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CHAPTER 9

Summary

PART 1

Bacterial meningitis is a disease in which bacteria invade the central nervous 

system infecting the subarachnoid space and meninges surrounding the brain 

and spinal cord. This serious infectious disease has a high morbidity and mortality 

despite timely and adequate treatment. Due to preventive measures, like childhood 

vaccinations, the incidence of bacterial meningitis declined and there has been 

a shift in disease causing pathogens. Besides in the last decennia adjunctive 

treatment with dexamethasone is added to the standard treatment with antibiotics 

which has changed the course and outcome of disease. The aim of chapter 2, 3 and 
4 of this thesis is to describe in this era, the epidemiology, clinical characteristics 

and outcome of bacterial meningitis.

In chapter 2 data is shown of a nationwide prospective cohort study, describing 

1,412 adults with community-acquired bacterial meningitis. This study showed the 

incidence rate of bacterial meningitis declined from 1.72 cases per 100,000 adults 

per year in 2007-08 to 0.94 per 100,000 per year in 2013-14. These rates of adult 

bacterial meningitis decreased most in pneumococcal serotypes included in the 

conjugate vaccines en meningococcal meningitis. The most common pathogen was 

the Streptococcus pneumoniae in 72% of the cases and on the second place the 

Neisseria meningitidis in 11% of the cases. Bacterial meningitis patients presented 

with headache (83%), nausea (62%), and 41% of the cases presents with the classic 

triad of fever, a decreased consciousness, and neck stiffness. This study showed 

that 17% of the patients died and 38% had an unfavourable outcome.

To study the long-term sequelae of pneumococcal meningitis a cross sectional 

cohort study was performed of which the results are described in chapter 3 and 4. 

In chapter 3 data is shown about the long-term neurologic and cognitive outcome 

and quality of life and in chapter 4 about sleep impairment in adults surviving 

pneumococcal meningitis. Both chapters included data of a follow up study with 

survivors of pneumococcal meningitis who participated in the nationwide cohort 

study described in chapter 2. In this study 80 patients and 69 controls were evaluated 

1 to 5 years after acute illness. The patients underwent neurological examination, 

and patients and controls performed neuropsychological tests and filled in 

questionnaires on cognitive functioning, quality of life and quality of sleep. Of the 

patients, 34% had neurological sequelae of which the most common sequalae was 

hearing loss in 27% of the cases. Patients performed worse on neuropsychological 

test compared to controls, with the most affected domains alertness and cognitive 

flexibility. Cognitive impairment was present in 14% of the patients. If patients judged 
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themselves on the presences of problems in cognitive functioning they noticed 

problems on all cognitive domains. Patients after pneumococcal meningitis had 

significant lower scores on quality of life questionnaires compared to the controls, 

especially on the items physical and social functioning and perceived health. Of the 

patients, 38% met our definition of a poor sleeper compared to 23% of the controls. 

Poor sleep quality was correlated to a diminished quality of life. The female gender 

was an important predictor of poor sleep.

PART 2

Why some people develop meningitis and others do not, while we are exposed to 

the same bacteria in our environment, is not fully understood. It is assumed that 

an interaction between environmental factors, virulence factors of bacteria and 

susceptibility factors of the host, play a role in developing disease. A diminished 

functioning of the immune system is a known factor increasing host susceptibility, 

like is the case in alcoholism, HIV infection, diabetes mellitus, cancer, use of immune 

suppressive medication or asplenia (introduction). The last decennia studies 

with extreme phenotypes (like recurrent meningitis) and patient control studies 

identified genetic variations influencing the susceptibility of bacterial meningitis 

(introduction).

Known risk factors for poor outcome of bacterial meningitis are age, decreased 

immune status, signs of systemic infection, low CSF cell count, and increased serum 

inflammation parameters (chapter 2). On the one hand a diminished immune system 

can lead to an uncontrolled infection and on the other hand can an overactive 

immune system cause damage to the brain and thereby worsen outcome. Earlier 

mentioned predictors explain a part of the inter-individual differences in outcome 

but still a large part is not understood. The last decades genetic association 

studies shifted from studying only a few variants (candidate SNP approach) to a 

hypothesis free approach in which large amounts of genetic variants are studied 

(introduction).

The second aim of this thesis is to gain more insight in factors influencing the 

susceptibility and outcome of bacterial meningitis. If we have a better understanding 

in the pathogenesis of bacterial meningitis we can develop new preventive strategies 

and targets for adjuvant treatment.

In chapter 5 the relationship between expression of inflammatory proteins and 

outcome of bacterial meningitis is investigated. To study this, inflammatory proteins 

were measured in blood samples of 54 bacterial meningitis patients during the acute 

phase of disease. In a follow up study, described in chapter 3 and 4, 80 patients 

with pneumococcal meningitis were recalled 1 to 5 years after acute illness for 

9
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neuropsychological testing and ex vivo blood stimulation experiments to measure 

inflammatory protein expression. High plasma concentration of MIF (macrophage 

migration inhibitory factor) in the early phase of disease was associated with high 

mortality. In survivors of pneumococcal meningitis, a high MIF expression by ex vivo 

stimulated peripheral blood mononuclear cells was associated with occurrence of 

cognitive impairment.

In chapter 6, 7, and 8 the results are shown of genetic association studies 

focussing both on susceptibility and outcome of bacterial meningitis and invasive 

pneumococcal disease. Chapter 6 shows the results of a genetic association study 

in 469 community-acquired pneumococcal meningitis cases and 2072 population-

based controls in order to find genetic variants associated with pneumococcal 

meningitis susceptibility. In this study 102,097 single nucleotide polymorphisms 

(SNPs) are genotyped in the collected DNA material of the patients and controls. 

The differences in frequencies of genetic variations between patients and controls 

were analysed. A Bonferroni correction was applied to correct for multiple testing. 

None of the genetic associations was significantly associated with susceptibility 

of pneumococcal meningitis after applying the Bonferroni correction. Genetic 

variations with the strongest associations were on chromosome 1 in the COL11A1 

gene and chromosome 2 in the EXOC6B gene. Until now, the function of this genetic 

variations is unclear.

In chapter 7 is studied if genetic variations in coagulation and fibrinolysis genes 

contributes to cerebrovascular complications in bacterial meningitis. In this genetic 

association study the exons and flanking regions of 16 candidate genes involved 

in coagulation and fibrinolysis pathways of 622 adult with community-acquired 

bacterial meningitis patients were sequenced. Next it was analysed if genetic 

variation in these genes resulted in a higher risk of cerebrovascular complications, 

unfavourable outcome and differences in thrombocyte count on admission. Of all 

patients 22% had a cerebral infarction and 30% a poor outcome. A functional genetic 

variant in protein Z (rs494860) had the strongest association with occurrence of 

cerebral infarction. After applying the Bonferroni correction for multiple testing 

none of the genetic variants remained significantly associated.

Chapter 8 gives an systemic overview of genetic variants associated with 

susceptibility, phenotype and outcome of community acquired pneumococcal 

pneumonia (CAP) and invasive pneumococcal disease (IPD). A PubMed search 

focussed on studies published between Jan 1, 1983 and Jul 4, 2018. In total 60 

studies involving 15,358 patients were included in the review and meta-analysis. 

Of the genetic association studies 42% focussed on susceptibility, 13% on outcome, 

2% on phenotype and 43% on multiple categories. Five studies had a hypotheses 

free approach, of which 1 study resulted in a genome wide significant association 
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of a genetic variant in a gene coding for linc (long intergenic non coding) RNA with 

pneumococcal disease susceptibility. A meta-analysis resulted in two significantly 

associated genetic variants with pneumococcal disease susceptibility in the genes 

MBL2 and CD14. None of the genetic variants studied in relation to outcome or 

phenotype were significantly associated in the meta-analysis.

9
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Discussion

PART 1

The aim of the first part of this thesis is to describe the epidemiology, clinical 

characteristics, and outcome of bacterial meningitis in the current era after 

introduction of conjugate vaccines and adjuvant treatment with dexamethasone.

Epidemiology, clinical characteristics and outcome of bacterial meningitis

Chapter 2 showed the incidence of bacterial meningitis declined between 2007-

08 and 2013-14. Especially pneumococcal serotypes in the seven-valent and 

ten-valent conjugated vaccines, introduced since 2006 and 2011 in the Dutch 

National Immunisation Programme, decreased strongly. Besides vaccinations, 

other factors like herd immunity or a natural fluctuation in prevalence, seem to 

influence prevalence of bacterial meningitis.1 Furthermore, this study showed 

patient characteristics changed during the last decennia due to the relative 

increased contribution of pneumococcal meningitis to adult bacterial meningitis. 

Patients in this cohort study were older than an earlier Dutch Meningitis Study 

cohort (1998-2002).2 The mean age raised from 52 to 61 years. Also more patients 

had co-morbidities. The subgroup of patients with pneumococcal meningitis had 

an improved outcome compared to the earlier cohort. The proportion of patients 

with unfavourable outcome decreased from 50% to 41% and death from 30% to 18%. 

Adjuvant treatment with dexamethasone, given to about 90% of the patients, was 

associated with a favourable outcome and increased survival in both pneumococcal 

and non-pneumoccoccal meningitis. Based on this study with observational data no 

hard conclusions were made, but combined with results of a randomised controlled 

trial and a Cochrane review, it is likely that adjuvant treatment with dexamethasone 

improved the prognosis of bacterial meningitis in the Netherlands.3,4

In chapter 3 and 4 the long-term sequelae of pneumococcal meningitis were 

studied. Survivors of pneumococcal meningitis are often struggling with 

neurological and neuropsychological sequelae.5 These cognitive impairments are 

associated with a lower quality of life.6 The study described in chapter 3 found a 

lower occurrence of cognitive impairment (11%) compared to earlier studies (37%).7 

Besides increased use of dexamethasone (86% versus 30% in earlier studies) this 

difference can be explained by various other factors, like use of different test 

methods, improvement of patient care or changes in pneumococcal serotypes due 

to pneumococcal vaccines.7 Cognitive impairment occurred less often in patients 

treated with dexamethasone (10% versus 36%, p = 0.042). Although this was no 

randomised controlled trial and patient groups were small, this finding was similar 



215

Summary and discussion

as described in an earlier randomised controlled study.8 A correlation between time 

since the acute illness and improved cognitive functioning, like shown in an previous 

study with a 9 year follow-up period, was not found in this study.9 This study showed 

patients experienced more cognitive impairments than could be objectified by 

neuropsychological testing. This underscores that patients can have cognitive 

decline on individual level which can be unnoticed by formal test methods.

The study described in chapter 4 showed patients after pneumococcal meningitis 

have sleep disturbances and this was associated with a decreased quality of life. A 

previous study showed similar results, although differences between patient and 

controls were more pronounced.10 The previous study used more extensive exclusion 

criteria like exclusion of patients with co-morbidities.10 In this study, controls were 

partners or proxies of the patients, which created a balanced distribution between 

the groups in age, gender and co-morbidities. Concordant with this earlier study, 

none of the clinical parameters could predict occurrence of sleep disturbances.10 How 

meningitis can lead to sleep disturbances is not fully understood. It is suggested, 

cells in the lateral hypothalamus, important for sleep wake rhythm, are damaged by 

the inflammatory process.11 Besides biological changes in the sleep wake rhythm, 

surviving a severe infectious disease could have a psychological impact, which can 

lead to persistent sleep disturbances. A remarkable finding was the female gender 

predicting poor sleep quality. This is in line with other studies showing woman have 

poorer sleep quality than man.12,13 Though, the female control group had a poorer 

sleep quality compared to females of the general population. Again, biological 

factors can play a role like gender specific differences of the immune response, but 

also social factors, like a higher sensitivity of females to negative life events such as 

a life threatening disease of their partner, are likely to influence sleep quality.14,15

Future directions

The introduction of vaccines has caused a steep decline in the incidence of bacterial 

meningitis in adults. In this study the incidence of non-vaccine pneumococcal 

serotypes did not increase. However follow-up studies showed signs of serotype 

replacement accompanied by an increase of pneumococcal meningitis incidence.16 

This underscores the importance to focus in future studies on the development of 

new vaccines protecting against raising serotypes.

Since the introduction of adjuvant treatment with dexamethasone the prognosis of 

pneumococcal meningitis has improved. Unfortunately, a substantial proportion of 

the survivors has neurological or neuropsychological sequelae.

The development of new adjuvant treatments is needed to improve the outcome 

of pneumococcal meningitis. On top of that outcome measures of future studies 

9
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should include common sequelae like cognitive impairment influencing quality of 

life. In order to find new adjuvant therapies, future research should focus on a better 

understanding in the pathogenesis of bacterial meningitis. If the pathogenesis is 

elucidated, this brings new targets for therapeutic strategies. Translational studies, 

like protein or genetic expression studies or experimental animal models, have an 

important role in unravelling the pathogenesis.17

Finally, cognitive impairments and sleep disturbances should be addressed in the 

doctor’s office during the follow-up of pneumococcal meningitis patients. Address 

these important subjects could give relief or recognition for patients and proxies. 

Because not all patients have cognitive impairments on a disorder level, routinely 

neuropsychological testing is not advised. Cognitive rehabilitation should be 

considered in patients experiencing cognitive impairment after pneumococcal 

meningitis. This is known to be successful in inflammatory neurological diseases like 

multiple sclerosis, by improving cognitive functioning and quality of life.18 The impact 

of cognitive rehabilitation after pneumococcal meningitis would be an interesting 

topic for further research.

PART 2

In the second part of this thesis the influence of the immune response on the 

outcome of bacterial meningitis is studied. Furthermore, genetic associations with 

susceptibility and outcome of bacterial meningitis are studied. The aim of this part 

of the thesis is to gain more insight in factors influencing the susceptibility and the 

outcome of bacterial meningitis, in order to find new preventive and therapeutic 

strategies.

Influence of the immune response on the outcome of bacterial meningitis

In chapter 5 the relationship was studied between inflammatory protein expression 

and outcome of pneumococcal meningitis. This study showed a relation between 

high MIF (macrophage migration inhibitory factor) serum levels in the early phase 

of bacterial meningitis and mortality. This was in line with a previous study showing 

an association between high MIF CSF levels and a higher morbidity and mortality of 

pneumococcal meningitis.19 Sepsis studies had similar findings showing increased 

MIF serum levels were associated with a poor outcome and death.20,21 Furthermore a 

previous study showed genetic variations in the gene coding for MIF to be associated 

with morbidity and mortality of pneumococcal meningitis.19 In sepsis animal models 

was shown that decreasing MIF expression with neutralizing antibodies led to a 

decreased pro-inflammatory cytokine production, less organ damage and increased 

survival.19,22,23 Chapter 5 showed patients surviving pneumococcal meningitis had 

higher MIF levels in ex vivo blood stimulation experiments and those were associated 
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with occurrence of cognitive impairment. Previous studies showed survivors of 

sepsis suffer from cognitive impairments.24 After recovery of sepsis, murine models 

have shown low-grade inflammation in the brain persists and this is associated 

with increased amounts of amyloid-beta protein and long-term cognitive deficits.25 

This previous data combined with the findings of this study suggest MIF influences 

the outcome of pneumococcal meningitis, and it could be that a prolonged pro-

inflammatory response, such as increased MIF expression, contributes to cognitive 

impairments after pneumococcal meningitis.

Future directions

By increasing our insight in the pathophysiology of bacterial meningitis we can 

develop new preventive measures and therapies. Chapter 5 shows how a protein 

expression study helps to increase our understanding in the pathogenesis 

of bacterial meningitis. Future genetic and protein expression studies are of 

importance for further expansion of our knowledge. MIF could be a promising new 

target as an adjunctive immune modulating therapy for pneumococcal meningitis. 

A pneumococcal sepsis animal model showed a positive effect of MIF modulating 

therapy on lowering mortality.19 The next step would be an experimental study 

investigating if adjuvant MIF modulating therapy influences the mortality and 

morbidity of pneumococcal meningitis. Cognitive impairments are an important 

outcome measure to take into account in this study.

How genetic variations influence susceptibility and outcome of bacterial 
meningitis

Chapter 6 showed the results of a hypothesis free genetic association study with 

susceptibility of pneumococcal meningitis. This resulted in a strong association of 

a genetic variant in the COL11A1 gene, coding for a component of type XI collagen, 

giving structure and strength to connective tissue. COL11A1 has a fundamental role 

in fibrillogenesis, development of fine fibrils present in collagen fibers of connective 

tissue. Possibly, changes in the COL11A1 gene lead to anatomical defects facilitating 

transmission of bacteria and thereby increasing susceptibility to pneumococcal 

meningitis. The second strongest association was in the intron region of the EXOC6B 

gene. EXOC6B is a component of a multiprotein complex required for exocytosis. 

Genetic variation in the EXOC6B gene is associated with cerebral diseases, like 

intellectual disability or epilepsy, and recurrent pulmonary infections, but an 

association with meningitis is not described before.26 This was the first hypothesis 

free genetic association study on pneumococcal meningitis susceptibility and 

this study resulted in genetic associations with pneumococcal meningitis not 

previously reported. Susceptibility to an infectious disease depends strongly on 

the interaction between pathogen and host. Therefore, specification of the disease 

9
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causing pathogen and the type of infection is crucial in the determination of risk 

genes. Unfortunately, a similar cohort with well described pneumococcal meningitis 

patients was not available and our findings could not be validated.

Chapter 7 studied the correlation between genetic variants in coagulation- and 

fibrinolysis genes and the development of cerebrovascular complications and poor 

outcome in bacterial meningitis patients. The strongest association was with the 

functional genetic variant, rs494860, located in the gene coding for protein Z. Protein 

Z is a vitamin K dependent plasma glycoprotein that regulates blood coagulation by 

degrading factor Xa. Hereby protein Z inhibits coagulation, although both high and 

low plasma levels of protein Z are associated with occurrence of thrombosis.27,28 

Previous studies showed an association between elevated protein Z plasma levels 

and a higher risk on cryptogenic stroke.28,29 The genetic variant rs494860 is a 

functional variant of which the T allele results in higher mRNA expression of protein 

Z.30 In chapter 7 the T allele was a risk factor for developing ischemic stroke during 

bacterial meningitis. The strongest association with outcome of bacterial meningitis 

was the genetic variant rs2273971, also located in the gene coding for protein Z. 

This variant is located in the transcription start site of the gene and is associated 

with influencing protein Z plasma levels. The lowest plasma levels of protein Z are 

found in the GG genotype.29 The genetic variation rs2273971 is associated with both 

ischemic as haemorrhagic arterial and venous events.31,32 In chapter 7 was described 

that the G allele, associated with low protein Z concentration, is associated with 

favourable outcome of bacterial meningitis. The statistical power was insufficient 

for a significant association. Again, a replication cohort to verify our results, was 

lacking.

In chapter 8 60 genetic association studies focussed on (invasive) pneumococcal 

disease were described in a review and meta-analysis. Sixteen genetic variations 

could be analysed in a meta-analysis and this resulted in 2 genetic variations (in 

the genes MBL2 and CD14) with a significant association with susceptibility to 

pneumococcal disease. Most studies included in the review and meta-analysis had 

methodological flaws. Only a few results were replicated in an independent cohort. 

Mostly, patient groups were too small to form robust conclusions. If validation was 

available, most results turned out negative. One of the significant associations of 

the meta-analysis appeared to be influenced by publication bias after carefully 

analysing the results. Finally, most studies had a retrospective design, leading to 

a lot of missing data and selection bias, reflected by the low mortality rates of 

some studies. A hypothesis free approach yielded in one genome wide significant 

association with susceptibility to invasive pneumococcal disease, located in a 

gene coding for lincRNA.33 This finding was replicated in an independent cohort. 

Furthermore, the functionality of this genetic variation was studied, showing a 

higher RNA expression of the gene in neutrophils. Only 30% of all studies examined 
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the functionality of genetic variations. Since reduced costs of genetic analyses 

and increased cohort sizes, more and more risk genetic variants are identified. 

However our understanding of how these genetic variants influence disease 

processes remains limited.34 Moreover identifying single risk genes is not sufficient 

to unravel pathogenesis of a complex trait like invasive pneumococcal disease. Much 

more likely an interaction between multiple genes involved in regulating networks 

influence the course of disease.35

Future directions

Chapter 6, 7, and 8 described genetic association studies identifying genetic 

variants influencing the susceptibility and outcome of bacterial meningitis and 

(invasive) pneumococcal disease. Future studies should replicate associations of 

genetic variants in an independent patient cohort, before their role in pathogenesis 

is further studied. To ease replication, more international collaboration is needed 

between study groups involved in genetics of bacterial meningitis and invasive 

pneumococcal disease. Collaborating and coordinating research methods, will 

lead to more uniform patient selection and outcome measures. If research data 

is available in an open source database, exchange of data will be easier and 

publication bias can be prevented. On top of that, uniformity will contribute to the 

reduction of methodological flaws and increased cohort sizes lead to more robust 

results. If associations of genetic variants are validated in other patient cohorts, 

the functionality of these variants should be further studied. In order to do this, 

large-scale patient cohorts are needed in which RNA and protein expression studies 

can be conducted. Besides genetic expression analyses, future studies should 

focus on gene-gene interactions to increase our understanding in the genetics of 

complex traits like infectious diseases.36 By unravelling the pathogenesis of bacterial 

meningitis new targets can be found for preventive and therapeutic strategies.

9
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