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1.1 Introduction and Results 

 

Diseases affecting the central nervous system (CNS) are often associated with immune 

reactions that can be neurodestructive or neuroprotective. Multiple sclerosis (MS) is a 

prototypical CNS disease whose primary cause is an aberrant immune response as the 

primary cause of its ethiopathogenesis. Currently available treatments aim at modulating 

this aggressive immune response. Ischemic stroke is a disease in which the primary injury 

is caused by a lack of blood supply leading to anoxia and subsequent neuronal death. 

Unfortunately, the immune response associated with subsequent tissue repair can also 

contribute to neural injury. This work investigates the functional status of the peripheral 

immune system in both diseases in order to elucidate the mechanisms involved in 

maintaining or restoring tolerance in immune-mediated CNS diseases. To this effect, we 

studied the immunologic effects of drugs applied to mitigate neuronal destruction in MS 

patients and the immune alterations induced by ischemic stroke. 

 

1.1.1 Multiple Sclerosis 

 

Disease 

Multiple Sclerosis (greek: skleros = hard) is a chronic inflammatory disease of the central 

nervous system that is characterized by demyelination and axonal loss leading to a broad 

spectrum of neurological symptoms. Typically, young adults are affected with a female 

preponderance. Worldwide, more than one million people suffer from this disabling 

disease (Compston and Coles 2008).  

The diagnosis of MS is based on the McDonald criteria (Korteweg et al. 2005; McDonald 

et al. 2001; Montalban et al. 2009; Polman et al. 2005; Polman, Wolinsky, and Reingold 

2005), which consider separate episodes of the varying symptoms characteristic of MS in 

time and space. They also consider diagnostic tools like magnetic resonance imaging, 

analysis of cerebrospinal fluid for oligoclonal bands of immunoglobulin G as a marker for 

inflammation, and changed visual and sensory evoked potentials that reflect 

demyelination. The diagnosis of MS is based on the exclusion of other diseases.  A 

pathognomonic finding does not exist. 
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Symptoms of MS include:  

- changes in sensation (loss of sensitivity, tingling, prickling or numbness)  

- muscle weakness, difficulty with movement, coordination or balance 

- problems in speech, visual disturbances (nystagmus, optic neuritis, double vision) 

- acute or chronic pain 

- bladder or bowel dysfunction  

- sexual dysfunction 

- Uhthoff's phenomenon (exacerbation of extant symptoms from exposure to higher 

than usual ambient temperatures) 

- L’hermitte's sign (electrical sensation that runs down the back when bending the 

neck)  

- hemi paresis and epileptic seizure 

- varying degrees of cognitive impairment, fatigue and depression 

 

Symptoms of MS usually appear episodically with periods of acute neurological deficits, 

called relapses, followed by improvement of symptoms. This disease course is termed 

relapsing remitting MS (RRMS). In the period following disease onset, remissions are 

often complete. But with time, more and more symptoms persist and lead to increasing 

levels of disability. After 10 years, the disease pattern in 50-80% of the patients has 

converted to a secondary progressive (SPMS) phase, characterized by continuous 

worsening of symptoms in between relapses. In 10-15% of patients, there is a gradual, 

progressive deterioration without relapses, termed primary progressive subtype (PPMS). 

A combination of subtypes is also possible. Viral infections and other stress factors 

appear to trigger relapses, but mostly these occur unpredictably. (Brown et al. 2006a, 

2006b; Compston and Coles 2008)  

The etiology of MS is unclear but is likely multi-factorial. Environmental influences, such 

as viral infections or diet, combined with genetic factors likely lead to disease onset 

(Alvarez, Cayrol, and Prat 2011). Direct transmission from affected individuals has been 

excluded. The prevalence of MS decreases from the poles to the equator. The importance 

of genetic factors is highlighted by racial differences in MS incidence, as well as a 20- to 

40-fold increase in incidence seen in studies of groups of consanguineous persons and 

twins of an affected person (Alvarez, Cayrol, and Prat 2011; Dyment, Ebers, and 

Sadovnick 2004; Dyment et al. 2004; Hafler 2004; Marrie 2004; Sadovnick et al. 1993; 

Sotgiu et al. 2004; Steck 2003).  
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There is a significant association between disease severity and progression and genes 

encoding for human leucocyte antigen (HLA) haplotypes class I A3 and B7; class II 

DRB1* 1501-DQA* 0102-DQB1*0602 (Gusev et al. 1997); as well as for certain alleles of 

the - and -chain of the T-cell receptor genes (Beall et al. 1989; Hashimoto et al. 1993; 

Oksenberg and Steinman 1989); those encoding the constant and variable regions of 

immunoglobulin heavy chains, as well as myelin basic protein. Association studies for 

genes encoding the proinflammatory cytokine TNF-  provided mixed results (Roth et al. 

1994).  

 

Therapy 

Multiple sclerosis cannot currently be cured. However, the progression of the disease can 

be decelerated by anti-inflammatory or immunomodulatory treatments – most effectively in 

the relapsing subtypes. Acute relapses are commonly treated by high dose corticosteroid 

administration, an immune suppressant that mimics physiological feedback mechanisms 

through the hypothalamic-pituitary-adrenal axis. Interferon-  (IFN- ) administration is one 

of the mainstay treatments of MS which can reduce the relapse and lesion rate. Its mode 

of action is still under debate and will be addressed in this thesis. (Rieckmann et al. 2004)  

The other first-line treatment is glatiramer acetate (GA). This copolymer resembles the 

amino acid structure of myelin basic protein, which is part of neuronal myelin sheath. In 

earlier studies, we and others found that part of the beneficial effect of GA treatment is 

mediated through induction of a shift from proinflammatory TH1 type cytokine response 

like IFN-  to an anti-inflammatory TH2 type cytokine domination like IL-4 (Dressel et al. 

2006; Hestvik et al. 2008; Lalive et al. 2011; Valenzuela et al. 2007). IFN-  and GA are 

considered immunomodulatory drugs that promote anti-inflammation without 

immunosuppression.  

A second group of therapeutics in use for MS treatment are so-called cytotoxic agents like 

azathioprine, cyclophosphamide, cladribine and mitoxantrone, which were initially 

developed as chemotherapeutic agents for the treatment of cancer. But some of these 

drugs have cumulative effects which limit their utility (Cohen and Mikol 2004). The 

cytotoxic effects of mitoxantrone include interference with DNA replication and induction of 

strand breaks (Durr, Wallace, and Citarella 1983). The immunomodulatory mechanism of 

action of mitoxantrone was investigated in this thesis and is described later. Newer 

therapeutic approaches attempt to prevent lymphocytes migration into the brain 
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(natalizumab, Tysabri®) or out of draining lymph nodes (FTY720, Fingolimod®) by 

interfering with integrin function through the use of blocking monoclonal antibodies.  

The choice of pharmaceuticals for the treatment of the individual patient is based on 

subtype and phase of the disease. Second line therapeutics are used in case of non-

responsiveness or intolerance to the initial treatment. Some drugs have severe side 

effects and are only applied when other options have failed. 

 

Brain-Immune-Interaction in health and disease 

The central nervous system is a very sensitive area with only a limited ability to recover 

from damage. It therefore needs special protection from normal inflammatory responses, 

since they may cause tissue injury. Endothelial cells, which are connected by tight 

junctions and stand in close contact to astrocytes and pericytes, constitute a blood-brain 

barrier (BBB) with restricted and highly selective permeability into the CNS. These tightly 

regulated structures permit entry of nutrients but limit the access of toxic metabolites and 

the entry of immune cells through specialized transport systems and restricted 

pinocytosis. These protective homeostasis mechanisms, can pose a limitation to attempts 

to deliver therapeutics to the brain. (Alvarez, Cayrol, and Prat 2011; Becher, Prat, and 

Antel 2000; Weinstein, Koerner, and Moller 2010) 

Early studies showed that allogenic skin is not rejected when transplanted directly onto 

the brain surface (Medawar 1948; Shirai 1921). Hence, scientists believed that the brain 

was insulated from the immune system, and that immune cells were incapable of passing 

through the BBB. Whenever immune cells break the barrier, scientists pictured the CNS 

as helpless in the setting of inflammation or autoimmunity. These hypotheses, however 

were eventually disproved (Carson and Sutcliffe 1999). 

Healthy persons harbor T cells with CNS-specific T cell receptors in their peripheral 

repertoire just like patients with MS (Anderson et al. 2000; Schluesener and Wekerle 

1985). In the healthy state, these T cells are resting or only partially activated.  It was 

shown that fully activated T cells can migrate across the BBB (Hickey, Hsu, and Kimura 

1991). Activation of peripheral CNS-specific T cells could occur during an infection either 

through an “innocent bystander” mechanism or via molecular mimicry. Activated cells then 

gain the capability of passing the BBB and enter the CNS (Kakalacheva, Munz, and 

Lunemann 2011). In fact, activated lymphocytes are regularly found within MS lesions. 

However, whether they are the cause or a consequence of MS is still disputed. It was also 
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reported that invading CD4+ T cells are capable of harming neurons through direct 

interaction, even in the absence of TCR-mediated antigen recognition.  An example of this 

direct interaction is apoptotic cell death mediated through tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) (Zipp and Aktas 2006).  

Of interest, destruction of the BBB itself can be observed by neuroimaging very early in 

the development of MS. It has also been suggested that an inflammatory event itself could 

be the primary event that leads to “leakiness” of the BBB. In this case, CNS-specific T 

cells could enter the brain independent of their activation status. If endothelial BBB cells 

are cultured in vitro, they lose some of their specific BBB characteristics. Upon addition of 

astrocytes those functions are restored. Therefore, astrocytes are thought to play a major 

role in regulating the immune cell gateway functions of the BBB (Alvarez, Cayrol, and Prat 

2011).  

Even if immune cells are able to migrate into to brain independent of their activation state, 

under healthy conditions this happens without causing any damage. Resident cells like 

microglia are able to either set a high threshold for immune cell activation through 

relatively weak antigen presentation, and/or to modulate the immune response or even 

suppress it (Carson and Sutcliffe 1999).   

While the scientific debate is ongoing, most researchers would agree on a pathogenetic 

concept of MS as an autoimmune process: activated, CNS-specific CD4+ and CD8+ T- as 

well as B-lymphocytes enter the CNS from the periphery, and are found within white, and 

to a lesser degree, grey matter plaques (Compston and Coles 2008; Dressel et al. 2007; 

Jurewicz, Biddison, and Antel 1998). These lymphocytes are, as described before, 

thought to be activated in the periphery by molecular mimicry or bystander activation. 

Consequently, they gain the ability to pass the BBB, find their CNS antigen and start 

destruction and lesion formation. (Kakalacheva, Munz, and Lunemann 2011) 

Known myelin-associated proteins that generate antigens that are recognized by 

autoreactive cells are myelin basic protein (MBP), proteolipid protein (PLP), myelin 

oligodendrocyte glycoprotein (MOG), and myelin-associated glycoprotein (MAG) (Johnson 

et al. 1986). While it is still disputed whether an initial dysfunction of the BBB supports 

MS, it seems clear that immune cells either activate or damage the BBB, thereby 

contributing to further inflammation and lesion formation. Activation of the BBB leads to a 

change of its expression and secretion of different immune factors.                                                                                                                       

Leukocytes that enter the brain are consequently changed in their effector functions and 

survival.  (Alvarez, Cayrol, and Prat 2011) 
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Interestingly, autoimmune responses in the brain appear to fulfill also a physiologic role in 

neurogenesis (Yoles et al. 2001). Studies have shown that during an adaptive immune 

response, hippocampal neurogenesis is increased (Wolf, Steiner, Akpinarli, et al. 2009; 

Wolf, Steiner, Wengner, et al. 2009).  Similarly, autoimmune T-cells and microglia are 

important for neurogenesis in healthy adults (Moalem et al. 1999).  It has been proposed 

that an imbalance of such physiological autoimmune responses could result in MS. 

Consequently, a complex network linking and regulating the neural, endocrine and 

immune systems must have evolved to maintain a balance protecting the CNS against 

external injury and autoimmunity (Kerschensteiner, Meinl, and Hohlfeld 2009; Schwartz 

and Kipnis 2002). 

An important part of this network is the interaction between inflammatory mediators and 

the autonomic nervous system, which consists of the sympathetic (SNS) and the 

parasympathetic nervous system (PNS). A well-known example is the neurologic 

response to the inflammatory cytokine IL-1. The neuroendocrine system reacts through 

hormone release, induction of fever and the hepatic acute phase reactants. The CNS 

consequently dampens the immune response through either activating the sympathetic or 

parasympathetic nervous system. This system can rapidly alter the function of the immune 

system. Another network of crosstalk exists between the hypothalamic-pituitary-adrenal 

(HPA) axis and the immune system.  It is slower but has a more sustained effect on 

immune responses. 

 

 

Figure 1: rapid short acting and slow persistent anti-inflammatory regulatory pathways of CNS-immune-

interactions (modified from: Grundwissen Immunologie, Christine Schütt, Barbara Bröker, Elsevier Verlag, 1. 

Auflage 2006, page 81) 
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The hypothalamus, partly devoid of the BBB, can sense bloodborne inflammatory signals. 

It also gains information through neuronal pathways. Cytokines can either be transported 

through the BBB or sensed by vagal nerve cytokine receptors. Signaling from the CNS 

(Figure 1) can take place through efferent nerves of the autonomous nervous system that 

reach the spleen, liver, lung or intestines. Immune cells sense signals from the PNS 

through nicotinergic cholinergic receptors, and from the SNS through adrenoreceptors. 

While the PNS appears to have a general dampening effect, signaling through the SNS 

can lead to pro- or anti-inflammatory events. In addition, catecholamines can also 

originate from immune cells themselves (phagocytes and lymphocytes). Catecholamines 

can affect trafficking, cell proliferation, cytokine production and other cell functions. 

Importantly, these interacting pathways can be targeted for therapeutic benefit. As 

described beforehand, corticosteroid administration is already in use for MS therapy. 

(Chikanza and Grossman 1996; Ek et al. 2001; Engblom et al. 2002; Flierl et al. 2009; 

Malaeb and Dammann 2009; Schuett 2006) Despite much effort to understand brain-

immune interactions, MS cannot be cured.  Part of the problem is that MS is difficult to 

study due to its heterogeneity: there are multiple clinical subtypes, and many different 

immune cells involved. The described currently available treatments are unsatisfactory in 

their ability to slow disease progression. To date the mechanisms of action of the 

therapeutics in use are only partly understood and the detailed influences on the different 

immune cells need to be investigated. 

 

 

1.1.2 Approach 1:  

Does mitoxantrone treatment induce immunomodulatory effects 

in T cells? 

 

As detailed in chapter 2.2 “Mitoxantrone treatment in multiple sclerosis induces TH2-type 

cytokines.,” mitoxantrone is the only cytotoxic agent of which its therapeutic benefit has 

been proven in a randomized, double blind, placebo-controlled phase 3 clinical trial. But 

due to its cumulative cytotoxic effects, its lifetime dosage is limited (Cohen and Mikol 

2004; Hartung et al. 2002; Rieckmann et al. 2004). Generally, treatments during the 

relapsing remitting phase of the disease are more effective than during the progressive 

phase.  Up until now, mitoxantrone is the only drug approved for the treatment of SPMS in 
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the absence of relapses. It would therefore be of value to unravel its distinct mechanism of 

action, in order to find other treatment options and to gain further understanding of the 

disease.   

So far the reports on the immunomodulatory capacities of mitoxantrone have been 

inconclusive. In RRMS patients treated with GA, a shift from TH1 to TH2 T-cell responses 

was found to be beneficial (Dressel et al. 2006; Lalive et al. 2011; Rieckmann et al. 2004). 

We therefore decided to investigate whether mitoxantrone treatment changes the cytokine 

profile induced in MS patients.  We examined both short and long term effects of the 

treatment and investigated changes induced in peripheral blood mononuclear cells 

(PBMC), including CD4+ and CD8+ T-cell subsets.  

Patients, Materials and Methods 

19 MS patients were recruited into the study. The course of MS differed between the 

patients (relapsing remitting, primary progressive and secondary progressive). Blood was 

obtained in the morning before the first mitoxantrone infusion and on days 6, 12 and 18 

after administration. Patients received either 5 or 12 mg of mitoxantrone per m2 of body 

surface area. Unfractionated PBMCs as well as CD4+ and CD8+ T cells were isolated, 

and their proliferation and cytokine production upon stimulation with either 

phytohaemagglutinin (PHA) or CD3/CD28 monoclonal antibodies were determined. 

Detailed patient characteristics and method descriptions are given in chapter 2.2. 

Results 

Short term effects 

As expected, due to the cytotoxic effects of mitoxantrone, absolute lymphocyte counts 

declined by 26-81% (52% ± 4%, mean ± SE) two weeks following drug infusion. This 

observation was dependent on dosage of mitoxantrone (5 mg/m2: 41% ± 2.8% compared 

to 12 mg/m2: 58% ± 5.5%; p = 0.0534). However, there was no impairment in proliferation 

of unfractionated PBMCs, CD4+ or CD8+ T cells in response to mitogen stimulation with 

either PHA or CD3/CD28 monoclonal antibodies. Findings were similar between cells 

collected from the high and low dose mitoxantrone treatment groups, and on different 

days of blood sample collection. 

Analysis of the cytokine profile of the different isolated cell populations revealed that only 

CD4+ T cells but not CD8+ T cells or unfractionated PBMCs showed a significant change 

following treatment with mitoxantrone. A significant increase in levels of IL-4 produced 

was seen on day 18 (median 0.0 pg/ml before treatment compared to 24.0 pg/ml day 18). 
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The increase seen in IL-5 production was already pronounced on day 12 in compared to 

pretreatment values. 

In contrast, the amount of proinflammatory cytokines IL-17 and IFN-  produced remained 

unchanged.  TNF-  and IL-10 production were also unaffected. The induced cytokine 

pattern of unfractionated PBMC and CD8+ T cell remained largely unaltered upon 

mitoxantrone treatment. Stimulation with CD3/CD28 antibodies resulted in similar results, 

but overall effects on responses to this stimulus were more blunted. 

Long term effects  

Long-term effects were assessed by a cross sectional analysis comparing the results of 

12 subjects receiving the first treatment with 7 patients of another cohort of MS patients 

who had received mitoxantrone treatment for at least 12 months. As in the short-term 

treatment group, IL-4 and IL-5 cytokine levels were increased in response to mitogen and 

T-cell receptor stimulation in CD4+ T cells. In addition, the PBMC cytokine profile in long-

term mitoxantrone patients was also shifted towards an increased production of IL-4 and 

IL-5. The pattern in CD8+ T cells was unchanged. The proliferative response of 

unfractionated PBMC and T cells remained unaltered. 

Conclusions 

This study revealed that mitoxantrone changes the cytokine pattern in CD4+ T cells. The 

TH2 type cytokines IL-4 and IL-5 are induced readily. Long-term therapy in addition 

induced a TH2 predominance in PBMC. We conclude that the induction of a shift from 

proinflammatory TH1 cytokines to anti-inflammatory TH2 cytokines could be one of the 

mechanisms of action underlying the beneficial effects of mitoxantrone in MS. 

 

1.1.3 Approach 2:  

Do disease type and cell subsets affect the pattern of 

immunomodulation exerted by IFN-  treatment in MS? 

 

Another first line treatment option for RRMS patients is IFN- . Its mechanism of action is 

only partially understood, and its immunomodulatory effects on cytokine production are 

disputed. Both GA and IFN-  treatment are known to slow disease progression in RRMS 

but not PPMS patients.  
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As mentioned previously, TH1 type cytokines are considered detrimental, while TH2 type 

cytokines are thought to be beneficial in MS. The beneficial effects of GA treatment in MS 

patients are associated with an induced shift towards TH2 type cytokine responses 

(Farina et al. 2005; Hestvik et al. 2008; Valenzuela et al. 2007). In addition, CD8+ T cells 

have emerged as important players in pathogenesis of MS (Friese and Fugger 2005): 

CD8+ T cells outnumber CD4+ T cells in some MS lesions, the presence of CD8+ T cells 

in MS brain tissue correlates with the extent of axonal loss (Bitsch et al. 2000) and  CD8+ 

T cells are clonally expanded in cerebrospinal fluid (Jacobsen et al. 2002).  

Class 1 evidence from several large phase 3 clinical trials has demonstrated the beneficial 

effects of IFN-  in RRMS patients. Contradictory results emerged from studies in 

secondary progressive MS, however, and no robust evidence supports a benefit of IFN-  

treatment in PPMS (Interferon beta-1b is effective in relapsing-remitting multiple sclerosis. 

I. Clinical results of a multicenter, randomized, double-blind, placebo-controlled trial. The 

IFNB Multiple Sclerosis Study Group, 1993).  

IFN-  is a pleiotropic cytokine. Recent observations demonstrate the dependence of 

IFN-  effects on cell type and activation status, and thereby offer a possible explanation 

for the conflicting and partly contradictory results obtained in earlier studies (Dressel et al. 

2007; Kraus et al. 2004; Sospedra and Martin 2005; Stuve et al. 1996; Yong 2002). 

We therefore designed the current study to relate the IFN- 1b effects to lymphocyte 

subtype and disease course. To this end, patterns of cytokines secreted by CD4+ and 

CD8+ T cells derived from different donor groups (healthy controls, RRMS and PPMS) 

were analysed as detailed in chapter 2.3 “Differential effects of Interferon-b 1b on cytokine 

patterns of CD4+ and CD8+ T-cells derived from RRMS and PPMS patients”. 

Patients, Materials and Methods 

19 RRMS patients and nine PPMS patients naïve to immunomodulatory and 

immunosuppressive treatments were recruited from the specialized MS clinics at the 

University of Greifswald. Patients were clinically stable and had not received corticosteroid 

treatment within 30 days prior to blood sampling.  A single blood sample was taken from 

patients for analysis. Unfractionated PBMCs, CD4+ and CD8+ T cells were isolated. 

These were stimulated with PHA or CD3/CD28 monoclonal antibodies. The proliferation 

and cytokine production of all stimulated and non-stimulated cells in the presence or 

absence of IFN- 1b was determined. Detailed patient characteristics and method 

descriptions are given in chapter 2.3. 
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Results 

Proliferative responses were inhibited by co-incubation with IFN- 1b. In CD3/CD28 

stimulated cells, a mild dose-dependent effect was observed. Because in PHA- stimulated 

cells, impaired proliferation was observed at the lowest IFN-  concentration used, we 

decided to concentrate on the results obtained by the more physiological stimulus, anti-

CD3/CD28, generated via the T cell receptor. 

IFN- b effect on the proinflammatory cytokines TNF- , IFN-  and IL-17 

A significant inhibition of TNF-  secretion was observed in PBMCs of all donor groups 

investigated in the presence of IFN- 1b (healthy p = 0.0002; RRMS p < 0.0001; PPMS p = 

0.0014). TNF-  production was also detectable in T-cells, but it remained unaltered. 

Therefore, IFN-  does not affect TNF-  production by T cells directly.  

Modulation of IFN- , the prototypical TH1 type cytokine, is of special interest. A significant 

and dose-dependent inhibition of IFN-  was observed in CD4+ T cells derived from RRMS 

patients but not PPMS patients. In CD4+ T cells from healthy individuals, IFN- 1b induced 

a trend towards lower IFN-  secretion. In contrast, in CD8+ T cells from the same donors, 

a dose dependent increase of IFN-  was observed. In RRMS and PPMS a similar trend 

was observed. The more recently discovered proinflammatory cytokine IL-17 remained 

unaltered under all investigated conditions (data not shown).  

IFN- b effect on the anti-inflammatory cytokines IL-10, IL-4 and IL-5 

In the presence of IFN- b the induced concentrations of IL-10, a cytokine with strong 

anti-inflammatory effects on T cells, were above baseline levels in all cell types 

investigated. Statistically significant changes were seen in all cell types derived from 

RRMS patients, in CD4+ T cells from healthy controls, but not in PPMS derived cell types.   

IL-4, the prototypical TH2 type cytokine, was detectable in relatively low amounts in all cell 

types. Also, IFN-  did not induce significant changes in IL-4 with the notable exception 

that 10,000 iU/ml of IFN- 1b, the highest concentration tested, increased the IL-4 release 

in CD4+ T cells derived from RRMS patients (p < 0.001). 

A very consistent finding in this in vitro study was the inhibition of IL-5 production. This 

inhibition became significant even at 100 iU/ml IFN-  in PBMC derived from healthy 

controls (p < 0.05) and RRMS patients, as well as in CD4 T cells derived from RRMS 

patients (p < 0.05), but was also seen in all other cell types investigated. 
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Conclusions 

The current study used a highly standardized stimulation assay for select lymphocyte 

populations from different donors. This approach revealed differences in the activation 

pattern that are in line with clinical studies demonstrating a clinical efficacy of IFN-  in 

RRMS but not PPMS. Our data support the hypothesis that alterations in cytokine patterns 

contribute to the beneficial effects of IFN- 1b in MS. The inhibition of IFN-  and induction 

of IL-10 were most pronounced in CD4+ T cells derived from RRMS patients, which may 

partly explain the clinical finding that IFN-  is most effective in the relapsing forms of MS. 

 

1.1.4 Stroke 

Disease 

Strokes are sudden neurological deficits caused by a critical disruption of blood supply 

within the brain. The causative cerebrovascular changes can either be hemorrhagic or 

ischemic. Here we focus on ischemic stroke, although recently, similar findings have been 

reported in subarachnoidal hemorrhage (Sarrafzadeh et al. 2011). The symptoms caused 

by cerebral ischemia can either resolve completely within a 24-hour window, defining a 

transient ischemic attack, or they have longer lasting or even permanent effects, defining 

a stroke (World Health Organization criteria). The incidence of stroke is 150–200 per 

100,000 inhabitants per year, and increases with age. 15-20% of stroke patients die within 

28 days. About 80% of strokes are caused by ischemia, which is characterized by 

interruption of blood supply due to thrombosis or arterial embolism. While hemorrhagic 

strokes result from rupture of a blood vessel, they can be subsequently accompanied by 

ischemia in downstream areas. Affected brain areas lose their function very quickly, 

resulting in permanent neurological deficits. (Berlit 2001; Donnan et al. 2008; Murray and 

Lopez 1997; Poeck 2001) 

 

Therapy 

Ideally, stroke patients enter the emergency room within only a few hours after symptom 

onset, and are then treated in a dedicated stroke unit by a medical team consisting of 

neurologists, cardiologists, neurosurgeons and radiologists. Early thrombolytic therapy of 

ischemic stroke is only beneficial within a narrow timeframe of 4-6 hours (Hacke et al. 
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2004). Anticoagulants can be administered to prevent the recurrence of ischemia. 

Neuroprotectives like glutamate antagonists (other e.g. radical binder or cytokine 

suppressives) reduce stroke induced neuro-degeneration caused by increased glutamate 

levels.  The latter lead to over activation of brain receptors and subsequent cell death in 

experimental models. But those therapeutics have so far failed to reduce this so called 

excitotoxicity in clinical trials.  

 

Immunology  

Local immune response 

In recent years, scientific attention has concentrated on central events in the brain 

following stroke. Ischemia initializes excitotoxic cascades through oxygen deprivation and 

destruction of the BBB. Immune cells like macrophages, granulocytes, T and B cells 

invade the site of infarction, leading to secondary inflammation-mediated injury and 

adding to the loss of neuronal cells. Granulocytes in particular were accused to contribute 

to the lesion shortly after the insult (Dirnagl, Iadecola, and Moskowitz 1999). 

Peripheral immune response 

The destruction of brain tissue and its resulting neurological deficit are not the only 

challenges for stroke patients. Between 23 and 65% of patients develop a subsequent 

infection within a few days after their stroke. (Davenport et al. 1996; Georgilis et al. 1999; 

Grau et al. 1999; Johnston et al. 1998; Langhorne et al. 2000) This can be decisive in the 

clinical outcome of stroke patients. (Ionita et al. 2011; Katzan et al. 2003; Vermeij et al. 

2009). Clinical reasoning suggests that an impaired gag reflex, reduced mobility, being 

bedridden, and the use of indwelling catheters raise the risk of infection. 

Only very recently Prass and co-workers discovered that systemic infections in stroke 

patients result from stroke-induced immune alterations (SIIA). Mice in whom stroke had 

been induced by middle cerebral artery occlusion regularly developed endogenous 

pneumonia. Importantly, blockage of the catecholamine beta-receptors by administration 

of propranolol prevented these bacterial infections, while blockage of steroids did not.  

These results suggest that catecholamines serve as key players in stroke-induced 

immunosuppression. This immunosuppression is characterized by long-lasting 

lymphopenia, which is probably caused by rapid and extensive apoptosis in lymphatic 

organs and migration of lymphocytes from the periphery into the infarcted area. Monocytic 

HLA-DR expression and endotoxin-induced TNF-  secretion were also diminished as 

signs of systemic immunosuppression. (Prass et al. 2003) 
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1.1.5 Approach 3:  

Detection of stroke-induced immune alterations and insights into 

MS 

 

As detailed in chapter 1.1.1, MS is thought to be caused by autoimmune T cells that 

become activated in the periphery; they are then able to pass the BBB and find their 

antigen to initiate destruction. In stroke, the BBB is destroyed, and lymphocytes can enter 

the brain freely regardless of their activation state. The question arises, why stroke 

patients do not develop MS? And why do MS patients not undergo an immediate relapse 

when suffering from a stroke? 

 

Analysis of lymphocyte subsets in patients with stroke and their influence on 

infection after stroke  

The findings in experimental stroke by Prass et al. suggest answers to these questions. 

Could the stroke-induced immunosuppression help to prevent MS or, in the case of MS 

patients in remission, prevent an immediate relapse?  

But first of all we needed to ask: Do human stroke patients develop an immune 

suppression similar to that observed in experimental animals?  To address this question 

we conducted a clinical study to analyze the immune status in post-stroke patients. 

Patients, Materials and Methods 

As detailed in chapter 2.4, “Analysis of lymphocyte subsets in patients with stroke and 

their influence on infection after stroke.” we analyzed immune responses in 46 stroke 

patients who were admitted to the stroke unit within 12 hours of onset of symptoms. All 

patients included in the study were free of signs of infection on admission. 

Immunophenotyping was carried out by fluorescence activated cell sorting (FACS). 

Results 

Stroke induced immune alterations: comparing stroke patients vs. controls 

Directly following the insult, stroke patients displayed elevated levels of circulating 

leukocyte numbers in the peripheral blood. We also observed increased numbers of 
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granulocytes in the circulation. In contrast, absolute and relative lymphocyte counts were 

strongly reduced compared to control individuals. CD4+ and CD8+ T cells counts also 

declined and gradually normalized over the follow-up period of 14 days.  

There were no quantitative alterations in B cells or NK cells, while monocyte counts were 

significantly increased. However, the monocytes were functionally impaired as determined 

by their reduced levels of HLA-DR surface expression.  

On day 1, stroke severity (NIHSS) correlated inversely with CD4+ T cell counts, and also 

with the percentage of lymphocyte in the white blood cell count. In addition, IL-6 serum 

levels increased with stroke severity; a similar trend could be observed for IL-10 but did 

not reach significance. 

Stroke induced immune alterations: comparing stroke patients with and without 

subsequent infections 

To identify predictive markers for the development of subsequent infection, we performed 

a sub-analysis that compared 11 patients with severe clinical infection (10 pneumonia, 1 

fever of unknown origin) with a cohort of 11 patients without any sign of infection. For 

inclusion into the “subsequent infection cohort,” patients had to fulfill three criteria 

simultaneously on day 7 or 14: (1) presence of clinical signs of infection (pneumonia, 

urinary tract infection, fever of unknown origin); (2) serum concentrations of C-reactive 

protein >50 mg/mL; and (3) procalcitonin serum concentrations >0.5 ng/mL. In the non-

infected cohort, all three criteria had to be negative throughout the whole study period. 24 

patients who matched some criteria but not all were not assigned to either cohort for the 

purpose of this comparison.  

In contrast to patients prone to subsequent infection, patients without subsequent infection 

recovered from the initial loss of circulating CD4+ T cells within 24 hours after admission, 

while in subsequently-infected patients the CD4+ T cell counts remained subnormal 

throughout the study period. HLA-DR expression on monocytes was significantly 

decreased in the subsequently-infected cohort on day 7 after stroke, while IL-6 serum 

levels were significantly elevated. 

Conclusions 

In this study, we found that, similar to the findings in experimental stroke, humans suffer 

from post-stroke immune alterations that increase their susceptibility to infection. 

Importantly, low CD4+ T-cell counts and increased IL-6 serum levels 24-36h after stroke 

were positive predictors of a subsequent infection. Thus it appears to be possible to define 
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biomarkers for the infection risk in stroke patients. Our observations should urgently be 

validated in larger prospective clinical trials, because such biomarkers would facilitate the 

monitoring of stroke patients and help to design strategies for prevention of infection. 

Other groups have already confirmed our findings in smaller studies (Klehmet et al. 2009; 

Urra, Cervera, Obach, et al. 2009). 

Functional status of peripheral blood T-cells in ischemic stroke patients. 

However the mechanisms underlying this immune suppression are incompletely 

understood: T cells could contribute to bacterial defense: in an animal model of infections 

IFN-  release by T cells is required to recruit neutrophils to the site of infection 

(McLoughlin et al. 2008). While these observations imply a causal relationship of T cell 

dysfunction with subsequent bacterial infections others have stressed neutrophil 

dysfunction in stroke patients (Seki et al. 2010). Thus it remained unclear whether 

lymphocytopenia merely reflects the extent of immune alterations induced by cerebral 

stroke or is causally related to susceptibility to bacterial infections.  

To shed light on the role of T cells we performed a series of functional studies on 

peripheral blood T cells obtained from stroke patients. The corresponding publication is 

detailed in 2.5 ”Functional status of peripheral blood T-cells in ischemic stroke patients.”.  

Patients, Materials and Methods 

We studied a cohort of 93 stroke patients applying the same inclusion criteria as 

described before and investigated activation markers and proliferation of immune cells as 

well as cytokine production by FACS. 

Results 

T cell function: comparing stroke patients and controls 

We found that the remaining circulating CD4+ T cells in the peripheral blood were 

activated following stroke. The activation markers CD25 (alpha chain of the IL-2 receptor) 

and HLA-DR were significantly upregulated compared to controls. There even was a net 

increase in CD4+ HLA-DR+ T-cell numbers despite the reduction of the total numbers of 

CD4+T cells. A similar trend was observed for CD4+ CD25+ T cells.  

Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) is constitutively expressed on Treg cells but 

is also up-regulated by activation on T-effector cells. The amount of cellular CTLA-4 was 

determined by immunofluorescence staining. In contrast to the other activation markers, 
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no CTLA-4 upregulation was observed. CTLA-4 is also a negative feedback regulator of 

the immune response. The mouse model suggested that catecholamines were 

responsible for the post-stroke immunodepression, because the blockage of -receptors 

by propranolol prevented infection in mice. Confirming the findings of others, we found 

catecholamine serum levels to be strongly upregulated in human stroke patients. In vitro 

we then demonstrated that catecholamines counteract the upregulation of CTLA-4 

induced by mitogen stimulation of CD4+ T cells. 

T-lymphocytes isolated from stroke patients retained their functional capacity upon 

mitogen stimulation. This finding could be explained by our finding that CTLA-4 was not 

up regulated. Proliferation of PBMCs was unchanged, and proinflammatory cytokines 

were predominantly released into the supernatant of the cell culture. A significant increase 

in IL-6, IL-1 , TNF-  and TNF-  production was detectable. High-mobility group protein 

B1 (HMGB-1), an early inducer of IL-6, was upregulated in stroke patients, while its decoy 

receptors sRAGE and esRAGE were not. HMGB-1 can be released through tissue 

destruction, but its serum concentration in stroke patients did not correlate with infarction 

size. In contrast, there was a strong correlation between HMGB-1 and IL-6 

concentrations, implying that HMGB-1 might be an important mediator of inflammation in 

stroke.  

T-cell function: comparing stroke patients with and without subsequent infections 

To identify a mechanism that contributes to subsequent development of infection following 

stroke, we again subanalyzed our patients in two groups with and without subsequent 

infection, applying the same criteria as before for the assignment into the cohorts.   

Within 24h post stroke, metanephrine and cortisol serum levels were significantly elevated 

in patients prone to infection, emphasizing a possible role for catecholamines for the 

induction of immune alterations. 

IL-6 and IL-10 were significantly increased in the infected cohort, while none of the other 

proinflammatory cytokines nor HMGB-1 differed between the cohorts within the 

subanalysis. In agreement with our earlier finding, CD4+ CD25+ T-cell counts were lower 

in the infected cohort.  

Conclusions 

In the current study, we demonstrate that the surviving T-cells in the peripheral blood are 

activated and secrete proinflammatory cytokines. These data could be interpreted as 

evidence supporting the hypothesis that susceptibility to bacterial infections is a 



 
 

19 

quantitative effect of low CD4+ T-cell counts. Alternatively, low CD4+ T-cell counts might 

represent a surrogate marker that is closely related to the magnitude of multiple 

immunosuppressive effects induced by cerebral ischemia. The challenge will now be to 

identify the causative immune suppressive mechanisms. 

In summary, here we provide a detailed analysis of T cell functionality in stroke patients. 

We demonstrate a rapid activation of T cells that are primed towards a Th1 response. This 

was true for both patient subgroups; those with and those without subsequent infection. 

Our data point towards two mechanisms which may mediate the activation of T cells in 

stroke patients: while increased HMGB1serum levels may activate surviving lymphocytes 

in stroke patients a downregulatory mechanism, the expression of CTLA-4 remains 

suppressed. 

Further studies are needed to characterize the immunosuppressive cascades triggered by 

cerebral ischemia. Investigators should take into account that immune suppression may 

also have beneficial effects by preventing secondary autoimmune disorders. To which 

degree the stroke induced alterations of the immune system that apparently maintain self 

tolerance but enhance susceptibility to infection might rely on different mechanisms is an 

open question of greatest clinical relevance. 

 

 

Post-stroke gene expression analysis: comparing stroke patients with and without 

subsequent infections 

 

We observed that the temporal course of CD4+ T cell counts can serve as a predictor for 

subsequent infections: Patients whose T cell counts recovered on day one had a low risk 

of infection while patients without recovering CD4+ T cell counts were likely to acquire 

severe infections (Vogelgesang et al. 2008). We hypothesized that differences in gene 

regulation in lymphocyte subsets during the first day could be causally related to stroke 

patient’s susceptibility to acquire subsequent infections. 

Patients, Materials and Methods 

The patients reported in this study represent a subset of the 93 patients published in 

(Vogelgesang, May, et al. 2010). To be eligible for the transcriptomics study patients had 

a) to be assigned either to the infected (n=11) or the non-infected (n=11) cohort according 

to the criteria reported previously (Vogelgesang et al. 2008). Quality requirements for cell 

purity and RNA integrity reduced the number of available samples to three for each 

condition. Whole genome expression analysis was performed by hybridization to 
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GeneChip Human Genome U133 Plus 2.0 Arrays (Affymetrix) microarrays.  

We analyzed the data in order to identify differences in gene regulation patterns between 

stroke patients with and without subsequent infection. To this end we defined a two step 

process to determine the inter cohort fold change (icfc) which minimizes the effect of inter-

individual variations in gene expression levels and reduces the effect of stroke induced 

alterations unrelated to susceptibility to infection: In a first step we calculated an intra-

cohort ratio of normalized intensity signals from stroke patients with infection and from 

stroke patients without infection respectively at day 0 (baseline) and day 1 (sample).  To 

identify patterns of regulation that may relate to subsequent infection we then calculated 

the inter-cohort ratio from the intra-cohort ratios: inter cohort ratio = (infection day 1/ 

infection day 0)/ (no infection day 1/ no infection day 0). If this inter cohort ratio was < 1.0 

the negative reciprocal value was used for inter cohort foldchange. Thus, a positive icfc 

can result a) if the upregulation from day 0 to day 1 in the infected cohort exceeds the 

upregulation in the non-infected cohort, or b) if the downregulation in the non infected 

cohort exceeds the downregulation in the infected cohort, or c) a probe set is upregulated 

in the infected cohort and downregulated in the non-infected cohort.  

Gene specific probe sets with an icfc ≥ 2.5 or ≤ -2.5 were considered for further analysis.  

Results 

The genes identified in the transcriptomic experiments are genes which are differentially 

regulated in patients with and without subsequent infections. Numerical comparisons 

demonstrated that the largest differences are located in the CD4+ T cell subset. Also 

CD4+ T cells are the cell type with the greatest number of oppositely regulated genes. 

A total of 455 probe sets for 366 genes were regulated in CD4+ T cells. Several genes 

involved in bacterial defense and inflammation were inhibited in the infected cohort 

including CD14 (icfc: -19.7) and Toll-like-receptor (TLR)-4 (icfc: -7.2) which together form 

the LPS receptor; probe sets specific for IL-8 receptor beta (icfc: 3.9), matrix-metallo-

proteinase (MMP)-9 (icfc 3.4) and chitinase 3-like 1 (icfc: 12.3) were enhanced.  

The number of probe sets regulated in CD8+ T cells was 358 coding for 312 genes. The 

expression patterns of genes related to the LPS receptor and early bacterial defense 

differed from CD4+ T cells: Changes in TLR-4 expression were below the threshold of 2.5 

for the icfc while CD14 (icfc: 8.4) and TLR 2 (icfc 2.9), TLR 7 (icfc 2.6) were all enhanced 

in CD8+ T cells. Probe sets specific for IL1B (icfc: 12.5), versican (icfc 10.1), chitinase 3-

like 1 (icfc: 6.1), S100 A9 (icfc: 4.4) and IL13 receptor alpha 1 (icfc: 3.8) were enhanced, 
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while IL1 receptor type II was inhibited (icfc: -3.5).  

HLA-DRB4 gene inhibition (icfc: -5.4) resembled previous findings on surface expression 

of HLA-DR on monocytes. In monocytes only 88 probe sets encoding 84 genes were 

differentially regulated. The top regulated probe set encodes Defensin A (DEFA) 1 (icfc 

6.7).  DEFA proteins have direct antimicrobial activity. It mainly acts inside the lysosome 

but some DEFA is also released into the serum.  We therefore determined DEFA1-3 

levels in sera of stroke patients with and without subsequent infections and detected a 

differential regulation, too.  

Conclusions 

This is the first transcriptomic study identifying genes possibly involved in susceptibility for 

infection in stroke patients. We identified genes which are regulated differentially at day 1 

in patients that go on to develop severe infections and those that will not. In good 

agreement with our previous observations (Vogelgesang et al. 2008) CD4+ T cells 

showed the largest number of differentially regulated genes. Indeed it also has the largest 

number of oppositely regulated genes. 

The closest relation of differential regulation on the transcriptome level and protein 

expression was observed for monocytes: HLA-DR expression has been reported by 

several groups to be impaired in patients with subsequent infections. Here we find 

inhibiton of HLA-DR 4 expression patients with subsequent infections. -Defensins are a 

family of proteins involved in bacterial defense in the lysosome but also released into 

sera. Determination of DEFA1-3 proteins in sera revealed low levels of DEFA 1-3 in 

patients with subsequent infections.  

In summary, our study identifies a set of genes involved in early bacterial defense 

mechanisms that is differentially regulated in stroke patients that go on to develop 

subsequent infections from those who do not. These data provide a rational for the 

observation that early alterations in lymphocytes predict subsequent infections in stroke 

patients.  
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1.2 Discussion 

 

Research on human neurological disease often appears handicapped, because in most 

cases, research in humans is limited to neuroimaging results or data obtained from 

peripheral blood samples. Since we appreciate the importance of the interactions between 

the CNS and the immune system, however, the value of this information has become 

more obvious, because blood borne parameter reflect the functional status of the 

interaction of the brain-immune-interaction. As we know from multiple sclerosis, 

alterations of the immune response in the periphery that are induced by the administered 

drugs, will also affect the brain. This can be of special value when it is difficult to 

therapeutically target the brain directly, since many drugs are not able to pass the blood-

brain barrier. 

 

1.2.1 Stroke 

In stroke we see that the ischemic event results in an induction of immunosuppression 

through the sympathetic nervous system. We and others propose that such stroke 

induced-immune alterations (SIIA) are the major reason for the highly increased risk of 

infection in stroke patients. Knowledge of the mechanisms responsible for this immune 

suppression is the prerequisite of infection prevention. In addition, such knowledge could 

also further our understanding of MS. Because, while increasing the infection risk, the 

dampening of the immune system could have an important protective function, if it limits 

autoimmune brain damage triggered by the massive release of brain antigens during 

stroke. 

In this thesis we have first demonstrated that profound immunosuppression occurs in 

clinical stroke patients, and that it is not restricted to experimental animal models of stroke 

(Chapter 2.4 and 2.5). In our patient cohort, lymphocytopenia was most pronounced on 

admission to the hospital and declined throughout the follow up period. It affected T cells 

more strongly than B cells. Most importantly, if this lymphocytopenia persisted for more 

than 24 hours, patients were at an increased risk of subsequent infections. Thus, the 

lymphocytopenia at 24 h provides an easy measurable biomarker for post-stroke infection 

risk. In our patients the inhibition of HLA-DR expression on monocytes was not associated 

with increased infection rates (Vogelgesang et al. 2008). 

Other groups have since confirmed that stroke induces extensive alterations in the 

peripheral immune system. Moreover, several studies have identified immunological 
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alterations as independent risk factors for the development of infections in stroke patients. 

Importantly, the amount of catecholamines released following stroke has been shown to 

correlate with the degree of stroke induced-immune alterations (SIIA), emphasizing the 

importance of the brain-immune system crosstalk. Additional support for the hypothesis 

that SIIA rather than neurological deficits are the main cause of post-stroke infections can 

be derived from a study demonstrating that the extent of dysphagia in stroke patients does 

not predict pneumonia. These findings change our perception of stroke, and open new 

avenues for therapeutic approaches. (Chamorro, Urra, and Planas 2007; Diedler et al. 

2009; Dirnagl et al. 2007; Haeusler et al. 2008; Harms et al. 2008; Klehmet et al. 2009; 

Urra, Cervera, Obach, et al. 2009; Urra, Cervera, Villamor, et al. 2009; Urra, Obach, and 

Chamorro 2009; Urra, Villamor, et al. 2009; Vargas et al. 2006; Vogelgesang et al. 2008; 

Wartenberg et al. 2011) 

One treatment approach that has been clinically tested is the preventive administration of 

antibiotics. While this improved mortality and outcome in experimental stroke (Meisel et al. 

2004), the results of clinical trials have been less encouraging (Chamorro et al. 2005; 

Harms et al. 2008; Klehmet et al. 2009; Schwarz et al. 2008). The inclusion criteria for 

patients, the antibiotics applied as well as its dosage are critical parameters that influence 

the measurable clinical treatment benefit. A predictive marker for infection risk such as the 

decrease in CD4+ T cells seen in our study could help to select those patients who will 

benefit from preventive antibiotic treatment. Larger clinical studies are needed to draw a 

final conclusion. 

Taken together, animal models and human studies support the hypothesis that 

catecholamine-induced immunosuppression predisposes stroke patients to subsequent 

infections. What are the mechanisms of this immune suppression? The CNS insult and 

subsequent hypoxic cell death induces local damage and inflammation. Cytokines that are 

released act as inflammatory alarmins and are sensed by the CNS. We hypothesize that 

the CNS is unable to distinguish between local and systemic inflammation. It therefore 

suppresses the immune system systemically even though there is only local CNS damage 

and inflammation. However, the mechanisms underlying the systemic impairment of the 

anti-microbial immune defense are only partly understood, and it was an open question 

which immune cells lose their defense capabilities. T cells can contribute to bacterial 

defense: in an animal model of infection, IFN-  release by T cells is required to recruit 

neutrophils to the site of infection (McLoughlin et al. 2008). While these observations 

imply a causal relationship of T cell dysfunction to subsequent bacterial infections, others 

have stressed neutrophil dysfunction in stroke patients (Seki et al. 2010). It is unknown 

whether the lymphocytopenia in stroke merely reflects the extent of immune alterations 



 
 

24 

induced by cerebral stroke, or whether it is causally related to the susceptibility to bacterial 

infections. 

To shed light on the role of T cells, we performed a series of functional studies on 

peripheral blood T cells obtained from stroke patients. Our data revealed that the T cells 

remained fully functional in response to in vitro mitogen stimulation, and were primed to a 

TH1 type response. These data suggest that T effector cell functions remain intact 

following stroke (Vogelgesang et al. 2008; Vogelgesang, May, et al. 2010). However, the 

in vitro stimulation experiment was designed to elucidate T effector cell function, and 

inhibitory mechanisms such as enhanced Treg effects that may alter the immune status in 

vivo could have been masked.   

But which are the mechanism that could induce the TH1 type T cell response? Of note, 

increased proinflammatory HMGB1 serum levels that correlate with those of IL-6 also 

resemble the kinetics observed for activated CD4+ T cells expressing increased HLA-DR. 

HMGB1 released by ischemic brain areas might link brain tissue destruction and priming 

towards TH1 in stroke. Besides HMGB1, CTLA-4 is an interesting candidate mechanism 

for stroke-induced immune alterations and further studies should determine their roles. 

We found that catecholamines inhibit the upregulation of CTLA-4 in cell culture 

(Vogelgesang, May, et al. 2010). On the one hand, this could increase the activatability of 

the remaining T cells. On the other hand, CTLA-4 is not only responsible for dampening 

the immune response in return of its activation, but the molecules also plays an important 

role in Tregs. Treg bound CTLA-4 was reported to control T cell proliferation and 

expansion (Sojka, Hughson, and Fowell 2009). It would therefore be of interest to 

determine whether the limited CTLA-4 expression that we observed is restricted to Tregs. 

There are several hints available that Tregs could play an important role. In our studies, 

we found increased numbers of CD4+ CD25+ T cells in the blood of stroke patients 

(Vogelgesang, May, et al. 2010). This has also been shown by others (Offner et al. 2006). 

However, the role of Treg for the development of lesion size is still under discussion (Liesz 

et al. 2009; Ren et al. 2011).  

 

1.2.2 Multiple Sclerosis 

In MS a shift from a TH1-dominated immune response toward an anti-inflammatory TH2 

profile is assumed to limit MS disease progression and benefit the patients. Such effects 

were described for glatiramer acetate. We investigated whether mitoxantrone 

(Vogelgesang, Rosenberg, et al. 2010) and IFN-  would induce a similar immune 
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deviation (Th1 to Th2) in different subtypes of MS. 

As detailed in chapter 2.2, mitoxantrone therapy induced a decline in peripheral blood 

lymphocyte counts, but did not impair proliferation of the remaining PBMC, CD4+ and 

CD8+ T cells in response to mitogen stimulation. Analysis of the cytokine profile revealed 

that CD4+ T cells responded with increased TH2 cytokine production (IL-4 and IL-5), while 

the induced cytokine pattern of PBMC and CD8+ T cell remained largely unaltered. Long-

term mitoxantrone treatment also increased TH2 cytokine release by PBMCs.  

Another treatment option for MS patients is IFN-  (Chapter 2.3). In vitro it inhibits 

proliferation and TNF-  secretion in PBMCs. A significant and dose-dependent inhibition 

of IFN- , a typical TH1 cytokine, was observed in CD4+ T cells derived from RRMS but 

not PPMS patients under the influence of IFN-  in vitro. The release of IL-10, a cytokine 

with strong anti-inflammatory properties on T cells, increased significantly in the presence 

of IFN- b in all cell types we have investigated but only in cells from RRMS patients, and 

not in PPMS-derived immune cells. IL-4, the prototypical TH2 type cytokine, was released 

in relatively low amounts. 

The effect of IFN-  on cytokine patterns in MS has been investigated in a series of 

studies, with variable and even contradictory results (Sospedra and Martin 2005). Of 

importance is our finding that immune cells from RRMS and PPMS patients differ in their 

response to IFN-  treatment. This could explain why IFN-  is most effective in the 

relapsing forms of MS and it emphasizes the need for different treatment regimens for the 

different forms of MS. IFN- b reduced TNF-  release from PBMCs derived from all 

donors; however, no inhibition of TNF-  was observed in CD4+ or CD8+ T-cell cultures, 

suggesting that the inhibitory effect of IFN-  on TNF-  is not directly exerted in T cells, but 

requires other cells present in PBMC, possibly monocytes.  

A recent study in MS detected increased IL-5 in conjunction with increased IL-17 in 

patients with active MS lesion (Hedegaard et al. 2008). This is in line with our data, which 

suggest that inhibition of IL-5 release by IFN-  is at least not detrimental in MS. Future 

studies should therefore delineate the role of IL-5 in MS.   

In summary, autoreactive TH1 cells are thought to be the main drivers of CNS 

inflammation and axon demyelination in MS. All effective MS treatments alter the 

TH1/TH2 balance and lead to a predominance of TH2 cytokines, such a TH1 to TH2 shift 

could be an interesting lead for the identification of new drugs for the treatment of MS.  
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1.2.3 Comparison of stroke and MS 

When we study stroke and MS, what can we learn from one disease about the other? 

While it is too early to draw conclusions for treatment, comparison of the immune 

mechanisms in stroke and MS can lead to new hypotheses, as reviewed in (Vogelgesang 

and Dressel 2011). One could speculate that immunomodulatory therapy could reverse 

stroke-induced immunosuppression, but at present we do not know enough to exclude 

that this immunosuppression has a protective role against aggressive autoimmune events 

in the brain.  

 

The idea of a protective role of immune suppression in stroke is supported by a 

comparison of experimental stroke with experimental autoimmune encephalomyelitis 

(EAE), a model autoimmune disease that reflects certain aspects of MS (O'Connor and 

Anderton 2008; Offner et al. 2008; Swanborg 2001). Both experimental model diseases 

share some features leading to the conclusion that an autoimmune response directed 

against brain antigens contributes to the development of stroke lesions in the 

experimental model. Consequently, a series of studies investigated the effect of 

immunomodulating or immunosuppressive drugs in experimental stroke. Several drugs 

(granulocyte colony stimulating factor, intravenous immune globulin, stating, recombinant 

T cell receptor ligands, FTY720) that inhibited or modulated the immune response also 

reduced the size of the stroke lesion (Arumugam et al. 2008; Arumugam et al. 2007; 

Cimino et al. 2007; Czech et al. 2009; England, Gibson, and Bath 2009; Hasegawa et al. 

2010; Strecker, Minnerup, et al. 2010; Strecker, Sevimli, et al. 2010; Subramanian et al. 

2009; Walberer, Nedelmann, et al. 2010; Walberer, Rueger, et al. 2010). Whether these 

interventions increased the infection risk in the stroke model, has not been addressed. In 

human stroke, though, only scarce data complement the observations made in 

experimental models. 

 

It could be speculated that similar to the situation in MS, the modulation of the Th1 T cell 

response towards a Th2 predomination could also be beneficial in stroke. Since the 

peripheral CD4+ T cells have a Th1-profile, their removal could be neuroprotective and 

beneficial similar to MS treatment with Natalizumab (Tysabri®), a monoclonal antibody 

blocking 4 integrins. Those adhesion molecules are important for the extravasation. In 

further analogy to the situation in MS, a TH1-dominated immune response would be 

expected to increase the lesion size in stroke, while a shift to a TH2 profile should be 

neuroprotective. The finding that SCID mice, which lack T and B lymphocytes, have a 

reduced early ischemic histological damage corroborates this hypothesis (Offner, 
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Vandenbark, and Hurn 2009).  

On the other hand, T cells which were primed to react to the CNS antigen MBP with a 

TH1 response increased the lesion size in experimental stroke, while MBP-tolerized T 

cells reduced it (Becker 2009; Gee et al. 2008; Gee et al. 2009; Zierath et al. 2010). In 

addition deletion of Treg cells increased lesion size in experimental stroke. Substitution of 

IL-10, or inhibition of either IFN-  or TNF- , abolished the detrimental effects of Treg 

depletion (Liesz et al. 2009).  

 

Phosphodiesterases (PDE) inhibitors were reported to improve functional recovery after 

stroke in rats by enhancing neuro- and synaptogenesis (Sallustio et al. 2007). Those PDE 

inhibitors (Rolipram) are also capable of inhibiting TH1 responses (Yamaki et al. 2004). 

Not surprisingly, increased phosphodiesterase expression was already reported to be 

associtated with autoimmune diseases such as MS (Mizrachi et al. 2010). Accordingly 

PDE inhibitors also ameliorate EAE (Mangas, Covenas, and Geffard 2010).  

Also, immune modulatory drugs that inhibit the adaptive immune response have been 

tested in experimental stroke. Strikingly, statins, recombinant T cell receptor ligands, 

fingolimod and other drugs beneficial in EAE also ameliorated experimental stroke 

(Subramanian et. al. 2009, Czech et. al. 2009, Hasegawa et. al. 2010). 

Taken together, these observations suggest that the deletion of T-effector cells that we 

and others have observed in stroke could in fact be a mechanism to reduce immune-

mediated brain damage following stroke. 

The loss of lymphocytes is thought to be mediated by the increased levels of 

catecholamines that can be observed post stroke. The catecholamine norepinephrine is 

known to have anti-inflammatory properties and increasing its levels is also beneficial in 

the setting of EAE and might also be in stroke (Simonini et al. 2010).  

In summary, MS and stroke share a number of mechanisms of neuronal damage. In both 

cases the balance between neurodestruction and neuroprotection appears modulated by 

the function of the adaptive immune system. In stroke and MS immune cells invade the 

brain causing damage to brain parenchyma (Figure 2). However, while autoaggressive 

immune cells initiate the pathology in MS, in stroke their effects are secondary to ischemia 

that disturbs the blood-brain barrier. Dysregulation of neuroimmune interactions induces 

autoimmunity as well as inflammation within the brain. 
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Figure 2: Comparison of autoimmunity in MS and stroke. In MS (left side, grey) resting autoreactive T-cells 

(Autoreact. Tcell) are thought to be activated by pathogen derived epitopes in the periphery (black filled circle), 

so called molecular mimicry. These activated T-cells (act. Tcell) now express adhesion molecules and matrix 

metalloproteinases (MMP) (triangles), which allow them to cross the intact blood brain barrier (BBB). Once 

these autoreactive T-cells become reactivated within the brain, a local autoimmune cascade is initiated. In 

stroke (right side, white) the blood brain barrier is disrupted (disrupted BBB) allowing lymphocytes to enter the 

CNS at the site of the ischemic lesion without the requirement of prior activation. This includes autoreactive T-

cells directed against brain antigens that have escaped thymic deletion and now encounter their cognate 

antigen. Therefore, local autoimmunity is induced at the site of the ischemic lesion. The mechanisms that 

either perpetuate this autoimmune process result in chronic autoimmunity (MS) or curtail the local autoimmune 

response (stroke) are not completely understood. Taken from: (Vogelgesang and Dressel 2011) 

 

Lessons learned from studying stroke may provide insight into MS and vice-versa. In 

order to minimize neuronal damage in stroke and MS, the mechanisms that foster 

regulatory, anti-inflammatory or even regenerative T-cell responses while keeping 

autoaggressive, inflammatory destruction of the brain in check, should be further 

elucidated. When contemplating therapeutic intervention for neuroprotection, special 

attention has be paid to the anti-microbial defense in order to avoid lethal secondary 

infection. To design optimal interventions the challenge for investigators and physicians 

will be to protect the brain, enhance neuroregeneration and prevent immunosuppression 

that leads to infection, all at the same time. 
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2.1 Overview and own contributions 

 

2.1.1 Overview 

 

The studies presented here were aimed at elucidating immune alterations in the ischemic 

stroke and during drug treatment in MS. Chapters 2.2 and 2.3 introduce the results we 

obtained from studying T-cell responses in multiple sclerosis following treatment with 

mitoxantrone and IFN- .  

Chapters 2.4 to 2.6 describe the results of our studies aimed at characterizing 

immunological changes following ischemic strokes. In chapter 2.4 we analyzed immune 

cell populations and found that stroke patients suffer from an immediate loss of CD4+ T 

cells. Patients who don’t recover from this deprivation within 24h are more prone to 

subsequent infections than patients who do recover. Chapter 2.5 engages in the 

functional examination of the remaining immune cells. We analyzed the functional status 

of the remainder T cells post-stroke as well as cytokine changes and CTLA-4 expression. 

Chapter 2.6 sheds light on the post-stroke gene expression in monocytes, CD4+ and 

CD8+ T cells, while chapter 2.7 reviews the current knowledge about post stroke 

immunosuppression.  

Stroke and Multiple Sclerosis affect the central nervous system and it is possible to apply 

lessons learned from to the other. Associations between the two neurological diseases 

are reviewed in chapter 2.8. 

 

2.1.2 Personal contributions 

 

1. Mitoxantrone treatment in multiple sclerosis induces TH2-type cytokines. 

 Vogelgesang A, Rosenberg S, Skrzipek S, Bröker BM, Dressel A. 

 published in Acta Neurol Scand. 2010 Oct;122(4):237-43 

 I participated in conceiving the study and in the in vitro experiments together with 

Sandy Rosenberg. This included cell isolation and cell culture, as well as the de-

termination of proliferation and cytokine concentrations. I helped to analyze the data 

and wrote the paper with support from Alexander Dressel. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/19925529
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2. Differential effects of Interferon- 1b on cytokine patterns of CD4+ and CD8+ T-
cell derived from RRMS and PPMS patients  

 Skrzipek S, Vogelgesang A, Rosenberg S, Bröker BM, Dressel A. 

 In press in Multiple Sclerosis Journal 

 I helped to design the study and participated in the in vitro experiments which included 
cell isolation, cell culture, determination of proliferation capability and cytokine 
expression. I helped to analyze the data and to write the paper. 

 

3. Analysis of lymphocyte subsets in patients with stroke and their influence on 
infection after stroke. 

 Vogelgesang A, Grunwald U, Langner S, Jack R, Bröker BM, Kessler C,  

 Dressel A. 

 Stroke. 2008 Jan;39(1):237-41. 

 I participated in conceiving the clinical study. I supported the FACS analysis and 

quantified the cytokine serum levels. Finally I evaluated and analyzed the data gained 

and wrote the paper with support from Alexander Dressel.  

 

4. Functional status of peripheral blood T cells in ischemic stroke patients. 
 

 Vogelgesang A, May VE, Grunwald U, Bakkeboe M, Langner S, Wallaschofski H, 
Kessler C, Bröker BM, Dressel A. 

 PLoS One. 2010 Jan 14;5(1):e8718. 

 I participated in the design of the study. I quantified cytokine serum and supernatant 

levels as well as HMGB-1 and its decoy receptors sRAGE and esRAGE levels. In 

addition, I performed most of the cellular in vitro assays and determined proliferation. I 

performed the CTLA-4 experiments together with Maren Bakkeboe. I evaluated the 

experiments together with Verena E. May. We also wrote the paper with support from 

Alexander Dressel. 

 
5. Differential gene regulation in monocytes, CD4+ and CD8+ T cells                                     

in patients at risk for post stroke infection - a pilot study 
  
 Vogelgesang A, Mostertz J, Wiechert A, Hohmuth G, Kessler C, Bröker BM, and 

Dressel A. 
 
 Submitted to Journal of Cerebral Blood Flow & Metabolism 
 
 I collected the samples and processed them. I performed the gene expression 

analysis with the support of Jörg Mostertz and Anja Hoffmann. I analyzed the data and 

wrote the paper together with Jörg Mostertz and Alexander Dressel.  

 

 

http://www.ncbi.nlm.nih.gov/pubmed/18048864
http://www.ncbi.nlm.nih.gov/pubmed/18048864
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6. Stroke, Immunosuppression and Infection 

 Vogelgesang A, Dressel A. 

 Res. Adv. In Stroke 1, Global Research Network, 2009 

 I wrote the review in collaboration with Alexander Dressel. 

 

7. Immunological consequences of ischemic stroke: Immunosuppression and 
Autoimmunity 

 Vogelgesang A, Dressel A. 

 J Neuroimmunol. 2011 Feb;231(1-2):105-10. 

 I wrote the review in collaboration with Alexander Dressel. 

 

 

 

 

   I herewith confirm the correctness of the personal contributions. 

 

 

 

    supervising tutor 
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2.2 Mitoxantrone treatment in multiple sclerosis induces TH2-type 

cytokines. 

 

Vogelgesang A, Rosenberg S, Skrzipek S, Bröker BM, Dressel A. 

published in Acta Neurol Scand. 2010 Oct;122(4):237-43 

 

 

     

http://www.ncbi.nlm.nih.gov/pubmed/19925529
http://www.ncbi.nlm.nih.gov/pubmed/19925529
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2.3 Differential effects of Interferon-b 1b on cytokine patterns of CD4+ 

and CD8+ T-cells derived from RRMS and PPMS patients 

 

Skrzipek S, Vogelgesang A, Bröker BM, Dressel A. 

In press in Multiple Sclerosis Journal 
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2.4 Analysis of lymphocyte subsets in patients with stroke and their 

influence on infection after stroke. 

 

Vogelgesang A, Grunwald U, Langner S, Jack R, Bröker BM, Kessler C,  

Dressel A. 

published in Stroke. 2008 Jan;39(1):237-41 
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2.5 Functional status of peripheral blood T-cells in ischemic stroke 

patients. 

 

Vogelgesang A, May VE, Grunwald U, Bakkeboe M, Langner S, Wallaschofski H, 

Kessler C, Bröker BM, Dressel A. 

published in PLoS One. 2010 Jan 14;5(1):e8718. 
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2.6 Differential gene regulation in monocytes, CD4+ and CD8+ T 

cells in patients at risk for post stroke infection: a pilot study 

  

Vogelgesang A, Mostertz J, Wiechert A, Homuth G, Kessler C, Bröker BM, Dressel 

A. 

Submitted 
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2.7 Stroke, Immunosuppression and Infection 
  

Vogelgesang A, Dressel A. 

Res. Adv. In Stroke 1, Global Research Network, 2009 
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Res. Adv. in Stroke 1, 2009 

Mohan R M (Hrsg) Research Advances in Stroke. Bd 1,                                                       

         Kerala: Global Research  Network 2009, 1-9 

Stroke, Immunosuppression and Infection 

Antje Vogelgesang and Alexander Dressel;  

Department of Neurology, University of Greifswald, Greifswald, Germany   

 

Abstract 

This article on stroke, immunosuppression and infection reviews the current literature on 

the evidence existing for immunosuppression in mouse and man following cerebral 

ischemia. The immunological consequences leading to and possible predictors for 

subsequent infection and the influence of stroke associated infections on the clinical 

outcome of stroke patients are discussed. 

 

1. Introduction  

The close and complex relationship between the immune system and the brain in ischemic 

cerebral stroke has been in the focus of clinicians and immunologist for some time. 

Analysis of risk factors has shown that preceding infection and chronic inflammation 

increase the risk of stroke. This may be due to procoagulatory effects, pro-atherogenic 

mechanisms or direct effects on the atherosclerotic plaque (Lindsberg and Grau 2003; 

Manousakis et al. 2009; Pinol-Ripoll et al. 2008; McColl, Allan, and Rothwell 2009). 

Ischemic injury triggers a series of neurotoxic cascades which have been shown to 

enhance brain tissue injury and immune cells accumulate at the site of the lesion. In 

addition, there is evidence for an autoimmune process directed against brain tissue. 

Therefore it was hypothesized that immunosuppression or targeted immunomodulation 

could reduce cerebral damage. Indeed, in several animal models inhibition or modulation of 

inflammation has resulted in reduced infarction size and improved clinical outcome. 

However, clinical studies in human stroke that aimed at interfering with the immune 

response (Rovelizumab trial,  Enlinomab trial, and the ASTIN trial) have failed to show a 
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clinical benefit (Shiga et al. 1992; Becker et al. 2003; Becker et al. 1997; Gee et al. 2007; 

Becker 2001; Craig T. Ajmo Jr 2008; Use of anti-ICAM-1 therapy in ischemic stroke: 

Results of the Enlimomab Acute Stroke Trial  2001; Yonekawa and Harlan 2005). 

 

More recently it has become apparent that stroke induces rapid and extensive alteration in 

the cellular compartment of the peripheral immune system. In retrospect, it is surprising 

how long these effects have been elusive, considering that the determination of total 

lymphocyte counts in a peripheral blood smear on admission is sufficient to detect the 

lymphocytopenia induced by stroke. The scope of this review is to summarize the current 

knowledge of these immediate effects and to give an overview about the ongoing 

discussion on the pathogenesis and clinical relevance of infections occurring in the days 

following stroke. 

 

2. Evidence for immunosuppression in stroke patients. 

Long term effects of stroke on the peripheral immune system have been investigated in a 

variety of studies over the last two decades. Both, long term immunosuppressive effects 

and enhanced responses to autoantigens have been described (Bornstein et al. 2001; 

Rogers, Coe, and Karaszewski 1998; Tarkowski, Ekelund, and Tarkowski 1991, 1991; 

Theodorou et al. 2008). These studies are difficult to compare as they have recruited very 

different patient populations and applied diverse readouts.  

Overall, there has been evidence for stroke induced immune processes; however, no 

coherent picture 

of long term 

effects of 

immunological 

changes in stroke-

survivors has 

emerged. Table 1: 

In contrast to such 

long term effects, very rapid and profound alterations of the cellular immunity that can be 

observed within hours of stroke onset have been described in mice and were confirmed in 

human stroke patients.  

The cellular changes initially described include lymphocytopenia, granulocytosis and 
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reduced HLA-DR expression on monocytes. A series of experimental studies in focal 

cerebral ischemia and clinical studies in human stroke have since addressed this 

phenomenon and further delineated and confirmed these findings. There is now broad 

consensus that cerebral ischemia (and similarly cerebral hemorrhage) results in a rapid 

depression of lymphocyte counts that is most extensive in the T-cell population and a 

functional deactivation of monocytes also occurs (Urra et al. 2009; Offner, Vandenbark, 

and Hurn 2009; Urra et al. 2008; Klehmet et al. 2008; Haeusler et al. 2008; Dirnagl et al. 

2007; Offner et al. 2006; Chamorro and Hallenbeck 2006; Smith et al. 2004; Emsley and 

Tyrrell 2002). Suppressed cellular immune responses were also reported after 

experimental spinal cord injury and traumatic brain injury, indicating that temporary 

immunodepression is a common phenomenon after acute CNS injury (Woiciechowsky et 

al. 1998; Lucin et al. 2007; Riegger et al. 2007). 

While lymphocytes decline, granulocyte counts increase, masking the lymphocytopenia in a 

clinical setting if only leukocyte counts are determined. These effects are more pronounced 

in patients with severe clinical deficit or large infarction. Also serum IL-6 levels were 

increased in stroke patients while changes in serum levels of other cytokines were less 

consistent. 

Table 2 summarizes immunological consequences in stroke patients: 

Regulatory T-cells (Treg) are 

strong inhibitory modulators of 

immune responses and are 

implicated in the pathogenesis of 

several autoimmune disorders. 

Therefore, these cells could also 

play a role in the maintenance of 

tolerance to autoantigens 

following injury. Indeed, increased 

levels of Treg have been detected 

in the spleen of mice in 

experimental stroke (Offner et al. 

2006). Even more important, very 

recent experimental evidence 

suggests that these cells are cerebroprotective in focal cerebral ischemia (Liesz et al. 

2009). Currently available data on the role of peripheral blood Treg in stroke patients 

remain contradictory, though. While some have demonstrated normal counts of Treg with a 
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short but strong reduction on day 2 others described increased proportions of Treg on day 

7 following stroke (Yan et al. 2009; Urra et al. 2008).  

Several lines of evidence support the hypothesis that these changes in cellular immunity 

are induced by a release of catecholamines and steroids into the peripheral blood. In mice 

the inhibition of catecholamines and steroids dramatically reduced the rate of lymphocytic 

apoptosis and monocytic deactivation in focal cerebral ischemia (Prass et al. 2003). In 

human stroke patients levels of plasma cortisol and catecholamines are increased and 

lymphocytic apoptosis is enhanced, resembling closely the observations reported in animal 

models of focal cerebral ischemia (Urra et al. 2008). Also, Treg cells have been shown to 

be more resistant to steroid induced apoptosis and to accumulate in steroid treated MS 

patients (Xin Chen 2004; Braitch et al. 2009). Thus these cells are likely to accumulate 

when steroid induced apoptosis kills other T-cells. Finally, granulocytosis is a well known 

phenomenon in steroid treatment of autoimmune diseases. 

 

3. Stroke induced immunosuppression predisposes to infection.  

Infections occurring in stroke patients were long considered to be causally related with the 

extent and the type of neurological disability inflicted by stroke such as swallowing 

disorders and immobility. In addition, iatrogenic interventions required to treat stroke 

patients such as the use of indwelling catheters (central iv lines or bladder catheters) are 

known to enhance the risk of infection. Therefore, patients who are more severely affected 

by stroke and require prolonged treatment in intermediate or intensive care units are at an 

increased risk for hospital acquired infections. Especially, the enhanced risk of aspiration in 

patients with swallowing disorders due to stroke has been thought to increase the rate of 

pneumonia. 

The first evidence that stroke induced immunosuppression also predisposes for the 

development of severe infection evolved from experimental stroke. Middle cerebral artery 

occlusion resulted in high bacterial burden within blood and lung tissue and clinical and 

histological signs of septicemia and pneumonia in mice. Moreover, Prass et al. showed that 

experimental stroke propagates bacterial aspiration from harmless intranasal colonization 

to harmful pneumonia (47). Antibiotic treatment with moxifloxacin or blockage of the 

sympathetic nervous system by treatment with propranolol prevented infection.   

Several immunological parameters have since been implicated to correlate and predict the 

occurrence of infections in stroke patients. Most of the studies agree that there are rapid 

quantitative alterations in T cells and B cells in human stroke, most notable in patients 
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susceptible to develop infections with a predominant loss of CD4+ T-cells and a failure to 

recover in patients with infection.  

IL-6 serum levels and CD4 T-cell counts the morning following stroke correlated strongly 

with the occurrence of infection between day 7 and 14 following stroke. A finding that was 

extended to serum IL-10 in other studies (Klehmet et al. 2008; Urra et al. 2009). 

In addition, on day 1 and 2, low HLA-DR expression on monocytes had a predictive value 

to SAI in acute stroke patients (Zhang et al. 2009).  

Importantly, the different predictors might result from unequal studies in which different 

criteria were applied to define infection and to exclude patients that already suffered from 

infection on admission. 

Factors associated with infection Table 3:  

 4. Does SAI worsen the clinical 

outcome of stroke patients? 

The frequency and the clinical 

impact of infections in stroke 

patients have been investigated in a 

series of studies with widely varying 

results (reviewed in (Emsley and 

Hopkins 2008)). One of the largest 

studies investigated 11286 patients 

admitted for stroke and found that 

5.6% of these developed 

pneumonia. In a multiple regression analysis accounting for several risk factors including 

severity of stroke occurrence of pneumonia tripled the risk for 30 day mortality in stroke 

patients (Katzan et al. 2003). Similarly, a recent prospective study investigating 1254 

consecutive stroke patients has identified pneumonia and urinary tract infections as 

independent predictors of poor outcome (modified ranking score of 3-6) (Hong et al. 2008).  

Therefore, a therapy regimen that would reduce the rate of infection may significantly 

improve the outcome of stroke patients. Based on this rationale three studies of preventive 

antibiotic treatment in stroke patients have been performed. In the first published study the 

Early Systemic Prophylaxis of Infection After Stroke (ESPIAS) trial antibiotic treatment with 

levofloxacin did not reduce the rate of infection; even worse, the clinical outcome favoured 

placebo (Chamorro et al. 2005). In the second trial, the Preventive ANtibacterial THERapy 
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in acute Ischemic Stroke (PANTHERIS) study, patients treated with moxifloxacin had less 

infections, however the overall clinical outcome did not differ between the groups (Dirnagl 

et al. 2007; Klehmet et al. 2008). Finally, the Mannheim Infection Stroke Study (MISS) 

compared mezlocillin plus sulbactam vs. standard medical treatment and defined fever as 

the primary endpoint. In the MIS study antibiotic treatment had a significant effect on body 

temperature, also the rate of infection was reduced. While the clinical outcome was similar 

at day 10 the antibiotic-treated patients fared better than the placebo group at day 90. 

However, the assessment at day 90 was solely performed by a telephone interview 

(Schwarz et al. 2008).  

The lack of clinical efficacy as determined by the clinical outcome in preventive antibiotic 

treatment resulted in a re-evaluation of the effect of infection on clinical outcome in stroke 

patients. Chamorro et al concluded that treatment of infection according to current 

guidelines suffices to avoid any detrimental effect of infection on the clinical outcome of 

stroke patients. This conclusion was supported by additional studies from the same group 

in which stroke associate immunodepression correlated with post stroke infection, however, 

post stroke infections did not influence clinical outcome. Surprisingly, though, in these 

same investigations B-cell counts and monocytic TLR 4 expression were predictors of 

clinical outcome. Also, in another study normetanephrine levels on admission were 

associated with increased mortality (Chamorro et al. 2007; Urra et al. 2009; Urra et al. 

2008). 

Infections have been suggested to impair clinical recovery of stroke patients by enhancing 

detrimental immune responses at the site of the lesion, also increased body temperature is 

thought to increase brain damage and fever is therefore aggressively treated in stroke 

patients. In addition, severe infection may result in death or persistent disability without 

adding to cerebral damage 

A possible explanation for observations that infection did not alter the outcome of stroke 

patients may come from the definitions used for “infection” in these studies: The use of 

weak criteria for “infection” will allocate patients with clinically insignificant infections in the 

infected cohort and thereby “dilute” the effect of severe infection on the clinical outcome. 

Vice versa, a very strict definition of “infection” will increase the number of patients 

allocated into the non-infected group that in fact do suffer from infectious diseases. Both 

scenarios will therefore underestimate the role of infection in stroke.  

A possibility to circumvent this problem could be the use of two definitions: one definition 

for “infection” and one definition for “no-infection”. We have used this approach in our study 

identifying IL-6 and CD4+ T cell counts on day 1 as strong predictors of severe infection. 
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Another advantage is that this approach excludes patients with pre-existing infections from 

the analysis, however, it allocates a large proportion of patients into an undetermined 

group.(Vogelgesang et al. 2008)  

 Currently the long standing observation that infections in stroke patients are detrimental 

has been challenged. To date the majority of the clinical data and experimental evidence 

suggest that the systemic inflammation induced by infections are an independent predictor 

of unfavourable outcome (Becker 2009). However, the failure of clinical studies using 

preventive antibiotics to show a clear clinical benefit implies that future trials should be 

more targeted at patients with a high risk to develop post stroke infections.  

 

5. Summary and Conclusion 

It has become clear that the immediate biological effects of cerebral ischemia are not 

limited to the neurological deficits caused by brain tissue destruction but lead to alterations 

of the peripheral immune system which occur within hours of stroke. These changes seem 

to be triggered by a release of cortisol and catecholamines which results in lymphocytic 

apoptosis and granulocytosis. The exact nature of these changes has not yet been fully 

explored and the functional consequences are only partly understood. While the more 

persistent loss of lymphocytes seems to predispose to infection, a selective survival of 

regulatory T-cells could provide the immunological tolerance needed to avoid autoimmunity 

against previously secluded brain antigens.  

Clinical studies aiming at reducing the rate of stroke associated infections by preventive 

antibiotic treatment, though, have had conflicting results. Furthermore, some more recent 

studies have disputed the long standing observation that infections are an independent 

negative predictor for the clinical outcome of stroke patients.  

While these contradictory data currently preclude the preventive use of antibiotic treatment 

in stroke patients in clinical routine, the role of preventive antibiotic treatment in stroke 

patients is not yet settled. We propose that the varying definitions of infection and the 

severity of stroke throughout the different studies contribute to the wide variety of infection 

rates reported. Immunological parameters such as CD4+ T-cell count and serum IL-6 

determined the morning after stroke have been shown to identify stroke patients at 

increased risk of severe infection. We suggest that such predictors should be used in future 

clinical trials to better define a target population that could benefit from preventive antibiotic 

treatment.  
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The detailed analysis of stroke induced immunosuppression and the immunological 

processes occurring at the site of the ischemic lesion may together result in a new concept 

of stroke treatment that will effectively complement revascularisation therapies. The 

challenge for future treatment regimens is to inhibit detrimental immune responses at the 

lesion without further compromising the ability of the immune system to effectively clear 

infections. 
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2.8 Immunological consequences of ischemic stroke: 

Immunosuppression and autoimmunity 

 

Vogelgesang A, Dressel A. 
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3.1 Short Summary  

 

This work investigates the functional status of the peripheral immune system in two 

diseases, multiple sclerosis (MS) and stroke. The approach is to elucidate the 

mechanisms involved in maintaining or restoring tolerance in immune-mediated central 

nervous system (CNS) diseases. Both, immunosuppression resulting in increased 

susceptibility to infection and autoimmunity, are closely linked to alterations in the T-cell 

compartment. Therefore an understanding of the activation status and the regulation of T-

cell activity in stroke is required to delineate further avenues towards new therapeutic 

approaches. 

An inflammatory response directed against CNS antigens plays a central role in the 

immunopathogenesis of MS. T-cells directed against myelin antigens escape thymic 

deletion in both MS patients and healthy controls, suggesting that autoimmunity could 

result from a pathological activation of autoreactive T-cells in the periphery. Molecular 

mimicry may allow autoreactive T-cells to be activated by pathogen derived peptides. 

Once activated autoreactive T-cells may cross the blood brain barrier (BBB) and enter the 

CNS to initiate or perpetuate an autoimmune attack. This widely accepted 

immunopathological concept of MS receives additional support from treatment studies. At 

least two of the drugs known to reduce relapse rate and radiological activity of MS, 

Interferon-ß and natalizumab, inhibit the migration of activated T-cells across the BBB. But 

the mechanisms of action of the beneficial therapeutics in use are not fully understood. 

Moreover treatment benefit is dependent on the subtype of MS. 

Up until now, mitoxantrone is the only drug approved for the treatment of secondary 

progressive (SP) MS in the absence of relapses. It would therefore be of value to unravel 

its distinct mechanism of action, in order to find other treatment options and to gain further 

understanding of the disease. We therefore investigated whether mitoxantrone treatment 

changes the cytokine profile induced in MS patients.  We examined both short and long 

term effects of the treatment and investigated changes induced in peripheral blood 

mononuclear cells (PBMC), including CD4+ and CD8+ T-cell subsets. 

In this study mitoxantrone treatment in MS patients shifted the cytokine profile, which 

could be elicited CD4+ T cells and PBMC ex vivo, towards a TH2 profile. Within 3 weeks 

of mitoxantrone administration, IL-4 and IL-5 became strongly inducible in CD4+ T cells. 

Effects on IL-17 and IL-10 were weak and we observed no alteration of IFN-  secretion. 

Also, PBMC and CD4+ T cells from patients treated for more than 1 year with 
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mitoxantrone released three to four times more IL-4 and IL-5 than those from patients 

without mitoxantrone therapy. Again, the inducibility of TH1-type cytokines and IL-17 was 

not altered. 

Together these observations add evidence to the hypothesis that in addition to the 

cytotoxic action of mitoxantrone a sustained immune modulatory effect contributes to the 

drug’s beneficial impact on MS. We conclude that the induction of a shift from 

proinflammatory TH1 cytokines to anti-inflammatory TH2 cytokines could be one of the 

mechanisms of action underlying the beneficial effects of mitoxantrone in MS. 

Another first line treatment option for relapsing remitting (RR) MS patients is IFN- . Its 

mechanism of action is again only partially understood, and its immunomodulatory effects 

on cytokine production are disputed. IFN-  treatment is known to slow disease 

progression in RRMS but not PPMS patients. 

We therefore designed a study to relate the IFN- 1b effects to lymphocyte subtype and 

disease course. To this end, patterns of cytokines secreted by CD4+ and CD8+ T cells 

derived from different donor groups (healthy controls, RRMS and PPMS) were analysed. 

We used a highly standardized stimulation assay to select lymphocyte populations from 

different donors. We observed distinct IFN- 1b effects on cytokine induction, depending 

on immune cell type and donor group. In general, CD8+ T cells appeared less susceptible 

to IFN- 1b compared to CD4+ T cells. Also, TNF-  release from PBMCs but not isolated 

T cells was inhibited by IFN- 1b. Together with observations in PBMC of IFN-  treated 

MS patients our results suggest that the inhibitory effect of IFN-  on TNF-a release is not 

directly exerted on T cells, but requires other cells included in PBMCs.  

Our data support the hypothesis that alterations in cytokine patterns contribute to the 

beneficial effects of IFN-β1b in MS. The inhibition of IFN-  and induction of IL-10 were 

most pronounced in CD4+ T cells derived from RRMS patients, which may partly explain 

the clinical finding that IFN-  is most effective in the relapsing forms of MS. 

The modulation of TH1 to TH2 response is a shared mode of action by the two 

therapeutics which were investigated in this thesis. 

 

 

Stroke is the third most common cause of death in Western countries. Furthermore, 

population ageing will further increase the burden of stroke to the health care systems in 

western countries. As a consequence, improving prevention and treatment of stroke has 
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become one of the major challenges of medicine. Ischemic stroke is a disease in which 

the primary injury is caused by a lack of blood supply leading to anoxia and subsequent 

neuronal death. The outcome of patients suffering ischemic stroke not only depends on 

the neurological deficits induced by brain tissue destruction but is also largely determined 

by subsequent infections. Clinical reasoning suggested that impaired gag reflexes, 

reduced mobility, and being bedridden as well as the use of indwelling catheters result in 

the high rate of pulmonary infections in these patients. Only very recently has it been 

discovered that systemic infections occurring in stroke result from stroke induced immune 

alterations which severely impair bacterial defense. This was initially described in a study 

by Prass et al. in 2003 who observed that mice with experimental stroke succumb to 

spontaneous endogenous bacterial infection.  

 

We conducted a study which demonstrated that stroke induced immune suppression also 

occurs in human stroke patients and is correlated with systemic infections. In our patients 

extensive lymphocytopenia was most pronounced on admission to the hospital and it 

affected T cell populations more than B cells. Patients in whom this lymphocytopenia 

persisted for more than 24hrs were at increased risk to suffer subsequent infections. It 

remained unclear whether lymphocytopenia merely reflects the extent of immune 

alterations induced by cerebral stroke or is causally related to susceptibility to bacterial 

infections. 

  

Based on these observations we tested the hypothesis that functional impairment of T 

cells contributes to the susceptibility to post stroke infections. We performed a series of 

functional studies on peripheral blood T cells obtained from stroke patients: Unexpectedly 

our data revealed that the surviving T cells remained fully functional in response to in vitro 

mitogen stimulation and were primed to a proinflammatory TH1 type response. These 

data suggest that T effector cell functions remain intact following stroke. 

 Additional studies revealed two possible mechanisms that could induce TH1 priming in 

the activation of T cells in stroke patients: a lack of expression of CTLA-4, an inhibitory 

molecule, and the release of HMGB1 into the sera of stroke patients. HMBG1 is known to 

act as a strong activator for lymphocytes.  

 

Since our cellular and cytokine data suggest that patients with and without subsequent 

infection can be discriminated as early as day 1 post stroke, we conducted a pilot study to 

investigate whether these alterations are also reflected by gene expression patterns 

observed in monocytes, CD4+ and CD8+ T cells isolated from the two different patient 

cohorts.  
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In our pilot gene expression analysis we found a differential gene expression from day 0 

to day 1 post stroke in the subgroups with and without subsequent infection. Many genes 

that were regulated are associated to bacterial defense and infection. In line with our 

findings that the amount of CD4+ T cell can predict the development of subsequent 

infection we found the most pronounced counter regulation between the infected and non 

infected cohort within the CD4+ T cell populations. The genes identified here could help to 

add to our understanding of post stroke immunosuppression and the cells effected by 

functional impairment.  

Our data demonstrate that in addition to brain tissue destruction ischemic cerebral stroke 

induces pronounced alterations in the immune system in humans. Together with 

observations by others our data indicate that immune alterations in stroke patients could 

contribute to impaired outcome in two distinct ways: Local inflammation contributes to 

brain lesion formation, while systemic immune suppression predisposes to secondary 

infection. Both cascades are closely related to T-cell function. Therefore, to the 

neuroimmunologist, stroke can serve as a model disease to understand mechanisms that 

limit autoimmune responses: the “immunological healthy” individual suffering from stroke 

can maintain tolerance to brain antigens despite a breakdown of the BBB and an influx of 

lymphocytes to the site of the lesion. The immunological consequences of stroke can thus 

help to delineate mechanisms by which an “immunological healthy” organism maintains 

tolerance to CNS antigens even when the immune system gains access to these 

antigens. 

 

A detailed understanding of these alterations may offer new avenues of intervention to 

improve the clinical fate of stroke victims. In addition, such knowledge could also further 

our understanding of MS, because, while increasing the infection risk, the dampening of 

the immune system could have an important protective function, if it limits autoimmune 

brain damage triggered by the massive release of brain antigens during stroke. 

If these two pathways could be modulated separately it would create the opportunity to 

develop distinct therapeutic approaches that inhibit autoimmunity and strengthen 

antibacterial defenses. To further delineate these mechanisms it is crucial to investigate 

the role of the innate immune system as compared to the adaptive immune system in 

stroke induced immune suppression.  
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3.2 Kurzzusammenfassung 

 

Die vorgelegte Dissertation untersucht den funktionellen Status des peripheren 

Immunsystems in zwei Erkrankungen, der Multiplen Sklerose (MS) und dem Schlaganfall. 

Ziel ist es, Mechanismen die zur Erhaltung oder aber Wiederherstellung der Toleranz bei 

immunvermittelten Erkrankungen des zentralen Nervensystems (ZNS) beitragen zu 

identifizieren. Immunsuppression als auch Autoimmunreaktionen sind eng mit 

Veränderungen der T-Zellfunktion verknüpft. Die Untersuchung der T-Zellaktivierung und -

regulation ist deshalb für die Entwicklung neuer therapeutischer Interventionen von großer 

Bedeutung. 

Eine gegen das ZNS gerichtete Entzündungsreaktion nimmt eine zentrale Rolle in der 

Immunpathogenese der MS ein. Myelin-Antigen spezifische T-Zellen entgehen der 

Deletion im Thymus sowohl in MS Patienten als auch in Gesunden. Laut aktuell 

akzeptierter Theorie werden autoreaktive T-Zellen z.B. durch molekulare Mimikry 

pathologisch in der Peripherie aktiviert. Diese aktivierten T-Zellen können dann die Blut-

Hirnschranke (BHS) überwinden und somit die Zerstörung im ZNS initiieren bzw. 

aufrechterhalten. Unterstützt wird diese Theorie auch durch Medikamentenstudien. 

Zumindest zwei der Medikamente, nämlich Interferon-  und Natalizumab, die zur 

Reduktion der Schubrate und der radiologisch erkennbaren Aktivität von MS führen, 

inhibieren die Migration aktivierter T-Zellen durch die BHS. Die Wirkmechanismen 

nutzbringender Medikamente sind aber nicht vollständig aufgeklärt. Auch ist der 

Therapieerfolg je nach Verlaufsform der MS unterschiedlich. 

Bislang ist Mitoxantron das einzige für die Behandlung von schubfreien sekundär 

progredienten (SP) MS Patienten zugelassene Medikament. Um neue Therapieoptionen 

zu entwickeln und die Erkrankung besser zu verstehen, wäre es deshalb von Nutzen die 

Wirkungsweise von Mitoxantron zu erforschen. Wir haben deshalb untersucht ob eine 

Mitoxantrontherapie ein verändertes Zytokinprofil in den Patienten hervorruft. Dazu haben 

wir die Kurzzeit und Langzeiteffekte auf mononukleäre Zellen des peripheren Blutes 

(PBMC) und separierte CD4+ und CD8+ T-Zellen ex vivo studiert.  

Mitoxantronbehandlung veränderte das Zytokinprofil von CD4+ T-Zellen und PBMC ex 

vivo in Richtung TH2 Dominanz. Nach dreiwöchiger Mitoxantrongabe wurden sowohl IL-4 

als auch IL-5 stark induziert. Effekte auf IL-17 und IL-10 Sekretion waren nur schwach, 

auch beobachteten wir keine Wirkung auf IFN- . PBMC und CD4+ T-Zellen von MS 

Patienten die über ein Jahr lang mit Mitoxantron behandelt wurden, sezernierten 3-4 mal 
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so viel IL-4 und IL-5 wie Patienten ohne Mitoxantronbehandlung. Erneut wurde die 

Induzierbarkeit des TH1-Typ Zytokins IL-17 nicht beeinflusst. Unsere Ergebnisse 

unterstützen die Hypothese, dass Mitoxantron zusätzlich zur zytotoxischen Wirkung eine 

nachhaltige Immunmodulation bewirkt. Diese trägt durch die Verschiebung von TH1- zu 

TH2-Domianz zur therapeutischen Wirkung bei.  

IFN-  wird ebenfalls als Erstbehandlung bei schubförmig verlaufender MS (relapsing 

remitting (RR)MS) eingesetzt. Hier ist der Wirkmechanismus ebenfalls nur teilweise 

verstanden. Immunmodulatorische Effekte werden diskutiert. INF-  reduziert den 

Krankheitsforschritt in RRMS, aber nicht in Patienten mit primär progressivem Verlauf  

(PPMS). 

In unserer Studie haben wir deshalb den Einfluss von IFN- 1b auf die 

Lymphozytensubpopulationen untersucht. Außerdem interessierten uns mögliche 

Unterschiede in der Wirkung in Abhängigkeit vom Krankheitsverlauf. Die von CD4+ und 

CD8+ T-Zellen sezernierten Zytokinmuster wurden von gesunden Kontrollen, RRMS und 

PPMS Patienten analysiert. Dazu wurde ein hochstandardisierter Stimulationsassay 

genutzt. IFN- 1b zeigte distinkte Effekte auf die Zytokininduktion in Abhängigkeit von 

Zelltyp und MS-Verlaufsform. CD8+ T-Zellen schienen dabei weniger empfänglich für IFN-

 zu sein als CD4+ T-Zellen. Die TNF-  Freisetzung von PBMC wurde im Gegensatz zu 

den isolierten T-Zellen durch IFN -1b inhibiert. Dieser inhibitorische IFN-  Effekt auf die 

TNF-  Freisetzung erfolgt also vermutlich nicht direkt, sondern in Interaktion mit anderen 

Zellen die Bestandteil der PBMC sind.  

Unsere Daten unterstützen die Hypothese, dass Veränderungen im Zytokinmuster zur 

therapeutischen Wirkung des IFN- 1b bei MS beitragen. Die Inhibierung durch IFN-  und 

Induktion von IL-10 waren in CD4+ T-Zellen von RRMS Patienten am stärksten. Dies 

könnte die klinische Beobachtung erklären, dass eine IFN-  Therapie am effektivsten bei 

schubförmig verlaufender MS wirkt.  

Die Modulation des T-Zellkompartiments in Richtung antiinflammatorischer TH2 Antwort 

ist somit eine Gemeinsamkeit, die sich im Wirkmechanismus beider untersuchter MS-

Therapeutika wiederfindet und einen günstigen Einfluss auf die pathologischen 

autoimmunen Prozesse bei MS nimmt. 

 

Der Schlaganfall ist die dritthäufigste Todesursache in den westlichen Ländern. Darüber 

hinaus wird die Bevölkerungsalterung die Prävalenz des Schlaganfalls erhöhen und somit 

die Last für das Gesundheitssystem vergrößern. Folglich müssen Prävention und 
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Behandlung verbessert werden. Beim ischämischen Schlaganfall führt die ausgelöste 

Minderdurchblutung zu Sauerstoffmangel und folglich neuronalem Zelltod. Neben den 

neurologischen Schädigungen stellt aber auch die hohe Rate an Sekundärinfektionen ein 

großes Problem dar. Klinische Überlegungen führten zur Hypothese, dass 

Schluckstörungen, Bettlägerigkeit und die Verwendung von Kathetern als Ursache für 

erhöhte Sekundärinfektionsraten bei Schlaganfallpatienten angesehen wurden. Erst 

kürzlich wurde entdeckt, dass die systemischen Infektionen durch eine 

schlaganfallinduzierte Immunsuppression begünstigt werden. Diese beeinträchtigt die 

bakterielle Abwehr. Die ersten Hinweise dazu stammen aus dem Mausmodell  und 

wurden von Prass et al. im Jahre 2003 erhoben.  

 

Wir führten folglich eine Studie durch, die zeigte, dass auch Schlaganfallpatienten von 

einer schlaganfallinduzierten Immunsuppression betroffen sind. Diese korreliert mit der 

Ausbildung systemischer Infektionen. In unserer Patientenkohorte konnten wir eine starke 

T-Lymphozytopenie beobachten, die bei Aufnahme ins Krankenhaus am ausgeprägtesten 

war. Dauerte diese Lymphozytopenie länger als 24h an, so hatten die Patienten ein 

erhöhtes Risiko an einer Folgeinfektion zu erkranken (Vogelgesang et al. 2008). Es blieb 

aber unklar, ob die Lymphozytopenie verantwortlich für die erhöhte Suszeptibilität 

gegenüber bakteriellen Infektionen zeichnet, oder aber nur das Ausmaß der 

Immunsuppression widerspiegelt.  

Wir untersuchten deshalb die Hypothese, dass die funktionelle Beeinträchtigung der T-

Zellen zur Ausbildung von Folgeinfektionen beiträgt, in einer weiteren Patientenstudie.  

Funktionelle Analysen zeigten, dass die T-Zellen aus dem peripherem Blut von Patienten 

voll funktionstüchtig bleiben und in vitro nach Mitogenstimulation proliferieren und eine 

proinflammatorische TH1-Dominanz im sezernierten Zytokinmuster aufweisen. Die T-

Effektorzellfunktion scheint also nach dem Schlaganfall nicht beeinträchtigt zu sein. 

Weitere Untersuchungen ließen uns zwei mögliche Mechanismen zur Induktion der TH1 

Dominanz auffinden. Erstens wurde CTLA-4, ein inhibitorisches Molekül, auf den T-Zellen 

nicht hochreguliert, zweitens konnten wir erhöhte HMGB1 Serum Werte bei Patienten 

detektieren. HMBG1 ist ein starker Aktivator und ein proinflammatorisches Agenz für T-

Zellen.  

 

Unsere Ergebnisse auf Zell- und Zytokinebene am Tag 1 nach Schlaganfall ermöglichten 

eine Diskriminierung der Patienten die eine Folgeinfektion entwickeln würden. In einer 

folgenden Pilotstudie überprüften wir, ob sich diese Unterschiede bei den Patienten auch 

auf Genexpressionsebene bei Monozyten, CD4+ und CD8+ T-Zellen wieder finden.  
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Hier stellten wir eine differentielle Regulation von Tag 0 zu Tag 1 nach Schlaganfall 

zwischen den Gruppen mit und ohne Folgeinfektion fest. Viele der regulierten Gene 

können dabei mit zellulärer Abwehr und Infektion assoziiert werden. Die größte Anzahl 

gegensätzlich regulierter Gene zwischen Patienten mit und ohne Folgeinfektion fand sich 

in der CD4+ T-Zellpopulation. Dieses Ergebnis spricht dafür, dass die CD4+ T-Zellzahl als 

Prädiktor für die Ausbildung von Folgeinfektionen kein reiner Surrogatmarker ist. Die in 

unserer Genexpressionsanalyse identifizierten Gene könnten in Folgeuntersuchungen zu 

unserem Verständnis der schlaganfallinduzierten Immunsuppression beitragen.  

Im Zusammenhang mit Studien anderer Arbeitsgruppen zeigen unsere Daten zwei Wege 

auf, die nach dem Schlaganfall zu einem schlechteren Krankheitsverlauf führen: während 

die lokale Entzündungsreaktion im ZNS zur Läsionsvergrößerung beiträgt,  

prädispositioniert die systemische Immunsuppression für Sekundärinfektionen.  Ein 

detailiertes Verständnis der immunologischen Veränderungen kann deshalb neue 

therapeutische Möglichkeiten eröffnen und die klinische Entwicklung der 

Schlaganfallpatienten verbessern.  

Für den Neuroimmunologen kann der Schlaganfall auch als Modellerkrankung für MS 

dienen und darüber hinaus zum Verständnis von Mechanismen, die Autoimmunantworten 

limitieren, beitragen. Der “immunologisch gesunde” Schlaganfallpatient kann die Toleranz 

gegenüber ZNS-Antigen trotz Zerstörung der BHS und dem Eintritt von Lymphozyten ins 

Gehirn aufrechterhalten. Immunologische Konsequenzen des Schlaganfalls können 

deshalb dabei helfen Mechanismen zu erkennen mit denen ein “immunologisch gesunder” 

Organismus die Toleranz gegenüber ZNS-Antigenen aufrechterhält, obwohl dem 

Immunsystem entsprechende Autoantigene frei zugänglich sind. So führt die 

Immunsuppression zwar einerseits zur Erhöhung des Risikos für Sekundärinfektionen, 

könnte aber auch eine physiologische Rolle zur Regulation der Immunantwort und 

Aufrechterhaltung der Toleranz trotz massiver Freilegung von Autoantigenen spielen.  

Eine separate Regulation der zwei Pfade würde die Möglichkeit für konkrete 

therapeutische Maßnahmen eröffnen.  Diese müssten einerseits autoimmune Prozesse 

inhibieren und andererseits die antibakterielle Abwehr fördern. Weitere Studien sind hier 

notwendig um die Rolle der adaptiven und der angeborenen Immunantwort bei 

schlaganfallinduzierter Immunsuppresion im Detail zu erforschen. 
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3.3 Abbreviations 

 

BBB   blood-brain barrier 

CD  cluster of differentiation 

CNS   central nervous system 

CTLA-4 cytotoxic T-lymphocyte antigen 4 

DNA  deoxyribonucleic acid 

EAE  experimental autoimmune encephalomyelitis 

esRAGE endogenous secreted form of receptor for advanced glycosylation end  

  products 

FACS  fluorescence activated cell sorting  

GA  glatiramer acetate 

HLA  human leucocyte antigen 

HMGB-1 high-mobility group protein B1 

HPA  hypothalamic-pituitary-adrenal 

IFN  interferon 

IL  interleukin 

MBP  myelin basic protein 

MS   multiple sclerosis 

NK  natural killer 

PBMC  peripheral blood mononuclear cells  

PDE  phosphodiesterase 

PHA  phytohaemagglutinin 

PNS  parasympathetic nervous system 

PPMS  primary progressive multiple sclerosis 

RRMS  relapsing remitting multiple sclerosis  

SCID  severe combined immunodeficiency 

SIIA  stroke induced immune alterations 

SNS   sympathetic nervous system 
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SPMS  secondary progressive multiple sclerosis 

sRAGE soluble receptor for advanced glycosylation end products  

TCR  T-cell receptor 

TNF  tumor necrosis factor 

WHO  world health organization 
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