obtained from leukocyte concentrates or from peripheral venous blood.
Samples were diluted 1:3 in PBS. PBMC were isolated after density gradient
centrifugation over lymphocyte separation medium (room temperature, 30 min, 2000
rom), and washed twice in phosphate buffered saline (PBS). Cells were resuspended
in PBS containing 2% FCS and counted in the microscope in an improved Neubauer
counter chamber. Cells were either used immediately or cryopreserved. When using

frozen samples, PBMC were thawed immediately before use.

2.2.3 Cell surface staining of NK cell markers

To determine the expression of specific markers in the NK cells subsets, we elaborated
a panel of 23 surface molecules according to their function as cytokine receptors,
adhesion molecules, chemokine receptors, lectin like receptors, ectonucleotidases,

activation and maturation markers (table 3).

Table 4. Panel of cell surface markers analyzed

Markers of
Cytokine Adhesion Chemokine NK cell Ectonucleo- Activation
| receptors  molecules receptors development| tidases |  markers
CD25 (IL-2Ra) CD11c CCR7 CD62L CD39 CD69
CD122 (IL-2RB) CXCR3 CD9%4 CD73 CD26
CD132 (IL-2RY) CD161 CD6
CD127 (IL-7Ra) CD57 CD2
IL-18Ra CD27 CD11b
NKG2D
HLADR
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Immunophenotypical analysis of cells was performed using monoclonal antibodies
conjugated either to fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin-
chlorophyll proteins (PerCP), peridinin-chlorophyll proteins-Cy5.5 (PECy5.5), PECy7,
allophycocyanin (APC), allophycocyanin-Cy7 (APCCy7), alexa fluor 488 (AF488),
alexa fluor 670 (AF670), alexa fluor 647 (AF647), pacific blue (PacBlue), or V500.

Nine ml peripheral whole blood were collected by venipuncture into anticoagulated
(EDTA) tubes and processed within 2 hours of collection. We transferred 75ul of blood
into each of 17 FACS tubes per donor (5 ml polypropylene round-bottom tubes) and
10pl of each antibody were added according to the combination of surface markers
shown in table 4. After 30 min incubation at room temperature in darkness (RTD),
erythrocytes were lysed in 1 ml of lysis buffer (BD Biosciences) for 15 minutes at RTD,
followed by two washing steps with PBS.

When staining freshly isolated or thawed PBMC, 1 million cells per tube were used.
Cells were washed in PBS, blocked with 5ul of human IgG (higG) for 10 minutes, and
then stained on the surface in FACS buffer containing the respective antibodies for 30

min at 4°C. Finally cells were washed and resuspended in FACS buffer.

2.2.4 Gating strategy and FACS analysis

To analyze surface markers in the different lymphocytic cell subsets (CD4, CD8,
CD56°™ and CD56°"™), the initial category in our hierarchical gating strategy was the
lymphocytic gate in a FSC/SSC plot, followed by an exclusion of doublets in an SSC-
A/SSC-H plot. A quadrant gate was set in the CD3/CD56 dot plot. NK cells were
defined as CD3™° CD56°*°, the double positive cells represented the NKT cell
population, and T cells were defined as CD3*° CD56". Cells in the double negative
quadrant were considered as B cells and debris. Three further gates were applied in a
CD56/CD16 plot; the CD56™" CD16™9"*" represented the CD56°"" cells, whereas the
CD56"" CD16"" defined the CD56°™ population; a third gate was set for CD56""
CD16°""9 a5 intermediate NK cells. CD4+ and CD8+ T cells were gated in a CD4/CD8
plot, derived from the T cell gate (figure 6). The surface markers of interest were
subsequently analyzed on the CD56"", CD56%™, CD4+ and CD8+ populations,
therefore each tube contained the basic markers (CD3, CD4, CD8, CD56, CD16) to
define cell subpopulations. Because our immunophenotypical analysis of cells was
performed with 8-color flow cytometry, in each tube were added 1, 2 or maximum 3
other surface antibodies according to our combination of antibodies described in table
4. The expression of the different markers was determined as the percentage of cells

positive for a specific surface molecule. In cases of bimodal or trimodal expression, we
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also evaluated the median fluorescence intensity (MFI). An example is shown in detail
in figure 7. All samples were measured on a FACS Canto flow cytometer (BD

Biosciences), using the Diva software v6.1.3 for further analysis.
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Figure 6. Gating strategy for the analysis of NK and T cell subsets

Representative dot plots of eight color flow cytometric evaluations from a healthy donor sample.
All plots depict in the X and Y axes a log10 fluorescent intensity; a minimum of 100,000 events
was collected. The gating strategy is depicted in a logarithm (a). The classic lymphocytic gate
(b) is followed by the exclusion of doublets (c). A quadrant gate in the CD3/CD56 plot is set in
order to identify the NK, NKT and T cell populations (d). The latter are subdivided into CD4+
and CD8+(e). From the NK cell gate derive the CD56°"™ and CD56°™ subsets according to the
low or high expression of CD16, respectively (f).

2.2.5 Treg cells staining

Expression of FoxP3 on Treg cells was evaluated using the Anti-human FoxP3 staining
set (eBioscience), according to manufacturer’s instructions. Briefly, after cell surface
staining with anti-CD3, -CD4, -CD8, -CD25 and —CD127 as described above, cells
were resuspended in Fix/Perm buffer for 30 minutes at 4°C, followed by two washing

steps with permeabilisation buffer. Fc regions were blocked with rat serum for 10
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minutes, followed by FoxP3 staining for 30 minutes at 4°C. FoxP3 expression was

determined as the percentage of FoxP3 positive out of the CD4 positive cell population.

2.2.6 Intracellular cytokine staining

To release intracellular cytokines, PBMC were activated with PMA (50 ng/ml) and
ionomycin (1ug/ml) for at least 5 hours in X-Vivo 15 medium at conditions of 37°C and
5% CO2. Protein transport from the endoplasmic reticulum to the Golgi apparatus was

inhibited with 10 ug/ml of Brefeldin A after one hour of incubation with PMA/lono.

Table 5. Combination of markers used for flow cytometry

= Fluorochrome V450 FITC APC
W Tube # V500 PacBlue AF488 PE PECy5.5 PECy7 AF647 APCCy7

1 - - - - - - - -

2 - CD8 - - CD3 CD4 CD56 CD16
3 CD45 CD14 CD4 - CD3 CD19 CD56 CD16
4 - CD8 CD16 CD56 CD3 CD4 CD161 -

5 CD8 CD4 CD127 | CD25 Tac CD3 CD39 CD56 CD16
6 - CD8 CD16 CD122 CD3 CD4 CD56 CD69

CD25 non

7 - CD8 CD57 tac CD3 CD4 CD56 CD16
8 - CD8 CD11c IL-18Ra CD3 CD4 CD56 CD16
9 - CD8 CD94 CD132 CD3 CD4 CD56 CD16
10 - CD8 HLA-DR CD62L CD3 CD4 CD56 CD16
11 - CD8 CD2 NKG2D CD3 CD4 CD56 CD16
12 - CD8 CXCR3 - CD3 CD4 CD56 CD16
13 - CD8 - CD26 CD3 CD4 CD56 CD16
14 - CD8 CD11a CD6 CD3 CD4 CD56 CD16
15 - CD8 - CCR7 CD3 CD4 CD56 CD16
16 - CD8 - CD11b CD3 CD4 CD56 CD16
17 - CD8 CD39 CD73 CD3 CD4 CD56 CD16

Tube #1 was used as negative control. Tube #2 was used to determine the ‘fluorescence minus
one’ (FMO) control for setting the threshold values for the expression of specific markers.
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Figure 7. Expression of CD94 in the different lymphocytic cell populations

Representative staining to identify the expression of CD94 cells in PBMC from one heal_th?/
donor. In each plot is shown the expression of the marker in percentage of CD94 on CD56""9",

CD56"™, CD4+, CD8+ and NKT, respectively.

After 6 hours of incubation, cells were harvested, washed and resuspended in 100 ul of
live/dead cell dye for 20 minutes at RTD. A further wash step was followed by cell
surface staining by resuspension of the cell pellet in 50ul of FACS buffer plus 10ul of
each cell surface antibody (CD3-PerCPCy5.5, CD4-PECy7, CD56-APC, CD57-FITC
and CD94-PE). Cells were incubated for 30 minutes RTD, then washed in

permeabilisation buffer and stained for intracellular IFNy and TNFx with APCCy7 anti-

IFNY and V450 anti-TNFa for 30 minutes at RTD. Finally cells were fixed, washed and

resuspended in FACS buffer for flow cytometry analysis. To analyze the intracellular
production of IFNy and TNF, a first gate was set up on live cells in the FSC/SSC plot,
followed by an exclusion of doublets in an SSC-H against SSC-A dot plot. NK cells
were gated on CD3"™9 CD56"°, and T cells on CD3*° CD56"°. Two further gates on

CD56"" CD57° and CD56°™ CD94"%" cells defined respectively the CD56%™ and
CD56""" populations. Their respective markers defined CD4 and CD8 T cells.
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2.2.7 IL-2 binding assay

To investigate the effect of treatment on the binding capability of IL-2 for its receptor on
different cell populations, PBMC were washed twice with PBS, followed by incubation
for 1 hour at 4°C with either 10 pl of biotinylated IL-2, or 10 pl of biotinylated negative
control reagent, or 10 ul of biotinylated IL-2 complexed with a blocking antibody diluted
in wash buffer. For cell surface staining, 10ul of avidin-fluorescein in addition of CD3,
CD4, CD8, CD56 and CD16 antibodies were added incubated for 30 minutes at 4°C.

Cells were then washed three times with wash buffer and analyzed by flow cytometry.

2.2.8 Cell proliferation assay

To determine the proliferation effect of anti-CD25 antibodies and IFNB on the different
cell populations, PBMC were labeled either with 2-uM CFSE or 2uM eFluor dye. A
scheme of the proliferation assay principle is described in figure 8. Cell stimulation was
performed with anti-CD3 antibody (clone OKT3, 500 ng/ml, Bioxcell) in presence or
absence of daclizumab (20 ng/ml, Zenapax, Hoffmann-La Roche), basiliximab (20
ng/ml, Simulect, Novartis) or IFNB1a (100 or 1000 IU/ml, Avonex, Biogen) for 3 to 7
days. As positive controls, cells were activated with IL-2 (100 U/ml, Tecin, Hoffmann
Roche) or IL-15 (20 ng/ml, PreProtech, London, UK). Proliferating cells were

determined for each cell population.

2.2.8.1 CFSE

The CFDA-SE (Carboxyfluorescein diacetat succinimidyl ester) stock (10 uM) was

resuspended in prewarmed (37°C) PBS for sequential dilutions (25, 10, 5, 2 and 0.5
pMM). PBMC were previously washed in PBS and resuspended in 2uM CFSE dilution

(1x107 cells/1ml). After 15 min of incubation at 37°C, cells were washed and incubated
in prewarmed standard medium for 30 minutes at RTD. Two further washing steps with
RT standard medium and one with PBS were done. For further cell culture, cells were
resuspended in medium and transferred into 48 or 96-well plates with the respective
stimuli. For subsequent NK enrichment and/or sorting, cells were resuspended in
MACS buffer.

2.2.8.2 eFluor 670

In contrast to CFDA-SE, the eFluor670 stock reconstitution and dilutions were done
with cold (4°C) PBS. Incubation with the dye was performed at RTD for 10 minutes at a
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concentration of 2 uM. To stop labeling, RPMI + 10% FCS was added 4 times the

volume used for staining, followed by incubation on ice for 5 minutes. Two washing
steps followed, one with complete medium and one with PBS. Cells were resuspended
either in standard medium for subsequent stimulation, or in MACS buffer for NK

enrichment or sorting.
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Figure 8. CFSE-based proliferation assay

The dye is inherited by daughter cells after cell division, and is not transferred to adjacent cells
in a population. a) Cell division produces sequential halving of the dye’s fluorescence, and up to
8 divisions can be monitored before a decrease to the background fluorescence of unstained
cells, resulting in a histogram in which the peaks represent successive generations. B) CFSE

profile for PBMC labeled at 2 uM CFSE and cultured with 200ng/ml of anti-CD3 for 3 days. The

peak on the right represents the undivided cells, which correspond with the control unstimulated
CFSE-labeled cells.

2.2.8.3 Isolation of NK cells

Natural killer cells were enriched from freshly isolated PBMC by negative selection
using the NK cell isolation kit (Miltenyi) according to manufacturer’s instructions. The
principle of this technique is the depletion of T cells, B cells, stem cells, dendritic cells,
monocytes, granulocytes, and erythroid cells. All these cells are magnetically labeled
with a cocktail of biotin-conjugated antibodies that are bound to a cell microbead-
cocktail. Susequently, CFDA-SE- or eFluor 670-labelled PBMCs were incubated in NK
cell biotin antibody cocktail and then conjugated with NK cell Micro bead cocktail. Cell
suspension was rinsed in LS or MS columns (Miltenyi) through a magnetic field using a
midi or mini magnet (Miltenyi). Enriched NK cells constituted the total cell effluent

collected.
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2.2.8.4 Sorting of CD56""9" and CD56%™ NK subsets

Activation of NK cells results in changes of CD56 and CD16 expression, therefore, we
initially sorted CD56"" and CD56%™ cells in order to longitudinally trace each cell
subset. For this purpose, CFSE- or eFluor670-labelled MACS-isolated NK cells were
further stained with anti-CD56 and -CD16 antibodies for 30 minutes at 4°C. Stained
cells were washed in MACS buffer and resuspended in RPMI. Cells were sorted in a
FACS Aria (BD) from the FACS sorting core unit, according to the expression of CD16:
CD56""" expressing low or null CD16, and CD56°™ showing a high expression of
CD16. The collected subpopulations were washed in PBS + 5% FCS and then plated
in 96 wells-plates in standard medium as following: unstained PBMC were mixed with
CFSE-labeled CD56""" cells and eFluor-labeled CD56%™ cells (or vice versa) at ratios
of 1:10 NK/T cells and 1:10 CD56°""/CD56%™ NK cells. Cell proliferation within the cell
PBMC mix was analyzed at day 3, 5 and 7 as the percentage of diluted CFSE or

eFluor labeled cells in reference to the initial peak of the original parent generation.

2.2.9 Statistical analysis

GraphPad Prism (version 5.0) software was used for statistical evaluation of data. The
unpaired t test was performed to compare healthy donor and untreated MS patients; all
t tests were two tailed. Comparison of untreated patients and treated with different
therapies, was performed using one-way analysis of variance (ANOVA) followed by a
Dunnett’s multiple comparison test, using the untreated group as reference. Normal
distribution was determined with the D’Agostino-Pearson omnibus test. P values less

than 0.05 were considered significant.
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3. Results

3.1 Effect of treatment on the relative frequency of T and NK cells in MS
patients

The frequency of CD4, CD8, CD56°™ and CD56"" cells was assessed in 26 healthy
donors and 66 MS patients. From the patients, 16 were untreated, 29 treated with
IFNB-1a (12 Avonex, 17 Rebif), 15 with natalizumab (Tysabri) and five with anti-CD25
mAb. The frequencies of CD56%™ and CD56°"%" were determined from the NK cell

gate, whereas CD4+ and CD8+ were determined from T cells.
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Figure 9. Frequency of lymphocytic cells in healthy donors and MS patients

Depicted are the percentages of CD56%™, CD56°""™, CD4+ and CD8+ cells analyzed by flow
cytometry. Cell populations were gated according to the strategy described above in figure 6.
Frequencies correspond to healthy donors (n=26), untreated (n=16) and treated MS patients
(total n=66). Among the latter group, we dissected the effect of different treatments, i.e. Rebif
(n=17), Avonex (n=12), natalizumab (n=15) and anti-CD25 mAb (n=5). Unpaired t test was
performed to compare healthy donor and untreated MS patients (blue rectangle). Comparison of
untreated patients and treated with different therapies, was performed using one-way analysis
of variance (ANOVA) followed by a Dunnett’s multiple comparison test, using the untreated
group as reference (green rectangle). The broken line represents the median of untreated MS
patients as reference to compare the treated groups. *** p<0.001, **p<0.01, p*<0.05

40



We first compared the percentage of cell subpopulations between untreated MS
patients and healthy donors. In a subsequent step, we compared untreated MS
patients against each treated group. In our cohort, frequencies of NK and T cell
subsets did not differ between healthy donors and untreated MS patients (fig. 9). An
increase in the frequency of CD56"™ NK cells in MS patients has been reported as an
effect of anti-CD25 (Bielekova et al. 2006) and IFNB-1a treatment (Saraste et al. 2007
and Vandenbark et al. 2009). Consistent with these reports, we observed a higher
percentage of CD56""9" NK cells in patients treated with IFNB-1a (15.9+8%, p<0.01)
and, to a higher extent, with anti-CD25 antibodies (23.5+7.5%, p<0.01) in comparison
to untreated MS patients (7.9+3.6)(fig. 9).

The percentage of CD56"" cells in RRMS patients treated with IFN-B1a was further

dissected between the two commercial IFNB-1a used: Avonex and Rebif. Rebif

induced a higher increase in the frequency of CD56"" NK cells than Avonex, but the

difference did not reach statistical significance (p=0.072) (figure 10).
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Figure 10. Effect of IFN-B-1a on the frequency of CD56°"" NK cells

Percentage of CD56""™ NK cells (out of total NK cells) in PBMC from 26 healthy donors, 15
untreated RRMS subjects and 29 IFN-B-1a-treated patients (18 Rebif, 11 Avonex). Horizontal
bars indicate median values. Unpaired t test was used for statistical analysis (**p<0.01, n.s. non
significant).

Treatment with natalizumab results in an increase of total NK cells (Skarica et al. 2011
and Putzki et al. 2010); however, its effect on NK cell subsets has not been analyzed.
Interestingly, we observed that treatment with natalizumab, similar to IFNB-1a and anti-
CD25 mAb, also resulted in an increased frequency of CD56" NK cells (12.2+4.8%).

CD4+ T cells were also found elevated in peripheral blood in these patients (p<0.05)
(fig. 9).
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To determine the effect of different treatments on the frequency of Treg cells in MS, we
established our gating strategy for flow cytometry analysis based on the expression of
CD25pos and CD127neg on the CD4+ T cells (fig. 11a). Treg from MS patients treated
with anti-CD25 mAb were analyzed separately with a different staining and gating
strategy due to the lack of CD25 expression after treatment; details are described later.
As reported by other groups (revised by Costantino et al. 2008 and Venken et al.
2008), we first confirmed that the frequency of Tregs in MS patients was similar to
healthy donors. In contrast, natalizumab induced a significant decrease of CD4+
CD25+ CD127neg regulatory T cells (P<0.01) (fig. 11b).
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Figure 11. Natalizumab induces a decrease in the frequency of Treg cells

PBMC from 18 healthy donors, 12 untreated MS patients, 15 Rebif-treated, 6 Avonex-treated
and 15 Rebif-treated MS patients were analyzed. Samples were stained for CD3, CD56, CD4,
CD8 CD25 and CD127 and analyzed by flow cytometry. a) Gating strategy for Treg cells. Cells
were first gated on an FSC/SSC plot, followed by an exclusion of doublets in an SSC-A/SSC-H
plot (not shown). A quadrant gate was set in the CD3/CD56 dot plot. T cells were defined as
CD3pos CD56neg. CD4+ and CD8+ T cells were gated in a CD4/CD8 plot, derived from the T
cell gate. Treg cells were gated from the CD4 subset according to negative expression of
CD127 and CD25 positive/high. b) Percentages of CD4+ CD25+ CD127neg cells in healthy
donors and MS patients. Each dot represents one subject. Mean values and SEM are shown. **
p<0.01

3.1.1 Effect of treatment with anti-CD25 monoclonal antibodies

3.1.1.1 A good response to treatment with anti-CD25 induces a
gradual increase in CD56""" NK cells over time

We had the chance to longitudinally follow two patients treated with anti-CD25 mAb.
One of them developed a good response to treatment, whereas the other was a bad

responder.
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In the good responder, we observed a sustained increase in the frequency of CD56"""
cells over the first year of treatment with basiliximab followed by a plateau between the
first and second year of treatment (baseline: 7.7%, 12 months: 20%, 24 months:
26.7%). Consequently, a decrease of CD56"™ cells occurred (baseline 78.9%, 12
months 60%)(fig.12a).

The second patient was initially treated with daclizumab for two years. In 2009,
daclizumab was withdrawn from the market, resulting in a change of the therapeutic
scheme from daclizumab to basiliximab. He developed a bad response to treatment
with basiliximab, including an evident reduction of CD56°"" cells with a subsequent
increase in CD56%™ NK cells (fig. 12b). After six months of non-response to treatment,

basiliximab was eliminated from his medication.
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Figure 12. Response to anti-CD25 mAb treatment in two MS patients

The time course of CD56""" and CD56°™ NK cells in the peripheral blood from two MS patients
responding differently to basiliximab was assessed. Patients were sampled monthly; PBMC or
fresh blood were obtained right before the i.v. administration of basiliximab. NK and T cell
subpopulation frequencies were determined by flow cytometry using CD3, CD4, CD8, CD56
and CD16 antibodies. a) Basiliximab-treated MS patient followed for two years; a good
response to treatment was observed. b) MS patient initially treated with daclizumab, responding
favourably to treatment. After two years, his treatment was changed to basiliximab, resulting in
a bad response including a drastic decrease of CD56""9" NK cells with a consecutive increase
of CD56°™ NK cells.

Daclizumab and basiliximab bind the same epitope as IL-2 in the alpha chain of the IL-
2 receptor (Binder et al. 2007). This epitope is referred to as “tac” epitope, in contrast

to “non tac” epitopes, which are recognition sites within the CD25 molecule other than
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the IL-2 binding site. To assess the expression of IL-2Rx, we used two different
antibodies: the anti-CD25 clone 2A3 recognizing the tac epitope, and anti-CD25 clone
M-A251 recognizing the non tac epitope. PBMC from the patient responding well to
basiliximab were obtained at trough levels, i.e. right before the administration of the
next dose.

As expected, the CD25 tac epitope remained blocked throughout the duration of
basiliximab therapy, whereas the CD25 non tac epitope persisted detectable on the cell
surface. Total CD25-non tac expression on CD4+ T cells declined from 8.2 to 5.1%

between the first and second year of treatment with basiliximab (fig. 13).
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Figure 13. Effect of basiliximab on CD25 expression

CD25 expression was evaluated by FACS analysis in PBMC from a basiliximab-treated MS
patient at different time points. 2 fluorochrome-labeled antibodies directed at a competing (tac,
clone 2A3) and noncompeting epitope on CD25 (anti tac, clone M-A251) were used.

3.1.1.2 Treatment with anti-CD25 mAb does not deplete CD4+
FoxP3+ cells

Basiliximab and daclizumab are not depleting antibodies; still, the effect of depriving
Treg cells from IL-2 has not been analyzed in MS patients. Since treatment with anti-
CD25 mAb masks the tac epitope and decreases the total expression of the non tac
epitopes in the CD25 molecule, we used FoxP3 to identify Treg cells. We observed
that the frequency of Treg cells was not affected by treatment with daclizumab of

basiliximab in comparison to healthy donors (fig. 14).
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Figure 14. Effect of anti-CD25 treatment on regulatory T cells the frequency in MS

PBMC from healthy donors and anti-CD25 mAb-treated MS patients were stained for CD3, CD4
and CD8 with a subsequent intracellular staining for FoxP3. Shown are the percentages of
FoxP3 positive cells within the CD4+ cells.

3.2 Phenotypical characterization of NK cells in MS patients

To phenotypically characterize the expanded CD56°"" NK cells in MS patients after
treatment with anti-CD25 mAb, IFNB-1a and natalizumab, we elaborated a panel of cell
surface markers based on molecules expressed normally on CD56°"" NK cells. These
markers are not exclusive of this cell population; therefore their expression on other
cell subsets such as CD56%™, CD4 and CD8 cells was also examined.

We first analyzed the expression of these molecules on PBMC from healthy donors in
comparison to untreated MS patients to determine an expression pattern in MS. We

then compared the expanded cells after different treatments to the untreated group.

3.2.1 Cytokine receptors

3.2.1.1 IL-2 receptor complex

CD25, CD122 and CD132 are the «-, B- and y-chains (yc) of the IL-2 receptor,
respectively. Daclizumab targets the -chain of the high-affinity receptor. Blocking IL-2
signaling in T cells with daclizumab could thus increase the availability of IL-2 for NK
cells, leading to their expansion (Martin et al. 2010). We determined the expression of
the IL-2R components in T and NK cells after treatment with anti-CD25 mAb, and also
with treatments that do not target the IL-2 receptor such as IFNB-1a and natalizumab.
In healthy donors, surface expression of tac and non tac epitopes of CD25 was
observed mainly on CD4+ T cells and to a minor extent, CD56""" NK cells, whereas
CD8+T cells and CD56°™ NK cells expressed this marker scarcely. In comparison to

healthy donors, expression of CD25 tac and non tac was slightly higher on CD4+ T
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cells of untreated MS patients. CD25 tac epitope expression was decreased
significantly on CD4+ T cells after treatment with IFNB-1a and natalizumab. Anti-CD25
mAb treatment masked the expression of CD25 tac epitope on all cell types analyzed.
Differences in the expression of CD25 non tac epitope were only marginal in all
treatment groups (fig 15).

In healthy donors, IL-2 receptor beta chain (CD122) expression was exclusively
expressed on NK cells. Among the NK cell subsets, CD122 expression predominated
on CD56"" cells. In MS, CD122 expression was not altered in comparison to healthy
controls. Interestingly, Tysabri significantly reduced CD122 expression on both NK cell
subsets. Anti-CD25 mAb treatment resulted in a slight increase of CD122 expression
on CD56°"" NK cells (fig 15).

Expression of IL-2 gamma chain receptor (IL-2Ry or CD132) was expressed on T
and NK cells, showing no differences between healthy donors and MS. Tysabri and
anti-CD25 treatment induced a significantly lower expression of CD132 on CD56"""
NK cells. CD8+ T cells also showed a reduction in CD132 expression after anti-CD25
mAb treatment (fig.15).

3.2.1.2 IL-7 receptor x or CD127

IL-7 enhances the survival of the CD56°™ NK subset (Michaud et al 2010). We
observed that in untreated MS patients, NK cells showed a decreased expression of
CD127 in comparison to healthy donors, whereas no significant changes were
observed on T cells. Treatment with IFNB-1a brought the expression of CD127 on NK
cells to healthy donor levels predominantly on CD56%™ NK cells (fig. 16).

3.2.1.3 IL-18 receptor &

IL-18 has been found increased in serum and CSF of MS patients (Losy and Niezgoda
2001). We observed the expression of its receptor, IL-18Ra, predominantly on
CD56""" NK cells in all groups. A remarkable increase of IL-18Ra expression on
CD56""" NK cells of patients treated with anti-CD25 was observed (fig. 16).

3.2.2 Activation markers

3.2.2.1 CD69, CD26 and CD6

Next, we assessed the expression of the activation markers CD69, CD26 and CD6 (fig.
17). The expression of these molecules has been documented in diseases

characterized by T cell activation, such as systemic lupus erythematosus (Wong et al.
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2009), rheumatoid arthritis (RA) and multiple sclerosis (Sellebjerg et al. 2005,
Constantinescu et al. 1995 and Tak et al. 1996). However, the expression of these
markers on NK cells in the context of MS has not been addressed.

In healthy donors, we confirmed that CD4+ T cells were the predominant cell type
bearing CD26 on their surface, followed by CD8+ T cells, CD56"" and CD56%™. In
untreated MS individuals, the expression of CD26 was significantly decreased only on
NK cells. Remarkably, Avonex and anti-CD25 mAb induced an increase of CD26
expression on CD56"" NK cells (fig. 17).

CD6 molecule, a surface glycoprotein primarily expressed on lymphocytes, plays a
crucial role in cell adhesion, activation, differentiation, and survival processes. CD6
expression was observed mainly on T cells, whereas on NK cells, CD6 was limited to a
subset of the CD56°™ cells. CD4 T cells expressed CD6 at a higher extent than CD8 T
cells. We confirmed that in healthy donors, CD56°" NK cells do not express CD6;
however, treatment with natalizumab and anti-CD25 mAb induced a minor but
significant overexpression of this molecule on CD56"™" cells. Avonex exerted a clear
reduction of CD6 expression on CD56%™ cells (fig. 17).

CD69, an early T cell activation antigen, is involved in lymphocyte proliferation,
functioning as signal-transmitting receptor in lymphocytes, NK cells, and platelets. In
our cohort, CD56°"%" NK cells represented the population with higher frequency of
CD69-bearing cells. Treatment with anti-CD25 mAb exerted a reduction in the
expression of CD69 on this cell population (fig. 17).

3.2.2.2 CD2, CD11b, NKG2D and HLADR

NK cell activation in vivo most likely represents a coordinated effort of various
receptors with activating potential (Orange et al. 2003). Among others, CD2, 2B4,
CD11a, CD11b, HLADR, NKp30, NKp46, and NKG2D have been described as NK cell
activating receptors. We analyzed the expression of CD2, CD11b, NKG2D and HLADR
in our cohort.

CD2 regulates NK cell lytic activity and inflammatory cytokine production upon
engagement of ligands on neighboring NK cells (McNerney and Kumar 2006). We
observed that anti-CD25 mAb therapy produced a prominent increase of CD2
expression on CD56°"" and, to a lesser extent, on CD56%™ cells. Rebif decreased
CD2 expression on CD56%™ and CD8+ T cells, whereas natalizumab only on CD8+ T
cells (fig. 18).

CD11b is an integrin expressed on monocytes, neutrophils, NK cells, granulocytes and

macrophages. CD11b participates both in adhesion between the NK cell and its target
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cell and in stimulation. Regarding NK cells cell activation signaling, ligation of CD11b
induces phosphorylation-dependent NK cell activation (Orange et al. 2003). CD11b is
of particular interest, because NK cells are the only lymphocytes that uniformly express
this subunit in high density. We confirmed in healthy donors that the expression of
CD11b is restricted to the NK cell subpopulations. CD56°™ showed a higher expression
of this marker than the CD56"™®" counterpart. Untreated MS patients showed a marked
decrease of CD11b on the CD56°"" cells. Treatment with IFN-B1a and, predominantly
anti-CD25 mAb, produced a recovery of CD11b expression on CD56°" cells to higher
levels than in healthy donors (fig. 18).

NKG2D is an activating receptor expressed on human NK cells, CD8+ T cells, and
gammaldelta T cells. In the inflamed CNS, NKG2D-NKG2D ligand interactions may
contribute to cytotoxic responses mediated by activated immune effector cells. All
treatments induced a reduction of NKG2D expression on CD56%™ and CD8 cells,
whereas Rebif and natalizumab exerted an increased expression of this marker on
CD4+ and CD56""" cells (fig. 18).

HLA-DR expression marks a distinct subset of NK cells, present at low frequency in
circulating blood but readily expanded by IL-2, which can play an important role during
immune responses (Evans et al. 2011). Untreated MS patients were characterized by a
significant decrease in the expression of this molecule on NK and T cell populations.
All treatments induced normalization to healthy baseline levels of HLA-DR expression

in all cell subsets (fig.18).

3.2.3 Markers of NK cell differentiation

3.2.3.1 CD57, CD161, CD94, CD27 and CD62L

CD94, CD57, CD62L, CD27 and CD161 are surface molecules expressed at different
stages of NK cell maturation. We examined the expression of these molecules to
determine a possible pattern indicative of a developmental stage of the expanded
CD56°™9" NK cells after treatment either with anti-CD25, IFNB1a or natalizumab.

In NK cells, CD57 defines a functionally distinct population of mature cells in the
human CD56%™ NK cell subset (Lopez-Verges et al. 2010). On chronically stimulated T
cells, CD57 is upregulated. In our healthy donor cohort, among all cell subsets studied,
the expression of CD57 was confined to the CD56%™ NK cells, and to a lesser extent,
to CD8+ T cells. Consistent with prior observations in healthy donors (Bjorkstrom et al.
2010), CD57 was expressed on 10 to 75% of CD56°™ NK cells, which represent mature
NK cells, whereas less than 1% of CD56°"9" NK cells expressed CD57. We did not find
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differences in the frequency of CD57-bearing cell subsets between healthy controls,
untreated and treated MS patients (fig. 19).

CD161 (human NKR-P1A) is a molecule among the first NK cell receptors to be
detected during NK cell development. Analysis of peripheral blood of patients with MS
and RA have shown an upregulation of CD161 at the protein level, as well as a
significant excess of CD161""CD8+ T cells. The expression of CD161 on CD8+ T cells
marks a subset of non-cytotoxic, proinflammatory T lymphocytes that may play a role in
multiple sclerosis immunopathogenesis by acting as effectors and targeting the CNS
(Annibali et al. 2011). We were interested in the expression of this molecule on NK
cells as a marker of early NK development, as well as a possible player contributing to
the immunopathogenesis of MS. In healthy donors, CD161 was expressed on a
minority of CD4 and CD8+ T cells in comparison to its expression on the majority of NK
cells. CD161 showed a bimodal pattern expression on NK cells and CD4+ cells, while
on CD8+ T cells, the pattern was trimodal. Consistent with other studies in MS and in
RA, we observed an increased frequency of CD161+ CD56°"9" and CD161+CD56%"
cells in untreated MS patients in comparison to healthy donors. Rebif reduced the
expression of CD161 on CD56°" CD56°™ and CD4+ T cells, whereas Tysabri
reduced it on CD8+ T cells. We also observed a non-significant, but evident reduction
in the frequency of CD56°"" CD161+ cells in MS patients treated with anti-CD25 mAb.
Remarkably, from all the markers studied within our panel, CD161 was the only
molecule expressed at higher levels in untreated MS patients in comparison to healthy
donors (fig. 19).

CD94 expression on NK cells identifies a functional and likely developmental
intermediary between CD56°" and CD56°™ NK cells (Yu et al. 2010). In our cohort,
CD56""" NK cells were distinguished as the cell population with the highest density of
CD94 on their surface, whereas two thirds of CD56%™ cells were positive for CD94. On
CD8 cells, the expression was low, while on CD4+ cells, it was nearly null. CD94
expression was diminished significantly on CD56%™, CD4+ and CD8+ cells in untreated
MS patients. All treatments induced a recovery of the CD94 expression on CD4+,
CD8+ and CD56"™" cells, reaching healthy baseline levels. CD94 expression on
CD56""" NK cells of Rebif- and Avonex-treated MS patients increased to higher levels
than in healthy donors. Remarkably, anti-CD25 mAb treatment caused a two-fold
increase of CD94 expression on CD56"" cells in comparison to untreated patients
(fig. 19).

Expression of CD27 dissects mature NK cells into two subsets with distinct
responsiveness and migratory capacity: the majority of CD27"9 NK cells are CD56°™,
whereas a large proportion of CD27°° NK cells are CD56"" (Vossen et al. 2008).
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We observed that the main expression of CD27 was on T cell subsets; however, we
confirmed the higher expression of this marker on the CD56"" NK cell population
rather than in the CD56%™. Notably, natalizumab caused a significant decrease in the
expression of CD27 on all cell subpopulations in comparison to untreated MS patients
(fig. 20).

The expression of CD62L on NK cells has been recently reported to identify a unique
subset of polyfunctional CD56%™ NK cells, representing an intermediate stage of NK-
cell maturation, which after restimulation can develop into terminally differentiated
effectors (Juelke et al. 2010). Our healthy donor samples showed a CD62L expression
pattern on NK cells similar to that of CD94, in which nearly all CD56°"" cells were
positive, whereas CD56%™ displayed a bimodal expression, confirming the presence of
the CD56%™ CD62L+ subset. Interestingly, anti-CD25 treatment exerted a significant
decrease in the expression of CD62L on CD4+ and CD8+ cells, and an increase on
CD56"" cells. Natalizumab also induced an increase of CD62L expression on
CD56"" NK cells. Additionally, natalizumab produced a differential expression of
CD62L on CD56""™ cells; i.e., some patients expressed CD56™" CD62"°" and some
CD56"" CD62L"" (fig. 20).

3.2.4. Adhesion molecules

3.2.4.1 CD11c

CD11c, an integrin involved in the binding of iC3b, adhesion to stimulated endothelium,
and phagocytosis of apoptotic cells is expressed highly during relapses in MS. This

expression reflects the temporal activity of MS, suggesting that the CD11¢""

group of
patients may be in more unstable condition than CD11¢" (Aranami et al. 2006).

We observed that, similar to CD11b, the expression of CD11c was limited to NK cells,
with predominance on CD56""" NK cells. In untreated MS patients, CD11c expression
on CD56°"" NK cells was significantly reduced. Avonex, Rebif, and predominantly
anti-CD25 mAb induced an increase of CD11c expression on CD56”" NK cells (fig.

21).
3.2.5 Chemokine receptors
3.2.5.1 CCR7 and CXCR3

The frequency of CD56""™ NK cells is ten times higher in lymph nodes than in blood.
This difference has been attributed to the expression of CCR7, since entry of

lymphocytes to lymph nodes can be directed via expression of CCR7, in response to
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the CCR7 ligands CCL19 and CCL21 expressed in the lymph node. The CD56"" NK
cell subset differentially expresses CCRY7, allowing its accumulation in lymph nodes
(Johnson et al. 2011). In MS patients after treatment with IFNB, CCR7 expression on
peripheral blood lymphocytes is up-regulated (Vallittu et al. 2007).

In untreated MS patients, CCR7 expression was significantly diminished on CD56%™
and CD56""" NK cells. We confirmed that treatment with Rebif in MS patients caused
an increased expression of CCR7 on both NK cell subsets, as well as after treatment
with natalizumab and anti-CD25 mAb. Of interest, anti-CD25 mAb produced an
outstanding increase of CCR7 expression on the CD4+ T cell subset in comparison to
untreated MS patients (fig. 21).

CXCR3 mediates the migration of effector T cells and NK cells to inflamed tissues,
where the cognate ligands CXCL9, CXCL10 and CXCL11 are expressed. CXCL9
mediates the recruitment of circulating CXCR3+ monocytes from blood to inflamed
lymph nodes and it is likely to be the basis of the observed recruitment of plasmacytoid
DC precursors and NK cells. In addition, CXCL10 produced by DCs leads to retention
of TH1 lymphocytes in lymph nodes, a trapping mechanism that may also contribute to
the increase in NK cell numbers. In our cohort, we observed the frequency of CXCR3
positive cells mainly on the CD56°"" and CD8+ cell subsets. All treatments caused a
decrease of CXCR3 expression on CD56"" and CD8 cells, more notoriously with anti-
CD25 mADb (fig. 21).

In addition to the described markers, we also evaluated the expression of cell surface
ectonucleotidases such as CD39 and CD73 and no changes in the expression of these
two molecules were observed between healthy donors and untreated or treated MS

patients (data not shown).
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Figure 15. Expression of IL-2R subunits on T and NK cells of healthy donors and MS
patients

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. The mean
fluorescence intensity (MFI) of CD25 tac, CD25 non tac, CD122 and CD132 for each cell
subpopulation was analyzed by flow cytometry. T test was applied to determine statistical
differences between healthy donors and untreated MS patients; whereas an ANOVA followed
by Dunnett’s multiple comparison test were used to compare all columns (treated patients) to a
control column (untreated patients). *p < 0.05, **p<0.01, ***p<0.001.
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Figure 16. Expression of IL-7Rx (CD127) and IL-18Rx on T and NK cells of healthy
donors and MS patients

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. The mean
fluorescence intensity (MFI) of CD127 and IL-18Ra« for each cell subpopulation was analyzed
by flow cytometry. T test was applied to determine statistical differences between healthy
donors and untreated MS patients; whereas an ANOVA followed by Dunnett’'s multiple
comparison test were used to compare all columns (treated patients) to a control column
(untreated patients). *p < 0.05, **p<0.01, ***p<0.001.
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Figure 17. Expression of activation markers on T and NK cells of healthy donors and MS
patients

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. The
percentage of positive cells to CD69, and the mean fluorescence intensity (MFI) of CD26 and
CD6 for each cell subpopulation were analyzed by flow cytometry. T test was applied to
determine statistical differences between healthy donors and untreated MS patients; whereas
an ANOVA followed by Dunnett’s multiple comparison test were used to compare all columns
(treated patients) to a control column (untreated patients). *p < 0.05, **p<0.01, ***p<0.001.
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Figure 18. Expression of activation markers on T and NK cells of healthy donors and MS

patients

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. The mean
fluorescence intensity (MFI) of CD2, CD11b, NKG2D and HLA-DR for each cell subpopulation
was analyzed by flow cytometry. T test was applied to determine statistical differences between
healthy donors and untreated MS patients; whereas an ANOVA followed by Dunnett’s multiple
comparison test were used to compare all columns (treated patients) to a control column
(untreated patients). *p < 0.05, **p<0.01, ***p<0.001.
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Figure 19. Expression of NK cell differentiation markers in healthy donors and MS
patients (I)

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. Percentage of
positive cells to CD57 and CD161, and the mean fluorescence intensity (MFI) of CD94 for each
cell subpopulation were analyzed by flow cytometry. T test was applied to determine statistical
differences between healthy donors and untreated MS patients; whereas an ANOVA followed
by Dunnett’s multiple comparison test were used to compare all columns (treated patients) to a
control column (untreated patients). *p < 0.05, **p<0.01, ***p<0.001.
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Figure 20. Expression of NK cell differentiation markers in healthy donors and MS
patients (ll)

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. Mean
fluorescence intensity (MFI) of CD27 and CD94 for each cell subpopulation was analyzed by
flow cytometry. T test was applied to determine statistical differences between healthy donors
and untreated MS patients; whereas an ANOVA followed by Dunnett’s multiple comparison test
were used to compare all columns (treated patients) to a control column (untreated patients). *p
<0.05, **p<0.01, ***p<0.001.
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Figure 21. Expression of cell adhesion molecules and chemokine receptors on T and NK
cells of healthy donors and MS patients

Cell surface marker expression was analyzed in PBMC from healthy controls (n=26), untreated
(n=14) and treated MS patients with Rebif (n=14), Avonex (n=8), Tysabri (n=15) or anti-CD25
mAb (n=5). Horizontal column bars indicate mean and error bars represent SEM. Mean
fluorescence intensity (MFI) of CD11b and CCR?7, and percentage of positive cells for CXCR3 in
for each cell subpopulation were analyzed by flow cytometry. T test was applied to determine
statistical differences between healthy donors and untreated MS patients; whereas an ANOVA
followed by Dunnett’s multiple comparison test was used to compare all columns (treated
patients) to a control column (untreated patients). *p < 0.05, **p<0.01, ***p<0.001.
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3.3 Functional characterization of NK cells

3.3.1 Cytokine production

3.3.1.1 CD94 and CD57 identify CD56""9" and CD56%™ NK cells after
PMA/lono activation

CD56°™ and CD56°"" NK cells display functional differences. CD56°™ cells are the
subset with a superior cytotoxic capacity, whereas CD56°"" NK cells represent the cell
subset with greater ability to produce proinflammatory cytokines such as IFNy and
TNFx. This cytokine release response has been exclusively studied after 1-3 days
exposure to cytokines such as IL-2, IL-12, IL-15, IL-18 and IL-1.

Our interest was the analysis of cytokine production of NK cells ex vivo after PMA/lono,
stimulation. Our first observation was that CD16 was not detectable on NK cell surface
after stimulation, a fact that hampered the identification of NK cell subsets. We then
searched for markers that could unmistakably identify CD56°"9" and CD56™ cells
without the need of CD16. We found that expression of CD94 and CD57 was not
affected after PMA/lono stimulation and the combination of these two markers could
clearly identify the CD56°™®" and CD56°™ NK cells, respectively (fig. 22).
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Figure 22. Intracellular cytokine staining for CD56°"" and CD56°™ NK cells

Unstimulated (a) and PMA/lono-stimulated (b) PBMC were stained with CD3, CD56, CD16,
CD57 and CD94. NK, NKT and T cells were identified in a CD3/CD56 dot plot. CD56"™ and
CD56""%" were gated according to expression of CD16 and CD56. The question mark points out
the decreased expression of CD16 after stimulation. CD56"™ cells, shown in light blue,
correspond to the low expression of CD56 and either positive/negative expression of CD57.
CD56""9" cells, shown in magenta, correspond to the cells with the highest level of CD56 and
CD94 positive expression.

59



Next, we found that while NK cells produced more IFNy than T cells, TNFx was

produced mainly by CD4+ and CD8+ T cells. In line with previous findings that

CD56"" cells are the principal cytokine-producing NK cell subset, we found a

tendency of CD56"" cells to produce IFNy and TNFa at a major extent than CD56%™

NK cells, although the difference was minor (Fig. 23).
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Figure 23. NK cells are the major source of IFNy, while T cells produce more TNFx

PBMC from 3 healthy donors were stimulated with PMA/lono for 5 hours and subsequently
stained with CD3, CD4, CD56, CD57 and CD94. Intracellular staining was done for IFNy and
TNFa. To identify cytokine-producing CD56""™ and CD56%™ NK cells, the method described
above was used. The graphs show the percentage of cytokine positive cells after gating on
each cell population.

3.3.1.2 Production of IFNy and TNFx by T and NK cell subsets is
increased in patients with MS

The exact roles of the cytokines IFN-y and TNF-& in MS remain controversial, with

evidence suggesting both detrimental and protective effects of these cytokines in MS
and EAE. Excessive TNF production is associated with MS (Hofman et al 1989),
rheumatoid arthritis, septic shock (Tracey et al 1986), and many animal models of
disease; however, there is a lack of studies regarding the production of these cytokines
by NK cell subsets in MS. Therefore we aimed to identify the ex-vivo production of
these two cytokines from CD56" and CD56%™ NK cells according to the method
above described. Interestingly, we found that in untreated MS patients, IFNy and
TNFa production by CD56°™ and CD56°™ NK cells was significantly higher in
comparison to healthy donors. CD4+ and CD8+ T cells from untreated MS patients

also showed a highly significant increased production of TNFa and a clear tendency to

60



produce more IFNy than healthy donors. (Fig. 24). In contrast to the methods of
Linemann and colleagues (Linemann et al 2011), where they exposed PBMCs to the
NK cell-activating cytokines IL-2 and IL-12 for 72 h in in vitro culture, we stimulated
PBMC with PMA/lono for 5 hours in order to induce the release of cytokines without
compromising signaling pathways that might exert artificial results by prolonged times
of activation. Our results show a clear differential cytokine production by the two
groups, indicating the likely role of these two cytokines in the pathophisiology of the

disease.
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Figure 24. IFNy- and TNFo- producing cells are increased in MS patients

Intracellular cytokine staining for IFNy and TNFa was assessed for CD4, CD8, CD56™" and
CD56"%" cells in healthy donors (n=4) and untreated MS patients (n=4). Each box-and-whisker
plot shows the median, quartiles, and extreme values within a category. *** p<0.001, **p<0.01,
p*<0.05

dim

3.3.1.3 Treatment with IFNB, anti-CD25 mAb or natalizumab results
in reduced IFNy and TNF«x production by NK cells

To further investigate the effect of treatment with IFNB-1a, natalizumab and anti-CD25
on NK cell cytokine release in MS, particularly on the expanded CD56"" NK cells, we
determined IFNy and TNF« production by intracellular cytokine staining. Remarkably,
in all cases, treatment resulted in a reduced production of these two cytokines. This
reduction was more pronounced in the case of TNFa by CD56°"9" NK cells, reducing
the cytokine release to levels seen in healthy donors. Our results support the possible
role of these cytokines in the development of the disease, as the effect of treatment

brings the elevated levels of TNFa and IFNYy to healthy baseline levels (fig. 25).
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Figure 25. IFNy and TNF« profiles differ between untreated and treated MS patients
Percentages of IFNy- and TNFa-producing CD56”™ and CD56°™ NK cells from PBMC of
healthy donors (n=4), untreated MS patients (n=4), and MS patients treated either with Rebif
(n=5), Avonex (n=4), natalizumab (n=4) and anti-CD25 mAb (n=5) are shown. Staining and
gating strategy were done as described before. Plots show the median, quartiles, and extreme
values within a group. *** p<0.001, **p<0.01, p*<0.05

3.4 Mechanistic basis of CD56""9" NK cell expansion

3.4.1 Daclizumab and basiliximab bind the CD25 tac epitope

To assess the in vitro effect of basiliximab and daclizumab on CD25 expression, we
used two different antibodies that recognize the tac and non tac epitopes, respectively.
The expression of CD25 tac and non tac on untreated PBMC was invariably and
minimally observed on CD4+ T cells and CD56°"" NK cells, whereas anti-CD3-
activated PBMC up regulated the expression of CD25, both the tac or non tac epitope,
up to 80% on those cell populations. Treatment with basiliximab and daclizumab

induced a complete blocking of CD25 tac epitope on activated cells, whereas the CD25
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non tac epitope remained detectable up to 60-70% on CD8, CD4 and CD56"" cells
(Fig. 26).
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Figure 26. Daclizumab and basiliximab bind the tac epitope of the IL-2 receptor

CD25 expression on resting and anti-CD3-activated PBMC was assessed on cells treated with
daclizumab or basiliximab. We used two different antibodies recognizing the tac (2A3) or the
non tac epitope (M-A251) on the CD25 molecule. Expression of CD25 was analyzed on CD4+,
CD8+, CD56""" and CD56"™ cells.

3.4.2 IL-2 binding to its receptor decreases after treatment with
anti-CD25 mAb

To investigate the effect of anti-CD25 antibodies on the binding capability of IL-2 to its
receptor we directly assessed IL-2 binding on resting or anti-CD3- activated PBMC. IL-
2 binding capability of activated PBMC was high in CD4+, CD8+ and CD56""" cells.
On CD56%™ cells, IL-2 binding was notably low, confirming that this cell population
possesses low amounts of IL-2R. Among NK and T cell subsets, CD4+ showed the
highest IL-2 binding capability, followed by CD8 and CD56°"™ Treatment with
basiliximab or daclizumab induced a 75% reduction on the binding capability of all cell

subsets to the cytokine (Fig. 27).
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Figure 27. Binding of IL-2 to CD4+, CD8+ T cells and CD56""%" cells after CD25 blockade
Binding of IL-2 to T and NK cells was analyzed in anti-CD3-activated PBMC, either untreated or
treated with basiliximab or daclizumab mAb. IL-2 binding was determined after cell incubation
with biotinylated IL-2 as percentage of CD4+, CD8+ CD56%™ or CD56""" cells positive for anti-
IL-2 detected by a FITC-streptavidin conjugate, as shown in histograms. The corresponding bar
graph shows the MFI values.

3.4.3 In vitro effect of treatment with anti-CD25 or IFNB1a on CD56°"9" NK
cells expansion

To assess the effect of anti-CD25 and IFNB-1a treatment on CD56""" NK cells in vitro,
we designed an experiment to mimic the conditions of lymphocytic activation that we
presume happen in vivo in MS. PBMC from healthy donors were stimulated with anti-
CD3, assuming that the IL-2 produced by the T cells after polyclonal activation would
suffice to induce the proliferation of NK cells. Basiliximab was added to the cell cultures
to assess the effect of anti-CD25 blockade under such culture conditions. Because
activation of NK cells results in changes in the expression of CD56 and CD16, in order
to trace CD56"" and CD56%™ cells longitudinally we labeled them previously with
CFSE and eFluor, respectively, as explained in methods section. NK cells proliferation
within the PBMC mix was evaluated at different time points as the percentage of CFSE

or eFluor dilution in reference to the initial peak of the original parent generation (fig.
28).
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Figure 28. CFSE and eFluor labeled NK cell proliferation

Representative dot plot and histogram of IL-2 activated NK cells after 5 days of culture.
Unstained PBMC were mixed with 2uM CFSE-labeled CD56""" cells and 2uM eFluor-labeled
CD56“™ cells at ratios of 1:10 NK/T cells and 1:10 CD56°"9"/CD56"™ NK cells. With this method
it is possible to track specific cell subpopulations without additional staining.

Activation of T cells with anti-CD3 resulted in an ‘indirect’ proliferation of CD56""" NK
cells (50% of dividing cells), while only a minimal effect was observed on CD56%™ NK
cells, probably due to the low expression of IL-2 receptors on this cell subset. Addition
of basiliximab did not result in enhancement of CD56" proliferation as we had
expected given the expansion observed in patients treated with this antibody (fig. 29,
upper panels). One possibility for the lack of response to basiliximab would be that the
levels of IL2 produced by the T cells are not enough to induce NK cell proliferation.
Indeed, when exogenous IL-2 was added to the cell culture as the sole source of this
cytokine (in the absence of anti-CD3), both NK cell subsets proliferated readily, and the
CD56""" again at higher levels (middle panels). In the presence of excess IL-2,
basiliximab had no further effect on NK cell proliferation (Fig. 29 middle panels).

However, when we added exogenous IL-2 in addition to anti-CD3, again both NK
subsets proliferated, and, very interestingly, addition of basiliximab to the cultures
resulted in the expected effect of increased proliferation of the CD56"™ NK cell subset
exclusively, while the CD56°™ NK cells did not show differences (fig. 29 lower panels).
In this case we have a condition with exogenous cytokine and activated T cells, which
consume IL-2, but still there is enough IL-2 to bind both high affinity and intermediate
affinity receptors, and consequently to support proliferation of the NK cells. When
basiliximab is added to the system, the high affinity receptor on T cells is blocked, and
only cells with the intermediate affinity receptor respond to IL-2. We have previously
shown that T cell proliferation is impaired in the presence of basiliximab (fig. 26). Given
the higher levels of CD122 expressed by CD56"" NK cells in comparison to CD56%™

cells, it is the CD56°"" subset the one that ‘uses’ the IL-2 and proliferates more
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readily. Remarkably, even in the absence of the T cell stimulus, a certain level of

proliferation was detected in the CD56°"" subset exclusively.
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Figure 29. Effect of basiliximab in anti-CD3-, IL-2- or anti-CD3/IL-2- activated cells

The in vitro effect of basiliximab (20 ng/ml) in the proliferation of CFSE-labeled CD56""9" and e-
Fluor labeled CD56%™ cells, was assessed in untreated, anti-CD3 (OKT3 - 500 ng/ml), IL-2 (100
U/ml) and anti-CD3/IL-2 activated cells after 3, 5 and 7 days of incubation.

We took a similar approach to analyze the in vitro effect of IFNb-1a treatment on NK

cells. However, in all conditions tested we observed a decreased proliferation of NK
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cells when IFNb-1a was added to the system (fig. 30), in contrast to in vivo
observations in MS patients after treatment with IFNb-1a, namely increased frequency
of CD56"™" NK cells. This effect might indicate that IFNb-1a does not act directly on
NK cells to induce their proliferation, but has an indirect effect that we have not been

able to reproduce in our in vitro conditions.
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Figure 30. Effect of IFNB1a in anti-CD3-, IL-2- or anti-CD3/IL-2- activated cells
The in vitro effect of IFNb-1a (100Ul/ml) on proliferation of CFSE-labeled CD56""%" and e-Fluor

labeled CD56%™ cells, was assessed in untreated, anti-CD3 (OKT3 - 500 ng/ml), IL-2 (100 U/ml)
and anti-CD3/IL-2 activated cells after 3, 5 and 7 days of incubation.
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4. Discussion

4.1 Effect of treatment on the relative frequency of T and NK cells in MS
patients

Because the beneficial effect of daclizumab is attributed to the specific expansion of
CD56"" NK cells, we focused our study on the phenotypic and functional
characterization of this cell population. Recent studies suggest similar effects induced
by other treatments for MS: IFNB-1a (Rebif or Avonex) exerts an expansion of
CD56""" NK cells, whereas treatment with natalizumab increases the frequency of NK
cells in MS, but its particular effect on a specific NK cell subpopulation has not been
described. In this study, we confirmed the daclizumab- and IFNB-1a-induced increased
frequency of CD56°"" cells, and additionally, we found that treatment with natalizumab

also resulted in higher frequency of CD56""" cells in circulation.

Rebif and Avonex are both IFNB-1a drugs, but we have observed that Rebif induced a
higher increase in the frequency of CD56"™ NK cells than Avonex. Clinically, Rebif is
administered subcutaneously three times per week at a higher dose than Avonex,
which is given intramuscularly once per week. Clinical trials report a better therapeutic
response to Rebif in comparison to other IFNB1a, probably due to higher doses and
higher frequency of administration (Manfredonia et al. 2008), and this may also explain

the higher frequency of CD56°"9" NK cells in these patients.

Natalizumab controls leukocyte adhesion, attachment and migration across the BBB
into the CNS by blocking the interaction of VLA-4 with its ligand VCAM on the brain
endothelial cells. In MS patients treated with natalizumab, we observed an increased
frequency of CD4+ T cells in the periphery and a complementary decreased
percentage of CD8+ T cells. These results support the documented analyses of CSF in
natalizumab-treated MS patients showing that this drug blocks CD4+ more efficiently
than CD8+ T cells from migration into the CNS (Putzki et al. 2010). In MS, no
differences in the frequency of Treg cells have been observed in comparison to healthy
controls. However, treatment with natalizumab resulted in a decreased percentage of
Treg cells in periphery. This finding indicates that a) a stronger impact of the mAb on T
effector cells inhibits their influx into the CNS and b) Treg cells are less prone to the
effect of natalizumab probably due to the fact that Treg cells express on their surface
low levels of VLA-4, the target molecule of natalizumab (Skarica et al 2011).

In our study, we could follow longitudinally two patients treated with anti-CD25 mAb.

One of them was initially treated with daclizumab for 2 years and showed a good

68



response to treatment. In 2009, daclizumab was withdrawn from the market and in the
therapeutic scheme of this patient daclizumab was replaced by basiliximab. These two
antibodies recognize the same epitope of the high-affinity IL-2 receptor, but differ in
their structure. Daclizumab is a humanized monoclonal antibody, whereas basiliximab
is a chimeric mouse-human monoclonal antibody. In previous decades, murine anti-
CD25 monoclonal antibodies significantly reduced acute rejection episodes, but the
high immunogenicity and short half-life of these antibodies limited their clinical use
(Sageshima et al. 2009). To overcome this problem, humanized and chimeric
monoclonal antibodies were developed. However, in several clinical studies, murine
mAbs and chimeric mAbs could induce human anti-mouse and anti-chimeric antibody
responses, respectively, and the resulting neutralization would lead to limitation in
efficacy. In the CHOICE study (daclizumab as an add-on therapy to IFNB-1a) 8% of
patients were positive for human anti-human neutralizing antibodies (Wynn et al.
2010). Therefore we cannot discard the appearance of neutralizing antibodies as an

explanation to the bad response in the referred patient.

Long-term treatment with anti-CD25 mAb in the good responder led to a reduction of
circulating Treg cells. This reduction has been associated with a differential effect on
inflammatory activity depending on the tissue. Whereas CNS inflammation is clearly
reduced with daclizumab, an increased susceptibility to newly emerging inflammatory
activity in skin has been observed (Oh et al. 2009). The possibility of compartmental
differences in the capacity to maintain tolerance in the setting of reduced numbers of

Treg cells should not be discarded.

An allele in 17g12 has been associated with NK cell frequency by demonstrating that a
single nucleotide polymorphism (SNP) in this region is associated with a reduction in
the CD56%™ NK cells and an expansion of the CD56°"" NK cells. Additionally, this
SNP correlates robustly with enhanced degranulation (CD107a) by NK cells (Xia et al.
2012). An association of this SNP in MS patients would explain the outcome of

treatment.

4.2 Phenotypical characterization of NK cells in MS patients

Human NK cell development is associated with the sequential acquisition of NK cell
receptors, with CD161 and NKp46 being among the first NK cell receptors to be
detected, followed by CD94 and CDG62L, and lastly CD16 and the Kkiller-cell

immunoglobulin-like receptors (KIRs).
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Our results show that the expression of CD62L and CD94 is increased after treatment
in CD56°"" cells in MS patients. Expression of these two markers identifies a
functional and likely developmental intermediary cell population between CD56°"%" and
CD56°™ NK cells which are located predominantly in secondary lyphoid tissues (SLT)
(Yu et al. 2010 and Juelke et al. 2010). The high expression of these two markers
might indicate a release of CD56""" cells from SLT to the periphery.

CD161 is a marker that identifies an early NK cell developmental stage. However, the
decreased number of CD56""" cells bearing CD161 after treatment, did not reflect an
increase of cells in early stage of maturation. CD161 is a C-type lectin receptor, but
little is known about its function in autoimmune diseases and it can be expressed on
pathogenic as well as on immunoregulatory cells. The recently described mucosal-
associated invariant T cells (MAIT), are IL-17—secreting T cells characterized by the
expression of IL-18Rax CD8af™ Va7.2 and high levels of CD161. We observed
increased expression of CD161 on NK cells and CD8+ T cells of untreated MS
patients. Annibali and colleagues reported an upregulation of CD161 at the protein
level and a significant excess of CD161"%" CD8+ T cells in MS and RA (Annibali et al.
2011), whereas the group of Miyazaki, documented a significant reduction of MAIT
cells in MS patients in remission and even more profoundly reduced in those with
relapse (Miyazaki et al. 2011). Interestingly, the frequency of MAIT cells positively
correlates with the frequency of CD4+ invariant NKT cells and of CD56"®" NK cells in
healthy controls but not in MS patients (Miyazaki et al. 2011). This might suggest the
existence of an immunoregulatory link between MAIT cells and the other two cell

populations with disruption of cross talk in MS.

In NK cells, high levels of CD161 receptor are correlated with impairment of NK
cytotoxic activity in RA patients (Richter et al. 2010). Very remarkably, CD161 was the
only marker of our panel showing an overexpression on NK cells in untreated MS
patients. After treatment either with IFNB-1a, natalizumab or anti-CD25 mAb, its
expression returned to healthy baseline levels. This observation supports the possible

immunopathogenic role of CD161 in MS.

IL-18 is involved in the immunopathogenesis of MS. The highly increased levels of IL-
18 in serum and CSF of MS patients correlate with an increase in the induction of
IFNY, which in turn augments the production of IL-18 binding protein (IL18BP) (Losy et
al. 2001 and Karni et al. 2002). This protein has a high binding affinity for IL-18
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(Kd=400 pM) and exerts its action by neutralising the proinflammatory effect of IL-18.
IL-18 also binds to the alpha chain of the 1I-18 receptor (IL-18Ra) but with less affinity
(Kd=18.5 nM), so that it does not induce a signaling response unless the beta chain of
the receptor dimerizes with the IL18Ra to form the high affinity complex (Kd=0.4 nM)
(Boraschi et al. 2006). IL-18Ra is expressed mainly on CD56"®" NK cells. In MS, the
abundant levels of IL-18 might lead to a binding availability for both IL18BP and IL18R.
This situation could explain our finding of a decreased expression of IL-18R« in
untreated MS patients. Interestingly, treatment with anti-CD25 mAb induced an
increased expression of IL18Ra, suggesting an unbound state of the receptor for its
ligand. The association between treatment with anti-CD25 mAb and the production of
IL-18 in MS patients is not known. IL-18Ra overexpression indicates that
concentrations of IL18 might be decreased after treatment and binding capability might
be restricted to the high affinity IL-18BP. This model would explain the high expression
of IL-18Ra as an unbound state of the receptor. Further studies are necessary to

confirm or reject an indirectly proportional relation between IL-18 and IL-18Ra.

From all activation markers studied, we found a prominent increase of CD2, CD11b,
CD26 and CD6 on CD56°"9" NK cells after all treatments but particularly with
daclizumab. The expression of these markers suggests an activated status pattern of
CD56°""™ NK cells.

Cell surface receptors participate in the formation of the activating NK cell immunologic
synapse (NKIS), the interface between NK cell and susceptible target. A variety of
adhesion receptors with activating potential, including B2-integrins, the «-integrins
CD11a and CD11b, as well as the Ig superfamily member CD2, all accumulate in the
peripheral supramolecular activation cluster (pSMAC) of the activating NKIS.
Interactions between these adhesion molecules and their cognate ligands induce
conjugate formation between effector cells and target or antigen-presenting cells
(Orange et al. 2003). Such cellular interactions can initiate signal transduction and cell
activation, resulting in proliferation, cytokine secretion and cytotoxicity. In treated MS
patients, particularly with anti-CD25 mAb, overexpression of these two molecules on
CD56"" NK cells confers a pattern with the potential to generate strong activating

signals.
In the center of the mature immunological synapse on T lymphocytes CDG6 is found

associated to the TCR/CD3 complex (Ibanez et al. 2006). CD6 interaction with its
ligand (ALCAM) results in activation of MAPK cascades, likely influencing the dynamic
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balance that determines whether resting or activated lymphocytes survive or undergo
apoptosis. On NK cells, CD6 expression marks a subpopulation associated with
distinct patterns of cytokine and chemokine secretion (Ibanez et al. 2006); however, its
expression on the NKIS has not been studied. Overexpression of CD6 on CD56"" NK
cells after treatment with natalizumab and anti-CD25 mAb could indicate an elevated

cytokine secretion or a major participation in the immunological synapse.

In NK cells, CD26 expression is restricted to the CD56°"" subset. This expression
increased significantly after anti-CD25 mAb treatment. In vitro, CD26 is inducible in NK
cells activated by IL-2, IL-12 or IL-15 (Yamabe et al. 1997). Since CD26 is known to
have a binding affinity for collagen and thought to be involved in cellular adhesion to
extracellular matrix proteins (Muscat et al. 1994 and Sato et al. 2005), the induction of
CD26 on activated NK cells may be related to efficient recruitment and tissue

infiltration.

The increased number of CD56"" NK cells after treatment with natalizumab,
daclizumab and IFNB could be either a result of a decreased rate of maturation from
CD56""" to CD56%™ NK cells, probably due to an accelerated egress of CD56°"9" NK
from the lymph node, or to an increased rate of change from the CD56%™ to the
CD56""™ NK cell phenotype. In line with other studies describing the ability of
CD56""" NK cells to develop into CD56°™ cells, and according to the phenotypical
description of the expanded CD56"" population with an intermediate developmental
pattern, we favor the first possibility. Possible mechanisms of CD56"" expansion
include differential homing of NK cell populations in disease, specific proliferation of
CD56""" NK cells and an increased output of immature CD56°"™ NK cells from bone

marrow or from lymphoid tissue to peripheral blood.

4.3 Functional characterization of NK cells

Most reports defining CD56°"" NK cells as the major source of NK cell-derived
cytokines rely on in vitro data obtained after purification of the NK subsets and
subsequent culture of the isolated subset in the presence of stimulating cytokines, such
as IL-2, IL-12, IL-15, and IL-18. We were interested in determining the ex vivo
intracellular production of IFNy and TNFa by both NK cell subsets without previous
cytokine stimulation. A major problem to determine the intracellular cytokine production
of PMA/lIono-stimulated NK cells is the downregulation of CD16, a specific marker of

CD56°™ NK cells that allows unequivocal identification of this subset, with changes in
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CD56 expression. Our approach was to use specific markers of NK cells that were
unaffected after PMA/lono stimulation. Among the panel of markers that we had
established to study the immune phenotype of NK cells, we found that CD94 and CD57
were reliable markers for CD56°"™ and CD56°™ NK cells even after PMA/lono
stimulation. With this method, we investigated the cytokine profile of CD56°"" NK cells
and confirmed that, PMA/lono- activated cells produce large amounts of IFNy and
TNFx. Notably, CD56"" NK cells produce more cytokines in response to PMA/lono
stimulation than CD56%™ NK cells (Cooper et al. 2001). This fact has been associated
to the relatively low expression of the phosphatase SHIP-1 and the high expression of
the phosphatase inhibitor SET in CD56""" NK cells, which facilitates a lower activation

threshold for cytokine secretion (Trotta et al. 2005).

CD56""" and CD56%™ NK cells are currently seen as developmentally distinct subsets,
being CD56""" NK cells the major source of cytokines, whereas CD56"™ NK cells are
regarded as specialized for cytotoxic function. Recent studies, however, challenge
these assumptions. Fauriat and coworkers propose the CD56°™ cell subset, rather than
CD56"" NK cells, as the important proinflammatory cytokine source during early
immune response upon cell target recognition, producing graded responses depending
on the multiplicity of activating receptors engaged (Fauriat et al. 2010). This finding
points out the capability of both NK subsets to produce cytokines after different
activation stimuli. On the other hand, the immunoregulatory role attributed to CD56°""
NK cells due to their potent cytokine-producing ability has also been discussed. The
observation of CD56°""™ NK cells expansion after daclizumab has extended the
concept of CD56™™ function to limit adaptive immune responses by their cytotoxicity
toward activated T cells (Bielekova et al. 2006). A supporting fact for this hypothesis is
the newly defined mechanism of CD56°'9" NK cells cytotoxicity by a preferential
transfer of Granzyme K (GrK) to target cells (Jiang et al. 2011). More importantly, our
results on ex-vivo cells clearly showed that all NK and T cell subsets of untreated MS
patients produced higher levels of IFNy and TNF«x than healthy controls. Previous
reports on cytokine production by T and NK cells of MS patients have yielded
conflicting results: downmodulating effects on IFNy producing T cells in MS induced by
IFNB have been reported by some groups (Becher et al. 1999 and Furlan et al. 2000 ),
but denied by others Dayal et al. 1995 and Linemann et al. 2011). Studies on cytokine
production of NK cell subsets in MS are limited. Linemman and coworkers recently
showed a diminished IFNy production by NK cells in MS patients. However, they
analyzed the intracellular production of IFNy in in vitro cultures after stimulation with IL-

2 or IL-12 (Lidnemann et al. 2011). This approach differs very much from our ex-vivo
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method and the percentages of IFNy-producing cells they observed in untreated MS
patients and healthy controls differ dramatically with our results. They describe a range
of 0-5% of IFNy producing cells, whereas our range was set between 20-40%.
Furthermore, in our hands, TNF«x-producing cells were also elevated in untreated MS
patients. This finding is widely supported by studies showing an up-regulation of TNF«
in PBMC of MS patients (Navikas et al. 1996), presence of TNFx in MS plaques

(Merrill and Benveniste 1996) and high production of TNFx in association with the

clinical activity of MS. Due to the pathogenic role of TNFx in several autoimmune
disorders, a therapeutic success targeting this cytokine could be expected; however,
anti-TNF« therapy in MS patients has resulted in a clear failure (Kruglov et al. 2011).
The significant reduction of Th1 cytokines in the treated MS patients is such that it
could contribute by itself to the therapeutic efficacy of daclizumab, basiliximab,
natalizumab and IFNB1a in our patients. The exact roles of IFNy and TNF«x in MS
remain controversial, with evidence suggesting both detrimental and protective effects
of the cytokine in MS and EAE (reviewed by Lees and Cross 2007). However, many
autoimmune diseases are related to high IFNy and TNFx serum levels, for instance
systemic lupus erythematosus, rheumatoid arthritis, mixed connective tissue disease,
uveitis, Type | diabetes, and various dermatological diseases (reviewed by Skurkovich
and Skurkovich 2003, Funauchi et al. 1991 and Chatzantoni and Mouzaki 2006),
indicating the potential role of these cytokines in the pathophysiology of the disease.
Our results are closer to the situation in vivo since cells are stimulated for a short
period under a stimuli that only induces the intracellular release of the cytokine content.
To our knowledge, this is the first study of the ex-vivo production of TNFx and IFNy

from specific NK cell subsets in MS patients.

4.4 Mechanistic basis of CD56""9" NK cells expansion

Our approach to study the mechanism of CD56""9" cell expansion after treatment
consisted in mimicking the conditions that we presume happen in vivo. For this, we
activated PBMC from healthy donors with anti-CD3 antibody to mimic the autoreactivity
of T cells in MS. Treatment with basiliximab or IFNB-1a on activated cells did not
induce an expansion of CD56”™"™ NK cells as observed in vivo, but the opposite, a
reduction in the proliferation rate similar to T cells. Remarkably, the in vitro effect of
adding basiliximab and IFNB-1a on NK cells induced a reduction in cell proliferation,

opposite to what is observed in vivo. The natural cytokine production in vivo, i.e. IL-2,
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in a coordinated manner and likely in association with the production of other
physiological factors such as IL-15 by dendritic cells or activated
monocytes/macrophages and IL-1 by stromal cells, are not present in our in vitro
system. Those cytokines could further enhance the activation of CD56°™¢" NK cells and
their successful entry into the proliferation cycle. In this line, the expansion of CD56"""
NK cells might occur predominantly in lymph nodes, where IL-2 is produced under

physiological conditions in the healthy immune system.

The exact means by which daclizumab expands NK cells is not clear. However, we
observed that the IL-2RB (CD122), the intermediate affinity receptor for IL-2, was
mainly expressed on CD56"" NK cells. Since blocking the high affinity receptor for
IL-2 (CD25) decreases the consecutive signaling activation in T cells, we think that an
increased availability of IL-2 for NK cells, via CD122, may lead to the specific CD56"""
NK cell expansion. In jn vitro activated cells, the presence of daclizumab or
basiliximab, did not produce expansion of CD56"" cells as seen in vivo, indicating
that the IL-2 produced by T cells was not sufficient to bind the IL-2RB expressed on NK
cells. In contrast, when IL-2 was directly added to the culture medium, CD56"" NK
cells expanded notoriously in presence or absence of daclizumab or basiliximab,
meaning that the IL-2 available in the medium was sufficient to bind the intermediate
affinity receptors on NK cells, despite the blocking of the low affinity receptor by anti-
CD25 mAbs. This apparent discrepancy between in vitro and in vivo studies can be
explained by the redundancy in cytokine systems in vivo. However, further studies are

necessary to understand the in vivo mechanism of CD56""" NK cells expansion.

The lower expansion observed after treatment with IFNB1a in both NK subsets, either
after anti-CD3 or IL-2 activation, might indicate an increased rate of cell death induced
by IFNB1a as observed in experiments in mice, where activation of NK cells with IFN«
or B can induce apoptosis of NK cells themselves through Fas-Fas ligand interactions
on the surface of adjacent NK cells (Plett et al 2000). This activation results from the
binding of the cytokine to its receptors, which are extensively expressed in all
lymphocytic cells (Pfeffer et al 1998). Those findings suggest that NK cell activation via
IFNa or B can enhance NK cell cytotoxic function; however in human, further studies

are necessary.
Some immune cells have important physiologic functions in the CNS, such as

immunosurveillance (reviewed by Wilson et al. 2010), maintenance of adult

neurogenesis (Ziv et al. 2006) and promotion of CNS reparative processes (Bieber et
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al. 2003). In this regard, Bielekova and colleagues reported the ability of daclizumab to
induce effective immune regulation without limiting access of the immune cells to the
intrathecal compartment (Bielekova et al. 2011). This is promising, because it implies
that CD56°"" NK cells might regulate (i.e., kill) activated pathogenic T cells directly in
MS tissue. This relevant function has only been studied in the EAE model, where CNS
resident natural Killer cells suppress Th17 responses and CNS autoimmune pathology
(Hao et al. 2010). Our finding in humans of an activated and immature phenotypic
profile of CD56°™%" NK cells after treatment in MS, together with the effect of decreased
IFNY and TNF« production by this cell population after treatment, contributes to shape
the immunotherapeutic potential of this regulatory NK cell subset in autoimmune

diseases.
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5. Summary

Multiple sclerosis is a T cell-mediated autoimmune disease characterized by an
interplay between inflammatory and neurodegenerative processes that usually result in
neurological disturbance followed by progressive accumulation of disability. In MS,
regulatory T cells and CD56°"" NK cell exert an immunomodulatory role. We were
particularly interested in characterizing the CD56"" NK cell subset in MS because of
their significant association with clinical remissions and reduced brain lesions after

treatment with daclizumab.

In MS, an increase in the frequency of CD56"" after treatment with daclizumab or
IFNB-1a are known, but a phenotypical and functional characterization of this cell

population has not been reported. We therefore carried out a cross-sectional analysis

in healthy controls and RRMS patients, either untreated or treated with IFNB1a,

daclizumab or natalizumab. The purposes of our study were to identify patterns of NK
cell surface markers expression, cytokine production and the mechanism and

dynamics of CD56""%" expansion.

We found that in addition to anti-CD25 mAb and IFNB-1a, natalizumab also expands
CD56""" NK cells in MS. Treatment with anti-CD25 mAb exerted the most prominent
effect on the expression of NK cell markers on the CD56"" population. The expanded
CD56""" cells overexpressed the surface molecules CD26, CD2, CD11b and CD8,
which indicate an activated cellular pattern. The high expression of CD94 and CD62L
in treated patients, indicates an intermediate state of NK cell maturation and an egress

from lymph nodes to the periphery.

Our findings of similar levels of cytokine production by the CD56°™ and the CD56"""
cells, confront the classical definition of the CD56%™ subset as only cytotoxic and the
bright subset as exclusively capable to secrete cytokines. The remarkably elevated
frequency of IFNy- and TNFx-producing cells in MS without treatment, which is clearly
brought to healthy donor baseline levels after treatment, supports the described

pathogenic role of these cytokines in MS.

This study offers a wide phenotypical characterization of NK cells in MS that can
potentially offer novel biomarkers useful for the clinical assessment of the disease as
well as a potential use of NK cell-directed therapeutic approaches in autoimmune

diseases such as MS.
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6. List of abbreviations

AF488
APC

AF647
APCCy7
BBB

B-CSF-B

Bref A
BSA
CcDh
CIS

CNS
CSF
DMSO
EAE

EDSS

EDTA

ER
E:T

FCS
FITC

FOXP
HCI
HD
HLA

Alexa Fluor 488
Allophycocyanin
Antigen Presenting Cell
Alexa Fluor 647
Alophycocyanin-Cyanin7
Blood Brain Barrier
Blood-Cerebrospinal fluid
barrier

Brefeldin A

Bovine Serum Albumin
Cluster of differentiation
Clinically Isolated
Syndrome

Central Nervous System
Cerebrospinal fluid
Dimethylsulfoxid
Experimental
Autoimmune
Encephalomyelitis
Expanded disability
status score
Ethylenediamine-
tetraacetic acid
Endoplasmic reticulum
Effector: Target ratio
Female

Fetal calf serum
Fluorescein
isothiocyanate
Forkhead box protein
Hydrochloride acid
Healthy donor

Human leukocyte

antigen

hr
ICS

IFNy

IMDM

lono
L-Glu

MAG
mAb
MBP
MCAM
MFI
MHC
MOG
MRI
mRNA
MS
NacCl
NaOH

NCAM

NK
NKIS

NKT

Human recombinant
Intracellular cytokine
staining

Interferon gamma

Interleukin

Iscove's modified
Dulbecco's medium
lonomycin
L-Glutamine

Male

Myelin associated
protein

Monoclonal antibody
Myelin basic protein
Melanoma cell adhesion
molecule

Median fluorescence
intensity

Major histocompatibility
complex

Myelin oligodendrocyte
glycoprotein

Magnet resonance
imaging

Messenger RNA
Multiple sclerosis
Sodium chloride
Sodium hydroxide
Neural cell adhesion
molecule

Natural killer cell

NK cell immunologic
synapse

Natural killer T cell
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PacBlue
PB
PBMC

PBS

PE
PE-Cy5.5

PE-Cy7

Pen/Strep

PMA

PMA/lono

PP-MS

pSMAC

RA

ROR

RPMI

RRMS

Pacific blue

Peripheral blood
Peripheral blood
mononuclear cells
Phosphate buffered
saline

Phycoerythrin
Phycoerythrin-Cyanine
5.5
Phycoerythrin-Cyanine 7
Penicillin/Streptomycin
Phorbol myristate
acetate

Phorbol myristate
acetate/lonomycin
Primary progressive
multiple sclerosis
Peripheral
supramolecular
activation cluster
Rheumatoid Arthritis
Retinoic orphan receptor
Roswell park memorial
institute medium
Relapsing-remitting

multiple sclerosis

RT
RTD

SLE

SLT

SP-MS

STAT

TCR
TGFB

Th
TNF«x

Treg
UKE

VCAM1

VLA-4

Room temperature
Room temperature in
darkness

Systemic lupus
erythematosus
Secondary lymphoid
tissues

Secondary progressive
multiple sclerosis
Signal transducer and
activator of transcription

T cell receptor

Tumor growth factor beta

T helper cell

Tumor necrosis factor

alpha

T regulatory cells
Universitatsklinikum
Eppendorf - University
Clinic Hamburg-
Eppendorf

Vascular Cell Adhesion
Molecule 1

Very Late Antigen-4

79



7. List of references

AIRAS, L., SARASTE, M., RINTA, S., ELOVAARA, I, HUANG, Y. H. & WIENDL, H. 2008.
Immunoregulatory factors in multiple sclerosis patients during and after pregnancy: relevance of
natural killer cells. Clin Exp Immunol, 151, 235-43.

ANN MARRIE, R. & RUDICK, R. A. 2006. Drug Insight: interferon treatment in multiple sclerosis. Nat
Clin Pract Neurol, 2, 34-44

ANNIBALI, V., RISTORI, G., ANGELINI, D. F., SERAFINI, B., MECHELLI, R., CANNONI, S.,
ROMANQO, S., PAOLILLO, A., ABDERRAHIM, H., DIAMANTINI, A., BORSELLINO, G., ALOISI, F.,
BATTISTINI, L. & SALVETTI, M. 2011. CD161(high)CD8+T cells bear pathogenetic potential in
multiple sclerosis. Brain, 134, 542-54.

ARANAMI, T., MIYAKE, S. & YAMAMURA, T. 2006. Differential expression of CD11c by peripheral
blood NK cells reflects temporal activity of multiple sclerosis. J Immunol, 177, 5659-67.

BABBE, H., ROERS, A., WAISMAN, A., LASSMANN, H., GOEBELS, N., HOHLFELD, R., FRIESE,
M., SCHRODER, R., DECKERT, M., SCHMIDT, S., RAVID, R. & RAJEWSKY, K. 2000. Clonal
expansions of CD8(+) T cells dominate the T cell infiltrate in active multiple sclerosis lesions as
shown by micromanipulation and single cell polymerase chain reaction. J Exp Med, 192, 393-404.

BATTISTINI, L., PICCIO, L., ROSSI, B., BACH, S., GALGANI, S., GASPERINI, C., OTTOBONI, L.,
CIABINI, D., CARAMIA, M. D., BERNARDI, G., LAUDANNA, C., SCARPINI, E., MCEVER, R. P.,
BUTCHER, E. C., BORSELLINO, G. & CONSTANTIN, G. 2003. CD8+ T cells from patients with
acute multiple sclerosis display selective increase of adhesiveness in brain venules: a critical role for
P-selectin glycoprotein ligand-1. Blood, 101, 4775-82.

BECHER, B., GIACOMINI, P. S., PELLETIER, D., MCCREA, E., PRAT, A. & ANTEL, J. P. 1999.
Interferon-gamma secretion by peripheral blood T-cell subsets in multiple sclerosis: correlation with
disease phase and interferon-beta therapy. Ann Neurol, 45, 247-50.

BIEBER, A. J., KERR, S. & RODRIGUEZ, M. 2003. Efficient central nervous system remyelination
requires T cells. Ann Neurol, 53, 680-4.

BIELEKOVA, B., CATALFAMO, M., REICHERT-SCRIVNER, S., PACKER, A., CERNA, M,
WALDMANN, T. A, MCFARLAND, H., HENKART, P. A. & MARTIN, R. 2006. Regulatory
CD56(bright) natural killer cells mediate immunomodulatory effects of IL-2Ralpha-targeted therapy
(daclizumab) in multiple sclerosis. Proc Natl Acad Sci U S A, 103, 5941-6.

BIELEKOVA, B., RICHERT, N., HERMAN, M. L., OHAYON, J., WALDMANN, T. A., MCFARLAND,
H., MARTIN, R. & BLEVINS, G. 2011. Intrathecal effects of daclizumab treatment of multiple
sclerosis. Neurology, 77, 1877-86.

BILLICH, A., BORNANCIN, F., DEVAY, P., MECHTCHERIAKOVA, D., URTZ, N. & BAUMRUKER,
T. 2003. Phosphorylation of the immunomodulatory drug FTY720 by sphingosine kinases. J Biol
Chem, 278, 47408-15.

BINDER, M., VOGTLE, F. N., MICHELFELDER, S., MULLER, F., ILLERHAUS, G,
SUNDARARAJAN, S., MERTELSMANN, R. & TREPEL, M. 2007. Identification of their epitope
reveals the structural basis for the mechanism of action of the immunosuppressive antibodies
basiliximab and daclizumab. Cancer Res, 67, 3518-23.

BJORKSTROM, N. K., RIESE, P., HEUTS, F., ANDERSSON, S., FAURIAT, C., IVARSSON, M. A,
BJORKLUND, A. T., FLODSTROM-TULLBERG, M., MICHAELSSON, J., ROTTENBERG, M. E.,
GUZMAN, C. A., LIUNGGREN, H. G. & MALMBERG, K. J. 2010. Expression patterns of NKG2A,
KIR, and CD57 define a process of CD56dim NK-cell differentiation uncoupled from NK-cell
education. Blood, 116, 3853-64.

BORASCHI, D. & DINARELLO, C. A. 2006. IL-18 in autoimmunity: review. Eur Cytokine Netw, 17,
224-52.

80



BORSELLINO, G., KLEINEWIETFELD, M., DI MITRI, D., STERNJAK, A., DIAMANTINI, A,
GIOMETTO, R., HOPNER, S., CENTONZE, D., BERNARDI, G., DELL'ACQUA, M. L., ROSSINI, P.
M., BATTISTINI, L., ROTZSCHKE, O. & FALK, K. 2007. Expression of ectonucleotidase CD39 by
Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppression. Blood, 110, 1225-32

BRUCKLACHER-WALDERT, V., STUERNER, K., KOLSTER, M., WOLTHAUSEN, J. & TOLOSA, E.
2009. Phenotypical and functional characterization of T helper 17 cells in multiple sclerosis. Brain,
132, 3329-41.

BRYCESON, Y. T., MARCH, M. E., BARBER, D. F., LUUNGGREN, H. G. & LONG, E. O. 2005.
Cytolytic granule polarization and degranulation controlled by different receptors in resting NK cells. J
Exp Med, 202, 1001-12.

CAILLIER, S. J., BRIGGS, F., CREE, B. A., BARANZINI, S. E., FERNANDEZ-VINA, M., RAMSAY,
P. P., KHAN, O., ROYAL, W., 3RD, HAUSER, S. L., BARCELLOS, L. F. & OKSENBERG, J. R.
2008. Uncoupling the roles of HLA-DRB1 and HLA-DRB5 genes in multiple sclerosis. J Immunol,
181, 5473-80.

BRYNEDAL, B., DUVEFELT, K., JONASDOTTIR, G., ROOS, |. M., AKESSON, E., PALMGREN, J.
& HILLERT, J. 2007. HLA-A confers an HLA-DRB1 independent influence on the risk of multiple
sclerosis. PLoS One, 2, e664.

BUCKLE, G. J., HOLLSBERG, P. & HAFLER, D. A. 2003. Activated CD8+ T cells in secondary
progressive MS secrete lymphotoxin. Neurology, 60, 702-5.

CAYROL, R., WOSIK, K., BERARD, J. L., DODELET-DEVILLERS, A., IFERGAN, |., KEBIR, H.,
HAQQANI, A. S., KREYMBORG, K., KRUG, S., MOUMDJIAN, R., BOUTHILLIER, A., BECHER, B.,
ARBOUR, N., DAVID, S., STANIMIROVIC, D. & PRAT, A. 2008. Activated leukocyte cell adhesion
molecule promotes leukocyte trafficking into the central nervous system. Nat Immunol, 9, 137-45.

CELLA, M., FUCHS, A., VERMI, W., FACCHETTI, F., OTERO, K., LENNERZ, J. K., DOHERTY, J.
M., MILLS, J. C. & COLONNA, M. 2009. A human natural killer cell subset provides an innate source
of IL-22 for mucosal immunity. Nature, 457, 722-5.

CHATZANTONI, K. & MOUZAKI, A. 2006. Anti-TNF-alpha antibody therapies in autoimmune
diseases. Curr Top Med Chem, 6, 1707-14.

COLES, A. J., COX, A., LE PAGE, E., JONES, J., TRIP, S. A., DEANS, J., SEAMAN, S., MILLER, D.
H., HALE, G., WALDMANN, H. & COMPSTON, D. A. 2006. The window of therapeutic opportunity in
multiple sclerosis: evidence from monoclonal antibody therapy. J Neurol, 253, 98-108.

COMPSTON, A. & COLES, A. 2008. Multiple sclerosis. Lancet, 372, 1502-17.

CONSTANTINESCU, C. S., KAMOUN, M., DOTTI, M., FARBER, R. E., GALETTA, S. L. &
ROSTAMI, A. 1995. A longitudinal study of the T cell activation marker CD26 in chronic progressive
multiple sclerosis. J Neurol Sci, 130, 178-82.

COSTANTINO, C. M., BAECHER-ALLAN, C. & HAFLER, D. A. 2008. Multiple sclerosis and
regulatory T cells. J Clin Immunol, 28, 697-706.

COOPER, M. A., FEHNIGER, T. A., TURNER, S. C., CHEN, K. S., GHAHERI, B. A., GHAYUR, T.,
CARSON, W. E. & CALIGIURI, M. A. 2001. Human natural Kkiller cells: a unique innate
immunoregulatory role for the CD56(bright) subset. Blood, 97, 3146-51.

COSSBURN, M., PACE, A. A., JONES, J., ALI, R., INGRAM, G., BAKER, K., HIRST, C., ZAJICEK,
J., SCOLDING, N., BOGGILD, M., PICKERSGILL, T., BEN-SHLOMO, Y., COLES, A. &
ROBERTSON, N. P. 2011. Autoimmune disease after alemtuzumab treatment for multiple sclerosis
in a multicenter cohort. Neurology, 77, 573-9.

DAYAL, A. S., JENSEN, M. A., LLEDO, A. & ARNASON, B. G. 1995. Interferon-gamma-secreting
cells in multiple sclerosis patients treated with interferon beta-1b. Neurology, 45, 2173-7.

DE JAGER, P. L., ROSSIN, E., PYNE, S., TAMAYO, P., OTTOBONI, L., VIGLIETTA, V., WEINER,
M., SOLER, D., IZMAILOVA, E., FARON-YOWE, L., O'BRIEN, C., FREEMAN, S., GRANADOQCS, S.,

81



PARKER, A., ROUBENOFF, R., MESIROV, J. P., KHOURY, S. J., HAFLER, D. A. & WEINER, H. L.
2008. Cytometric profiling in multiple sclerosis uncovers patient population structure and a reduction
of CD8low cells. Brain, 131, 1701-11.

DELLA CHIESA, M., VITALE, M., CARLOMAGNO, S., FERLAZZO, G., MORETTA, L. & MORETTA,
A. 2003. The natural killer cell-mediated killing of autologous dendritic cells is confined to a cell
subset expressing CD94/NKG2A, but lacking inhibitory killer Ig-like receptors. Eur J Immunol, 33,
1657-66.

DOGAN, R. N., ELHOFY, A. & KARPUS, W. J. 2008. Production of CCL2 by central nervous system
cells regulates development of murine experimental autoimmune encephalomyelitis through the
recruitment of TNF- and iINOS-expressing macrophages and myeloid dendritic cells. J Immunol, 180,
7376-84.

DURELLI, L., CONTI, L., CLERICO, M., BOSELLI, D., CONTESSA, G., RIPELLINO, P., FERRERO,
B., EID, P. & NOVELLI, F. 2009. T-helper 17 cells expand in multiple sclerosis and are inhibited by
interferon-beta. Ann Neurol, 65, 499-509.

EBERS, G. C. 2005. A twin consensus in MS. Mult Scler, 11, 497-9.
EBERS, G. C. 2008. Environmental factors and multiple sclerosis. Lancet Neurol, 7, 268-77.

EVANS, J. H.,, HOROWITZ, A., MEHRABI, M., WISE, E. L., PEASE, J. E., RILEY, E. M. & DAVIS, D.
M. 2011. A distinct subset of human NK cells expressing HLA-DR expand in response to IL-2 and
can aid immune responses to BCG. Eur J Immunol, 41, 1924-33.

FAURIAT, C., LONG, E. O., LIUNGGREN, H. G. & BRYCESON, Y. T. 2010. Regulation of human
NK-cell cytokine and chemokine production by target cell recognition. Blood, 115, 2167-76.

FEGER, U., LUTHER, C., POESCHEL, S., MELMS, A., TOLOSA, E. & WIENDL, H. 2007. Increased
frequency of CD4+ CD25+ regulatory T cells in the cerebrospinal fluid but not in the blood of multiple
sclerosis patients. Clin Exp Immunol, 147, 412-8.

FLETCHER, J. M., LONERGAN, R., COSTELLOE, L., KINSELLA, K., MORAN, B., O'FARRELLY,
C., TUBRIDY, N. & MILLS, K. H. 2009. CD39+Foxp3+ regulatory T Cells suppress pathogenic Th17
cells and are impaired in multiple sclerosis. J Immunol, 183, 7602-10.

FOGDELL-HAHN, A., LIGERS, A., GRONNING, M., HILLERT, J. & OLERUP, O. 2000. Multiple
sclerosis: a modifying influence of HLA class | genes in an HLA class Il associated autoimmune
disease. Tissue Antigens, 55, 140-8.

FORSTHUBER, T. G., SHIVE, C. L., WIENHOLD, W., DE GRAAF, K., SPACK, E. G., SUBLETT, R,,
MELMS, A., KORT, J., RACKE, M. K. & WEISSERT, R. 2001. T cell epitopes of human myelin
oligodendrocyte glycoprotein identified in HLA-DR4 (DRB1*0401) transgenic mice are
encephalitogenic and are presented by human B cells. J Immunol, 167, 7119-25.

FREUD, A. G. & CALIGIURI, M. A. 2006. Human natural killer cell development. Immunol Rev, 214,
56-72.

FRIESE, M. A., JAKOBSEN, K. B., FRIIS, L., ETZENSPERGER, R., CRANER, M. J., MCMAHON,
R. M., JENSEN, L. T., HUYGELEN, V., JONES, E. Y., BELL, J. I. & FUGGER, L. 2008. Opposing
effects of HLA class | molecules in tuning autoreactive CD8+ T cells in multiple sclerosis. Nat Med,
14, 1227-35.

FUJINAMI, R. S.,, VON HERRATH, M. G., CHRISTEN, U. & WHITTON, J. L. 2006. Molecular
mimicry, bystander activation, or viral persistence: infections and autoimmune disease. Clin Microbiol
Rev, 19, 80-94.

FUNAUCHI, M., SUGISHIMA, H., MINODA, M. & HORIUCHI, A. 1991. Serum level of interferon-
gamma in autoimmune diseases. Tohoku J Exp Med, 164, 259-67.

FURLAN, R., BERGAMI, A., LANG, R., BRAMBILLA, E., FRANCIOTTA, D., MARTINELLI, V., COMI,
G., PANINA, P. & MARTINO, G. 2000. Interferon-beta treatment in multiple sclerosis patients

82



decreases the number of circulating T cells producing interferon-gamma and interleukin-4. J
Neuroimmunol, 111, 86-92.

HAAS, J., HUG, A, VIEHOVER, A., FRITZSCHING, B., FALK, C. S., FILSER, A, VETTER, T.,
MILKOVA, L., KORPORAL, M., FRITZ, B., STORCH-HAGENLOCHER, B., KRAMMER, P. H., SURI-
PAYER, E. & WILDEMANN, B. 2005. Reduced suppressive effect of CD4+CD25high regulatory T
cells on the T cell immune response against myelin oligodendrocyte glycoprotein in patients with
multiple sclerosis. Eur J Immunol, 35, 3343-52.

HALE, G., XIA, M. Q., TIGHE, H. P, DYER, M. J. & WALDMANN, H. 1990. The CAMPATH-1
antigen (CDw52). Tissue Antigens, 35, 118-27.

HAMANN, |., UNTERWALDER, N., CARDONA, A. E., MEISEL, C., ZIPP, F., RANSOHOFF, R. M. &
INFANTE-DUARTE, C. 2011. Analyses of phenotypic and functional characteristics of CX3CR1-
expressing natural killer cells. Immunology, 133, 62-73.

HAMMARBERG, H., LIDMAN, O., LUNDBERG, C., ELTAYEB, S. Y., GIELEN, A. W., MUHALLAB,
S., SVENNINGSSON, A., LINDA, H., VAN DER MEIDE, P. H.,, CULLHEIM, S., OLSSON, T. &
PIEHL, F.2000. Neuroprotection by encephalomyelitis: rescue of mechanically injured neurons and
neurotrophin production by CNS-infiltrating T and natural killer cells. J Neurosci, 20, 5283-91.

HANSEN, D. S., BERNARD, N. J., NIE, C. Q. & SCHOFIELD, L. 2007. NK cells stimulate
recruitment of CXCR3+ T cells to the brain during Plasmodium berghei-mediated cerebral malaria. J
Immunol, 178, 5779-88.

HAO, J., CAMPAGNOLO, D., LIU, R., PIAO, W., SHI, S., HU, B., XIANG, R., ZHOU, Q., VOLLMER,
T., VAN KAER, L., LA CAVA, A. & SHI, F. D. 2011. Interleukin-2/interleukin-2 antibody therapy
induces target organ natural killer cells that inhibit central nervous system inflammation. Ann Neurol,
69, 721-34.

HAO, J., LIU, R,, PIAO, W., ZHOU, Q., VOLLMER, T. L., CAMPAGNOLO, D. I, XIANG, R., LA
CAVA, A., VAN KAER, L. & SHI, F. D. 2010. Central nervous system (CNS)-resident natural killer
cells suppress Th17 responses and CNS autoimmune pathology. J Exp Med, 207, 1907-21.

HAUSER, S. L., BHAN, A. K., GILLES, F., KEMP, M., KERR, C. & WEINER, H. L. 1986.
Immunohistochemical analysis of the cellular infiltrate in multiple sclerosis lesions. Ann Neurol, 19,
578-87.

HUANG, D., SHI, F. D., JUNG, S., PIEN, G. C., WANG, J., SALAZAR-MATHER, T. P,, HE, T. T,,
WEAVER, J. T., LUIUNGGREN, H. G., BIRON, C. A,, LITTMAN, D. R. & RANSOHOFF, R. M. 2006.
The neuronal chemokine CX3CL1/fractalkine selectively recruits NK cells that modify experimental
autoimmune encephalomyelitis within the central nervous system. FASEB J, 20, 896-905.

HURWITZ, B. J. 2009. The diagnosis of multiple sclerosis and the clinical subtypes. Ann Indian Acad
Neurol, 12, 226-30.

HUSEBY, E. S., LIGGITT, D., BRABB, T., SCHNABEL, B., OHLEN, C. & GOVERMAN, J. 2001. A
pathogenic role for myelin-specific CD8(+) T cells in a model for multiple sclerosis. J Exp Med, 194,
669-76.

IBANEZ, A., SARRIAS, M. R., FARNOS, M., GIMFERRER, |., SERRA-PAGES, C., VIVES, J. &
LOZANO, F. 2006. Mitogen-activated protein kinase pathway activation by the CD6 lymphocyte
surface receptor. J Immunol, 177, 1152-9.

INFANTE-DUARTE, C., WEBER, A., KRATZSCHMAR, J., PROZOROVSKI, T., PIKOL, S.,
HAMANN, I., BELLMANN-STROBL, J., AKTAS, O., DORR, J., WUERFEL, J., STURZEBECHER, C.
S. & ZIPP, F. 2005. Frequency of blood CX3CR1-positive natural killer cells correlates with disease
activity in multiple sclerosis patients. FASEB J, 19, 1902-4.

ISLAM, T., GAUDERMAN, W. J., COZEN, W. & MACK, T. M. 2007. Childhood sun exposure
influences risk of multiple sclerosis in monozygotic twins. Neurology, 69, 381-8.

83



JAGER, A., DARDALHON, V., SOBEL, R. A, BETTELLI, E. & KUCHROO, V. K. 2009. Th1, Th17,
and Th9 effector cells induce experimental autoimmune encephalomyelitis with different pathological
phenotypes. J Immunol, 183, 7169-77.

JIANG, W., CHAI, N. R., MARIC, D. & BIELEKOVA, B. 2011. Unexpected role for granzyme K in
CD56bright NK cell-mediated immunoregulation of multiple sclerosis. J Immunol, 187, 781-90.

JOHNSON, T. A., EVANS, B. L., DURAFOURT, B. A., BLAIN, M., LAPIERRE, Y., BAR-OR, A. &
ANTEL, J. P. 2011. Reduction of the peripheral blood CD56(bright) NK lymphocyte subset in
FTY720-treated multiple sclerosis patients. J Immunol, 187, 570-9.

JUELKE, K., KILLIG, M., LUETKE-EVERSLOH, M., PARENTE, E., GRUEN, J., MORANDI, B.,
FERLAZZO, G., THIEL, A., SCHMITT-KNOSALLA, I. & ROMAGNANI, C. 2010. CD62L expression
identifies a unique subset of polyfunctional CD56dim NK cells. Blood, 116, 1299-307.

KARANDIKAR, N. J., CRAWFORD, M. P., YAN, X., RATTS, R. B., BRENCHLEY, J. M,
AMBROZAK, D. R., LOVETT-RACKE, A. E., FROHMAN, E. M., STASTNY, P., DOUEK, D. C.,
KOUP, R. A. & RACKE, M. K. 2002. Glatiramer acetate (Copaxone) therapy induces CD8(+) T cell
responses in patients with multiple sclerosis. J Clin Invest, 109, 641-9.

KARNI, A., KOLDZIC, D. N., BHARANIDHARAN, P., KHOURY, S. J. & WEINER, H. L. 2002. IL-18 is
linked to raised IFN-gamma in multiple sclerosis and is induced by activated CD4(+) T cells via
CD40-CD40 ligand interactions. J Neuroimmunol, 125, 134-40.

KEBIR, H., KREYMBORG, K., IFERGAN, |., DODELET-DEVILLERS, A., CAYROL, R., BERNARD,
M., GIULIANI, F., ARBOUR, N., BECHER, B. & PRAT, A. 2007. Human TH17 lymphocytes promote
blood-brain barrier disruption and central nervous system inflammation. Nat Med, 13, 1173-5.

KILLESTEIN, J., EIKELENBOOM, M. J., IZEBOUD, T., KALKERS, N. F., ADER, H. J., BARKHOF,
F., VAN LIER, R. A,, UITDEHAAG, B. M. & POLMAN, C. H. 2003. Cytokine producing CD8+ T cells
are correlated to MRI features of tissue destruction in MS. J Neuroimmunol, 142, 141-8.

KOH, D. R., FUNG-LEUNG, W. P., HO, A., GRAY, D., ACHA-ORBEA, H. & MAK, T. W. 1992. Less
mortality but more relapses in experimental allergic encephalomyelitis in CD8-/- mice. Science, 256,
1210-3.

KOHM, A. P., CARPENTIER, P. A., ANGER, H. A. & MILLER, S. D. 2002. Cutting edge:
CD4+CD25+ regulatory T cells suppress antigen-specific autoreactive immune responses and
central nervous system inflammation during active experimental autoimmune encephalomyelitis. J
Immunol, 169, 4712-6.

KRUGLOV, A. A., LAMPROPOULOU, V., FILLATREAU, S. & NEDOSPASOV, S. A. 2011.
Pathogenic and protective functions of TNF in neuroinflammation are defined by its expression in T
lymphocytes and myeloid cells. J Immunol, 187, 5660-70.

KUMAR, M., PUTZKI, N., LIMMROTH, V., REMUS, R., LINDEMANN, M., KNOP, D., MUELLER, N.,
HARDT, C., KREUZFELDER, E. & GROSSE-WILDE, H. 2006. CD4+CD25+FoxP3+ T lymphocytes
fail to suppress myelin basic protein-induced proliferation in patients with multiple sclerosis. J
Neuroimmunol, 180, 178-84.

KURTZKE, J. F. 1983. Rating neurologic impairment in multiple sclerosis: an expanded disability
status scale (EDSS). Neurology, 33, 1444-52.

LANGRISH, C. L., CHEN, Y., BLUMENSCHEIN, W. M., MATTSON, J., BASHAM, B., SEDGWICK,
J. D.,, MCCLANAHAN, T., KASTELEIN, R. A. & CUA, D. J. 2005. IL-23 drives a pathogenic T cell
population that induces autoimmune inflammation. J Exp Med, 201, 233-40.

LASSMANN, H. & RANSOHOFF, R. M. 2004. The CD4-Th1 model for multiple sclerosis: a critical
[correction of crucial] re-appraisal. Trends Immunol, 25, 132-7.

LEES, J. R. & CROSS, A. H. 2007. A little stress is good: IFN-gamma, demyelination, and multiple
sclerosis. J Clin Invest, 117, 297-9.

84



LOCK, C., HERMANS, G., PEDOTTI, R., BRENDOLAN, A., SCHADT, E., GARREN, H., LANGER-
GOULD, A., STROBER, S., CANNELLA, B., ALLARD, J., KLONOWSKI, P., AUSTIN, A., LAD, N,
KAMINSKI, N., GALLI, S. J., OKSENBERG, J. R., RAINE, C. S., HELLER, R. & STEINMAN, L.
2002. Gene-microarray analysis of multiple sclerosis lesions yields new targets validated in
autoimmune encephalomyelitis. Nat Med, 8, 500-8.

LOPEZ-VERGES, S., MILUSH, J. M., PANDEY, S., YORK, V. A., ARAKAWA-HOYT, J., PIRCHER,
H., NORRIS, P. J., NIXON, D. F. & LANIER, L. L. 2010. CD57 defines a functionally distinct
population of mature NK cells in the human CD56dimCD16+ NK-cell subset. Blood, 116, 3865-74.

LOSY, J. & NIEZGODA, A. 2001. IL-18 in patients with multiple sclerosis. Acta Neurol Scand, 104,
171-3.

LUNEMANN, A., TACKENBERG, B., DEANGELIS, T., DA SILVA, R. B.,, MESSMER, B,
VANOAICA, L. D, MILLER, A., APATOFF, B., LUBLIN, F. D., LUNEMANN, J. D. & MUNZ, C. 2011.
Impaired IFN-gamma production and proliferation of NK cells in multiple sclerosis. Int Immunol, 23,
139-48.

MALEK, T. R. 2008. The biology of interleukin-2. Annu Rev Immunol, 26, 453-79.

MANFREDONIA, F., PASQUALI, L., DARDANO, A., IUDICE, A., MURRI, L. & MONZANI, F. 2008.
Review of the clinical evidence for interferon beta 1a (Rebif) in the treatment of multiple sclerosis.
Neuropsychiatr Dis Treat, 4, 321-36.

MARTIN, J. F.,, PERRY, J. S., JAKHETE, N. R.,, WANG, X. & BIELEKOVA, B. 2010. An IL-2
paradox: blocking CD25 on T cells induces IL-2-driven activation of CD56(bright) NK cells. J
Immunol, 185, 1311-20.

MCNERNEY, M. E. & KUMAR, V. 2006. The CD2 family of natural killer cell receptors. Curr Top
Microbiol Immunol, 298, 91-120.

MERRILL, J. E. & BENVENISTE, E. N. 1996. Cytokines in inflammatory brain lesions: helpful and
harmful. Trends Neurosci, 19, 331-8.

MICHAUD, A., DARDARI, R., CHARRIER, E., CORDEIRO, P., HERBLOT, S. & DUVAL, M. 2010.
IL-7 enhances survival of human CD56bright NK cells. J Immunother, 33, 382-90.

MILLS, K. H. 2004. Regulatory T cells: friend or foe in immunity to infection? Nat Rev Immunol, 4,
841-55.

MIYAZAKI, Y., MIYAKE, S., CHIBA, A., LANTZ, O. & YAMAMURA, T. 2011. Mucosal-associated
invariant T cells regulate Th1 response in multiple sclerosis. Int Immunol, 23, 529-35.

MUNGER, K. L., LEVIN, L. I., HOLLIS, B. W., HOWARD, N. S. & ASCHERIO, A. 2006. Serum 25-
hydroxyvitamin D levels and risk of multiple sclerosis. JAMA, 296, 2832-8.

MUSCAT, C., BERTOTTO, A., AGEA, E., BISTONI, O., ERCOLANI, R., TOGNELLINI, R,
SPINOZZI, F., CESAROTTI, M. & GERLI, R. 1994. Expression and functional role of 1F7 (CD26)
antigen on peripheral blood and synovial fluid T cells in rheumatoid arthritis patients. Clin Exp
Immunol, 98, 252-6.

NAJAFIAN, N., CHITNIS, T., SALAMA, A. D., ZHU, B., BENOU, C., YUAN, X., CLARKSON, M. R,,
SAYEGH, M. H. & KHOURY, S. J. 2003. Regulatory functions of CD8+CD28- T cells in an
autoimmune disease model. J Clin Invest, 112, 1037-48.

OH, U., BLEVINS, G., GRIFFITH, C., RICHERT, N., MARIC, D., LEE, C. R.,, MCFARLAND, H. &
JACOBSON, S. 2009. Regulatory T cells are reduced during anti-CD25 antibody treatment of
multiple sclerosis. Arch Neurol, 66, 471-9.

OKSENBERG, J. R., BARANZINI, S. E., SAWCER, S. & HAUSER, S. L. 2008. The genetics of
multiple sclerosis: SNPs to pathways to pathogenesis. Nat Rev Genet, 9, 516-26.

85



ORANGE, J. S., HARRIS, K. E., ANDZELM, M. M., VALTER, M. M., GEHA, R. S. & STROMINGER,
J. L. 2003. The mature activating natural killer cell immunologic synapse is formed in distinct stages.
Proc Natl Acad Sci U S A, 100, 14151-6.

PANDYA, A. D., AL-JADERI, Z., HOGLUND, R. A., HOLMOY, T., HARBO, H. F., NORGAUER, J. &
MAGHAZACHI, A. A. 2011. Identification of Human NK17/NK1 Cells. PLoS One, 6, e26780.

PERITT, D., ROBERTSON, S., GRI, G., SHOWE, L., ASTE-AMEZAGA, M. & TRINCHIERI, G. 1998.
Differentiation of human NK cells into NK1 and NK2 subsets. J Immunol, 161, 5821-4.

PFEFFER, L. M, DINARELLO, C. A, HERBERMAN, R. B., WILLIAMS, B. R., BORDEN, E. C.,
BORDENS, R., WALTER, M. R.,, NAGABHUSHAN, T. L., TROTTA, P. P. & PESTKA, S. 1998.
Biological properties of recombinant alpha-interferons: 40th anniversary of the discovery of
interferons. Cancer Res, 58, 2489-99.

PLETT, P. A., GARDNER, E. M. & MURASKO, D. M. 2000. Age-related changes in interferon-
alpha/beta receptor expression, binding, and induction of apoptosis in natural killer cells from
C57BL/6 mice. Mech Ageing Dev, 118, 129-44.

POLMAN, C. H., REINGOLD, S. C., EDAN, G., FILIPPI, M., HARTUNG, H. P., KAPPOS, L.,
LUBLIN, F. D., METZ, L. M., MCFARLAND, H. F., O'CONNOR, P. W., SANDBERG-WOLLHEIM, M.,
THOMPSON, A. J., WEINSHENKER, B. G. & WOLINSKY, J. S. 2005. Diagnostic criteria for multiple
sclerosis: 2005 revisions to the "McDonald Criteria". Ann Neurol, 58, 840-6.

PUTZKI, N., BARANWAL, M. K., TETTENBORN, B., LIMMROTH, V. & KREUZFELDER, E. 2010.
Effects of natalizumab on circulating B cells, T regulatory cells and natural killer cells. Eur Neurol, 63,
311-7.

QUANDT, J. A, BAIG, M., YAO, K., KAWAMURA, K., HUH, J., LUDWIN, S. K., BIAN, H. J,,
BRYANT, M., QUIGLEY, L., NAGY, Z. A., MCFARLAND, H. F., MURARO, P. A, MARTIN, R. & ITO,
K. 2004. Unique clinical and pathological features in HLA-DRB1*0401-restricted MBP 111-129-
specific humanized TCR transgenic mice. J Exp Med, 200, 223-34.

RAMAGOPALAN, S. V., DELUCA, G. C., DEGENHARDT, A. & EBERS, G. C. 2008. The genetics of
clinical outcome in multiple sclerosis. J Neuroimmunol, 201-202, 183-99.

RICHTER, J., BENSON, V., GROBAROVA, V., SVOBODA, J., VENCOVSKY, J., SVOBODOVA, R.
& FISEROVA, A. 2010. CD161 receptor participates in both impairing NK cell cytotoxicity and the
response to glycans and vimentin in patients with rheumatoid arthritis. Clin Immunol, 136, 139-47.

RIO, J., COMABELLA, M. & MONTALBAN, X. 2011. Multiple sclerosis: current treatment algorithms.
Curr Opin Neurol, 24, 230-7.

ROLLINS, B. J. 1997. Chemokines. Blood, 90, 909-28.

SAGESHIMA, J., CIANCIO, G., CHEN, L. & BURKE, G. W., 3RD 2009. Anti-interleukin-2 receptor
antibodies-basiliximab and daclizumab-for the prevention of acute rejection in renal transplantation.
Biologics, 3, 319-36.

SARASTE, M., IRJALA, H. & AIRAS, L. 2007. Expansion of CD56Bright natural killer cells in the
peripheral blood of multiple sclerosis patients treated with interferon-beta. Neurol Sci, 28, 121-6.

SATO, T., YAMOCHI, T., AYTAC, U., OHNUMA, K., MCKEE, K. S., MORIMOTO, C. & DANG, N. H.
2005. CD26 regulates p38 mitogen-activated protein kinase-dependent phosphorylation of integrin
beta1, adhesion to extracellular matrix, and tumorigenicity of T-anaplastic large cell lymphoma
Karpas 299. Cancer Res, 65, 6950-6.

SAWCER, S., HELLENTHAL, G., PIRINEN, M., SPENCER, C. C., PATSOPOULOS, N. A,
MOUTSIANAS, L., DILTHEY, A., SU, Z., FREEMAN, C., HUNT, S. E., EDKINS, S., GRAY, E,,
BOOTH, D. R., POTTER, S. C., GORIS, A., BAND, G., OTURAI, A. B., STRANGE, A., SAARELA,
J., BELLENGUEZ, C., FONTAINE, B., GILLMAN, M., HEMMER, B., GWILLIAM, R., ZIPP, F.,
JAYAKUMAR, A., MARTIN, R., LESLIE, S., HAWKINS, S., GIANNOULATOU, E., D'ALFONSO, S.,
BLACKBURN, H., BONESCHI, F. M., LIDDLE, J., HARBO, H. F., PEREZ, M. L., SPURKLAND, A,
WALLER, M. J., MYCKO, M. P., RICKETTS, M., COMABELLA, M., HAMMOND, N., KOCKUM, 1.,

86



MCCANN, O. T., BAN, M., WHITTAKER, P., KEMPPINEN, A., WESTON, P., HAWKINS, C., WIDAA,
S., ZAJICEK, J., DRONOQV, S., ROBERTSON, N., BUMPSTEAD, S. J., BARCELLOS, L. F.,
RAVINDRARAJAH, R., ABRAHAM, R., ALFREDSSON, L., ARDLIE, K., AUBIN, C., BAKER, A.,
BAKER, K., BARANZINI, S. E., BERGAMASCHI, L., BERGAMASCHI, R., BERNSTEIN, A,
BERTHELE, A., BOGGILD, M., BRADFIELD, J. P., BRASSAT, D., BROADLEY, S. A., BUCK, D.,
BUTZKUEVEN, H., CAPRA, R.,, CARROLL, W. M., CAVALLA, P., CELIUS, E. G., CEPOK, S,,
CHIAVACCI, R., CLERGET-DARPOUX, F., CLYSTERS, K., COMI, G., COSSBURN, M., COURNU-
REBEIX, I., COX, M. B., COZEN, W., CREE, B. A., CROSS, A. H., CUSI, D., DALY, M. J., DAVIS,
E., DE BAKKER, P. |., DEBOUVERIE, M., D'HOOGHE M, B., DIXON, K., DOBOSI, R., DUBOIS, B.,
ELLINGHAUS, D., ELOVAARA, I., ESPOSITO, F., et al. 2011. Genetic risk and a primary role for
cell-mediated immune mechanisms in multiple sclerosis. Nature, 476, 214-9.

SELLEBJERG, F., ROSS, C., KOCH-HENRIKSEN, N., SORENSEN, P. S., FREDERIKSEN, J. L.,
BENDTZEN, K. & SORENSEN, T. L. 2005. CD26 + CD4 + T cell counts and attack risk in interferon-
treated multiple sclerosis. Mult Scler, 11, 641-5.

SKARICA, M., ECKSTEIN, C., WHARTENBY, K. A. & CALABRESI, P. A. 2011. Novel mechanisms
of immune modulation of natalizumab in multiple sclerosis patients. J Neuroimmunol, 235, 70-6.

SKURKOVICH, B. & SKURKOVICH, S. 2003. Anti-interferon-gamma antibodies in the treatment of
autoimmune diseases. Curr Opin Mol Ther, 5, 52-7.

SORENSEN, T. L., TREBST, C., KIVISAKK, P., KLAEGE, K. L., MAUMUDAR, A., RAVID, R,
LASSMANN, H., OLSEN, D. B., STRIETER, R. M., RANSOHOFF, R. M. & SELLEBJERG, F. 2002.
Multiple sclerosis: a study of CXCL10 and CXCR3 co-localization in the inflamed central nervous
system. J Neuroimmunol, 127, 59-68.

STAHL, E. A., RAYCHAUDHURI, S., REMMERS, E. F., XIE, G., EYRE, S., THOMSON, B. P, LI, Y.,
KURREEMAN, F. A., ZHERNAKOVA, A., HINKS, A., GUIDUCCI, C., CHEN, R., ALFREDSSON, L.,
AMOS, C. |, ARDLIE, K. G., BARTON, A., BOWES, J.,, BROUWER, E., BURTT, N. P., CATANESE,
J. J., COBLYN, J., COENEN, M. J., COSTENBADER, K. H., CRISWELL, L. A., CRUSIUS, J. B.,
CUl, J., DE BAKKER, P. I., DE JAGER, P. L., DING, B., EMERY, P., FLYNN, E., HARRISON, P.,
HOCKING, L. J., HUIZINGA, T. W., KASTNER, D. L., KE, X., LEE, A. T., LIU, X., MARTIN, P,
MORGAN, A. W., PADYUKOV, L., POSTHUMUS, M. D., RADSTAKE, T. R., REID, D. M,
SEIELSTAD, M., SELDIN, M. F., SHADICK, N. A,, STEER, S., TAK, P. P., THOMSON, W., VAN
DER HELM-VAN MIL, A. H., VAN DER HORST-BRUINSMA, I. E., VAN DER SCHOOT, C. E., VAN
RIEL, P. L., WEINBLATT, M. E., WILSON, A. G., WOLBINK, G. J., WORDSWORTH, B. P,
WIJMENGA, C., KARLSON, E. W, TOES, R. E., DE VRIES, N., BEGOVICH, A. B,
WORTHINGTON, J., SIMINOVITCH, K. A.,, GREGERSEN, P. K., KLARESKOG, L. & PLENGE, R.
M. 2010. Genome-wide association study meta-analysis identifies seven new rheumatoid arthritis
risk loci. Nat Genet, 42, 508-14.

SUN, D., WHITAKER, J. N., HUANG, Z,, LIU, D., COLECLOUGH, C., WEKERLE, H. & RAINE, C. S.
2001. Myelin antigen-specific CD8+ T cells are encephalitogenic and produce severe disease in
C57BL/6 mice. J Immunol, 166, 7579-87.

TAKAHASHI, K., MIYAKE, S., KONDO, T., TERAO, K., HATAKENAKA, M., HASHIMOTO, S. &
YAMAMURA, T. 2001. Natural killer type 2 bias in remission of multiple sclerosis. J Clin Invest, 107,
R23-9.

TAK, P. P., HINTZEN, R. Q., TEUNISSEN, J. J., SMEETS, T. J., DAHA, M. R., VAN LIER, R. A,,
KLUIN, P. M., MEINDERS, A. E., SWAAK, A. J. & BREEDVELD, F. C. 1996. Expression of the
activation antigen CD27 in rheumatoid arthritis. Clin Immunol Immunopathol, 80, 129-38.

TREMLETT, H., PATY, D. & DEVONSHIRE, V. 2006. Disability progression in multiple sclerosis is
slower than previously reported. Neurology, 66, 172-7.

TROTTA, R,, PARIHAR, R, YU, J., BECKNELL, B., ALLARD, J., 2ND, WEN, J., DING, W., MAO,
H., TRIDANDAPANI, S., CARSON, W. E. & CALIGIURI, M. A. 2005. Differential expression of SHIP1
in CD56bright and CD56dim NK cells provides a molecular basis for distinct functional responses to
monokine costimulation. Blood, 105, 3011-8.

87



VALLITTU, A. M., SARASTE, M. & AIRAS, L. 2007. CCR7 expression on peripheral blood
lymphocytes is up-regulated following treatment of multiple sclerosis with interferon-beta. Neurol
Res, 29, 763-6.

VELDHOEN, M., UYTTENHOVE, C., VAN SNICK, J., HELMBY, H., WESTENDORF, A., BUER, J.,
MARTIN, B., WILHELM, C. & STOCKINGER, B. 2008. Transforming growth factor-beta 'reprograms’
the differentiation of T helper 2 cells and promotes an interleukin 9-producing subset. Nat Immunol,
9, 1341-6.

VENKEN, K., HELLINGS, N., BROEKMANS, T., HENSEN, K., RUMMENS, J. L. & STINISSEN, P.
2008. Natural naive CD4+CD25+CD127low regulatory T cell (Treg) development and function are
disturbed in multiple sclerosis patients: recovery of memory Treg homeostasis during disease
progression. J Immunol, 180, 6411-20.

VIGLIETTA, V., BAECHER-ALLAN, C., WEINER, H. L. & HAFLER, D. A. 2004. Loss of functional
suppression by CD4+CD25+ regulatory T cells in patients with multiple sclerosis. J Exp Med, 199,
971-9.

VOSSEN, M. T., MATMATI, M., HERTOGHS, K. M., BAARS, P. A., GENT, M. R., LECLERCQ, G.,
HAMANN, J., KUIJPERS, T. W. & VAN LIER, R. A. 2008. CD27 defines phenotypically and
functionally different human NK cell subsets. J Immunol, 180, 3739-45.

WEIR, C. R., NICOLSON, K. & BACKSTROM, B. T. 2002. Experimental autoimmune
encephalomyelitis induction in naive mice by dendritic cells presenting a self-peptide. Immunol Cell
Biol, 80, 14-20.

WILLER, C. J., DYMENT, D. A., SADOVNICK, A. D., ROTHWELL, P. M., MURRAY, T. J. & EBERS,
G. C. 2005. Timing of birth and risk of multiple sclerosis: population based study. BMJ, 330, 120.

WILMS, H., SIEVERS, J., RICKERT, U., ROSTAMI-YAZDI, M., MROWIETZ, U. & LUCIUS, R. 2010.
Dimethylfumarate inhibits microglial and astrocytic inflammation by suppressing the synthesis of
nitric oxide, IL-1beta, TNF-alpha and IL-6 in an in-vitro model of brain inflammation. J
Neuroinflammation, 7, 30.

WILSON, E. H., WENINGER, W. & HUNTER, C. A. 2010. Trafficking of immune cells in the central
nervous system. J Clin Invest, 120, 1368-79.

WONG, P. T., WONG, C. K., TAM, L. S,, LI, E. K., CHEN, D. P. & LAM, C. W. 2009. Decreased
expression of T lymphocyte co-stimulatory molecule CD26 on invariant natural killer T cells in
systemic lupus erythematosus. Immunol Invest, 38, 350-64.

WYNN, D., KAUFMAN, M., MONTALBAN, X., VOLLMER, T., SIMON, J., ELKINS, J., O'NEILL, G.,
NEYER, L., SHERIDAN, J., WANG, C., FONG, A. & ROSE, J. W. 2010. Daclizumab in active
relapsing multiple sclerosis (CHOICE study): a phase 2, randomised, double-blind, placebo-
controlled, add-on trial with interferon beta. Lancet Neurol, 9, 381-90.

XIA, Z., LIU, Q., BERGER, C. T., KEENAN, B. T., KALISZEWSKA, A., CHENEY, P. C,,
SRIVASTAVA, G. P., CASTILLO, I. W., DE JAGER, P. L. & ALTER, G. 2012. A 17q12 Allele Is
Associated with Altered NK Cell Subsets and Function. J Immunol.

XU, W., FAZEKAS, G., HARA, H. & TABIRA, T. 2005. Mechanism of natural killer (NK) cell
regulatory role in experimental autoimmune encephalomyelitis. J Neuroimmunol, 163, 24-30.

YAMABE, T., TAKAKURA, K., SUGIE, K., KITAOKA, Y., TAKEDA, S., OKUBO, Y., TESHIGAWARA,
K., YODOI, J. & HORI, T. 1997. Induction of the 2B9 antigen/dipeptidyl peptidase 1V/CD26 on human
natural killer cells by IL-2, IL-12 or IL-15. Immunology, 91, 151-8.

YOUINOU, P., PERS, J. O., GERSHWIN, M. E. & SHOENFELD, Y. 2010. Geo-epidemiology and
autoimmunity. J Autoimmun, 34, J163-7.

ZAMVIL, S. S. & STEINMAN, L. 1990. The T lymphocyte in experimental allergic encephalomyelitis.
Annu Rev Immunol, 8, 579-621.

88



ZHANG, B., YAMAMURA, T., KONDO, T., FUJIWARA, M. & TABIRA, T. 1997. Regulation of
experimental autoimmune encephalomyelitis by natural killer (NK) cells. J Exp Med, 186, 1677-87.

ZHANG, G. X., GRAN, B., YU, S., LI, J., SIGLIENTI, I., CHEN, X., KAMOUN, M. & ROSTAMI, A.
2003. Induction of experimental autoimmune encephalomyelitis in IL-12 receptor-beta 2-deficient
mice: IL-12 responsiveness is not required in the pathogenesis of inflammatory demyelination in the
central nervous system. J Immunol, 170, 2153-60.

ZIV, Y., RON, N., BUTOVSKY, O., LANDA, G., SUDAI, E., GREENBERG, N., COHEN, H., KIPNIS,
J. & SCHWARTZ, M. 2006. Immune cells contribute to the maintenance of neurogenesis and spatial
learning abilities in adulthood. Nat Neurosci, 9, 268-75.

Online in Internet

www.fda.org
URL: http://www.fda.gov/Drugs/DrugSafety/ucm288186.htm

www.who.int
URL: http://www.who.int/mental health/neurology/Atlas MS WEB.pdf

89



8. Acknowledgements

The work of this doctoral thesis was carried out in the years 2008-2012. | am indebted to
PD Doctor Eva Tolosa, for being my supervisor and mentor for all these 3 and half years. |
am particularly thankful to her for excellent guidance through the field of immunology, many
interesting and rewarding discussions, her patience, criticism and never failing support and

trust in me.

| thank the MS Ambulanz team from UKE for allowing me the access to patients samples,
in particular Dr. Christoph Heesen, Dr. Manuel Friese, Dr. Friederike Ufer, Dr. Klarissa
Sturner, and the supportive technical team. | show my appreciation to numerous MS
patients, and other volunteers, who have willingly contributed with blood samples to the
research experiments. Specially, | thank my friend Heike Wepner, who helped me

understand the masked aspects of the disease beyond scientific papers.

Prof. Dr. Bernhard Fleischer and Prof. Dr. Friedrich Koch-Nolte, thanks for opening the doors
of the Institute and providing the high academic level in the department with the never-

ending journal clubs, progress reports and their fruitful discussions.

Gratitude must be expressed to the UEPHA*MS program for giving me the chance and
providing funds to participate in this interdisciplinary and international network dedicated

not only to the study of MS, but also to the academic formation of young researchers.

| also thank to all former and present colleagues in the lab: Verena Brucklacher-Waldert,
Anne Schramm, Heidi Duske, Vivien Thom, Isabel Baumann, Denise Orozco and Mareike

Bindusz, for creating a really friendly and supportive work-environment.

| thank Felix, my beloved non-spouse, for the endless support, encouragement, patience
and forces he gave me to make this work. | also thank his family, who took me as their

daughter and made me feel at home, thank you Ete, Gottfried and Oma.

Finally, | am too impatient to await another opportunity to express my appreciation and
gratitude to my parents. You, my dear father, have always been a visible proof that
idealism is not a constructed fiction of imagination, but a truth. Your unconditional support
and particular thinking helped and gave me the strength when | needed it. You, dear
mother, with your great heart, big devotion and discipline always were present despite the
nearly 10,000 km of distance between us these 3 years. Dear sister Auris and wise brother

Vladi, my best friends given by nature, thank you for your never-ending brotherly support.

90



01 November 2008 -
April 2012

01 November 2008 -
31 October 2010

01 March 2008 -
01 July 2008

03 January 2007 -
01 February 2008

01 November 2001 -
01 March 2008

Organisational skills
and competences

Technical skills and
competences

Computer skills and
competences

9. Curriculum vitae

Personal information

Name Anggélica Cuapio Gémez

Address Vogelhittendeich 80, 21107 Hamburg, Germany
Mobile 017649383637

Email(s) acuapio@uke.uni-hamburg.de / dracuapio@gmail.com
Nationality Mexican

Date of birth 03 December 1981

Education and training

Dissertation “Immunophenotypical and functional characterization of CD56bright NK cells in MS”
University Medical Center Hamburg-Eppendorf / Institute of Immunology

Graduate Program in Molecular Biology
University Medical Center Hamburg-Eppendorf /Center for Molecular Neurobiology Hamburg (ZMNH)

Voluntary research internship

Project: Identification of possible cellular niches of dopaminergic differentiation in an animal model of
Parkinson's disease in rats
National Autonomous University of Mexico (UNAM) / Institute of Physiology

Social service in research
Project: Cellular senescence in an animal model of hepatic cirrhosis in rats
National Autonomous University of Mexico (UNAM) / Experimenta Medicine Unit

Medical doctor degree (MD)
National Autonomous Universitiy of Mexico / Faculty of Medicine

Personal skills and competences

- Member of the supervisory board, representing 9 PhD students in the UEPHA*MS consortium
(United Europeans for the Pharmacogenomics in Multiple Sclerosis), a project from the FP7 Marie
Curie Initial Training Network.

- Organizer of a weekly meeting with PhD and medical students to learn/discuss chapters of the
Janeway "Immunobiology" textbook, in order to improve the background knowledge in Immunology:
"Janeway club" (10-12 participants).

Flow cytometry, cell culture, cell enrichment, cytotoxicity and suppression assays, intracellular and
extracellular staining, in vitro cell proliferation, immunohistochemistry, induction of Parkinsonism in
rats, confocal microscopy.

Good command of Microsoft Office™ tools (Word™, Excel™ and PowerPoint™), Adobe lllustrator™,
Endnote, GraphPad Prism™ and FACS Diva Software™.

Additional information

Participant in a public debate on 'Communicating science to the public’ during the 60th "Nobel
Laureate Meeting" in Lindau, Germany.

Publications

Swaminathan B, Cuapio A, Alloza I, Matesanz F, Alcina A, Garcia-Barcina M, Fedetz M, Fernandez
0, Izquierdo G, Orpez T, Pinto-Medel MJ, Otaegui D, Olascoaga J, Urcelay E, Ortiz MA, Arroyo R,
Oksenberg J, Antigliedad A, Tolosa E, Vandenbroeck K. Multiple sclerosis-associated CD6 haplotype
R225W-A257V -modifies both CD6 expression in CD4+ and CD8+ naive T cells and IFNg production.
PlosOne 2012. Submitted

91



10. Declaration of authorship

| declare that, except when others were referred, the present thesis is the product of

my own work using only the resources | have specified here.

I confirm that this work was done while in candidature for a research degree at the

University of Hamburg.

Eidesstattliche Versicherung:

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

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

Zulassung zur Promotion beworben habe.

Signature / Unterschrift

Printed name / Name

Place and date / Datum und Ort

92



