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1. Introduction
1.1 Multiple sclerosis
Multiple sclerosis (MS) is a disease of the central nervous system (CNS) characterized by
the presence of inflammatory demyelinating lesions in the brain and spinal cord. MS is a
disease of young adults affecting almost one million adults with a two-fold higher
prevalence in females than males.
MS can present with a variety of neurological symptoms such as weakness of one or more
limbs, optic neuritis, double vision, and ataxia but also cognitive abnormalities such as
memory impairment, loss of attention and difficulties in solving cognitive tasks are present
in the later stages. At present MS has been divided into four different subtypes depending
upon the clinical course of the disease: Relapsing-remitting (RRMS), secondary
progressive (SPMS), primary progressive (PPMS) and progressive relapsing (PRMS). In
about 80-90% of the cases, the disease starts with RRMS manifested by frequent relapses
and acute inflammatory and demyelinating CNS lesions in the white matter. These acute
lesions can occur even in the absence of clinical symptoms of a relapse. In 10-20% of
cases, MS starts with PPMS characterized by progressive decrease in the neurologic
functions without relapses. About 40-50% of the RRMS patients convert to a secondary
progressive course where after a period relapses a continuing progression of neurologic
disability occurs.
The most important neuropathological features of MS are the disruption of the blood-brainbarrier (BBB), inflammatory plaques with infiltration of mononuclear cells like T-cells
(both CD4+ and CD8+), B-cells and macrophages, demyelination and astrogliosis. In
physiological conditions, the BBB barrier restricts the entry of peripheral cells into the
CNS and creates an immune privileged environment whereas in MS the damage of BBB is
one of the early events in the disease onset (Prat et al., 2002). At present MS is believed to
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be an autoimmune disease where myelin or oligodendrocyte antigens (myelin basic
protein, proteolipid protein, phosphodiesterases, S-100 protein, myelin oligodendrocyte
glycoprotein) sensitized T-cells cause inflammatory damage to the CNS (Noseworthy et
al., 2000). Several other hypotheses such as personal genetic susceptibility and
environmental factors have been discussed to be involved in MS onset while the exact
cause is still unknown.
In MS, demyelinating lesions are extended throughout the CNS and affect mainly optic
nerves, brain stem, cerebellum, spinal cord and periventricular white matter. Many studies
have suggested MS as a white matter demyelinating disease while recent findings have
also shown the involvement of grey matter areas. For instance, the cortex is severely
affected by demyelinating lesions where tissue damage is present in proportionally larger
areas in comparison to the subcortical white matter. The pathophysiology of white and
grey matter lesions also differ e.g. cortical lesions are not associated with a damaged BBB
and lymphocyte infiltration (Bo et al., 2003). Characteristics of demyelination vary in
different subgroups of MS patients that most likely reflect a heterogeneous nature of the
disease (Lucchinetti et al., 2000). In demyelinating lesions damaged myelin sheaths leave
naked axons vulnerable for transaction which is a considerable cause of the neurologic
disability in MS patients (Dutta and Trapp, 2007). The axonal damage in chronic lesions
causes 50-70% reduction in neurite density. Demyelination is not always permanent and in
some cases can be repaired through remyelination whereas axonal damage is irreversible.
The remyelination has been demonstrated to balance the axonal structural and conductional
properties that have vanished during demyelination (Smith et al., 1979; Yin et al., 1998).
Previous studies in experimental models of demyelination have shown that remyelination
is usually very fast and effective and can improve neurological functions (Miller and
Rodriguez, 1996; Jeffery and Blakemore, 1997; Di Bello et al., 1999; Murray et al., 2001).
Interestingly, during demyelination the MS lesions are substituted with oligodendrocyte
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precursor cells (OPC) which later differentiate into mature oligodendrocytes and
remyelinate the exposed axons. Therefore, remyelination completely corresponds to the
number of myelin forming oligodendrocytes and is present in all manifestations of the
disease. Despite the presence of myelinating cells at lesion sites, remyelination is not
always successful and many factors contributing to its failure have been studied. One of
the many reasons might be the inability of precursor cells to effectively proliferate,
differentiate and remyelinate the damaged axons. Signaling molecules such as
Notch/jagged pathway, OPC migration guidance cues sematophorin 3A and 3F can
modulate the remyelinating efficiency of these cells (Wang et al., 1998; Williams et al.,
2007).

1.2 The role of microglia
Microglia are the resident immune cells of the CNS and comprise 10-20% of the total glial
cells. Microglia were first described by del Rio-Hortega in 1932. The origin of microglia
has been described from myeloid precursor cells. These precursor cells penetrate the CNS
during the embryonic and early postnatal periods of development and establish as ameboid
microglia in different regions and later acquire ramified phenotype (adult microglia)
(Cuadros and Navascues, 1998; Prinz and Mildner, 2011; Saijo and Glass, 2011). Ameboid
microglia are known to perform many important functions in the developing CNS such as
removal of dead cell debris through phagocytosis, release of trophic factors for neurons
and other glial cells, guidance of growing neuritis and enhancement of axonal growth
(Hanisch and Kettenmann, 2007; Yang et al., 2012). Adult microglia constantly survey the
CNS parenchyma and get activated in response to any injury or infection and synthesize
several proinflammatory molecules. Inflammatory responses of microglia have been
extensively studied both in vitro and in vivo using different stimuli such as
lipopolysaccharide (LPS) or interferon (IFN)-γ. LPS is an important component of the cell
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wall of gram negative bacteria and is a potent ligand for the family of pattern-recognition
receptors namely toll-like-receptors (TLR) present on the antigen presenting cells.
Activation of microglia with LPS is mediated via TLR-4 and results in increased
expression of cell-surface activation molecules such as MHC-I, II, CD80 and CD86 and
cytokines such as tumour necrosis factor (TNF)-α, interleukin (IL)-6, -1β, -12, -18 and
prostaglandins (Medzhitov and Janeway, 2000; Janeway and Medzhitov, 2002). Activated
microglia responses are tightly regulated by the surrounding neurochemical environment in
the different CNS regions (McCluskey and Lampson, 2000). It has been found that
electrically active neurons can inhibit the IFN-γ induced expression of major
histocompatibility complex (MHC) II on microglia (Neumann et al., 1996). Several
neurotrophin molecules such as nerve growth factor, brain-derived neurotrophic factor and
neurotrophin-3 have been shown to inhibit the MHC II expression on microglia (Neumann
et al., 1998; Wei and Jonakait, 1999). In contrast neurotransmitters such as substance P and
ATP enhance the inflammatory responses in microglia (Hide et al., 2000; McCluskey and
Lampson, 2000). These findings suggest that functions of activated microglia in the CNS
are based upon the degree and type of activation that can also be regulated by the
surrounding neurochemical environment. The high expression of TLR on microglia in MS
lesions is the indication for their activated state (Bsibsi et al., 2002) and it is quite
conceivable that immune molecules released by microglia can reactivate the myelin
specific T-cells (Fig. 1) (Platten and Steinman, 2005). Reactivated T-cells further secrete
IFN- γ or TNF-α which not only enhance the CNS tissue damage but also provide
activation signals to antigen presenting cells.
Activated microglia express high level of MHC molecules in EAE that corresponds to the
MS progression and also to T-cells infiltration (Almolda et al., 2010; Murphy et al., 2010).
Studies in demyelinating models of MS showed that activated microglia are present in both
active and inflammatory demyelinating regions. It has been found that activated microglia
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can be observed in MS brain prior to the first signs of demyelination (Marik et al., 2007)
and occurs also in the absence of lymphocyte infiltration (Barnett and Prineas, 2004).
In MS patients or experimental autoimmune encephalomyelitis (EAE), an animal model
for MS, microglia can clear the myelin debris or apoptotic autoreactive T-cells by
phagocytosis, which has been suggested to promote regeneration (Bauer et al., 1994;
Pender, 1999; Napoli and Neumann, 2010). By doing this microglia reduce the levels of
proinflammatory cytokines (TNF-α, IL-12, IL-1β) and increase levels of anti-inflammatory
molecules (IL-10). Further, removal of myelin debris at the lesion sites is important for
differentiation of OPC to mature myelin forming oligodendrocytes and later remyelination
of exposed axons (Kotter et al., 2006). It is known that only activated microglia can present
myelin antigens to the primed T-cells and subsequently control their differentiation
(Matyszak et al., 1999).

1.3 The role of dendritic cells
Dendritic cells (DC) are the traditional antigen presenting immune cells that initiate the
immune responses by promoting activation and differentiation of naïve T-cells
(Banchereau et al., 2000). DC are derived from bone marrow and can originate from both
myeloid and lymphoid (also called as plasmacytoid DC) progenitor cells. Both types have
the potential to participate in the activation of immune responses. DC are the important
bridge between the innate and adaptive immunity and reside as immature cells in various
sites of the body such as skin, mucosal tissue, lungs etc. whereas a small number of cells
can also be found in the blood. In healthy brain DC are present in very low numbers and
often are not visible. Their entry into the CNS from the periphery is also restricted by the
BBB, blood-cerebrospinal fluid (CSF) and brain-CSF barrier. These barriers help in
construction of an immune privileged environment in the CNS and self regulate its innate
and adaptive immune responses independent of the periphery (Galea et al., 2007). In
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contrast, Pashenkov et al., have demonstrated that a small number of DC can be found in
the CSF of healthy individuals and this number gradually increases in different
inflammatory neurological diseases (Pashenkov et al., 2001).

Figure 1. Suggested mechanism of myelin damage in multiple sclerosis driven by
activated microglia and dendritic cells (modified from Michael Platten and Lawrence
Steinman 2005). Abbreviations that are not in the text: IFN, interferon; OPN, osteopontin;
IL, interleukin; NO, nitric oxide; MCP-1, monocyte chemoattractant protein-1.
The mechanisms involved in the migration of DC from periphery into the CNS are still not
clear while different in vitro studies have highlighted the importance of several
chemoattractant molecules such as CCL3 and matrix metalloproteinase (MMP)-9 (Zozulya
et al., 2007). DC can be involved in the onset and regulation of autoimmune diseases
where presentation of self-antigens to naïve T-cells initiates an inflammatory immune
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response (Fig. 1) (Sosa and Forsthuber, 2011). Previous studies have indicated the
plasmacytoid DC (pDC) accumulation in white matter lesions and leptomeninges of MS
brains (Lande et al., 2008). DC isolated from peripheral blood of MS patients have shown
to secrete high levels of IFN-γ, TNF-α and IL-6 as compared to DC of healthy subjects
(Huang et al., 1999). Earlier studies in the EAE mouse model have documented the
presence of inflammatory myeloid DC in the brains with abilities to strongly secrete
cytokine IL-12p70 (Fischer and Reichmann, 2001). In the same study the authors have
demonstrated the possibility of in vitro cultures of microglia to differentiate into DC in the
presence of GM-CSF. In MS, the capacity of DC to present myelin auto-antigens to
infiltrated peripheral T-cells is not only limited to the CNS parenchyma and these
interactions can also happen in the secondary lymphoid organs (Karman et al., 2004). An
increased number of myelin antigen-containing DC has been observed in lymph nodes of
MS patients as compared with healthy individuals (de Vos et al., 2002). Recent
experimental evidences showed that DC exposed to encephalitogenic MBP can interact
with T-cells in the lymph nodes and induce EAE in mice (Dittel et al., 1999). On the
contrary DC from PPMS patients express lower levels of CD83, CD80, and CD86
maturation markers that suggest impaired maturation of DC in the disease (Lopez et al.,
2006). These data suggest the intensive involvement of DC in the regulation of
inflammatory immune responses in EAE and MS and therapies targeting these cells might
help to slow down the progression of MS.
The fact that there is only a low number of DC available has been a challenge in research
to explore various functions of these cells. Therefore in vitro techniques have been
developed to culture DC-like cells from umbilical cord blood CD34+ cells or peripheral
blood monocytes. The latter has received more attention due to the ease in availability of
peripheral blood and a large number of DC can be generated by using different cytokine
combinations (Conti and Gessani, 2008). The first described and extensively utilized
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cytokine combination is GM-CSF and IL-4 (Sallusto and Lanzavecchia, 1994), which
derives monocytes into immature DC (ImDC). ImDC are efficient in capturing and
processing of antigens whereas mDC are unique in activating T-cells (Steinman, 1991).
ImDC can attain their maturation stage through interaction with TLR ligands, cytokines or
foreign microbial antigens. After interaction with the suitable stimulus DC migrate to the
draining lymph nodes and get activated. These mDC are also called activated DC and
express high levels of MHC II, co-stimulatory molecules (CD86 and CD40) and
maturation marker CD80. These changes make DC capable of presenting processed
antigens in a MHC-restricted fashion to naïve and memory T-cells and in addition can also
activate natural killer (NK) (Fernandez et al., 1999) and NKT cells (Fujii et al., 2002).
Activated DC release high amounts of cytokines such as IL-12 (Reis e Sousa et al., 1997)
and IFN-α (Dalod et al., 2002). ImDC in peripheral lymphoid tissues can present antigens
to naïve T-cells even in the absence of activation stimuli but these T-cells undergo
senescence and consequently induce tolerance. In other words incompletely mature DC
(ImDC) can induce tolerogenic responses and fully mDC induce immunogenic responses
(Steinman et al., 2003).

1.4 Therapies for multiple sclerosis
Several immunomodulatory and immunosuppressive therapies have proven beneficial for
the treatment of the relapsing stages of MS while effects of these drugs on progressive
forms of MS are not satisfactory (Bates, 2011; Fox and Rhoades, 2012).
Compartmentalization of the CNS lesions and an intact BBB in chronic phases of MS
suggests the importance of drugs that can cross the CNS vasculature and limit the
inflammation in the CNS. At present the approved drugs for treatment of RRMS,
glatiramer acetate (GA) (Carter and Keating, 2010) and IFN-β (Sanford and LysengWilliamson, 2011) are recommended as first-line therapy drugs. Clinical efficacy of these
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drugs in treating RRMS has been demonstrated in many studies. Other drugs such as
natalizumab (Pucci et al., 2011), fingolimod (Roskell et al., 2012) and mitoxantrone
(Esposito et al., 2010) are available as escalation treatment in highly active RRMS.
Immunosuppresion with mitoxantrone is used for the treatment of SPMS. These available
therapies are only partially effective in treating MS and patients often experience several
side-effects. The long term parenteral administration of GA and IFN-β may also be
uncomfortable and inconvenient for some patients (Galetta and Markowitz, 2005). In
respect to these limitations, several oral drugs have been developed and tested for the basal
treatment of MS such as cladribine, teriflunomide, and dimethylfumarate.

1.5 Cladribine and its mechanism of action
Cladribine (2-chlorodeoxyadenosine, CdA) is a synthetic purine nucleoside analogue that
has immunosuppressive properties. In 1977, Carson et al., have found that patients with
adenosine deaminase (ADA)-deficient immunodeficiency have increased levels of
nucleoside 5’-triphosphate (dATP) which eventually kills lymphocytes and renders the
patient immune deficient (Carson et al., 1977). They proposed that ADA-resistant
nucleotide analogues might distinctively abolish lymphocytes. This leads to the
development of CdA and twelve other deoxyadenosine analogues that were tested for their
effects on leukemia cells. Among these analogues, CdA has the most potent cytotoxic
effects on different leukemic cell lines (Beutler, 1992). Since many years, CdA is a FDA
approved drug for the treatment of hairy cell leukemia and B-cell chronic lymphocytic
leukemia (Piro et al., 1988; Beutler, 1992).
CdA enters cells through nucleoside transporter systems present on the cell membrane
(Griffiths et al., 1997). In the cell CdA is phosphorylated into its active metabolite CdAMP
via the action of the rate-limiting enzyme deoxycytidine kinase (DCK) and further
converted into CdADP and CdATP by other nucleoside kinases. In the cell CdA can also
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be dephosphorylated by the enzyme 5’-nucleotidase (NT). The cytotoxic effects of CdA
depend mainly on the presence of its phosphorylated form CdATP regulated by the
enzymes DCK and NT. In lymphocytes the high ratio of DCK to NT leads to accumulation
of CdATP in the cell that is actively incorporated into the DNA of dividing cells. CdA is a
potent inhibitor of the enzymes DNA polymerase-α, -β and ribonucleotide reductase and
therefore inhibits DNA repair mechanisms and induces cell death (Parker et al., 1988;
Gandhi et al., 1996). CdA has also found to be toxic to non-dividing lymphocytes where it
induces single DNA strand breaks and interferes with normal mitochondrial functions
(Carson et al., 1983). The damage to the DNA also activates poly(ADP-ribose) synthetase
which leads to loss of nicotinamide adenine dinucleotide required for the cellular
metabolism and causes cell death (Seto et al., 1985).
CdA induced cell death involves several complex mechanisms including the activation of
apoptotic caspases. In leukemic cells CdA has been shown to induce activation of caspase3 and -9 and -8 (Marzo et al., 2001). Nomura et al., have demonstrated that CdA induced
apoptosis in the human leukemia cell line MOLT-4 is mediated through the activation of
the Fas/FasL pathway (Nomura et al., 2000). CdA has been also shown to induce
concentration and time dependent apoptosis in human blood monocytes and this effect was
attributed to the DNA damage and inhibition of RNA synthesis (Carrera et al., 1990).
Involvement of apoptotic caspases in CdA induced apoptosis in monocytes has not been
discussed so far. In contrast to lymphocytes and monocytes, B-cells and natural killer (NK)
cells are less affected (Castejon et al., 1997; Markasz et al., 2007).
CdA is widely known for its efficacy in several types of leukemia and has been also tested
in clinical trials for the treatment of different types of autoimmune diseases (Schirmer et
al., 1997; Duchini et al., 2000; Valencak et al., 2002). In diverse stages of MS, the effects
of parenteral given CdA have been investigated in different trials (Leist and Vermersch,
2007). The results showed that the treatment was able to diminish the number and volume
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of brain lesions and significantly reduced relapse rate and disability progression. Recently,
a phase III clinical trial of oral CdA for RRMS has been conducted and showed a
significant reduction in disease progression (Giovannoni et al., 2010; Giovannoni et al.,
2011).
One of the major mechanisms behind the therapeutic efficacy of CdA in MS can be the
selective and dose-dependent toxicity towards lymphocytes, especially CD4+ and CD8+ Tcells. However, other possible mechanisms cannot be ruled out. Liliemark et. al., showed
that CdA can cross the BBB (Liliemark, 1997) and therefore can also affect the immune
cells in the CNS. The bioavailability of CdA in different body fluids depends upon its dose
and the route of administration. There are several reports about the clinical
pharmacokinetic studies in CdA treated patients. Study results from CdA treated leukemia
patients showed that the oral bioavailability of the drug is between 37-51% (Liliemark et
al., 1992). In the CSF the amount of CdA is about 25% of the plasma concentration when
given parenteral at the doses of 0.17 mg/m2/h or 2.5 mg/m2/h (Kearns et al., 1994). It has
been shown that the intracellular concentrations of CdA nucleotides in leukemic cells are
100 times more than the plasma concentrations (Liliemark and Juliusson, 1995). The
intracellular CdA metabolism varies between the leukemic cells of different patients and
corresponds to the activity of DCK in these cells (Liliemark and Juliusson, 1995).
Similarly the toxic effects of CdA show interspecies differences (for instance humans and
mice) due to DCK enzyme activity (Reichelova et al., 1995).
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2. Aims of the study
CdA has been shown to be effective in the treatment of relapsing as well as progressive
course of MS (Leist and Vermersch, 2007;Giovannoni et al., 2010; Giovannoni et al.,
2011). Most studies focus on CdA effects on lymphocytes, but to date little is known about
its effects on other hematological or immune cells. The ability of DC and microglia to
derive myelin antigen specific T-cell responses and to release several immune molecules
implicate their significant role in the pathogenesis of MS. Since no data are available on
the effects of CdA on microglia and DC so far the purpose of our study was to investigate
whether CdA is capable to influence these fundamental immune cells.
In MS microglia play a key role in the initiation and perpetuation of de- and remyelination,
and in chronic progressive disease forms microglia activation is suggested to maintain a
diffuse inflammation and support chronic axonal damage (Brück et al., 1995; Voss et al.,
2012). Since CdA is known to be able to cross the blood-brain-barrier it was of our special
interest to study if CdA can directly act on microglia. Therefore we examined in the first
part of our study the effects of CdA on microglia in vitro on primary rat microglia. On the
basis of known effects on lymphocytes we wanted to study the anti-proliferative and
apoptotic effects of CdA on microglia. We intended to study the detailed kinetics and
underlying mechanisms of CdA induced apoptosis because it is known that CdA can
induce apoptosis through different pathways (Marzo et al., 2001; Van den Neste et al.,
2005). Recent data also suggest potential immunomodulatory functions of CdA (BartosikPsujek et al., 2004). Therefore we also wanted to investigate whether CdA influences
microglia functions such as their phagocytic capacity and the release of proinflammatory
molecules.
In the second part of our study, we aimed to verify the key results found on primary rat
microglia on human mononuclear cells. Hence, we investigated the apoptotic effects of

13
CdA on human monocytes and ex vivo cultures of monocyte-derived immature and mature
DC.
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Effects of 2-chlorodeoxyadenosine (Cladribine) on primary rat microglia
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Introduction about this manuscript
2-chlorodeoxyadenosine (cladribine) has been proven effective in the treatment of relapseremitting multiple sclerosis (MS), an autoimmune disease of the young adults. The principle
effect of cladribine is the induction of apoptosis in T-lymphocytes and its actions on immune
cells of the CNS are still unknown. In the CNS microglia are the resident immune cells and
have many important functions. In MS microglia are believed to affect de and re-myelination.
In the present study we investigated the effects of cladribine on primary rat microglia. We
found that cladribine induced apoptosis in microglia but other immune functions such as
cytokines release and phagocytosis were unaffected.

15

4. Manuscript II

Submitted to Journal of Leukocyte Biology September 2012

2-chlorodeoxyadenosine (cladribine) induces caspase-independent
apoptosis in human monocyte-derived dendritic cells
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Abstract
2-chlorodeoxyadenosine (cladribine, CdA) is an immunosuppressive drug that is licensed
for hairy cell leukemia and has recently been shown to have also immunomodulatory
effects in patients with multiple sclerosis (MS). These therapeutic effects of CdA have
been discussed to be partly mediated through its potent toxicity towards lymphocytes.
However the effects of CdA on other immune cells have not yet been determined. In the
present study, we investigated the effects of CdA on the induction of apoptosis in human
monocytes and monocyte-derived immature (ImDC) and mature (mDC) dendritic cells.
Treatment of monocytes with CdA strongly induced apoptosis after 24 h while apoptosis
induction in DC was evident after 72 h. Real-time quantitative PCR and protein analysis of
the enzyme deoxycytidine kinase showed no differences in their levels in both cell types.
However, phosphorylation of CdA was required for these effects and was inhibited by
deoxycytidine. Furthermore, CdA treatment strongly induced caspase-3 and caspase-9 in
monocytes. In contrast, activation of these caspases was absent in DC. The mitochondrial
membrane potential in DC was significantly reduced after CdA treatment. DNA
hypodiploid assessment showed fragmented nuclei in DC after CdA treatment together
with early activation of p53 protein. These results revealed that CdA induces caspaseindependent apoptosis in DC and suggests cell type specific effects of CdA. This
mechanism may contribute to the immunomodulatory effects of CdA in autoimmune
diseases.

Keywords: Phosphatidylserine, caspases, DNA fragmentation, mitochondrial potential,
cladribine
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Introduction
Dendritic cells (DC) are professional antigen presenting cells that have a unique ability to
prime antigen specific T-cells. After capturing the antigen, DC migrate to the draining
lymph nodes and get matured under the influence of several inflammatory stimuli. Upon
maturation DC display certain phenotypic changes such as upregulation of CD83 and the
co-stimulatory molecules CD86 and CD40, and an increased release of proinflammatory
cytokines [1]. Mature DC can efficiently process and present antigens while their antigen
capturing ability is reduced.
In the recent years, the role of DC in regulating autoimmune disorders such as arthritis and
multiple sclerosis (MS) has been highlighted [2]. MS is an autoimmune disease of young
adults characterized by inflammatory demyelinating lesions in the central nervous system
(CNS) resulting from infiltration of immune cells from the periphery [3]. Among these are
self-reactive T-cells that are believed to be responsible for neuronal damage. Previous
studies have shown that secondary progressive (SP) MS patients have an increased
frequency of CD80 expressing blood DC as compared to relapsing-remitting (RR) MS or
healthy subjects [4]. An increased number of plasmacytoid DC (pDC) has been observed in
cerebrospinal fluid (CSF) of untreated MS patients during the relapse phase which
substantially decreased in the remission phase [5]. Moreover monocyte-derived DC from
MS patients release high levels of cytokines like TNF-α and IL-6 [6]. These findings hint
at the potential role of DC in MS pathogenesis and the drugs which can regulate their
function might affect the progression of the disease.
Several approved drugs for MS have been shown to influence DC responses. Glatiramer
acetate induced production of the anti-inflammatory mediator IL-10 in DC and reduced IL12p70 synthesis in lipopolysaccharide (LPS)-activated DC [7]. In Natalizumab treated MS
patients, del Pilar Martin and colleagues have found a reduced number of DC and CD4+

18
T-cells in cerebral vascular spaces [8]. Moreover, interferon (IFN)-β treatment induces
apoptosis in bone marrow derived mature DC [9].
Recently, the immunosuppressive drug cladribine (2-chlorodeoxyadenosine, CdA) has
been shown to be effective in MS [10, 11]. The principle effect of CdA, the induction of
apoptosis in lymphocytes, has been widely studied and a similar effect was also reported
for monocytes [12, 13]. Intracellular CdA is phosphorylated into CdATP, incorporated into
the DNA, and induces apoptosis [14]. Apart from induction of apoptosis other
immunomodulatory effects of CdA such as reduction in cerebrospinal fluid (CSF) levels of
interleukin-8 (IL-8) and CSF/serum levels of RANTES have also been discussed [15].
However the influence of CdA on DC has not been studied so far. Therefore, the present
studies were performed to investigate the effects of CdA on human monocyte-derived DC
cultures. Interestingly, CdA induced caspase-dependent apoptosis in monocytes while
caspase-independent apoptosis was seen in monocyte-derived DC.

Materials and methods
Monocyte cell cultures
Human primary monocytes were isolated from discarded leukopacks of healthy donors
received from the blood bank of the Hannover Medical School. Peripheral blood
mononuclear cells were separated using a Biocoll-density gradient and were washed 2
times with phosphate buffered saline (PBS) containing 0.5% BSA and 2 mM EDTA
(Sigma, Deissenhofen, Germany). Monocytes were then purified by a positive selection
method using human CD14 MACS microbeads as described by the manufacturer (Miltenyi
Biotech, Bergisch Gladbach, Germany). Monocytes were cultured in RPMI 1640 medium
(Invitrogen, Karlsruhe, Germany) supplemented with 10% FCS (Biochrom, Berlin,
Germany), 1% Penicillin/Streptamycin (Gibco, Karlsruhe, Germany), 1% HEPES buffer
(Sigma, Deissenhofen, Germany) and 1% L-alanyl-L-glutamine (Invitrogen, Karlsruhe,
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Germany) at 37°C in a humidified atmosphere containing 5% CO2. After 20 min nonadherent cells were removed by changing the medium and adherent cells were used further.
Monocytes isolated by this method had a purity of >95% as assessed by flow cytometry
with a FITC-conjugated CD14 antibody (eBioscience, Hatfield, United Kingdom).

Generation of dendritic cells
DC were generated by previously described protocols with some modifications [16].
Briefly, immature dendritic cells (ImDC) were obtained by culturing monocytes with 50
ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and 1000 U/ml
interleukin-4 (IL-4) for 5 days. Every 3 days fresh RPMI medium containing GM-CSF and
IL-4 was added to the cultures. On day 6, half of the cells were kept in the same medium
and the other half was incubated with medium containing 10 ng/ml TNF-α and 25%
monocytes conditioned medium (MCM) to obtain mature dendritic cells (mDC). After two
days fresh medium with respective cytokines was added to the unstimulated (ImDC) and
TNF-α stimulated (mDC) cells. Thereafter, cells were treated with different concentrations
of CdA for a defined period of time. All cytokines used to produce DC were obtained from
Peprotech, Hamburg, Germany.

Immunostaining
Immunostaining for different cell surface proteins was performed for characterization of
monocytes, ImDC and mDC. Briefly, cells were collected from culture plates and washed
two times in PBS. Cells were then placed in 5 ml FACS tubes at the density of 2-2.5x 105
cells/100 μl PBS and human Fc receptor blocker (Biolegend, Fell, Germany) was added for
15 min at 4°C. Cells were then labeled with different fluorescence antibodies against
human CD14 (FITC, clone 61D3, eBioscience, Hatfield, United Kingdom), CD11c (APC,
clone 3.9, Biolegend, Fell, Germany), CD1a (PE, clone HI149, eBiosciences, Hatfield,
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Germany), HLA-DR (APC, clone L243, Biolegend, Fell, Germany), CD86 (FITC, clone
2331. BD Biosciences, Heidelberg, Germany), CD83 (PE, clone HB15e, Biolegend, Fell,
Germany) and also with corresponding isotype control IgG. Cells were analyzed by flow
cytometry on a FACScalibur Becton-Dickinson flow cytometer using CellQuest™
software.

Western blot analysis
Cells were washed with cold PBS and lysed in lysis buffer (42 mM Tris-HCL, 1.3% SDS,
6.5% glycerin and 100 µM sodium orthovanadate and 2% protease and phosphatase
inhibitor). Before electrophoresis, Laemmli buffer (5% mercaptoethanol, 10% glycerol,
2% sodium-dodecyl-sulphate (SDS), 65 mM Tris HCL and bromophenol blue) was added
to the samples. For caspase-3, -9, DCK, and phospho-p53 immunoblotting, 15-20 μg of
protein from each sample were used for SDS-PAGE (polyacrylamide gel electrophoresis)
on a 12% gel. Proteins were then transferred onto a polyvinylidene fluoride (PVDF)
membrane (Millipore, Schwalbach/Ts., Germany) by the wet-blotting method. The
membrane was blocked for 30 min at room temperature using 5% milk solution (Santa
Cruz biotechnology, Heidelberg, Germany). The membrane was then incubated with
respective primary antibody in 1% skimmed milk solution overnight at 4°C. The following
primary antibodies were used: rabbit anti-cleaved caspase-3 (1 μg/ml; Abcam, Cambridge,
UK), rabbit anti-cleaved caspase-9 (Asp330) (1 µg/ml; Cell Signaling, Massachusetts,
USA), rabbit anti-DCK (1:1000; Abcam, Cambridge, UK), rabbit anti-phospho-p53 (Cell
Signaling, Massachusetts, USA), and mouse anti-actin (1:3000; Santa Cruz biotechnology,
Heidelberg, Germany). After extensive washing (three times for 15 min each in TBS
containing 0.1% Tween 20), proteins were detected with horseradish peroxidase (HRP)coupled goat anti-rabbit IgG (1:3,000; R&D systems, Wiesbaden, Germany) or HRPcoupled goat anti-mouse IgG (1:5,000; R&D systems, Wiesbaden, Germany) using
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chemiluminescence (ECL) reagents (GE Healthcare, Freiburg, Germany). All Western blot
experiments were carried out at least three times.

Annexin V staining for apoptotic cells
The effect of CdA on the induction of apoptosis in monocytes, ImDC, and mDC was
quantified by FITC-conjugated annexin V staining of externalized PS, a reliable marker for
early apoptosis [17]. 7-amino-actinomycin D (7-AAD) was added to quantify dead cells.
This staining distinguishes between early apoptotic (annexin V+), late apoptotic or necrotic
(annexin V+/7-AAD+), and necrotic cells (7-AAD+) cells. At the end of the incubation
period cells (adhering and detached) were collected from culture dishes with slow pipette
blows in PBS. Cells were centrifuged at 370 g for 6 min, washed two times with PBS, and
resuspended in binding buffer provided in the assay kit (FITC annexin V apoptosis
detection kit, Becton Dickinson GmbH, Heidelberg, Germany). Cells were transferred into
5 ml FACS tubes at a density of 1.5 × 105 cells per tube and were left unstained or stained
with annexin V and 7-AAD for 15 min in the dark at room temperature. After staining,
cells were washed once in binding buffer and were analyzed by flow cytometry on a
FACScalibur Becton-Dickinson flow cytometer using CellQuest™ software.

Mitochondrial transmembrane potential measurement
The effect of CdA on mitochondrial transmembrane potential (ΔΨM) was measured by
using Cell MeterTM orange assay kit as described by the manufacturer (AAT Inc.,
Sunnyvale, California). Briefly, DC were incubated with different concentrations of CdA
(0.1-10 µM) for 24 h and 72 h. 2 µl of MitoliteTM fluorescence dye (provided with assay
kit) was added to the cells and cells were incubated at 37°C, 5% CO2 for an additional 30
min. The incubation was stopped by placing the cells on ice for 10 min and cells were
collected into 5 ml tubes. After washing with PBS, cells were resuspended in assay buffer
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and analyzed by flow cytometry. In live cells, the fluorescence intensity of MitoLite TM
orange is increased whereas it is low in apoptotic cells with collapsed mitochondria. DC
were gated using forward/side scatter characteristics and fluorescence intensity was read in
orange-red channel (excitation 488 nm) of the flow cytometer and was analyzed using
CellQuest™ software.

Measurement of DNA damage
DNA damage was assessed by PI staining of fragmented nuclei (DNA-release-assay) as
described [18]. Briefly, after the respective time of incubation, cells were washed in PBS
and were fixed in 4% paraformaldehyde (PFA) solution. Cells were then incubated in
permeabilization solution (0.1% sodium citrate, 0.1% Triton X-100) containing 25 μg/ml
PI for 2 h at 4º C. Cells were analyzed by flow cytometry using CellQuest™ software.

Quantitative real-time PCR
To determine the mRNA levels of deoxycytidine kinase (DCK) in untreated human blood
monocytes and derived DC, quantitative real-time PCR was performed. Total RNA was
extracted from the cells using the RNeasy®Mini Kit (Qiagen, Düsseldorf, Germany) as
previously described [19, 20]. cDNA was synthesized using the high capacity cDNA
reverse transcription kit (Applied Biosystems, California, USA).
Real- time PCR analysis was performed using the StepOne™ Real-Time PCR System and
appropriate TaqMan probes (Applied Biosystems, California, USA). All primers were
exon-spanning. The ΔΔCt method was used to determine the mRNA expression of DCK in
untreated human monocytes and derived ImDC and mDC. The expression levels were
calculated

after

normalization

to

geometric

mean

of

hypoxanthin

phosphoribosyltransferase (HPRT), ß-actin and glyceradehyde-3-phosphate dehydrogenase
(GAPDH).
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Statistical analysis
All experiments were performed at least three times and mean ±S.E.M. was calculated.
Values were compared using one way ANOVA with post-hoc Student-Newman-Keuls test
(multiple comparisons) using Graphpad Prism 5.0 software. P values <0.05 were
considered statistically significant (*p<0.05, **p<0.01, ***p<0.001).

Results
CdA induces apoptosis in monocytes and DC
CdA is known to induce apoptosis in monocytes and T lymphocytes but its effects on DC
are still unknown. Hence our initial effort was to study if CdA treated DC exhibit the
hallmarks of cells undergoing apoptosis. An early event in apoptosis is the externalization
of phosphatidylserine (PS) from the inner leaflet of the plasma membrane which can be
readily detected and quantified by annexin V staining. We observed that treatment of
monocytes with CdA (1 and 10 µM) for 24 h led to a significant increase in the percentage
of cells undergoing apoptosis. An increase of approximately 40-46% of annexin V+ cells
was observed in monocyte cultures treated with CdA compared to untreated controls.
There was no notable increase in annexin V+/7-AAD+ cells which is a characteristic of cells
undergoing delayed apoptosis or necrosis [21]. In contrast, treatment of ImDC and mDC
with lower concentration of CdA (1 µM) did not show any increase in annexin V+ cells. At
a higher concentration (10 µM) of CdA only a minimal (8%) increase in annexin V + cells
was observed (Fig. 1A and 1B). Interestingly, longer treatment (72 h) with CdA (0.1, 1,
and 10 µM) induced a significant increase in annexin V+ ImDC and mDC. In addition there
was also an increase in annexin V+/7-AAD+ cells. These effects were concentration
dependent with a maximum at 10 µM CdA (Fig. 2A and 2B).
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Figure 1. Short-term (24 h) effects of CdA on PS exposure in monocytes (Mo) and DC.
Cells were treated with CdA (1 and 10 µM) for 24 h and were assayed for apoptosis using
Annexin V-FITC/7-AAD staining followed by flow cytometry. A. Dot plots showing the
percentages of Annexin V−/7-AAD− cells, Annexin V+/7-AAD− cells, and Annexin V+/7AAD+ cells. B. The percentages of Annexin V+ and 7-AAD− cells. Data are represented as
±S.E.M. (n=5). ***, P<0.001 vs. untreated control.
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Figure 2. Long-term (72 h) effects of CdA on PS expression in DC. Cells were treated
with CdA (0.1, 1, and 10 µM) for 72 h and were assayed for apoptosis using Annexin VFITC/7-AAD staining followed by flow cytometry. A. The percentages of Annexin V+/7AAD− cells. B. The percentages of Annexin V+/7-AAD+ cells. Data are represented as
±S.E.M. (n=4). ***, P<0.001, **, P<0.01, *, P<0.1 vs. untreated control.

CdA induces caspase-3 and caspase-9 activation in human monocytes but not in DC
Activation of caspases is a central phenomenon in the regulation of apoptosis in different
cells [22]. Therefore we studied if treatment of human monocytes and monocyte-derived
DC with CdA resulted in the activation of apoptotic caspases. We found monocytes treated
with CdA (1 and 10 µM) for 24 h strongly induced caspase-3 and caspase-9 activation
whereas similar treatment did not activate these caspases in ImDC or mDC (Fig. 3A).
These findings suggest that while CdA has strong effects on the activation of caspases in
monocytes, the DC appear to be unaffected. This observed difference is not due to the
inability of DC to activate pro-caspases, as treatment of DC with the apoptosis inducing
drug camptothecin resulted in the activation of caspase-3. However, the signal for caspase9 was undetected even in camptothecin treated DC. To further substantiate if human
monocyte-derived DC exhibited early or delayed kinetics of caspase activation, we
performed a kinetic analysis (6-72 h) of caspase-3 and -9 activation in DC upon CdA
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treatment. Irrespective of the time of CdA treatment no signals of caspase 3 or -9 were
detected in DC (data not shown).

Figure 3. Effects of CdA on the induction of caspase-3 and -9 in monocytes (Mo) and
DC. Cells were treated with CdA (1 and 10 µM) or camptothecin (Campto; 5 µM) as
positive control for 24 h and whole-cell lysates were resolved by SDS-PAGE, transferred
to PVDF membrane and probed with anti-caspases and β-actin antibodies. Blots are
representative of four independent experiments.

CdA treatment disrupts the mitochondrial transmembrane potential in DC
Mitochondria are key regulators of cell death mechanisms and CdA induced apoptosis is
largely known to be dependent on the disruption of mitochondrial transmembrane
potentials (ΔΨM) [23, 24]. The ΔΨM of DC was determined by using the fluorescent dye
MitoLiteTM. In live cells the dye is entrapped in the mitochondria and exhibits higher
fluorescence intensity. When the ΔΨM is disturbed a decrease in fluorescence intensity is
observed and this can be readily detected by flow cytometry. The results showed a
reduction in the fluorescence intensity in ImDC and mDC treated with increasing
concentrations of CdA (0.1, 1, and 10 µM) which implies a loss of ΔΨM (Fig. 4A and 4B).
This phenomenon was observed only in DC treated with CdA for 72 h and was not
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detected in 24 h treated DC. These results further confirm the above findings that induction
of apoptosis is delayed in DC.

Figure 4. Effects of CdA on mitochondrial transmembrane potential (ΔψM) in DC. Cells
were treated with CdA (0.1, 1, and 10 µM) for 72 h and were stained with MitoLite TM
fluorescence dye and measured by flow cytometry. Normal cells with conserved (C) ΔψM
show high fluorescence while apoptotic cells with lost (L) ΔψM show low fluorescence as
measured in orange-red channel of the flow cytometer. A. Histograms represent the effects
of CdA in ImDC (left) and mDC (right) on ΔψM. B. The line graph shows CdA induced
reduction in percentage of cells with conserved ΔψM. Data are represented as ±S.E.M.
(n=4). ***, P<0.001, **, P<0.01 vs. untreated control.
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Long term treatment with CdA induces DNA fragmentation in DC
A characteristic feature of apoptotic cells is the fragmentation of DNA at the
internucleosomal sections [25]. The fragmented DNA confers a hypodiploid state and this
can be readily detected on FACS by using a nucleic acid stain propidium iodide (PI). The
FACS analysis showed that approximately 50% of ImDC and 36% of mDC that were
treated with 10 µM CdA displayed a sub-diploid peak (Figure 5A and 5B). These
observations support the fact that CdA induce apoptosis but not necrosis in DC as the subdiploid peak is lacking in the cells subjected to necrosis [26, 27].
It is widely known that p53 is a key regulator of the cellular response to DNA damage
[28]. ImDC and mDC were treated with CdA (10 µM) for 6-24 h and activation of p53 was
evaluated by detection of its phosphorylated form through western blotting. Further
supporting the above findings we have observed activation of p53 as early as 12 h after
CdA treatment of DC (Fig. 5C). These results signify the role of CdA in inducing DNA
damage and activation of downstream signaling molecules in DC.

Expression of DCK in monocytes and DC
In order to mediate its effects, CdA has to be phosphorylated within the cell and this step is
catalyzed by the rate-limiting enzyme deoxycytidine kinase (DCK). To test if the observed
delay in induction of apoptosis in DC is a result of differential expression of DCK, we
compared the expression of DCK in monocytes and monocyte-derived ImDC and mDC.
DCK expression was measured both at the mRNA and protein level by using real-time
PCR and
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Figure 5. Effects of CdA on DNA fragmentation and p53 activation in DC. Cells were
treated with CdA (1 and 10 µM) for 72 h and were stained with PI and analyzed by flow
cytometry. A. Histograms are representative of three independent experiments.
FN=fragmented nuclei. B. Percentage of cells with FN. C. Cells were treated with CdA (10
µM) for 24 h and whole-cell lysates were resolved by SDS-PAGE, transferred to PVDF
membrane and probed with anti-phospho-p53 and β-actin antibodies. Blots are
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representative of three independent experiments. . Data are represented as ±S.E.M. (n=3).
***, P<0.001, **, P<0.01, #, P<0.05 vs. untreated control.
western blot analysis, respectively. We observed no significant difference in the expression
of DCK mRNA (Fig. 6A) and protein (Fig. 6B and 6C) in monocytes, ImDC, and mDC.
Hence it is evident from these results that the delayed apoptotic effects of CdA in DC in
comparison to monocytes are not due to absence or low DCK expression.

Figure 6. Analysis of mRNA and protein expression of the enzyme DCK in monocytes
(Mo) and DC. A. Graph shows mRNA expression of DCK in untreated ImDC and mDC
compared to monocytes and normalized to geometric mean of HPRT, β-actin and GAPDH
using the ΔΔCt method. B. Untreated cells lysates were resolved by SDS-PAGE,
transferred to PVDF membrane and probed with anti-DCK or β-actin antibodies. Blots are
representative of four independent experiments. C. Densitometric analysis of four
independent experiments. Results are represented as means ±S.E.M. (n=4)
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Further, we tested if CdA induced apoptotic effects on DC were dependent upon its
phosphorylation via DCK. DC were treated with deoxycytidine (50 µM), a preferential
substrate for DCK prior to the addition of CdA for 72 h and apoptosis was measured
through annexin V staining. CdA induced apoptosis was significantly inhibited by the
ablation of DCK required for its phosphorylation (Fig. 7). These findings suggest that
although there is a delay in the induction of apoptosis in DC this effect of CdA is still
mediated by its phosphorylation and requires the activity of DCK.

Figure 7. Effects of DCK ablation on CdA induced apoptosis in DC. Cells were pretreated
with deoxycytidine (dCyd; 50 μM)for 20 min prior to CdA treatment for 72 h and Annexin
V-FITC/7-AAD staining was performed. The data shows percentages of Annexin V+/7AAD− cells. Data are presented as ±S.E.M. (n=3). *** P<0.001, vs. untreated control.

Discussion
Immunosuppressive drugs are of significant therapeutic importance in treating several
autoimmune diseases. Due to its known apoptotic effects on T-lymphocytes [29] cladribine
(CdA) was recently studied for the treatment of multiple sclerosis (MS), a T-cell mediated
autoimmune disease of the CNS [11, 30]. Since dendritic cells (DC) are a key regulator of
T-cell responses the effect of CdA on DC is of importance to understand the mechanism of
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action of CdA. CdA has been widely known for its apoptotic and immunomodulatory
effects on different cell types and is potentially toxic to leukemic cells [12]. Using certain
key parameters of apoptosis such as PS externalization, caspases activation, and DNA
fragmentation we compared the effects of CdA on monocytes and monocyte-derived DC.
We clearly demonstrate that CdA induces apoptosis in monocytes after short incubation
periods (Fig. 1A and 1B), which is in line with previous findings [13]. In contrast, the
induction of apoptosis in CdA treated DC is delayed and is only observed after longer
treatment (72 h) (Fig. 2A and 2B). Similarly, IFN-β treatment of bone marrow-derived
mDC have shown to induce apoptosis at later time points (48 and 72 h) [9].
In order to mediate its effects, CdA has to be phosphorylated into biologically active
CdATP within the cell. This process is catalyzed by the enzyme deoxycytidine kinase
(DCK) and this is the rate-limiting step for CdA activity. It has been previously reported
that cells lacking this enzyme are resistant to CdA induced apoptosis [31]. Therefore we
speculated that the difference in the expression levels of DCK between monocytes and
monocyte-derived DC might be responsible for the delayed action of CdA in DC.
However, quantitative mRNA and protein expression analysis revealed similar expression
levels of DCK in monocytes and DC (Fig. 6A, 6B and 6C). This excludes the possibility
that absence or low levels of DCK in DC might delay the induction of apoptosis.
Furthermore, pharmacological depletion of the DCK by using a preferential substrate,
deoxycytidine, protected DC from CdA induced delayed apoptosis (Fig. 7). These results
suggest that albeit apoptosis is delayed in CdA treated DC it is still dependent on DCK
mediated phosphorylation of the drug.
CdA induced apoptosis in many cell types is known to be mediated through the activation
of cysteine proteases called caspases [32]. In apoptotic cells, caspases can be activated
through two pathways i.e. an intrinsic mitochondrial pathway, where mitochondrial outer
membrane permeabilization causes release of cytochrome c from the intermembrane space
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into the cytosol and there is a sequential activation of caspase-9 and caspase-3 [33].
Alternatively, an extrinsic death receptor pathway is activated by the ligation of certain
death receptors by ligands like FasL and tumor necrosis factor (TNF) and activates
caspase-8. Here we observed that CdA treatment of monocytes strongly activates caspase-3
and caspase-9 after 24 h (Fig. 3). However, neither at this time point nor after longer
incubation of DC with CdA triggered caspase activation. This suggests a caspaseindependent apoptotic mechanisms in CdA treated DC. In agreement with our findings,
Marzo et al. have shown the involvement of caspase-independent apoptotic pathways in
CdA treated U937 leukemic cells [34]. Furthermore, a study by Nicolo et al. has
demonstrated a delayed apoptotic response in mDC that were subjected to UVB induced
stress [35]. This was attributed to the presence of higher levels of the anti-apoptotic protein
Bcl-2 in mDC. Intriguingly we observed lower levels of Bcl-2 in DC than in monocytes
(data not shown). Nevertheless, participation of other anti-apoptotic mechanisms cannot be
ruled out [36].
Long-term but not short-term treatment of DC with CdA strongly reduced mitochondrial
transmembrane potentials (ΔΨM) (Fig. 4A and 4B) and this phenomenon paralleled with
the kinetics of PS externalization. We believe that externalization of PS in DC might be
the consequence of the loss of ΔΨM that occurs independent of caspases activation. A
similar phenomenon has been reported in dexamethasone treated thymocytes where a
reduction in ΔΨM was a pre-requisite for PS exposure [41].
DNA fragmentation, another key feature of apoptotic cells was not observed in DC treated
with CdA for shorter periods. Interestingly, DNA fragmentation was evident in DC
subjected to long term treatments with CdA (Fig. 5A and 5B). It has been widely known
that cellular stress and DNA damage in particular can trigger the expression of p53 tumor
suppressor. p53 stimulates a wide network of signals that act through major apoptotic
pathways [37]. In this study we observed an induction of p53 in CdA treated DC (Fig. 5C).
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It is noteworthy that CdA is a purine analog and can induce DNA strand breaks by
incorporation into DNA of dividing cells or by interference with DNA repair mechanisms
in resting cells [38, 39]. This explains that early induction of p53 might be a result of DNA
damage caused by CdA. Similar observations were made by Borner et al. showing the
activation of p53 protein following CdA treatment in human peripheral blood mononuclear
cells [40].
CdA toxicity towards lymphocytes has been well documented. In accordance with previous
reports we have demonstrated that CdA triggers fast apoptosis in monocytes. However, DC
derived from these monocytes are somehow resistant to CdA and follow relatively delayed
kinetics of apoptosis. Our studies suggest that apoptosis induced by CdA in DC is
mediated either by interfering with mitochondrial function or by inducing DNA damage
related stress signals. The induction of apoptosis in DC may provide an important
mechanism of CdA action that is not yet fully understood. In autoimmune diseases such as
MS, DC can infiltrate into the brain and reactivate myelin specific T-cells which can
trigger inflammatory damage [42]. Hence targeting DC would be an ideal step in
controlling the T-cell related autoimmune diseases. In addition, the ability of CdA to cross
the blood-brain-barrier suggests a novel therapeutic approach to eliminate DC from the MS
lesions.
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5. Comprehensive discussion
Cladribine (2-chlorodeoxyadenosine; CdA) is an immunosuppressive and anti-leukemic
drug and is commonly used for treating several types of leukemia. In the last years CdA
has been also investigated for the treatment of several autoimmune diseases such as
multiple sclerosis (MS). In MS, a T-cell mediated autoimmune disease of the CNS (Leist
and Vermersch, 2007), CdA has been described to improve disease progression. Recently,
an oral formulation of CdA has been tested in patients of relapse-remitting MS (RRMS)
and was shown to improve the clinical course of the disease (Giovannoni et al., 2010;
Giovannoni et al., 2011). Several studies have been published on the effects of CdA on
leukocytes. However data on its effects on the CNS resident immune cells or dendritic
cells (DC) are not available so far. Further the complete mechanism of action of CdA in
slowing MS progression is still not clear.
It is well known that CdA can cross the BBB, and therefore may affect the cells in the
CNS. Here, we investigated the effects of CdA on the brain resident microglia, which have
an immense role in the regulation of de- and remyelination in MS. In these experiments, in
vitro cultures of primary rat microglia were used as a study model. Further we transferred
this knowledge to the human system and characterized CdA effects in human monocytes
and ex vivo generated monocyte-derived DC. On the basis of already established
knowledge that CdA can inhibit proliferation and induce apoptosis in different cells, our
main focus was to evaluate these effects of the drug on microglia, monocytes and
monocyte-derived DC. We studied the detailed kinetics of CdA induced apoptotic effects
and delineate the possible pathways underlying these effects. Furthermore we investigated
whether CdA has additional immunomodulatory or -suppressive effects on microglia that
might explain its beneficial influence on disease progression in MS.
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5.1 Effect of CdA on microglia proliferation
CdA is a synthetic purine nucleoside analogue and can inhibit the cell proliferation through
incorporation of its phosphorylated form CdATP into the DNA or inhibiting the enzymes
involved in DNA repair and synthesis (Beutler, 1992). In dividing lymphocytes CdA has
profound anti-proliferative effects (Carson et al., 1983; Chow et al., 2003). In autoimmune
demyelinating diseases such as MS auto-reactive T-lymphocytes enter the CNS,
proliferate, and release several proinflammatory molecules and thereby causes tissue
damage. It has been suggested that these molecules can actively participate in stimulating
microglia residing near the demyelinating lesions (Sanders and De Keyser, 2007).
Research work on the stereotactic brain biopsy tissues obtained from MS patients has
revealed the presence of proliferating microglia/macrophages at the active lesion sites
(Schonrock et al., 1998). We tested if CdA exhibits an anti-proliferative effect on
microglia. All used concentrations of CdA inhibited microglia proliferation and this effect
was clearly concentration and time dependent. Inhibition of cellular proliferation through
cell cycle arrest has been considered as one of the major effects of CdA to limit cell
number. Further, it is an obvious fact that intracellular phosphorylation of CdA must
require its entry into the cells and previous research has proposed only few mechanisms for
CdA access into the cells (Wright et al., 2002; Rabascio et al., 2010). Earlier findings in
thymocytes have demonstrated that the penetration of CdA is facilitated through the
dipyridamole (DP) sensitive nucleoside transporters and blocking these transporters
prevents apoptotic effect of CdA in these cells (Szondy, 1995). In contrast CdA induced
apoptotic effects in human prostate cancer cells have shown not be affected by the
nucleoside transporter inhibitors DP and nitrobenzylthioinosine (NBTI) (Minelli et al.,
2009). Similarly, treatment of microglia with DP before the addition of CdA did not
change the anti-proliferative effect of CdA. Our findings are also in line with Barbieri et al.
who showed that apoptotic effects of CdA were not changed with addition of DP in human
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blood monocytes (Barbieri et al., 1998). This suggests that the mode of intracellular CdA
entry might be a cell type dependent phenomenon and in any case is not through DP
sensitive nucleoside transporters in microglia and monocytes. Inside the cells, CdA
phosphorylation is facilitated through the action of different enzymes. At first CdA is
converted into CdAMP by the rate-limiting enzyme deoxycytidine kinase (DCK) and
subsequently to CdATP by other nucleotide kinases (Fig. 2) (Beutler, 1992). Ablation of
DCK with a preferential substrate deoxycytidine has been shown to attenuate the apoptotic
effects of CdA in different cells (Ceruti et al., 2000; Nomura et al., 2000). Similarly, antiproliferative effect of CdA in microglia was inhibited by the addition of deoxycytidine.
These findings approve that CdA phosphorylation is necessary for its anti-proliferative
effect in microglia.

5.2 Effect of CdA on phosphatidylserine exposure in microglia, monocytes and
monocyte-derived DC
In living cells, there is an asymmetric distribution of several phospholipids at the inner and
outer leaflets of the plasma membrane. Among them phospholipid phosphatidylserine (PS)
is concentrated towards inner side of the plasma membrane. Exposure of PS towards the
outer membrane side is taken as the hallmark of cells undergoing apoptosis and can be
analyzed by Annexin V staining (Koopman et al., 1994). Interferences in cellular
proliferation, energy metabolism and DNA repair mechanisms can promote apoptotic
signals in the cell. It has been known that CdA can induce apoptosis in different cells
through targeting one of these mechanisms (Leist and Weissert, 2011). Our studies
demonstrate that CdA treatment induces apoptosis in microglia although a significant
effect was observed only after long time exposure to CdA. Similarly, CdA induced
apoptosis in DC was also at later time points (72 h). However apoptosis in monocytes was
detected earlier. These findings represent slower effects of CdA in microglia and DC
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relative to its faster effects in monocytes or lymphocytes (Barbieri et al., 1998; Conrad et
al., 2008). This slower kinetics of apoptosis induction might be due to the activation of
some suggested resistance mechanisms in the cells (Mansson et al., 1999). In other words
we can assume that tissue residing macrophages might exhibit some resistance
mechanisms to the toxic effects of CdA in comparison to the circulating cells.
Reintroducing the fact that cytotoxic effects of CdA are exerted through its phosphorylated
form CdATP and is regulated via a rate-limiting enzyme DCK, we tested if CdA induced
apoptosis in these cells was mediated through its active form CdATP. Inhibition of CdA
phosphorylation with deoxycytidine inhibited apoptosis in microglia and DC. These
findings support the concept that phosphorylation of CdA is not only required for its antiproliferative effects in microglia but also for the induction of apoptosis in microglia,
monocytes and DC.

5.3 Effect of CdA on the induction of caspases in microglia, monocytes and monocytederived DC
Caspases (Cysteine Aspartic acid Proteases) are the proteins involved in the initiation and
regulation of programmed cell death. Apoptotic caspases are divided into two types, the
initiator and executioner caspases. In response to an apoptotic stimulus the initiator
caspases such as caspase-9 and caspase-8 are activated and subsequently involved in the
cleavage of the effector caspases-3 and -7. The apoptotic mechanism which involves the
activation of effector caspases through caspase-9 is termed the intrinsic mitochondrial
pathway. In this case, mitochondrial outer membrane permeabilization (MOMP) leads to
the release of the molecules cytochrome c (cyt c) and apoptosis inducing factor (AIF).
Further cyt c interacts with Apaf-1 and activates caspase-9 and subsequently caspase-3 and
-7. Another possibility represents the activation of caspase-8 through the ligation of death
receptors by its ligands such as FasL and tumour necrosis factor (TNF) that can activate
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the downstream effector caspases (Thorburn, 2004). This type of apoptotic mechanism is
called the extrinsic apoptotic pathway. The activation of caspases and reduction in MTP
induces the apoptotic phenotype (cell shrinking, blebbing, nuclear fragmentation) and
finally cell death. In most cases, damage to the mitochondria and the release of cyt c and
AIF from its intermembrane space defines no chance of cell survival and apoptosis is
executed. Previous studies in different cell types have demonstrated the importance of the
intrinsic apoptotic pathway in CdA induced apoptosis (Klopfer et al., 2004; Conrad et al.,
2008) but the involvement of the extrinsic cell death apoptotic pathway has also been
described (Nomura et al., 2000). In most but not all leukemic cells CdA mediated
apoptosis is mediated through the activation of caspases (Marzo et al., 2001). Our present
experiments indicate that CdA treatment of microglia and human monocytes leads to the
activation of caspase-9 and caspase-3 while caspase-8 activation was not evident. These
data confirm that CdA induced apoptosis in these cells is mediated through the intrinsic
apoptotic pathway. In the case of DC, CdA induced apoptosis was found independent of
caspase-3 and -9 activation and is therefore most likely mediated by other factors.

5.4 Effect of CdA on mitochondrial transmembrane potential in microglia, monocytes
and derived dendritic cells
We confirmed that CdA induces activation of caspases of the intrinsic apoptotic pathway
in microglia where MOMP is mandatory for the release of pro-apoptotic molecules such as
cyt c. The release of pro-apoptotic proteins from mitochondria can initiate the apoptotic
cascade and may also lead to the disruption of mitochondrial transmembrane potential
(MTP) (Tait and Green, 2010). Using JC-1 staining we found that CdA treatment reduced
MTP in microglia at delayed time points and followed similar kinetics as observed in PS
externalization. From these results we conclude that the induction of apoptosis in microglia
appears not to be the only consequence of MTP disruption. Furthermore, our western
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blotting data showed that the activation of caspase-9 (requires cyt c release from
mitochondria) in CdA treated microglia was evident at early time points of 12 h although
MTP reduction or PS externalization was present at later time points of 48-96 h. These
results might be explained by the fact that following MOMP, the leftover of cyt c in the
inner mitochondrial membrane is enough for maintaining MTP for the next few hours
(Waterhouse et al., 2001).
Furthermore, we found that in CdA treated DC MTP was lost at delayed time points, but
remained unaffected at early time points. This delayed reduction in MTP and the absence
of caspases activation might indicate the inability of CdA to induce strong apoptotic
signals upstream to the mitochondria. In this context, it is important to note that as a
positive control camptothecin treatment of DC was confirmed to induce caspase-3. This
suggests that our monocyte-derived DC have appropriate intracellular proteins that are
required for the activation of caspases. Further, the disruption of MTP in DC can be
considered as the result of some other possible targets of CdA. Several mechanisms have
been suggested which can actively participate in the disruption of MTP in response to an
apoptotic stimuli. Firstly, CdA induced DNA damage can trigger the activation of proteins
such as p53 and PARP-1 (Borner et al., 1997). These proteins can activate pro-apoptotic
proteins such as Bax and subsequently increase MOMP and reduce MTP. Secondly,
activated executioner caspases can enter the permeabilized mitochondria and interfere with
ATP generating enzymes and affect MTP (Tait and Green, 2010). However, inhibition of
Bax or caspase-3 did not preserve MTP in CdA treated microglia. Similar to microglia,
inhibition of Bax did not preserve MTP in CdA treated DC (data not shown). These
findings suggest that damage to the mitochondria was irreversible or at least was not
mediated through activation of these proteins. Reduction in MTP can also occur
independent of activated executioner caspases, however the exact mechanisms are still not
clear (Lartigue et al., 2009). In addition, several findings have shown that nucleoside
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analogues can directly cause damage to mitochondria through the inhibition of enzymes
involved in ATP synthesis (Hentosh and Tibudan, 1997; Genini et al., 2000).
Besides, MOMP has been shown to trigger autophagy, a process that is involved in self
renewing of the cellular components and that protects cells from stress stimuli induced
death or can delay apoptosis (Xue et al., 2001; Narendra et al., 2008). Several cellular
markers have been discussed for the detection of autophagy induction in the cells. One of
the earlier markers is LC3B protein which is required for constructing autophagosome and
engulfs damaged cell organelles (Walsh and Edinger, 2010). By using western blotting
method we analyzed LC3BI and II expression in CdA treated microglia and found no
change in their levels which suggest that the delayed apoptosis in these cells was not due to
the activation of autophagic pathways.

5.5 CdA induced DNA fragmentation in microglia and monocyte-derived DC
Inside the cells CdA is phosphorylated to CdATP which is incorporated into the DNA of
the dividing cells or inhibits DNA repair mechanisms. This leads to the fragmentation of
intranucleosomal DNA and finally causes cell death. CdA can also cause indirect DNA
damage via proteolytic cleavage of caspase-3 which further can activate caspase activated
DNase (CAD) through dissociation of its inhibitory subunit ICAD. Thereafter the activated
DNase cuts DNA into small fragments (Nagata, 2000). Therefore, we measured the effect
of CdA on DNA fragmentation in microglia and monocyte-derived DC. Our result showed
that CdA induced DNA fragmentation in microglia was present at later time points (96 h)
although capase-3 activation was evident at 12 h. These observations suggest that DNA
fragmentation upon CdA treatment in microglia is not caspase-3 dependent. Similarly
DNA fragmentation was detected in DC after CdA treatment and appears to precede
independent of caspases activation. Although exhibiting an uncommon phenomenon, DNA
damage that is mediated by caspase-independent nucleases has been reported previously
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(Beresford et al., 2001; Gallagher et al., 2003). The possibility of direct effects of CdATP
on DNA structural stability or repair enzymes that lead to the delayed DNA damage can
also not be ruled out (Van den Neste et al., 2005).
The presence of cellular DNA strand breaks and stress stimuli can induce the activation of
protein p53 (Vogelstein and Kinzler, 1992). Comparable to previous findings in peripheral
blood mononuclear cells and lymphocytes (Gartenhaus et al., 1996; Borner et al., 1997),
we found a significant activation of p53 in DC but not in microglia after CdA treatment.
Activation of p53, DNA fragmentation and the absence of caspase-3 activation suggest the
involvement of non-caspase factors in CdA caused DNA damage in DC.

5.6 Effects of CdA on microglia functions
Residing in the CNS microglia plays an important role in the maintenance of neural
functions. Microglia continuously patrol the CNS parenchyma and clear the damaged
myelin through phagocytosis. Activated microglia can also release many proinflammatory
mediators such as cytokines, chemokines, and nitric oxide (NO) (Aloisi, 2001). These
molecules have been discussed to modulate de and remyelination in several in vivo models
of MS (Napoli and Neumann, 2009). Beside its apoptotic effects immunomodulatory
functions of CdA such as decreasing cerebrospinal fluid (CSF) levels of interleukin-8 (IL8) and CSF/serum levels of RANTES (regulated on activation, normal T-cell expressed
and secreted) have been described (Bartosik-Psujek et al., 2004). In contrast to these
findings, we did not observe an inhibition of the phagocytic capacity and LPS-induced
release of TNF-α and nitric oxide (NO) in CdA treated cultures of microglia. Despite of
CdA ability to induce apoptosis in microglia, these results provide a preliminary hint that
CdA does not modulate immune functions of microglia.
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Fig. 2 Possible mechanisms of CdA induced apoptosis in microglia and dendritic cells
with regard to the presented study results. CdA enters the cells and is phosphorylated to
CdATP by the enzyme deoxycytidine kinase (DCK). In microglia and monocytes CdA
leads to the induction of apoptosis through intrinsic mitochondrial pathway. However, in
DC apoptosis seems to be induced through caspase-independent mechanisms resulting in
DNA fragmentation and increased expression of p53. Abbreviations that are not in the text:
MTP, mitochondrial transmembrane potential; CAD, caspase activated DNase.

5.7 Conclusion
Taken together our findings show that CdA inhibits microglia proliferation and induces
apoptosis in microglia, monocytes and DC. The CdA induced apoptosis in microglia and
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monocytes was mediated through activation of caspases. However, in monocyte-derived
DC apoptosis precede independent of caspases activation (Fig. 2) indicating distinct
mechanisms of CdA induced apoptosis in different cell types. These effects were
dependent on the phosphorylated form of CdA. These findings give new insights into the
mechanism of action of CdA in several immune system related disorders. Several studies
in demyelinating disease models have suggested the ability of CNS resident microglia in
presenting myelin specific antigens to infiltrated T-cells (Mack et al., 2003).These
reactivated T-cells and microglia release several proinflammatory mediators and thereby
cause tissue damage (Chastain et al., 2011). Therefore limiting the number of microglia in
demyelinating diseases such as MS may suggest a strategy to reduce disease activity. In
our studies, we showed that CdA can regulate microglia number through inhibition of their
proliferation and induction of apoptosis. These effects of CdA on microglia may also be
associated with the efficacy of CdA treatment in the progressive courses of MS where a
chronic diffuse microglia activation is partly responsible for disease progression.
Furthermore, our resuls show that CdA can also induce apoptosis in DC that play an
important role in priming T-cell responses in MS or EAE (Karni et al., 2006; Bailey et al.,
2007). DC have the ability to perform these functions not only in the periphery but also in
the MS brain where infiltration of peripheral immune cells is prominent. In addition, ex
vitro studies have also proposed the possibility of differentiation of infiltrated macrophages
or resident microglia into DC (Fischer and Reichmann, 2001). Altogether these findings
suggest that CdA has the potential to induce apoptosis not only in lymphocytes but also in
microglia and DC. Therefore the beneficial effect of CdA treatment in immune diseases is
most likely not only related to the depletion of lymphocytes. Its effect on the CNS resident
macrophages is of particular importance in the later stages of MS where a
compartmentalization of the inflammatory process within the CNS leads to the disease
progression.
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6. Summary
2-chlorodeoxyadenosine (cladribine, CdA) is an immunosuppressive drug that is toxic to
lymphocytes and has been widely used in the treatment of several types of leukemia.
Depletion of lymphocytes leads to a transient immune suppression and this property of
CdA has been employed as a therapy for some autoimmune disorders such as rheumatoid
arthritis and autoimmune hemolytic anemia. Recently, CdA has been also tested for its
therapeutic efficacy in multiple sclerosis (MS) patients and shown to have a favorable
effect on disease progression. Despite of an enormous knowledge relating to its effects on
leukocytes, it is still poorly understood if CdA can affect the tissue residing macrophages
such as microglia and dendritic cells (DC). Microglia are the major immune cells of the
CNS and are known to have an important role in the pathogenesis of MS. On one hand
activated microglia can cause CNS tissue damage through the release of proinflammatory
mediators while on the other hand they can reactivate infiltrating T-cells via presentation
of myelin antigens. It is noteworthy that CNS antigen specific T-cells that can cause
damage to the neural tissue are primed in the periphery. DC are the best known antigen
presenting cells that have the unique ability to prime naive T-cells. Usually antigen
presentation and T-cell priming is a tightly regulated process and often directed against
foreign antigens. At times T-cells are primed against self-antigens and this can lead to
autoimmunity as in the case of MS. Therefore, dendritic cells and T-cell priming forms a
logical check point for controlling autoimmune diseases.
The aim of this study was to investigate the effects of CdA on primary rat microglia in
vitro and on ex vivo generated human monocyte-derived DC. We showed that CdA inhibits
microglia proliferation and induces apoptosis through an intrinsic mitochondrial pathway.
The inhibition of proliferation was observed at early time points followed by the activation
of caspase-3 and -9 whereas PS externalization, reduction in mitochondrial potential, and
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DNA fragmentation were evident at later time points. CdA treatment did not induce
activation of autophagic protein LC3B suggesting that delayed apoptosis in microglia was
not due to the induction of autophagy. We also found that non-toxic concentrations of CdA
did not affect the phagocytic capacity and LPS-induced release of TNF-α and nitric oxide
(NO) in microglia, suggesting that the effect of CdA on microglia is mediated via
cytotoxicity but not immune modulation.
In our further experiments we studied the effects of CdA on human monocytes and
monocyte-derived DC and showed that in monocytes apoptosis was induced at early time
points while DC were relatively resistant to CdA treatment and exhibited delayed kinetics
of apoptosis. Interestingly, CdA induced apoptosis in monocytes was caspase-dependent
and was mediated through an intrinsic mitochondrial pathway. In contrast, caspase
activation was not detected in DC suggesting that CdA induced caspase-independent
apoptosis in DC. The key features of apoptosis such as PS externalization, reduction in
mitochondrial potential and presence of fragmented nuclei were measurable in DC only
after 72 h of CdA treatment whereas activation of p53 was observed at early time points.
The mRNA and protein expression analysis of deoxycytidine kinase (DCK), a key enzyme
that regulates CdA activity within the cells, showed no differences in its levels in
monocytes and DC.
Based on these findings, we conclude that CdA induces early apoptosis in monocytes;
however, these effects are delayed in microglia and monocyte-derived DC. The diverse
effects of CdA in different cell types propose the involvement of distinct apoptotic
mechanisms. The data also suggest the potential of CdA to limit microglia and DC
numbers through inhibition of their proliferation or inducing delayed apoptosis.
Furthermore, CdA can cross the blood-brain-barrier and therefore can affect the CNS
resident microglia or infiltrating macrophages. Hence CdA could be effective not only in
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the early stages of MS but also in the advanced stages where the inflammation is
compartmentalized within the CNS.
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6. Zusammenfassung
2-Chlorodeoxyadenosin (Cladribine, CdA) ist ein Immunsuppressivum, das vor allem
toxisch auf Lymphozyten wirkt und so in der Behandlung verschiedener Leukämien eine
breite Anwendung findet. Die Depletion von Lymphozyten durch CdA führt zu einer
vorübergehenden Immunsuppression, so dass CdA auch zur Behandlung von
Autoimmunerkrankungen

wie

der

Rheumatoiden

Arthritis

oder

der

Autoimmunhämolytischen Anämie Anwendung findet. Außerdem wurde die Wirksamkeit
von CdA zur Therapie der schubförmigen und chronisch-progredienten Multiplen Sklerose
(MS) in verschiedenen klinischen Studien untersucht und es konnte gezeigt werden, dass
sich die Behandlung mit CdA günstig auf die Krankheitsprogression auswirkt. Obwohl die
Effekte von CdA auf Leukozyten bereits sehr gut untersucht wurden, gibt es bisher nur
unzureichende Erkenntnisse darüber, ob CdA auch die Funktion von Gewebsmakrophagen
wie z.B. Mikroglia oder auch von dendritischen Zellen (DC) beeinflussen kann. Mikroglia
stellen die wichtigsten Immunzellen des zentralen Nervensystems (ZNS) dar und spielen
eine bedeutende Rolle bei der Pathogenese der MS. Aktivierte Mikroglia können zum
einen durch die Freisetzung proinflammatorischer Mediatoren zu einer Gewebeschädigung
im ZNS beitragen, zum anderen können sie durch die Präsentation von Antigenen gegen
Myelin infiltrierende T-Zellen reaktivieren. Voraussetzung für eine Schädigung des ZNS
durch diese antigen-spezifischen T-Zellen ist ihre Prägung in der Peripherie. DC
repräsentieren die potentesten Antigen präsentierenden Zellen (APC) in der Peripherie und
haben die Fähigkeit T-Zellen zu prägen. Dieser Prozess ist streng reguliert und die T-ZellAntwort richtet sich in der Regel gegen körperfremde Antigene. Richtet sich die T-ZellAntwort allerdings gegen körpereigene Proteine kommt es zu einer Autoimmunreaktion.
So richtet sich bei der MS die autoimmune T-Zell-Antwort gegen Myelinproteine im ZNS.
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Die T-Zellprägung durch DC hat somit eine Schlüsselfunktion bei der Kontrolle von
Autoimmunreaktionen.
Ziel dieser Studie war die Untersuchung des Einflusses von CdA in vitro auf Mikroglia
anhand einer primären Rattenzellkultur als auch ex vivo auf humane, aus Monozyten
generierten DC. Wir konnten zeigen, dass CdA die Proliferation von Mikroglia hemmt und
Apoptose durch einen intrinsischen mitochondrialen Wirkmechanismus induziert. Eine
Hemmung der Proliferation fand sich bereits zu einem sehr frühen Zeitpunkt gefolgt von
einer Aktivierung von Caspase -3 and -9. Allerdings zeigten sich eine Externalisierung von
Phosphatidylserin (PS), Reduktion des mitochondrialen Membranpotentials und eine DNA
Fragmentierung erst zu späteren Zeitpunkten. CdA führte allerdings zu keiner Aktivierung
von LC3B, ein Protein was bei autophagischen Prozessen eine wichtige Rolle spielt. Es ist
somit anzunehmen, dass die verzögerte Apoptose in Mikroglia durch CdA nicht durch die
Induktion von Autophagozytose bedingt ist. Darüberhinausgehend konnten wir keinen
Einfluss von CdA auf die Phagozytose-Kapazität von Mikroglia oder die Sekretion von
LPS-induzierten TNF-α und Stickstoffmonoxid (NO) feststellen. In unseren Experimenten
zeigte CdA somit vor allem einen zytotoxischen und keinen immunmodulierenden Effekt
auf Mikroglia.
Des Weiteren untersuchten wir den Einfluss von CdA auf humanen, aus Monozyten
generierten DC. Obwohl CdA frühzeitig Apoptose in Monozyten induzierte, zeigten sich
DC zunächst relativ resistent in Bezug auf die Behandlung mit CdA und erst zu späteren
Zeitpunkten kam es zur Apoptose. Interessanterweise war die durch CdA induzierte
Apoptose in Monozyten durch die Aktivierung von Caspasen und durch einen intrinsischen
mitochondrialen Wirkmechanismus vermittelt. Im Gegensatz dazu fand sich in den DC
keine Aktivierung der Caspasen. Schlüsselmechanismen der Apoptose wie die PS
Externalisierung, Reduktion des mitochondrialen Membranpotentials und eine DNA
Fragmentierung fanden sich erst nach 72 Stunden, wobei wir eine Aktivierung von p53
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bereits zu früheren Zeitpunkten feststellen konnten. Es zeigten sich keine Unterschiede der
mRNA und Protein Expression der Deoxyzytidin-Kinase (DCK), ein Schlüsselenzym bei
der Regulierung der CdA Aktivität innerhalb von Zellen.
Zusammenfassend konnten wir feststellen, dass CdA zwar frühzeitig Apoptose in
Monozyten auslöst jedoch erst zu späteren Zeitpunkten in Mikroglia und DC. Unsere
Ergebnisse legen nahe, dass innerhalb verschiedener Zelltypen unterschiedliche
Apoptosemechanismen eine Rolle spielen. Des Weiteren konnten wir zeigen, dass CdA zu
einer Reduktion von Mikroglia und DC durch Hemmung der Proliferation bzw. Induktion
von später Apoptose führen kann. Da CdA die Bluthirnschranke überwinden kann, könnten
sich diese Effekte auch auf Mikroglia im ZNS und infiltrierende Makrophagen bei MS
Patienten auswirken. Diese Effekte von CdA könnten eine Erklärung dafür sein, dass CdA
nicht nur bei der schubförmigen MS, sondern auch im progredienten Krankheitsstadium
wirksam ist, wo die inflammatorische Immunantwort in der Periphere durch eine
Kompartimentierung des Entzündungsprozesses innerhalb des ZNS nur noch eine
untergeordnete Rolle spielt.
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