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    Abstract     Despite effective antimicrobial therapy, case-fatality rates and neuro-
logic sequelae of bacterial meningitis remain unacceptably high. Adverse outcomes 
are related primarily to neurologic complications occurring secondary to meningi-
tis. These complications are mainly a consequence of a hyper-infl ammatory reac-
tion to bacterial infection of the subarachnoid space. The harmful infl ammatory 
response is initiated by the recognition of bacterial products through pattern recog-
nition receptors such as toll-like receptors. Their activation leads to a MyD88-
dependent production of multiple pro-infl ammatory factors like cytokines of the 
interleukin-1 family or terminal complement products. Subsequently, huge numbers 
of neutrophils are recruited to the site of infection where they release their antimi-
crobial arsenal, e.g., oxidants. This can cause collateral damage to brain tissue, 
resulting in the liberation of endogenous danger molecules. Their presence is also 
recognized by host pattern recognition receptors and, in consequence, mediates an 
aggravation and propagation of the hyper-infl ammatory response. Based on this 
knowledge, the most promising targets for adjunctive therapy of bacterial meningi-
tis seem to be limiting the release of bacterial products and interfering with the 
generation of key pro-infl ammatory host factors.  
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  Abbreviations 

   C    Complement   
  CSF    Cerebrospinal fl uid   
  DAMP    Danger-associated molecular pattern   
  HMGB1    High-mobility group box 1 protein   
  IL    Interleukin   
  LTA    Lipoteichoic acid   
  MAC    Membrane attack complex   
  MMP    Matrix metalloproteinase   
  MyD88    Myeloid differentiation primary response gene 88 protein   
  NF    Nuclear factor   
  NLR    NOD-like receptor   
  NLRP3    The NLR family, pyrin domain-containing protein 3   
  NOD    Nucleotide-binding oligomerization domain   
  PG    Peptidoglycan   
  PLY    Pneumolysin   
  PRR    Pattern recognition receptor   
  RAGE    Receptor for advanced glycosylation end products   
  TLR    Toll-like receptor   
  TNF    Tumor necrosis factor   

1           Introduction 

 Bacterial meningitis remains a serious threat to global health. Every year, meningo-
coccal meningitis epidemics threaten millions of people in the African meningitis 
belt. In this area, close to 1,000,000 cases were reported in the last 20 years. Of these 
cases, approximately 100,000 died, with another 100,000–200,000 developing neu-
rological sequelae [ 1 ]. Aside from epidemics, at least 1.2 million cases of endemic 
bacterial meningitis are estimated to occur worldwide each year with 135,000 deaths 
[ 2 ]. This makes bacterial meningitis one of the top ten infectious causes of death on 
Earth. Three species,  Streptococcus pneumoniae ,  Neisseria meningitidis , and  S. 
agalactiae , are responsible for most cases of bacterial meningitis. Among these 
bacteria, only  N. meningitidis  is able to generate epidemics.  S. agalactiae  is the 
predominant pathogen among newborns,  N. meningitidis  among children 2–18 years 
old, and  S. pneumoniae  among adults [ 3 ,  4 ]. Pneumococcal meningitis has the worst 
prognosis: even with the best medical care and the use of modern antibiotics (plus 
adjuvant dexamethasone therapy), still about 15 % of the patients with pneumococ-
cal meningitis die of the disease and up to one-third of survivors remain with neuro-
logic defi cits [ 4 – 7 ]. Unfortunate courses of the disease are mainly due to intracranial 
complications occurring secondary to meningitis, notably cerebrovascular altera-
tions such as vasculitis, vasospasm, or venous thrombosis as well as hydrocephalus 
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and brain edema [ 8 – 10 ]. These alterations result in hypoperfusion and increased 
intracranial pressure, frequently leading to cerebral ischemia and/or herniation [ 11 , 
 12 ]. Nearly 60 years ago, the hypothesis that these complications occur predomi-
nantly as a consequence of a hyper-infl ammatory reaction within the central nervous 
system was formulated [ 13 ]. This hypothesis became the rationale for treating 
patients suffering from bacterial meningitis with immunosuppressive corticoste-
roids. Nowadays, dexamethasone is recommended for adjunctive therapy in selected 
patients, namely, in adults who suffer from pneumococcal meningitis and have not 
yet received antimicrobial treatment. Adjunctive dexamethasone is, however, far 
from giving complete protection. It only halves mortality and has only marginal 
effects on neurologic sequelae. Furthermore, a positive effect of dexamethasone was 
not found in studies performed in low-income countries (for review, see [ 14 ,  15 ]). 
Thus, there still is the urgent need for additional treatment strategies which can fur-
ther reduce the adverse outcome of the disease. It is likely that the key will lie in 
more pathophysiologically targeted approaches. The scope of this article is to sum-
marize the current knowledge on the pathophysiology of bacterial meningitis, using 
the example of pneumococcal meningitis which is the experimentally best charac-
terized subtype, and to provide an outlook on promising therapeutic approaches.  

2     Pathophysiology of Pneumococcal Meningitis 

2.1     Survival of Pathogens in the CSF 

 Pneumococcal meningitis typically develops when bacteria enter the subarachnoid 
space from the blood compartment (hematogenous meningitis; predominant route 
in neonates and children) or through continuous spread of infection from a nearby 
focus (the mostly used route in adults). The subarachnoid space is the space between 
the arachnoid mater and the pia mater, which contains cerebrospinal fl uid (CSF). 
From an immunological point of view, the subarachnoid space is a special compart-
ment of the body. The subarachnoid space lacks a fully organized drainage by lym-
phatic vessels [ 16 ]. Moreover, soluble pattern recognition receptors (PRRs) like 
complement factors that perceive the presence of bacteria and mediate their uptake 
by phagocytes are virtually absent [ 17 ,  18 ]. Additionally, highly specialized blood–
CSF barriers seclude the subarachnoid space from the blood circulation and impede 
the entry of most blood components like soluble PRRs into the CSF [ 19 ]. Even in 
the presence of bacterial meningitis, which is regularly associated with damage to 
blood–CSF barriers, concentrations of soluble PRRs remain far below those found 
in serum [ 20 ]. In contrast to this humoral defi cit, functionally active macrophages, 
dendritic cells, and mast cells are present in tissues lining the CSF, namely, the cho-
roid plexus, the perivascular spaces, and the leptomeninges [ 21 ,  22 ]. These cells are 
potential candidates for sensing the invasion of bacteria into the CSF through their 
cellular PRRs [ 21 ,  22 ]. The PRRs are expressed on the surface (like toll-like 
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receptor (TLR) 2), within endosomes (like TLR9), and in the cytoplasm nucleotide- 
binding oligomerization domain (Nod)-like receptors (NLRs) of these cells. 
Activation of PRRs can initiate an infl ammatory response by activating specifi c 
transcription factors (like nuclear factor (NF)-κB) and subsequently stimulating the 
synthesis and release of a variety of cytokines. However, the reactivity of the 
immune cells is probably restricted by diverse immunosuppressive factors that are 
constitutively expressed in the CSF, like members of the transforming growth factor 
family, cystatin C, or tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
[ 23 – 26 ]. As a consequence, when bacteria reach the subarachnoid space, they can 
multiply easily, reaching similar high titers (up to 10 9  colony-forming units (CFU)/ml) 
as under bacterial culture conditions [ 27 ]. Bacteria like  S. pneumoniae  undergo 
autolysis when they are injured by a hostile environment or attain the stationary 
phase of growth. Hence, pneumococcal degradation products are liberated into the 
extracellular milieu. Their recognition by PRRs is the starting shot for the host 
infl ammatory reaction. All in all, the CSF space exhibits a defective humoral (but 
not cellular) immunity which allows bacteria to prosper. This leads to the generation 
of large quantities of bacterial products and, as a result, a massive infl ammatory 
reaction in the subarachnoid space.  

2.2     Initiation of the Immune Response 

 In landmark experiments in the 1980s, the major pneumococcal cell wall compo-
nents peptidoglycan (PG) and lipoteichoic acid (LTA) were indicated to be the key 
activators of the host immune response during meningitis (Fig.  1 ) [ 28 ,  29 ]. In a rab-
bit model, intracisternal injection of pneumococcal PG or LTA was suffi cient to 
induce meningeal infl ammation and to cause clinical symptoms of meningitis [ 30 ]. 
Accordingly, in patients with pneumococcal meningitis, mortality and morbidity 
from the disease were signifi cantly associated with high LTA concentrations in the 
CSF [ 31 ]. In the last 15 years, the mechanisms underlying immune activation by 
pneumococcal cell wall components have been clarifi ed to a great extent. First 
insight came from overexpression assays in cell lines: when the pattern recognition 
receptor TLR2 was ectopically expressed in fi broblast cell lines, the cells became 
responsive to pneumococcal degradation products or live  S. pneumoniae  [ 32 ,  33 ]. In 
further experimental series, the pneumococcal cell wall components PG and LTA 
were identifi ed as the key ligands for TLR2 [ 34 ]. Moreover, TLR4, also located at 
the cell surface, was reported to interact with the pneumococcal toxin pneumolysin 
(PLY) [ 35 ,  36 ], but this fi nding was questioned later by other groups [ 37 ,  38 ]. In 
addition, TLR9 was described to sense the presence of genomic DNA from  S. pneu-
moniae  [ 39 ]. More recently, TLR13 was implicated in the recognition of pneumo-
coccal RNA [ 40 ]. Investigations on isolated macrophages of gene-defi cient mice 
demonstrated that single defi ciencies of TLR2, TLR4, or TLR9 had no signifi cant 
impact on pneumococci-induced macrophage activation. The combined loss of 
TLR2, TLR4, and TLR9, however, resulted in a marked reduction in cytokine 
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production by macrophages upon exposure to  S. pneumoniae  [ 41 ]. It is also note-
worthy that macrophages become nearly unresponsive to Gram-positive bacteria 
when they have defects in endosomal TLR signalling in addition to the lack of 
TLR2 and TLR4 [ 40 ]. Besides endosomal TLRs, NLRs likely contribute to the 
immune activation in response to internalized pneumococci. This is supported by 
the following observations: (1) Opitz et al. [ 42 ] reported that viable  S. pneumoniae  
are capable of invading human fi broblasts. (2) Genetic complementation studies in 
human fi broblasts revealed that NF-κB activation induced by  S. pneumoniae  
depends on the NLR Nod2. (3) By using primary cells from gene-defi cient mice, 
NOD2 was found necessary for mounting a maximal infl ammatory responses of 
microglial cells and astrocytes to live  S. pneumoniae  [ 43 ]. (4) Apart from NOD2, 
the NLR family, pyrin domain-containing protein 3 (NLRP3) was implicated as a 
sensor for pneumolysin and was capable of mediating interleukin (IL)-1β produc-
tion by macrophages following challenge with pneumolysin or viable  S. pneu-
moniae  that express pneumolysin [ 37 ,  38 ,  44 ]. Collectively, these in vitro fi ndings 
suggest that  S. pneumoniae  is sensed by immunocompetent cells through TLRs and 
NLRs in a cooperative manner. Thereby, extracellular bacterial components are 
sensed in a synergistic fashion by TLR2 and TLR4, while internalized bacterial 
fragments are recognized by endosomal TLRs and NOD2.

   Substantial in vivo evidence for the involvement of TLRs in pneumococcal men-
ingitis came from studies in mice lacking functional MyD88 which is kind of a 
bottleneck in the signalling cascades of all TLRs except TLR3. In an adult mouse 

  Fig. 1    A simplifi ed model for the recognition of  Streptococcus pneumoniae  by pattern recognition 
receptors. See text for details.  Lyt A N -acetylmuramoyl- L -alanine amidase (autolysin),  LTA  lipotei-
choic acid,  PG  peptidoglycan,  PLY  pneumolysin,  MDP  muramyl dipeptide,  TLR  toll-like receptor, 
 Nod2  nucleotide-binding oligomerization domain (Nod)-like receptor 2,  Nlrp3  Nod-like receptor 
family, pyrin domain-containing protein 3,  NF  nuclear factor       
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model of pneumococcal meningitis, MyD88-defi cient mice exhibited a defective 
host immune response inside the CSF, as evidenced by a substantial abrogation of 
the expression of pro-infl ammatory cytokines (e.g., IL-1β), chemokines, and com-
plement factors in the brain and, hence, an insuffi cient neutrophil infi ltration [ 45 ]. 
By utilizing mice with single or combined defi ciencies of cell surface and endo-
somal TLRs, our group was able to demonstrate that TLR2, TLR4, and TLR11, 
TLR12 or TLR13 (but not TLR3, TLR7, and TLR9) are crucial for mounting an 
immune response in the CSF in pneumococcal meningitis [ 41 ] (unpublished data). 
This is deduced from the following constellation of fi ndings: fi rst, infected TLR2-
TLR4- double-defi cient mice showed a 50 % reduction in CSF leukocyte counts and 
a selective cytokine production, whereas the single defi ciency of neither TLR2 nor 
TLR4 had any substantial impact on meningeal infl ammation. Moreover, additional 
TLR9 or TLR3-TLR7-TLR9 defi ciency did not result in a signifi cant further attenu-
ation of the infl ammatory reaction as observed in TLR2-TLR4-double-defi cient 
mice [ 41 ] (unpublished data). In addition, infected Unc93b1 mutant mice that lack 
endosomal TLR signalling (TLR3, TLR7, TLR9, TLR11, TLR12, TLR13) exhib-
ited an infl ammatory phenotype comparable to that of TLR2-TLR4-double-defi cient 
mice. Finally, the combined loss of endosomal TLR signalling, TLR2, and TLR4 
was accompanied by a reduction of CSF pleocytosis by about 75 % (unpublished 
data). This reduction is quite similar to that observed in MyD88-defi cient mice [ 45 ]. 
The fact that MyD88 defi ciency was paralleled by a strong but incomplete inhibition 
of the host immune response argues for the presence of additional PRRs in the rec-
ognition of  S. pneumoniae  in vivo. Genetic association studies showed an increased 
risk for pneumococcal infections in humans with complement (C) defi ciencies [ 46 ]. 
Moreover, studies in animal models demonstrated the importance of an intact C 
system for a successful host defense against systemic pneumococcal infections like 
pneumonia and sepsis [ 47 ]. Accordingly, in a mouse model of pneumococcal men-
ingitis, mice lacking the complement factors C1q or C3 displayed an enhanced 
bacterial outgrowth in the brain, which was associated with an attenuated innate 
immune response [ 48 ]. As mentioned above, complement concentrations are rather 
low in the CSF under normal conditions but increased substantially during the 
course of meningitis. The increase in C concentrations, however, occurs in a 
MyD88-dependent manner, arguing against a role of C factors as initial sensors of 
pneumococcal infection. Other potential sensors for pneumococcal infection of the 
subarachnoid space include NOD2 and NLRP3, as indicated by in vitro data [ 43 ]. 
This concept is strengthened by fi ndings in mouse models where (1) increases in 
brain levels of the infl ammatory cytokine TNFα and the chemokine CCL3 that were 
observed after intracerebral  S. pneumoniae  inoculation were virtually absent in 
NOD2-defi cient mice and (2) the infi ltration of leukocytes into the subarachnoid 
space following intracisternal pneumococcal infection was signifi cantly lower in 
NLRP3-defi cient mice than in wild-type mice [ 43 ,  44 ]. 

 All in all, the presence of  S. pneumoniae  in the subarachnoid space seems to be 
initially recognized by TLR2, TLR4, a currently unidentifi ed endosomal TLR (pos-
sibly TLR13) as well as other PRRs like NOD2 and NLRP3. Their engagement 
leads to the activation of transcription factors like NF-κB [ 49 ] and, as a conse-
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quence, the production of pro-infl ammatory cytokines and complement factors 
[ 45 ,  48 ]. These host mediators, in turn, seem to be critical for the amplifi cation of 
infl ammation in pneumococcal meningitis, as described in the following section.  

2.3     Amplifi cation and Propagation of the Immune Response 

2.3.1     Role of IL-1 Family Cytokines in Pneumococcal Meningitis 

 Among the cytokines that have been implicated in the amplifi cation and perpetua-
tion of meningeal infl ammation, IL-1 family cytokines are prominent (Fig.  2 ) (for 
detailed information about this cytokine family, see [ 50 ]). Elevated concentrations 
of IL-1β and IL-18 were observed in CSF samples withdrawn from patients with 
bacterial meningitis on hospital admission. High CSF IL-1β (but not IL-18) levels 
were found to be signifi cantly associated with high CSF leukocyte numbers and an 
adverse clinical outcome [ 51 ,  52 ]. In animal models, intracisternal injection of 
recombinant IL-1β was suffi cient for inducing meningitis [ 53 ,  54 ], and antibodies 
directed against IL-1β attenuated meningeal infl ammation after intracisternal pneu-
mococcal infection [ 55 ]. In line with the latter fi nding, mice lacking the IL-1 recep-
tor type 1 exhibited less profound infl ammatory infi ltrates in the leptomeninges and 
lower brain cytokines levels than wild-type mice in a mouse model of hematoge-
nous pneumococcal meningitis [ 56 ]. In this model, IL-18-defi cient mice also 
showed a suppressed infl ammatory response, as evidenced by a less profound 
infl ammatory infi ltrate around the meninges as well as lower brain cytokine and 
chemokine concentrations [ 57 ]. Accordingly, using a mouse model in which 
 S. pneumoniae  is instilled directly into the CSF, we observed that (1) IL-1 receptor 

  Fig. 2    Schematic diagram of the key steps in the pathophysiological cascade of pneumococcal 
meningitis. See text for details.  CSF  cerebrospinal fl uid space,  PAMPs  pathogen-associated molec-
ular patterns,  DAMPs  danger-associated molecular patterns,  HMGB1  high-mobility group box 1 
protein,  IL  interleukin,  C5a  complement component C5a,  CXCLs  chemokines       

 

Immunopathogenesis of Bacterial Meningitis



394

blockade (by anakinra) signifi cantly attenuated meningeal infl ammation and (2) 
IL-18 neutralization (using recombinant IL-18 binding protein) in addition to IL-1 
receptor blockade resulted in a further reduction of CSF pleocytosis [ 44 ]. Moreover, 
mice lacking caspase-1 which is crucial for the generation of active IL-1β and IL-18 
showed a strongly diminished infl ammatory host response, and treatment of rats 
with a broad spectrum caspase inhibitor resulted in a marked attenuation of menin-
geal infl ammation [ 58 ]. Similarly, Braun et al. reported that this inhibitor also atten-
uated leukocyte infl ux into the CSF in rabbits with pneumococcal meningitis [ 59 ].

   Combined, these data provide substantial evidence for IL-1 family cytokines as 
key regulators of infl ammation. On the one hand, they may boost TLR-induced 
infl ammation by forming a positive feedback loop involving IL-1 receptors and 
MyD88, the adapter molecule shared by IL-1β, IL-18, and most TLRs. On the other 
hand, IL-1 family cytokines may contribute to the perpetuation of infl ammation. 
This hypothesis is deduced from our observation that treatment with IL-1β- 
neutralizing antibodies when started at 21 h after pneumococcal infection (in com-
bination with the antibiotic ceftriaxone) is still effective in reducing meningeal 
infl ammation. In contrast, co-application of ceftriaxone with antibodies directed 
against both TLR2 and TLR4 had no impact on the host immune response, arguing 
against a major role of these signalling receptors in established pneumococcal 
meningitis [ 60 ].  

2.3.2     Role of the Anaphylatoxin C5a in Pneumococcal Meningitis 

 Apart from complement opsonins (like C1q or C3b), the complement activation 
cascade yields soluble factors known as anaphylatoxins (like C3a and C5a) and 
ends in the formation of the terminal complement complex (C5b-9) [ 61 ,  62 ]. The 
anaphylatoxins are generally considered pro-infl ammatory polypeptides. Their 
effector functions include chemotaxis and activation of granulocytes, mast cells, 
and macrophages [ 63 ]. C5b-9 causes cytolysis through the formation of the mem-
brane attack complex (MAC), and sub-lytic MAC and soluble C5b-9 also possess a 
multitude of non-cytolytic immune functions [ 64 ]. Markedly elevated C5a and 
C5b-9 concentrations were detected in the CSF of meningitis patients and in brain 
lysates of infected mice that correlated with CSF leukocyte counts [ 60 ]. In rabbits, 
intracisternal injection of C5a caused a rapid infl ux of leukocytes into the CSF [ 65 ]. 
Similarly, intracerebroventricular application of C5b-9 resulted in the production of 
cytokines (like IL-1β), chemokines, and subsequent accumulation of neutrophils in 
the CSF [ 66 ]. Moreover, the chemotactic activity of CSF samples obtained from 
rabbits with pneumococcal meningitis could be inhibited by treatment with antibod-
ies to native human C5 [ 67 ]. In experiments using mouse strains with selected com-
plement defi ciencies, C5a was singled out to be crucial for the propagation of the 
infl ammatory response in pneumococcal meningitis. The defi ciency of the receptor 
for C5a (but not the receptor for C3a or of C6) was associated with a profound 
reduction of brain cytokine/chemokine expression and in CSF pleocytosis [ 60 ]. In 
addition, treatment of mice with neutralizing antibodies directed against C5, 
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irrespective if started prior or 24 h after infection, dampened the host immune 
response, suggesting that C5a acts both as an early and late mediator of infl amma-
tion in pneumococcal meningitis. 

 All in all, as a consequence of release of IL-1 family cytokines and C5a, large 
numbers of neutrophils are recruited into the subarachnoid space. The recruitment 
of neutrophils to sites of infection is required for an effective host defense against 
invading pathogens. However, their defense mechanisms that destroy or digest 
pathogens can also be deleterious to host tissue.   

2.4     Maintenance of the Immune Response 

 Stressed or injured cells can release alarm signals (so-called danger-associated 
molecular patterns, DAMPs) that can orchestrate infl ammation [ 68 ,  69 ]. Well- known 
DAMPs include heat shock proteins, S100 proteins, and high-mobility group box 1 
protein (HMGB1) [ 70 ]. HMGB1 is a ubiquitously expressed, highly conserved 
nuclear protein with multiple intracellular functions including stabilizing nucleo-
some structure and facilitating DNA bending [ 71 ]. It can be actively secreted by 
macrophages upon stimulation with PAMPs or pro-infl ammatory cytokines (through 
a nonconventional pathway which requires infl ammasome assembly and caspase-1 
activation [ 72 ]) or passively released from dying cells following nuclear and cell 
membrane disintegration (for review, see [ 71 ,  73 ,  74 ]). Extracellular HMGB1 
behaves much like a cytokine. HMGB1, by itself and/or by forming complexes with 
exogenous or endogenous pro-infl ammatory molecules, can induce and enhance the 
production of cytokines and chemokines. In addition, HMGB1 can promote chemo-
taxis and accumulation of granulocytes at infl ammatory sites (for review, see 
[ 71 ,  73 ,  74 ]). Recently, two case studies reported that HMGB1 levels were signifi -
cantly elevated in CSF samples from children with bacterial meningitis as compared 
to those from children with no or aseptic meningitis [ 75 ,  76 ]. Correspondingly, we 
detected large quantities of HMGB1 in the CSF of adult patients with pneumococcal 
meningitis as well as in mice subjected to pneumococcal meningitis [ 77 ]. In the 
mouse model, we further observed a substantial rise in CSF HMGB1 between 24 
and 45 h after infection, pointing at a possible role of this protein in advanced rather 
than in early stages of the disease. Accordingly, in the mouse model, treatment with 
the HMGB1 antagonists, ethyl pyruvate or Box A protein, had no effect on the 
development of meningitis but led to better resolution of infl ammation during anti-
biotic therapy. Additional experiments using gene- defi cient mice and murine neu-
trophils provided evidence that HMGB1 acts as a chemoattractant for neutrophils in 
a RAGE (receptor for advanced glycosylation end products)-dependent fashion. 
Moreover, by using macrophages, we observed that the release of HMGB1 from 
these cells upon challenge with  S. pneumoniae  is passive in nature. All in all, these 
data suggest that HMGB1, presumably released from dying cells, acts as a propaga-
tor of infl ammation in pneumococcal meningitis. This may provide an explanation 
for the empiric observation that infl ammation can persist over days even though 
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antibiotic therapy sterilizes the CSF quickly and is paralleled by a fast reduction in 
CSF pneumococcal fragments (within hours) [ 78 – 82 ]. This delay in the resolution 
of infl ammation may be the consequence of a vicious cycle in which infl ammation-
induced cell injury leads to the release of endogenous DAMPs that drive the infl am-
matory response, causing further damage.   

3     Mechanisms of Brain Injury in Pneumococcal Meningitis 

 Accumulation of neutrophils at sites of infection is required for an effective host 
defense. However, activated neutrophils secrete a large arsenal of cytotoxic agents 
which can also damage host cells. Over 50 years ago,    Johnson and colleagues [ 13 ] 
were the fi rst to hypothesize that, in pneumococcal meningitis, the infl ammatory 
response does more harm than good. The validity of this hypothesis was established 
by studies in animal models of the disease. First strong evidence for a harmful role 
of neutrophils in bacterial meningitis came from studies with antibodies against 
adhesion-promoting receptors of neutrophils. In a rabbit model, intravenous injec-
tion of anti-CD18 antibodies was reported to effectively block the development of 
pleocytosis in the CSF of animals challenged intracisternally with living  S. pneu-
moniae  or pneumococcal cell wall components [ 30 ]. This effect was associated with 
protection from blood–brain barrier injury. Therapy with anti-CD18 antibodies also 
prevented development of brain edema and death in animals infected with a lethal 
dose of  S. pneumoniae  [ 30 ]. Similarly, in a mouse model, parenteral treatment with 
anti-CD18 antibodies effectively inhibited leukocyte recruitment to the CSF and 
attenuated hippocampal injury 24 h after instillation of pneumococcal cell wall 
components into the lumbar spinal channel [ 26 ]. These fi ndings were strengthened 
by results of mouse studies in which neutrophils were depleted by cell-specifi c anti-
bodies [ 26 ,  60 ,  83 ]. The elimination of neutrophils resulted in a dramatic reduction 
of meningeal infl ammation, as indicated by markedly lower CSF leukocyte num-
bers and brain cytokine concentrations. This was paralleled by signifi cant reduc-
tions in intracranial pressure, blood–brain barrier breaching, and intracerebral 
bleeding (due to vasculitis) [ 44 ,  60 ,  83 ]. Combined, these studies implicated neutro-
phils to be major effector cells of brain injury in pneumococcal meningitis. 

 Among the effector molecules in the neutrophils’ arsenal are strong oxidants like 
peroxynitrite and proteolytic enzymes such as matrix metalloproteinase (MMP). 
Oxygen radicals can exert a vast variety of cytotoxic effects, e.g., through lipid per-
oxidation, DNA strand breakage, or mitochondrial damage. Oxidative alterations to 
vital macromolecules such as membrane phospholipids, DNA, or proteins were 
detected in brain samples obtained from both patients who died from meningitis and 
in animal models of meningitis (for review, see [ 84 ]). In humans with bacterial 
meningitis, high-grade oxidative stress as indicated by high CSF levels of biomark-
ers of oxidative stress such as nitrotyrosine was signifi cantly associated with an 
adverse outcome of the disease [ 85 ]. Accordingly, studies in rodent models pro-
vided substantial evidence that antioxidant therapy can be protective against 
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meningitis- associated brain injury (for review, see [ 84 ]). Besides oxygen radicals, 
proteolytic enzymes like MMP are released from activated neutrophils. Abnormal 
production and activation of these proteases can result in blood–brain barrier 
breaching and neuronal cell death [ 86 ]. High concentrations of MMP-9 were found 
in CSF samples of patients and animals with bacterial meningitis (for review, see 
[ 87 ]). Thereby, CSF MMP-9 concentrations were signifi cantly higher in patients 
who developed neurologic sequelae than those who fully recovered. Moreover, 
experimental studies conducted in animal models of pneumococcal meningitis 
showed that MMP inhibitors (like GM6001 and BB-1101) are capable of reducing 
brain damage, neurologic sequelae, and mortality from pneumococcal meningitis. 

 Taken together, meningitis-associated brain damage is predominantly due to 
the massive accumulation of neutrophils inside the central nervous system whose 
antimicrobial weapons, namely, oxidants and MMPs, cause collateral damage to 
host cells.  

4     Potential Targets for Therapy 

 New ideas for adjunctive therapy have emerged from studies on the mechanisms 
underlying meningitis-associated brain pathology. The principle behind novel 
treatment strategies is to reduce CNS infl ammation by interfering at critical steps 
of the infl ammation cascade which compromise (1) release of infl ammatory bacte-
rial products (PAMPs), (2) recognition of these PAMPs, (3) amplifi cation and per-
petuation of the immune response, as well as, (4) generation and release of cytotoxic 
agents (see also reviews [ 15 ,  88 ]). The following section will highlight two promis-
ing approaches for adjunctive therapy of pneumococcal meningitis, namely, the 
coadministration of non-bacteriolytic antibiotics as well as neutralizing antibodies 
directed against C5. 

4.1     Limiting the Release of Infl ammatory Bacterial Products 

 During conventional treatment of pneumococcal meningitis with β-lactam antibiot-
ics, large amounts of pneumococcal cell wall degradation products are liberated into 
the CSF. As a consequence, the infl ammatory host reaction is boosted, potentially 
causing additional harm to host tissues. Therefore, non-bacteriolytic antibiotics like 
daptomycin may represent a promising option for meningitis therapy. Daptomycin 
appears to insert into the cell membrane of Gram-positive cells, leading to pore 
formation and cellular depolarization, resulting in an arrest of DNA, RNA, and 
protein synthesis, and subsequently in non-lytic cell death [ 89 ]. In a rabbit model of 
pneumococcal meningitis, daptomycin monotherapy was superior to ceftriaxone 
monotherapy and was highly effi cacious in sterilizing the CSF [ 82 ]. Administration 
of dexamethasone prior to daptomycin affected the antibacterial activity of 
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daptomycin only marginally, either as monotherapy or combined with ceftriaxone, 
although the penetration of daptomycin into infl amed meninges was signifi cantly 
reduced by two-thirds [ 90 ,  91 ]. In an infant rat model of pneumococcal meningitis, 
daptomycin monotherapy was demonstrated to clear pneumococci more rapidly 
from the CSF than ceftriaxone, to attenuate CSF infl ammation, and to prevent the 
development of cortical injury [ 92 ,  93 ]. Since daptomycin (due to a lack of effi cacy 
in pneumococcal pneumonia) is not a candidate for monotherapy of pneumococcal 
meningitis, supplementary studies assessed whether combining daptomycin with 
ceftriaxone is superior to ceftriaxone monotherapy. In an infant rat model, the com-
bination therapy was accompanied with reduced infl ammation, less brain damage, 
and improved hearing capacity [ 94 ]. The neuroprotective effi cacy of this therapeutic 
approach was recently confi rmed by our group in an adult mouse model (unpub-
lished data). Open questions like the comparison of the antibiotic co-treatment with 
co-therapies consisting of dexamethasone and ceftriaxone (current standard ther-
apy) as well as of daptomycin, dexamethasone, and ceftriaxone underline the need 
of further experimental investigations before clinical trials can be attempted. 
Moreover, human data on the CSF penetration of daptomycin are scarce. A recent 
study reported that mean concentrations of daptomycin in the CSF after a single 
intravenous dose (10 mg/kg) were signifi cantly lower in patients than that previ-
ously reported in animal studies [ 95 ]. In order to better characterize the CSF pene-
tration of this drug, additional pharmacokinetic studies evaluating multiple and/or 
higher dosages of daptomycin are necessary in humans, especially in those suffer-
ing from pneumococcal meningitis.  

4.2     Neutralizing Endogenous C5a Activity 

 The anaphylatoxin C5a was identifi ed to be a key player in the infl ammatory cas-
cade of pneumococcal meningitis. Both genetic defi ciency of the receptor of C5a 
and pharmacologic neutralization of C5 resulted in a marked reduction of menin-
geal infl ammation but also of meningitis-associated neuropathologic alterations like 
blood–brain barrier disruption or cerebral hemorrhages [ 60 ]. Interestingly, in adults 
with bacterial meningitis (including pneumococcal meningitis), high CSF C5a lev-
els were associated with death and an unfavorable outcome [ 60 ]. Therefore, C5a 
was hypothesized to be a promising target for adjunctive therapy in pneumococcal 
meningitis. In line with this hypothesis, adjuvant treatment with a monoclonal anti-
body directed against C5 was completely protective against death due to pneumo-
coccal meningitis in an adult mouse model. Moreover, this treatment strategy was 
effective in dampening meningitis-induced neuropathologic alterations. Its effi cacy 
was clearly superior to that of adjuvant dexamethasone [ 60 ]. Since anti-C5 antibod-
ies are already licensed for clinical use (e.g., in patients with paroxysmal nocturnal 
hemoglobinuria), adjuvant therapy with anti-C5 antibodies may be a promising 
therapeutic approach for patients with bacterial meningitis. However, this treatment 
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approach still needs to be evaluated in meningitis models that measure neurologic 
(long-term) sequelae and/or use other meningitis pathogens (especially  Neisseria 
meningitidis  which can be killed by the membrane attack complex whose formation 
is blocked by anti-C5 antibodies). Moreover, data on its effi cacy in combination 
with dexamethasone are lacking.   

5     Conclusion 

 During the past two decades, great progress has been made in our understanding on 
the immunopathogenesis of pneumococcal meningitis. Mechanisms of immune 
activation, amplifi cation, and perpetuation just as well as causes of meningitis- 
associated brain damage have been largely unveiled. This knowledge provides the 
basis for the development of novel strategies for treatment of this disease. Two 
novel therapeutic approaches have been recently evaluated in animal models of 
pneumococcal meningitis, namely, killing bacteria without lysing them and block-
ing the pro-infl ammatory activity of C5a in combination with antibiotic therapy. 
Early results from experimental studies are very encouraging. However, there is 
still a diffi cult way to go until the ultimate goal of helping patients with meningitis 
is reached. First of all, animal studies are needed to assess the effi cacy of these 
strategies when applied together with steroids—a prerequisite for clinical trials as 
steroids are part of the standard therapy for bacterial meningitis. Moreover, it has 
to be investigated whether and how novel therapeutic strategies affect the outcome 
of meningitis due to pathogens other than pneumococci as well as in special patient 
groups. This appears necessary in consideration of the observation that steroids are 
ineffective in less developed countries or in patients suffering from meningitis due 
to pathogens other than  S. pneumoniae . Additionally, different pharmacologic 
issues, like the CSF penetration of daptomycin in humans, have to be clarifi ed. It 
has also to be checked whether a successful treatment of bacterial meningitis 
requires the simultaneous targeting of multiple steps of the pathophysiologic cas-
cade, like killing bacteria softly and blocking critical steps in the infl ammatory 
cascade. Even when a therapeutic approach has been proven highly benefi cial in 
animal models, its translation into the clinical practice will be challenging since the 
recruitment of suffi cient number of patients requires a multicenter study design. 
Moreover, patient cohorts are usually relatively heterogeneous (with regard to the 
causative agent or the degree and type of comorbidities). However, the promising 
data from animal models, coupled with the still unfavorable prognosis in humans, 
should be incentive enough for researchers and physicians to follow this path all 
the way to the end.     
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