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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-brain-

barrier (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 



6 

 

 

 

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 Lyseng-

Williamson, 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 caspase-

3 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

+
 T-

cells. 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 (Bartosik-

Psujek 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 
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CdA on human monocytes and ex vivo cultures of monocyte-derived immature and mature 

DC.  
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Introduction about this manuscript 

2-chlorodeoxyadenosine (cladribine) has been proven effective in the treatment of relapse-

remitting 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. 
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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 caspase-

independent 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 IL-

12p70 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
+
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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 non-

adherent 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 10
5 

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 HRP-

coupled 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 × 10
5
 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 Meter
TM

 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 Mitolite
TM

 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

+
/7-

AAD
+
 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 V-

FITC/7-AAD staining followed by flow cytometry. A. The percentages of Annexin V
+
/7-

AAD
−
 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 caspase-

9 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 



26 

 

 

 

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 

MitoLite
TM

. 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 sub-

diploid 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) 



31 

 

 

 

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
+
/7-

AAD
−
 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 caspase-

independent 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, anti-

proliferative 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 anti-

proliferative 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 monocyte-

derived 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 (IL-

8) 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.  



51 

 

 

 

 

References  

Almolda B, Gonzalez B, Castellano B (2010) Activated microglial cells acquire an 

immature dendritic cell phenotype and may terminate the immune response in an 

acute model of EAE. J Neuroimmunol 223:39-54. 

Aloisi F (2001) Immune function of microglia. Glia 36:165-179. 

Bailey SL, Schreiner B, McMahon EJ, Miller SD (2007) CNS myeloid DCs presenting 

endogenous myelin peptides 'preferentially' polarize CD4+ T(H)-17 cells in 

relapsing EAE. Nat Immunol 8:172-180. 

Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, Pulendran B, Palucka K 

(2000) Immunobiology of dendritic cells. Annu Rev Immunol 18:767-811. 

Barbieri D, Abbracchio MP, Salvioli S, Monti D, Cossarizza A, Ceruti S, Brambilla R, 

Cattabeni F, Jacobson KA, Franceschi C (1998) Apoptosis by 2-chloro-2'-deoxy-

adenosine and 2-chloro-adenosine in human peripheral blood mononuclear cells. 

Neurochem Int 32:493-504. 

Barnett MH, Prineas JW (2004) Relapsing and remitting multiple sclerosis: pathology of 

the newly forming lesion. Ann Neurol 55:458-468. 

Bartosik-Psujek H, Belniak E, Mitosek-Szewczyk K, Dobosz B, Stelmasiak Z (2004) 

Interleukin-8 and RANTES levels in patients with relapsing-remitting multiple 

sclerosis (RR-MS) treated with cladribine. Acta Neurol Scand 109:390-392. 

Bates D (2011) Treatment effects of immunomodulatory therapies at different stages of 

multiple sclerosis in short-term trials. Neurology 76:S14-25. 

Bauer J, Sminia T, Wouterlood FG, Dijkstra CD (1994) Phagocytic activity of 

macrophages and microglial cells during the course of acute and chronic relapsing 

experimental autoimmune encephalomyelitis. J Neurosci Res 38:365-375. 



52 

 

 

 

Beresford PJ, Zhang D, Oh DY, Fan Z, Greer EL, Russo ML, Jaju M, Lieberman J (2001) 

Granzyme A activates an endoplasmic reticulum-associated caspase-independent 

nuclease to induce single-stranded DNA nicks. J Biol Chem 276:43285-43293. 

Beutler E (1992) Cladribine (2-chlorodeoxyadenosine). Lancet 340:952-956. 

Bo L, Vedeler CA, Nyland H, Trapp BD, Mork SJ (2003) Intracortical multiple sclerosis 

lesions are not associated with increased lymphocyte infiltration. Mult Scler 9:323-

331. 

Borner MM, Joncourt F, Hotz MA (1997) Similarity of apoptosis induction by 2-

chlorodeoxyadenosine and cisplatin in human mononuclear blood cells. Br J 

Cancer 76:1448-1454. 

Brück W, Porada P, Poser S, Rieckmann P, Hanefeld F, Kretzschmar HA, Lassmann H 

(1995) Monocyte/macrophage differentiation in early multiple sclerosis lesions. 

Ann Neurol 38:788-796. 

Bsibsi M, Ravid R, Gveric D, van Noort JM (2002) Broad expression of Toll-like receptors 

in the human central nervous system. J Neuropathol Exp Neurol 61:1013-1021. 

Carrera CJ, Terai C, Lotz M, Curd JG, Piro LD, Beutler E, Carson DA (1990) Potent 

toxicity of 2-chlorodeoxyadenosine toward human monocytes in vitro and in vivo. 

A novel approach to immunosuppressive therapy. J Clin Invest 86:1480-1488. 

Carson DA, Kaye J, Seegmiller JE (1977) Lymphospecific toxicity in adenosine deaminase 

deficiency and purine nucleoside phosphorylase deficiency: possible role of 

nucleoside kinase(s). Proc Natl Acad Sci U S A 74:5677-5681. 

Carson DA, Wasson DB, Taetle R, Yu A (1983) Specific toxicity of 2-

chlorodeoxyadenosine toward resting and proliferating human lymphocytes. Blood 

62:737-743. 



53 

 

 

 

Carter NJ, Keating GM (2010) Glatiramer acetate: a review of its use in relapsing-

remitting multiple sclerosis and in delaying the onset of clinically definite multiple 

sclerosis. Drugs 70:1545-1577. 

Castejon R, Vargas JA, Briz M, Berrocal E, Romero Y, Gea-Banacloche JC, Fernandez 

MN, Durantez A (1997) Induction of apoptosis by 2-chlorodeoxyadenosine in B 

cell chronic lymphocytic leukemia. Leukemia 11:1253-1257. 

Ceruti S, Franceschi C, Barbieri D, Malorni W, Camurri A, Giammarioli AM, Ambrosini 

A, Racagni G, Cattabeni F, Abbracchio MP (2000) Apoptosis induced by 2-chloro-

adenosine and 2-chloro-2'-deoxy-adenosine in a human astrocytoma cell line: 

differential mechanisms and possible clinical relevance. J Neurosci Res 60:388-

400. 

Chastain EM, Duncan DS, Rodgers JM, Miller SD (2011) The role of antigen presenting 

cells in multiple sclerosis. Biochim Biophys Acta 1812:265-274. 

Chow KU, Boehrer S, Napieralski S, Nowak D, Knau A, Hoelzer D, Mitrou PS, 

Weidmann E (2003) In AML cell lines Ara-C combined with purine analogues is 

able to exert synergistic as well as antagonistic effects on proliferation, apoptosis 

and disruption of mitochondrial membrane potential. Leuk Lymphoma 44:165-173. 

Conrad DM, Robichaud MR, Mader JS, Boudreau RT, Richardson AM, Giacomantonio 

CA, Hoskin DW (2008) 2-Chloro-2'-deoxyadenosine-induced apoptosis in T 

leukemia cells is mediated via a caspase-3-dependent mitochondrial feedback 

amplification loop. Int J Oncol 32:1325-1333. 

Conti L, Gessani S (2008) GM-CSF in the generation of dendritic cells from human blood 

monocyte precursors: recent advances. Immunobiology 213:859-870. 

Cuadros MA, Navascues J (1998) The origin and differentiation of microglial cells during 

development. Prog Neurobiol 56:173-189. 



54 

 

 

 

Dalod M, Salazar-Mather TP, Malmgaard L, Lewis C, Asselin-Paturel C, Briere F, 

Trinchieri G, Biron CA (2002) Interferon alpha/beta and interleukin 12 responses to 

viral infections: pathways regulating dendritic cell cytokine expression in vivo. J 

Exp Med 195:517-528. 

de Vos AF, van Meurs M, Brok HP, Boven LA, Hintzen RQ, van der Valk P, Ravid R, 

Rensing S, Boon L, t Hart BA, Laman JD (2002) Transfer of central nervous 

system autoantigens and presentation in secondary lymphoid organs. J Immunol 

169:5415-5423. 

Di Bello IC, Dawson MR, Levine JM, Reynolds R (1999) Generation of oligodendroglial 

progenitors in acute inflammatory demyelinating lesions of the rat brain stem is 

associated with demyelination rather than inflammation. J Neurocytol 28:365-381. 

Dittel BN, Visintin I, Merchant RM, Janeway CA, Jr. (1999) Presentation of the self 

antigen myelin basic protein by dendritic cells leads to experimental autoimmune 

encephalomyelitis. J Immunol 163:32-39. 

Duchini A, Younossi ZM, Saven A, Bordin GM, Knowles HJ, Pockros PJ (2000) An open-

label pilot trial of cladibrine (2-cholordeoxyadenosine) in patients with primary 

sclerosing cholangitis. J Clin Gastroenterol 31:292-296. 

Dutta R, Trapp BD (2007) Pathogenesis of axonal and neuronal damage in multiple 

sclerosis. Neurology 68:S22-31; discussion S43-54. 

Esposito F, Radaelli M, Martinelli V, Sormani MP, Martinelli Boneschi F, Moiola L, 

Rocca MA, Rodegher M, Comi G (2010) Comparative study of mitoxantrone 

efficacy profile in patients with relapsing-remitting and secondary progressive 

multiple sclerosis. Mult Scler 16:1490-1499. 

Fernandez NC, Lozier A, Flament C, Ricciardi-Castagnoli P, Bellet D, Suter M, 

Perricaudet M, Tursz T, Maraskovsky E, Zitvogel L (1999) Dendritic cells directly 



55 

 

 

 

trigger NK cell functions: cross-talk relevant in innate anti-tumor immune 

responses in vivo. Nat Med 5:405-411. 

Fischer HG, Reichmann G (2001) Brain dendritic cells and macrophages/microglia in 

central nervous system inflammation. J Immunol 166:2717-2726. 

Fox EJ, Rhoades RW (2012) New treatments and treatment goals for patients with 

relapsing-remitting multiple sclerosis. Curr Opin Neurol 25 Suppl:S11-19. 

Fujii S, Shimizu K, Kronenberg M, Steinman RM (2002) Prolonged IFN-gamma-

producing NKT response induced with alpha-galactosylceramide-loaded DCs. Nat 

Immunol 3:867-874. 

Galea I, Bechmann I, Perry VH (2007) What is immune privilege (not)? Trends Immunol 

28:12-18. 

Galetta SL, Markowitz C (2005) US FDA-approved disease-modifying treatments for 

multiple sclerosis: review of adverse effect profiles. CNS Drugs 19:239-252. 

Gallagher SJ, Marshall JS, Hoskin DW (2003) Human mast cells induce caspase-

independent DNA fragmentation in leukemic T cells. Oncol Rep 10:1019-1023. 

Gandhi V, Estey E, Keating MJ, Chucrallah A, Plunkett W (1996) Chlorodeoxyadenosine 

and arabinosylcytosine in patients with acute myelogenous leukemia: 

pharmacokinetic, pharmacodynamic, and molecular interactions. Blood 87:256-

264. 

Gartenhaus RB, Wang P, Hoffman M, Janson D, Rai KR (1996) The induction of p53 and 

WAF1/CIP1 in chronic lymphocytic leukemia cells treated with 2-

chlorodeoxyadenosine. J Mol Med (Berl) 74:143-147. 

Genini D, Adachi S, Chao Q, Rose DW, Carrera CJ, Cottam HB, Carson DA, Leoni LM 

(2000) Deoxyadenosine analogs induce programmed cell death in chronic 

lymphocytic leukemia cells by damaging the DNA and by directly affecting the 

mitochondria. Blood 96:3537-3543. 



56 

 

 

 

Giovannoni G, Cook S, Rammohan K, Rieckmann P, Sorensen PS, Vermersch P, Hamlett 

A, Viglietta V, Greenberg S (2011) Sustained disease-activity-free status in patients 

with relapsing-remitting multiple sclerosis treated with cladribine tablets in the 

CLARITY study: a post-hoc and subgroup analysis. Lancet Neurol 10:329-337. 

Giovannoni G, Comi G, Cook S, Rammohan K, Rieckmann P, Soelberg Sorensen P, 

Vermersch P, Chang P, Hamlett A, Musch B, Greenberg SJ (2010) A placebo-

controlled trial of oral cladribine for relapsing multiple sclerosis. N Engl J Med 

362:416-426. 

Griffiths M, Beaumont N, Yao SY, Sundaram M, Boumah CE, Davies A, Kwong FY, Coe 

I, Cass CE, Young JD, Baldwin SA (1997) Cloning of a human nucleoside 

transporter implicated in the cellular uptake of adenosine and chemotherapeutic 

drugs. Nat Med 3:89-93. 

Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile effector cells in 

the normal and pathologic brain. Nat Neurosci 10:1387-1394. 

Hentosh P, Tibudan M (1997) 2-Chloro-2'-deoxyadenosine, an antileukemic drug, has an 

early effect on cellular mitochondrial function. Mol Pharmacol 51:613-619. 

Hide I, Tanaka M, Inoue A, Nakajima K, Kohsaka S, Inoue K, Nakata Y (2000) 

Extracellular ATP triggers tumor necrosis factor-alpha release from rat microglia. J 

Neurochem 75:965-972. 

Huang YM, Xiao BG, Ozenci V, Kouwenhoven M, Teleshova N, Fredrikson S, Link H 

(1999) Multiple sclerosis is associated with high levels of circulating dendritic cells 

secreting pro-inflammatory cytokines. J Neuroimmunol 99:82-90. 

Janeway CA, Jr., Medzhitov R (2002) Innate immune recognition. Annu Rev Immunol 

20:197-216. 



57 

 

 

 

Jeffery ND, Blakemore WF (1997) Locomotor deficits induced by experimental spinal 

cord demyelination are abolished by spontaneous remyelination. Brain 120 ( Pt 

1):27-37. 

Karman J, Ling C, Sandor M, Fabry Z (2004) Initiation of immune responses in brain is 

promoted by local dendritic cells. J Immunol 173:2353-2361. 

Karni A, Abraham M, Monsonego A, Cai G, Freeman GJ, Hafler D, Khoury SJ, Weiner 

HL (2006) Innate immunity in multiple sclerosis: myeloid dendritic cells in 

secondary progressive multiple sclerosis are activated and drive a proinflammatory 

immune response. J Immunol 177:4196-4202. 

Kearns CM, Blakley RL, Santana VM, Crom WR (1994) Pharmacokinetics of cladribine 

(2-chlorodeoxyadenosine) in children with acute leukemia. Cancer Res 54:1235-

1239. 

Klopfer A, Hasenjager A, Belka C, Schulze-Osthoff K, Dorken B, Daniel PT (2004) 

Adenine deoxynucleotides fludarabine and cladribine induce apoptosis in a 

CD95/Fas receptor, FADD and caspase-8-independent manner by activation of the 

mitochondrial cell death pathway. Oncogene 23:9408-9418. 

Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals ST, van Oers MH 

(1994) Annexin V for flow cytometric detection of phosphatidylserine expression 

on B cells undergoing apoptosis. Blood 84:1415-1420. 

Kotter MR, Li WW, Zhao C, Franklin RJ (2006) Myelin impairs CNS remyelination by 

inhibiting oligodendrocyte precursor cell differentiation. J Neurosci 26:328-332. 

Lande R, Gafa V, Serafini B, Giacomini E, Visconti A, Remoli ME, Severa M, Parmentier 

M, Ristori G, Salvetti M, Aloisi F, Coccia EM (2008) Plasmacytoid dendritic cells 

in multiple sclerosis: intracerebral recruitment and impaired maturation in response 

to interferon-beta. J Neuropathol Exp Neurol 67:388-401. 



58 

 

 

 

Lartigue L, Kushnareva Y, Seong Y, Lin H, Faustin B, Newmeyer DD (2009) Caspase-

independent mitochondrial cell death results from loss of respiration, not cytotoxic 

protein release. Mol Biol Cell 20:4871-4884. 

Leist TP, Vermersch P (2007) The potential role for cladribine in the treatment of multiple 

sclerosis: clinical experience and development of an oral tablet formulation. Curr 

Med Res Opin 23:2667-2676. 

Leist TP, Weissert R (2011) Cladribine: mode of action and implications for treatment of 

multiple sclerosis. Clin Neuropharmacol 34:28-35. 

Liliemark J (1997) The clinical pharmacokinetics of cladribine. Clin Pharmacokinet 

32:120-131. 

Liliemark J, Juliusson G (1995) Cellular pharmacokinetics of 2-chloro-2'-deoxyadenosine 

nucleotides: comparison of intermittent and continuous intravenous infusion and 

subcutaneous and oral administration in leukemia patients. Clin Cancer Res 1:385-

390. 

Liliemark J, Albertioni F, Hassan M, Juliusson G (1992) On the bioavailability of oral and 

subcutaneous 2-chloro-2'-deoxyadenosine in humans: alternative routes of 

administration. J Clin Oncol 10:1514-1518. 

Lopez C, Comabella M, Al-zayat H, Tintore M, Montalban X (2006) Altered maturation of 

circulating dendritic cells in primary progressive MS patients. J Neuroimmunol 

175:183-191. 

Lucchinetti C, Brück W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H (2000) 

Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of 

demyelination. Ann Neurol 47:707-717. 

Mack CL, Vanderlugt-Castaneda CL, Neville KL, Miller SD (2003) Microglia are 

activated to become competent antigen presenting and effector cells in the 



59 

 

 

 

inflammatory environment of the Theiler's virus model of multiple sclerosis. J 

Neuroimmunol 144:68-79. 

Mansson E, Spasokoukotskaja T, Sallstrom J, Eriksson S, Albertioni F (1999) Molecular 

and biochemical mechanisms of fludarabine and cladribine resistance in a human 

promyelocytic cell line. Cancer Res 59:5956-5963. 

Marik C, Felts PA, Bauer J, Lassmann H, Smith KJ (2007) Lesion genesis in a subset of 

patients with multiple sclerosis: a role for innate immunity? Brain 130:2800-2815. 

Markasz L, Stuber G, Vanherberghen B, Flaberg E, Olah E, Carbone E, Eksborg S, Klein 

E, Skribek H, Szekely L (2007) Effect of frequently used chemotherapeutic drugs 

on the cytotoxic activity of human natural killer cells. Mol Cancer Ther 6:644-654. 

Marzo I, Perez-Galan P, Giraldo P, Rubio-Felix D, Anel A, Naval J (2001) Cladribine 

induces apoptosis in human leukaemia cells by caspase-dependent and -

independent pathways acting on mitochondria. Biochem J 359:537-546. 

Matyszak MK, Denis-Donini S, Citterio S, Longhi R, Granucci F, Ricciardi-Castagnoli P 

(1999) Microglia induce myelin basic protein-specific T cell anergy or T cell 

activation, according to their state of activation. Eur J Immunol 29:3063-3076. 

McCluskey LP, Lampson LA (2000) Local neurochemicals and site-specific immune 

regulation in the CNS. J Neuropathol Exp Neurol 59:177-187. 

Medzhitov R, Janeway C, Jr. (2000) The Toll receptor family and microbial recognition. 

Trends Microbiol 8:452-456. 

Miller DJ, Rodriguez M (1996) Spontaneous central nervous system remyelination in 

strain A mice after infection with the Daniel's (DA) strain of Theiler's virus. Acta 

Neuropathol 91:559-565. 

Minelli A, Bellezza I, Tucci A, Rambotti MG, Conte C, Culig Z (2009) Differential 

involvement of reactive oxygen species and nucleoside transporters in cytotoxicity 



60 

 

 

 

induced by two adenosine analogues in human prostate cancer cells. Prostate 

69:538-547. 

Murphy AC, Lalor SJ, Lynch MA, Mills KH (2010) Infiltration of Th1 and Th17 cells and 

activation of microglia in the CNS during the course of experimental autoimmune 

encephalomyelitis. Brain Behav Immun 24:641-651. 

Murray PD, McGavern DB, Sathornsumetee S, Rodriguez M (2001) Spontaneous 

remyelination following extensive demyelination is associated with improved 

neurological function in a viral model of multiple sclerosis. Brain 124:1403-1416. 

Nagata S (2000) Apoptotic DNA fragmentation. Exp Cell Res 256:12-18. 

Napoli I, Neumann H (2009) Protective effects of microglia in multiple sclerosis. Exp 

Neurol 225:24-28. 

Napoli I, Neumann H (2010) Protective effects of microglia in multiple sclerosis. Exp 

Neurol 225:24-28. 

Narendra D, Tanaka A, Suen DF, Youle RJ (2008) Parkin is recruited selectively to 

impaired mitochondria and promotes their autophagy. J Cell Biol 183:795-803. 

Neumann H, Misgeld T, Matsumuro K, Wekerle H (1998) Neurotrophins inhibit major 

histocompatibility class II inducibility of microglia: involvement of the p75 

neurotrophin receptor. Proc Natl Acad Sci U S A 95:5779-5784. 

Neumann H, Boucraut J, Hahnel C, Misgeld T, Wekerle H (1996) Neuronal control of 

MHC class II inducibility in rat astrocytes and microglia. Eur J Neurosci 8:2582-

2590. 

Nomura Y, Inanami O, Takahashi K, Matsuda A, Kuwabara M (2000) 2-Chloro-2'-

deoxyadenosine induces apoptosis through the Fas/Fas ligand pathway in human 

leukemia cell line MOLT-4. Leukemia 14:299-306. 

Noseworthy JH, Lucchinetti C, Rodriguez M, Weinshenker BG (2000) Multiple sclerosis. 

N Engl J Med 343:938-952. 



61 

 

 

 

Parker WB, Bapat AR, Shen JX, Townsend AJ, Cheng YC (1988) Interaction of 2-

halogenated dATP analogs (F, Cl, and Br) with human DNA polymerases, DNA 

primase, and ribonucleotide reductase. Mol Pharmacol 34:485-491. 

Pashenkov M, Huang YM, Kostulas V, Haglund M, Soderstrom M, Link H (2001) Two 

subsets of dendritic cells are present in human cerebrospinal fluid. Brain 124:480-

492. 

Pender MP (1999) Activation-induced apoptosis of autoreactive and alloreactive T 

lymphocytes in the target organ as a major mechanism of tolerance. Immunol Cell 

Biol 77:216-223. 

Piro LD, Carrera CJ, Beutler E, Carson DA (1988) 2-Chlorodeoxyadenosine: an effective 

new agent for the treatment of chronic lymphocytic leukemia. Blood 72:1069-1073. 

Platten M, Steinman L (2005) Multiple sclerosis: trapped in deadly glue. Nat Med 11:252-

253. 

Prat A, Biernacki K, Lavoie JF, Poirier J, Duquette P, Antel JP (2002) Migration of 

multiple sclerosis lymphocytes through brain endothelium. Arch Neurol 59:391-

397. 

Prinz M, Mildner A (2011) Microglia in the CNS: immigrants from another world. Glia 

59:177-187. 

Pucci E, Giuliani G, Solari A, Simi S, Minozzi S, Di Pietrantonj C, Galea I (2011) 

Natalizumab for relapsing remitting multiple sclerosis. Cochrane Database Syst 

Rev:CD007621. 

Rabascio C, Laszlo D, Andreola G, Saronni L, Radice D, Rigacci L, Fabbri A, Frigeri F, 

Calabrese L, Billio A, Bertolini F, Martinelli G (2010) Expression of the human 

concentrative nucleotide transporter 1 (hCNT1) gene correlates with clinical 

response in patients affected by Waldenstrom's Macroglobulinemia (WM) and 



62 

 

 

 

small lymphocytic lymphoma (SLL) undergoing a combination treatment with 2-

chloro-2'-deoxyadenosine (2-CdA) and Rituximab. Leuk Res 34:454-457. 

Reichelova V, Juliusson G, Spasokoukotskaja T, Eriksson S, Liliemark J (1995) 

Interspecies differences in the kinetic properties of deoxycytidine kinase elucidate 

the poor utility of a phase I pharmacologically directed dose-escalation concept for 

2-chloro-2'-deoxyadenosine. Cancer Chemother Pharmacol 36:524-529. 

Reis e Sousa C, Hieny S, Scharton-Kersten T, Jankovic D, Charest H, Germain RN, Sher 

A (1997) In vivo microbial stimulation induces rapid CD40 ligand-independent 

production of interleukin 12 by dendritic cells and their redistribution to T cell 

areas. J Exp Med 186:1819-1829. 

Roskell NS, Zimovetz EA, Rycroft CE, Eckert BJ, Tyas DA (2012) Annualized relapse 

rate of first-line treatments for multiple sclerosis: a meta-analysis, including 

indirect comparisons versus fingolimod. Curr Med Res Opin. 

Saijo K, Glass CK (2011) Microglial cell origin and phenotypes in health and disease. Nat 

Rev Immunol 11:775-787. 

Sallusto F, Lanzavecchia A (1994) Efficient presentation of soluble antigen by cultured 

human dendritic cells is maintained by granulocyte/macrophage colony-stimulating 

factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. J Exp 

Med 179:1109-1118. 

Sanders P, De Keyser J (2007) Janus faces of microglia in multiple sclerosis. Brain Res 

Rev 54:274-285. 

Sanford M, Lyseng-Williamson KA (2011) Subcutaneous recombinant interferon-beta-1a 

(Rebif(R)): a review of its use in the treatment of relapsing multiple sclerosis. 

Drugs 71:1865-1891. 



63 

 

 

 

Schirmer M, Mur E, Pfeiffer KP, Thaler J, Konwalinka G (1997) The safety profile of low-

dose cladribine in refractory rheumatoid arthritis. A pilot trial. Scand J Rheumatol 

26:376-379. 

Schonrock LM, Kuhlmann T, Adler S, Bitsch A, Brück W (1998) Identification of glial 

cell proliferation in early multiple sclerosis lesions. Neuropathol Appl Neurobiol 

24:320-330. 

Seto S, Carrera CJ, Kubota M, Wasson DB, Carson DA (1985) Mechanism of 

deoxyadenosine and 2-chlorodeoxyadenosine toxicity to nondividing human 

lymphocytes. J Clin Invest 75:377-383. 

Smith KJ, Blakemore WF, McDonald WI (1979) Central remyelination restores secure 

conduction. Nature 280:395-396. 

Sosa RA, Forsthuber TG (2011) The critical role of antigen-presentation-induced cytokine 

crosstalk in the central nervous system in multiple sclerosis and experimental 

autoimmune encephalomyelitis. J Interferon Cytokine Res 31:753-768. 

Steinman RM (1991) The dendritic cell system and its role in immunogenicity. Annu Rev 

Immunol 9:271-296. 

Steinman RM, Hawiger D, Nussenzweig MC (2003) Tolerogenic dendritic cells. Annu Rev 

Immunol 21:685-711. 

Szondy Z (1995) The 2-chlorodeoxyadenosine-induced cell death signalling pathway in 

human thymocytes is different from that induced by 2-chloroadenosine. Biochem J 

311 ( Pt 2):585-588. 

Tait SW, Green DR (2010) Mitochondria and cell death: outer membrane permeabilization 

and beyond. Nat Rev Mol Cell Biol 11:621-632. 

Thorburn A (2004) Death receptor-induced cell killing. Cell Signal 16:139-144. 



64 

 

 

 

Valencak J, Trautinger F, Fiebiger WC, Raderer M (2002) Complete remission of chronic 

plaque psoriasis and gastric marginal zone B-cell lymphoma of MALT type after 

treatment with 2-chlorodeoxyadenosine. Ann Hematol 81:662-665. 

Van den Neste E, Cardoen S, Offner F, Bontemps F (2005) Old and new insights into the 

mechanisms of action of two nucleoside analogs active in lymphoid malignancies: 

fludarabine and cladribine (review). Int J Oncol 27:1113-1124. 

Vogelstein B, Kinzler KW (1992) p53 function and dysfunction. Cell 70:523-526. 

Voss EV, Skuljec J, Gudi V, Skripuletz T, Pul R, Trebst C, Stangel M (2012) 

Characterisation of microglia during de- and remyelination: can they create a repair 

promoting environment? Neurobiol Dis 45:519-528. 

Walsh CM, Edinger AL (2010) The complex interplay between autophagy, apoptosis, and 

necrotic signals promotes T-cell homeostasis. Immunol Rev 236:95-109. 

Wang S, Sdrulla AD, diSibio G, Bush G, Nofziger D, Hicks C, Weinmaster G, Barres BA 

(1998) Notch receptor activation inhibits oligodendrocyte differentiation. Neuron 

21:63-75. 

Waterhouse NJ, Goldstein JC, von Ahsen O, Schuler M, Newmeyer DD, Green DR (2001) 

Cytochrome c maintains mitochondrial transmembrane potential and ATP 

generation after outer mitochondrial membrane permeabilization during the 

apoptotic process. J Cell Biol 153:319-328. 

Wei R, Jonakait GM (1999) Neurotrophins and the anti-inflammatory agents interleukin-4 

(IL-4), IL-10, IL-11 and transforming growth factor-beta1 (TGF-beta1) down-

regulate T cell costimulatory molecules B7 and CD40 on cultured rat microglia. J 

Neuroimmunol 95:8-18. 

Williams A, Piaton G, Aigrot MS, Belhadi A, Theaudin M, Petermann F, Thomas JL, Zalc 

B, Lubetzki C (2007) Semaphorin 3A and 3F: key players in myelin repair in 

multiple sclerosis? Brain 130:2554-2565. 



65 

 

 

 

Wright AM, Paterson AR, Sowa B, Akabutu JJ, Grundy PE, Gati WP (2002) Cytotoxicity 

of 2-chlorodeoxyadenosine and arabinosylcytosine in leukaemic lymphoblasts from 

paediatric patients: significance of cellular nucleoside transporter content. Br J 

Haematol 116:528-537. 

Xue L, Fletcher GC, Tolkovsky AM (2001) Mitochondria are selectively eliminated from 

eukaryotic cells after blockade of caspases during apoptosis. Curr Biol 11:361-365. 

Yang H, Feng GD, Liang Z, Vitale A, Jiao XY, Ju G, You SW (2012) In vitro beneficial 

activation of microglial cells by mechanically-injured astrocytes enhances the 

synthesis and secretion of BDNF through p38MAPK. Neurochem Int 61:175-186. 

Yin X, Crawford TO, Griffin JW, Tu P, Lee VM, Li C, Roder J, Trapp BD (1998) Myelin-

associated glycoprotein is a myelin signal that modulates the caliber of myelinated 

axons. J Neurosci 18:1953-1962. 

Zozulya AL, Reinke E, Baiu DC, Karman J, Sandor M, Fabry Z (2007) Dendritic cell 

transmigration through brain microvessel endothelium is regulated by MIP-1alpha 

chemokine and matrix metalloproteinases. J Immunol 178:520-529. 



66 

 

 

 

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-Zell-

Antwort richtet sich in der Regel gegen körperfremde Antigene. Richtet sich die T-Zell-

Antwort 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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