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INTRODUCTION ers at the respiratory mucosa, the host’s immune system, and

Community-acquired bacterial meningitis continues to exact
a heavy toll, even in developed countries, despite the imple-
mentation of childhood vaccination programs and effective
antimicrobial agents (71, 497). The most common etiologic
agents are Streptococcus pneumoniae and Neisseria meningiti-
dis, with the first being responsible for two-thirds of cases in
Europe and the United States (18, 70, 496). Today, despite
advances in medical care, mortality from pneumococcal men-
ingitis ranges from 16 to 37%, and neurological sequelae, in-
cluding hearing loss, focal neurological deficits, and cognitive
impairment, are estimated to occur in 30 to 52% of surviving
patients (231, 496, 500, 526, 528).

During past decades, experimental animal models have
shown that the outcome of bacterial meningitis is related to the
severity of inflammation in the subarachnoid space and that
the outcome can be improved by modulation of the inflamma-
tory response, e.g., with dexamethasone (471). Many random-
ized clinical trials of dexamethasone in bacterial meningitis
have been performed, but the results remain ambiguous (70,
115, 148, 324, 442, 494). An individual patient data meta-
analysis of 5 large recent trials showed no effect of dexameth-
asone (499). However, a prospective cohort study showed a
decrease in mortality from 30 to 20% in adults with pneumo-
coccal meningitis after successful nationwide implementation
of dexamethasone in The Netherlands (69). Nevertheless, new
adjunctive therapies are needed to improve the prognosis of
bacterial meningitis.

Previously, we reviewed the epidemiology, diagnosis, and
antimicrobial treatment of acute bacterial meningitis (70). In
the current review, we focus on current understandings of the
pathophysiology and pathogenic mechanisms associated with
pneumococcal meningitis. Finally, we discuss targets for future
therapeutic strategies.

COLONIZATION

Mucosal Colonization

The human nasopharynx is the main reservoir for S. pneu-
moniae, where it usually leads to asymptomatic colonization.
Carriage rates of S. pneumoniae are highest among young
children (37%) and may rise to up to 58% in crowded situa-
tions such as day care centers (50). In adults, crowding may
also lead to increased carriage rates, specifically in hospitals,
long-term care facilities, shelters, and prisons, where carriage
rates of up to 40% have been reported (199, 208), compared to
4% in the general adult population (410). The bacterium is
transferred between people mainly by coughing and sneezing.
During colonization, adherence, nutrition, and replication are
the pneumococcus’ main priorities. To reach these objectives,
the pneumococcus is confronted with the host’s natural barri-

other pathogens colonizing the same niche.

Natural Barrier Evasion

Two important natural barriers preventing pneumococci
from binding to the respiratory mucosal surface are the respi-
ratory mucus and lysozyme (98, 350, 449). The pneumococcus
has evolved several strategies to overcome these barriers and
reach the respiratory epithelial cell layer.

Mucus entrapment and subsequent clearing may be pre-
vented by the pneumococcus by three ways. First, the capsule
of the pneumococcus repulses the sialic acid residues of mucus
by its negative charge, thereby decreasing the likelihood of
entrapment (350). Second, the pneumococcus expresses sev-
eral exoglycosidases, including neuraminidase A (NanA), beta-
galactosidase A (BgaA), beta-N-acetylglucosaminidase (StrH),
and neuraminidase B (NanB), which are capable of deglyco-
sylating mucus glycoconjugates, thereby decreasing mucus vis-
cosity and preventing mucus entrapment (79, 240, 480). Third,
pneumolysin (Ply), a pore-forming toxin, decreases epithelial
cell ciliary beating, thereby enabling the pneumococcus to bind
to epithelial cells without being removed with the mucus (Fig.
1A) (144, 145).

Lysozyme is a muramidase which cleaves peptidoglycan, a
polymer of sugars and amino acids present in the cell wall of
many pathogens, including S. pneumoniae (112). Acetylated
peptidoglycan molecules of the pneumococcal cell wall (PCW)
are specifically prone to lysozyme destruction. The pneumo-
coccus expresses two enzymes, peptidoglycan N-acetylgluco-
samine-deacetylase A (PdgA) and an O-acetyltransferase
(Adr), which are able to deacetylate peptidoglycan molecules
on the pneumococcal surface, rendering the bacterium resis-
tant to lysozyme (Fig. 1B) (101, 112, 515). Both enzymes have
been shown to be important during colonization, as PdgA or
Adr knockout pneumococci are more prone to exogenous ly-
sozyme and are outcompeted by wild-type (WT) pneumococci
in an intranasal model of pneumococcal colonization (112).

Host Mucosal Immune System

At the nasopharyngeal mucosal site, the pneumococcus is
targeted by components of the host innate immune system,
such as secretory IgA (sIgA), (212), lactoferrin (447), and
components of the complement system (51, 390).

sIgA interferes with binding of the pneumococcus to the
nasopharyngeal mucosa (223, 274) and facilitates opsonization
of bacteria, which enables phagocytosis by antigen-presenting
cells (APCs) and neutrophils (212). Pneumococci have several
methods to limit opsonization by sIgA. First, the capsule itself
prevents binding of sIgA (141). Second, capsule-bound IgA is
cleaved by a pneumococcal IgAl protease. This protease
cleaves sIgA at the hinge region, inhibiting IgA-mediated op-
sonization and promoting binding to the respiratory mucosa
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FIG. 1. (A) Mucus breakdown. S. pneumoniae colonization of the nasopharynx is facilitated by mucus degradation by the enzymes NanA, BgaA,
StrH, and NanB. Ply decreases epithelial cell ciliary beating, enhancing bacterial adherence. (B) Evasion of proteolytic enzymes. Pneumococcal
cell wall peptidoglycans may be destroyed by lysozyme. PdgA and Adr deacetylate pneumococcal cell surface petidoglycan molecules, rendering
them resistant to lysozyme. (C) Epithelial cell binding. S. pneumoniae binds host GalNac by using SpxB, Smi, MsrA, and PlpA. (D) Intracellular
translocation. By binding the pIgR with PspC (or PAF receptor [PAFr] with ChoP), pneumococci can use the pIgR or PAF receptor recycling
pathway to be transported through the epithelial cell layer. (E) Inter- and pericellular translocation. Plasminogen bound by Gly3Ph, CbpE, and
enolase enhances epithelial cell binding and degrades interepithelial adherens junctions, allowing pericellular migration.

(429, 523). The remaining Fab fragment of sIgA binds to the
PCW, thereby exposing choline-binding proteins (Cbps) and
decreasing the negative charge of the capsule, which also fa-
cilitates bacterial adhesion to the epithelial cell (Fig. 1B) (523).

Lactoferrin is an iron scavenger present in multiple human
body fluids, including saliva and nasal secretions (405). Lacto-
ferrin acts bacteriostatically by depleting iron necessary for
bacterial metabolism. Unbound lactoferrin (apolactoferrin)
also has direct bactericidal properties, independent of iron
scavenging, toward various pathogens, including S. preu-
moniae (20, 21, 447). The mechanism by which apolactoferrin
destroys bacteria is not completely clear, but it appears to
disrupt the bacterial cell, leading to cell lysis (446). Lactoferrin
is also present in neutrophils and may enhance bacterial
phagocytosis and killing (140). The peumococcus prevents
apolactoferrin-mediated killing by the expression of pneumo-
coccal surface protein A (PspA), a choline-binding protein
expressed on the outer surface of the pneumococcal cell. PspA
binds human apolactoferrin at its active site, thereby inhibiting
apolactoferrin-mediated bacterial killing (447).

A third, important component of the mucosal innate im-
mune system is the complement cascade. Activation of the
complement pathway results in cleavage of several comple-
ment factors, leading to bacterial opsonization and phagocy-
tosis, leukocyte recruitment, and the assembly of a membrane
attack complex (MAC) which forms pores in the pathogen’s
membrane, inducing cell lysis (211). Complement plays an
important role in the immune response against S. pneumoniae,
since mice as well as humans with complement deficiencies are
more susceptible to the transition of pneumococcal coloniza-
tion to invasive disease (51, 390, 488).

C-reactive protein (CRP) serves as an important innate im-
mune defense mechanism of the respiratory tract (174). CRP is
a protein produced by the liver in the acute phase of an infec-
tion (211). CRP binds to phosphorylcholine on apoptotic cells
(238) and several bacteria, including the pneumococcus (534).
Through binding on the bacterial cell surface, CRP can acti-
vate the classical complement pathway through complement
factor 1q (C1q) (465). Subsequent opsonophagocytosis by the
complement system leads to more effective phagocytosis by
macrophages. In addition, CRP can bind the Fcy receptor
(FcyR) on macrophages and dendritic cells, thereby enhancing
phagocytosis (339, 475) and macrophage cytokine production
(334).

The complement cascade is activated in three ways: the
classical complement pathway, the alternative complement
pathway, and the lectin-induced complement pathway. The
classical complement pathway is characteristically activated by
antibody-antigen complexes. Natural IgM, a part of which is
directed against pneumococcal C polysaccharides (teichoic
acid), contributes to the activation of the classical pathway
(335). However, the classical pathway may also be activated
through other mechanisms, such as by the binding of acute-
phase proteins such as CRP to the pneumococcal surface and
subsequent binding of complement component Clq, direct
binding of Clq to the bacterium (211), and binding of Clq to
the C-type lectin SIGN-R1 (224). When Clq was depleted
from human serum, in vitro opsonophagocytosis of S. pneu-
moniae was severely affected (544). In addition, Clg-deficient
mice showed a severely impaired immune response and worse
outcomes in an experimental model of pneumococcal menin-
gitis (428). Furthermore, mice deficient in the pattern recog-
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nition receptor SIGN-R1 had reduced activation of the classi-
cal complement pathway (224). In this study, Clq was directly
activated upon activation of SIGN-R1 by pneumococcal poly-
saccharides in the spleen, leading to activation of the classical
complement cascade and complement component C3 activa-
tion, with subsequent pneumococcal opsonization (224).
SIGN-R1 is highly abundant on cells of the splenic red pulp
and is an important factor in the spleen’s function to control
invasive pneumococcal disease. Another study showed that
splenic macrophages of SIGN-R1 knockout mice were unable
to activate splenic B cells to produce pneumococcus-specific
IgM (259). Therefore, splenic SIGN-R1-mediated activation of
B cells may explain, at least partially, the susceptibility of
splenectomized patients to invasive pneumococcal disease.

Activation of Clq by the classical or mannose-binding lectin
(MBL) pathway leads to cleavage of complement component
C2. In a Swedish cohort, 40 patients with a homozygous C2
deficiency due to a deletion in the C2 gene were described
(218). Invasive infections, mainly pneumococcal infections,
were found in 23 (58%) of these patients (218).

The alternative pathway is also activated during infection
with S. pneumoniae and occurs by the direct binding of com-
plement component C3 to the pneumococcal surface (533).
The importance of the alternative pathway in pneumococcal
opsonization was shown in mice made deficient in factor D, a
peptidase involved in activation of the alternative pathway
(539). Opsonophagocytosis of S. pneumoniae was delayed in
factor D-deficient mice compared to wild-type mice, indicating
an important role for this complement pathway in the early
phase of infection (539). In line with this, a recent study
showed that mice deficient in complement factor B, another
peptidase involved in activation of the alternative complement
pathway, were more susceptible to pneumococcal otitis media
(481).

The lectin-induced complement pathway appears to be less
important in pneumococcal disease than the classical and al-
ternative pathways. Polymorphisms in MBL, one of the most
important activators of the lectin complement pathway, were
not associated with increased risk of pneumococcal invasive
disease in a genetic association study (331). A larger cohort
showed a significant increase in risk for pneumococcal invasive
disease, with three codon variants in the MBL locus (426). In
a third study, 140 patients with invasive pneumococcal disease,
defined by positive blood culture for S. pneumoniae, were as-
sessed for three structural variant MBL alleles and one pro-
moter allele (269). In this study, no association was found
between susceptibility or outcome of invasive pneumococcal
disease and any of the structural MBL variants or promoter
alleles. In a subgroup analysis of the 22 patients in the cohort
with pneumococcal invasive disease and meningitis, there was
no association between susceptibility or outcome and the MBL
genotype (269). However, a meta-analysis combining the re-
sults of the above three studies demonstrated an association
between susceptibility to invasive pneumococcal disease and
homozygosity for one of the three structural variants in the
MBL gene, with an odds ratio (OR) of 2.57 (95% confidence
interval [CI], 1.38 to 4.80) (68). In a cohort of 57 HIV-positive
patients, an increased risk for invasive pneumococcal disease
was found to be associated neither with MBL polymorphisms
nor with polymorphisms in the downstream molecule MBL-
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associated serine protease 2 (MASP-2) (203). One genetic
association study has been performed regarding outcome and
MBL genotypes. This study included only 60 patients with
community-acquired pneumococcal pneumonia and did not
detect an association between MBL genotype and outcome
(138). Experimental studies showed weak to no binding of
MBL to S. pneumoniae compared to other bacteria (267, 352).
Another experimental study showed that although MBL bound
to S. pneumoniae, it did not increase opsonophagocytosis, and
that complement activation by the classical pathway was much
more important (73).

Another group of proteins that can activate the lectin-in-
duced complement pathway are ficolins. Two ficolin variants,
H-ficolin and L-ficolin, have been studied for the capability of
binding to S. pneumoniae; only L-ficolin was found to bind
some of the pneumococcal strains tested (267). However, no
frequency differences were found for polymorphisms in L-
ficolin among 290 patients with invasive pneumococcal disease
compared to 720 controls from a similar population (89).

The pneumococcus has evolved several strategies to limit
complement-mediated opsonophagocytosis. The pneumococ-
cal capsule plays a central role by limiting the amount of
complement deposited on the pneumococcal surface and im-
peding the access to cell-bound complement (205). Further-
more, pneumolysin has been shown to decrease complement
opsonization of the pneumococcal cell (400). This is thought to
result from the consumption of complement factors by re-
leased pneumolysin. In addition, several other pneumococcal
outer surface proteins have been shown to affect complement
deposition on the pneumococcus, including pneumococcal sur-
face protein C (PspC), PspA, PsaA, and PhpA (111, 213, 232,
356, 399, 400, 411, 547).

PspC, also referred to as CbpA or SpsA, a choline-binding
protein attached to the cell wall, is able to bind complement
component C3b, thereby preventing opsonization (111, 213,
232, 399). Furthermore, PspC binds human factor H, a factor
which inhibits activation of two complement components of
the alternative and lectin pathways. By binding and activating
factor H, the pneumococcus locally blocks the unfolding of
these two complement pathways (110, 348, 399, 543). In addi-
tion, PspC binds the complement inhibitor C4b-binding pro-
tein, which blocks activation of the classical complement path-
way (122). PspA has been shown to interfere with the binding
of complement component C3 on the bacterial surface, thereby
inhibiting complement-mediated opsonization (356, 400, 411).
PhpA is a pneumococcal surface protein with C3-degrading
properties (547). Since activation of the complement cascade is
crucial in the defense against pneumococcal invasive disease,
pneumococcal complement binding proteins are important tar-
gets for vaccine development (65, 109, 147, 336).

Binding to Epithelium

The pneumococcal capsule is advantageous in circumventing
the host barriers and reaching the respiratory mucosa but cov-
ers PCW binding sites for epithelial cell binding. The pneumo-
coccus adjusts its binding properties to its environment
through a process called phase variation (106, 296, 522). In this
process, the amount of polysaccharide in the capsule varies
from an opaque (thick capsule) to a transparent (thin capsule)
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phase, either covering or exposing binding sites on the pneu-
mococcal surface (522). During colonization, the thick capsule
prevents mucus entrapment as well as immunoglobulin and
complement binding, thereby preventing opsonophagocytosis
(172, 206, 236, 350). Once the pneumococcus has reached the
nasopharyngeal epithelium, the transparent phase becomes
prominent, unveiling several adhesion molecules for binding to
the host epithelium (106, 522).

At the host respiratory epithelium, the pneumococcus binds
to glycoconjugates expressed on the epithelial cells of the res-
piratory mucosa (e.g., N-acetyl-D-galactosamine [GalNac]).
Pneumococcal binding molecules interacting with the host
glycoconjugates remain elusive. However, several bacterial
genes involved in GalNac binding have been identified, includ-
ing spxB, ami, msrA, and plpA (Fig. 1C) (104, 456, 538). Their
gene products are involved either directly in binding of glyco-
conjugates or indirectly by inducing upregulation of their bind-
ing molecules on the epithelial lining (16, 105, 207, 268, 538).
Binding of the pneumococcus to GalNac is promoted by
NanA, a pneumococcal glycosidase that separates sialic acid
from mucin, glycolipids, glycoproteins, and oligosaccharides,
thereby enhancing the expression of N-acetylglucosamine
binding sites on host epithelial cells (239, 480). Cleaved sialic
acid residues serve as a carbohydrate source for bacterial me-
tabolism (79, 240).

Pneumococcal binding is further enhanced by hydrophobic
and electrostatic forces, binding of pneumococcal phosphoryl-
choline to the platelet activating factor (PAF) receptor, and
binding of pneumococcal surface protein C (PspC) to the poly-
meric immunoglobulin (pIgR) receptor, all facilitating epithe-
lial cell transcytosis (see Bloodstream Survival) (103, 137, 223).
Pneumococci also display pili on their surfaces, facilitating
adherence to human buccal cells in the nasopharynx; however,
which components of the respiratory mucosa interact with the
pili are unknown (28, 349, 454).

Cocolonization

The nasopharynx may be colonized by up to 700 different
microbial species, including residential flora, transient coloniz-
ing microbes, and pathogenic species (1, 75). Microbial survival
is therefore dependent on cooperative and competitive strat-
egies, several of which were recently described in the context of
pneumococcal infection (113, 372). Pneumococcal intermicro-
bial interactions include secondary invasive disease following
viral infection, prior innate immunity activation following ex-
posure to another pathogen, and the sharing of virulence/
survival factors between pneumococcal serotypes (320).

Viral infection and subsequent bacterial infection have been
investigated extensively (76, 320, 337). Prior exposure to influ-
enza virus has been associated with secondary invasive pneu-
mococcal disease (91, 159). The importance of preexposure to
influenza virus was recently underlined during the HIN1 pan-
demic, in which a third of fatal HIN1 cases exhibited evidence
of concurrent bacterial pneumonia (88). The underlying patho-
genesis of enhanced susceptibility to invasive pneumococcal
disease after influenza virus infection remains unclear but
might be related to an altered expression of adhesion mole-
cules. Prior exposure to viral infection has been demonstrated
to increase the expression of epithelial cell adhesion molecules
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both in vitro and in vivo (25). The exposure of adhesion mol-
ecules on the epithelial lining is further aided by influenza virus
neuraminidase (NA), which cleaves terminal sialic acid resi-
dues, thereby facilitating pneumococcal binding after viral ex-
posure (321). In mice, pneumococcal binding was reduced
when NA was blocked pharmacologically or when either the
pneumococcus or influenza virus was mutated to be NA defi-
cient (383). Of particular interest has been the PAF receptor,
which may be used by pneumococci for adherence to and
transcytosis of the epithelium. Though the PAF receptor is
upregulated following viral exposure, murine PAF receptor
knockout studies yielded conflicting results regarding the con-
tribution of PAF receptor to pneumococcal adherence and
subsequent invasion (322, 417, 507). These conflicting results
might be explained by variations in pneumococcal serotype,
dosing, and timing of coinfection. There are alternative expla-
nations to PAF receptor upregulation for the association of
viral and bacterial infections, including mechanical lung epi-
thelium damage, overall impaired pulmonary function, and an
altered immune response to secondary infection following viral
exposure (320). Ex vivo studies in which the tracheal epithe-
lium was severely damaged following viral infection did not
show increased binding of S. pneumoniae but showed a de-
creased mucociliary velocity leading to a higher local bacterial
burden after secondary infection (392).

Nasopharyngeal interactions between cocolonizing bacteria
can lead to growth inhibition, synergism, and exchange of ge-
netic material. Epidemiologic data suggested a negative asso-
ciation between nasopharyngeal colonization of Staphylococ-
cus aureus and S. pneumoniae (52, 409). In vitro studies
suggested that S. aureus killing was the result of pneumococcal
H,O, production, but this effect has not been reproduced
invariably in vivo (316, 372). Bacteria may also compete or
synergize in the nasopharynx by using the host response. Co-
colonization of S. pneumoniae and Haemophilus influenzae led
to rapid neutrophil-mediated clearance of S. pneumoniae
(307). In vitro studies revealed that cell components of H.
influenzae specifically stimulated the complement-dependent
phagocytosis of S. pneumoniae; depletion of either comple-
ment or neutrophils abolished this competitive phenomenon
(307).

Finally, multiple pneumococcal strains may cocolonize the
nasopharynx, usually leading to intraspecies competition and
competitive outgrowth of a single strain (305, 354). One pro-
posed mechanism for this intraspecies competition involves the
use of bacteriocins, so-called pneumocins in pneumococci,
which are small peptides capable of killing bacteria of the same
or closely related species (395). Additionally, S. pneumoniae is
naturally able to integrate DNA from killed and closely related
pathogens into its own genome, thus gaining a competitive
advantage (305). In in vitro cocultures, pneumococci that were
made bacteriocin deficient were rapidly outcompeted by par-
ent strains or pneumococci of other serotypes (113).

INVASIVE DISEASE
Patients at Risk

Invasive pneumococcal disease may take place when two
situations coincide: first, the host is colonized with a pneumo-
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coccal strain that it has not yet established immunity to, and
second, an alteration of the natural barriers or host immune
system has occurred (49, 312). Invasive pneumococcal disease
is seen during the extremes of age (less than 2 or more than 50
years of age); in patients with underlying conditions, such as
splenectomy or asplenic states, sickle cell disease, multiple
myeloma, hypogammaglobulinemia, alcoholism, chronic liver
or kidney disease, malignancy, malnutrition, Wiskott-Aldrich
syndrome, thalassemia major, diabetes mellitus, and basilar
skull fracture with leakage of cerebrospinal fluid (CSF); and in
children with cochlear implants (3, 19, 42, 71, 161, 265, 329,
341, 364, 422, 497, 498, 524, 527). The use of immunosuppres-
sive drugs, a history of splenectomy, or the presence of diabe-
tes mellitus, alcoholism, or infection with HIV is found in 20%
of adults with pneumococcal meningitis (364, 524). Further-
more, damage to the naso- and oropharyngeal mucosae may be
elicited by local pneumococcal infection, such as sinusitis or
otitis, by viral respiratory infections (specifically by influenza
virus [see “Cocolonization”), by smoking, or by allergy (219,
355, 519, 528).

Invading Host Endothelial and Epithelial Cells

Pneumococci are relatively ineffective at invading host en-
dothelial and epithelial cells. However, pressures of the host
natural barriers, cocolonization of other micoorganisms, and
an activated innate immune response drive pathogens to de-
velop new strategies. Epithelial endo- and transcytosis is an
important strategy of invasion and also allows intraepithelial
bacterial reservoirs and subsequent recolonization of the na-
sopharynx. Two mechanisms of epithelial transmigration by S.
pneumoniae have been described (Fig. 1D). First, pneumococ-
cal phosphorylcholine (ChoP) may bind to the PAF receptor
on activated epithelial and endothelial cells (103). ChoP is a
component of cell wall-associated acids and lipoteichoic acids
(LTAs) on the surfaces of transparent pneumococci (221). By
binding the PAF receptor, the pneumococcus may enter the
PAF receptor recycling pathway, which transports the bacte-
rium to the basal membrane of the host epithelial cell, which
may lead to invasive disease (103, 402). Intranasal challenge of
mice deficient in the PAF receptor resulted in reduced rates of
pneumococcal colonization, pneumonia, and invasive disease
(417).

A second mechanism involves the binding of the pneumo-
coccal choline-binding protein PspC (also known as CbpA or
SpsA) to the extracellular portion of epithelial pIgR, refered to
as “secretory component” (137, 223). Following attachment,
the pneumococcus uses the pIgR recycling pathway, analogous
to the PAF receptor pathway, to be transported between the
apical and basal membranes of the epithelial cell (223, 546).
Pneumococcal expression of PspC has been shown to be an
important factor for colonization and invasive disease, al-
though its effect on virulence may vary between pneumococcal
strains (67, 190, 232, 424, 546). The PspC binding of plg re-
ceptor is observed only in humans, not in mice, rats, or rabbits
(223). In addition, PspC also binds sialic acid and lacto-N-
neotetraose on respiratory epithelial cells, further facilitating
colonization (424). The level of pIg receptor directly correlates
with the degree of pneumococcal attachment and epithelial
invasion (546). plg receptors are expressed in a decreasing
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gradient from the upper to the lower respiratory tract, while
the opposite pattern is observed for the PAF receptor (325,
546). Therefore, it has been suggested that where plg receptor
serves mainly as a pneumococcal receptor in the nasopharynx,
the PAF receptor acts as a ligand for attachment and invasion
of the pulmonary epithelium (546).

Inter- or pericellular migration is another mechanism by
which bacteria may cross epithelial or endothelial cell layers
(Fig. 1E) (371). Plasminogen, bound by the pneumococcal
receptors enolase, Gly3Ph, and CbpE, plays a central role in
this process and has been shown to serve two purposes (24, 35,
36). First, plasminogen increases adhesion of pneumococci to
the epithelial surface (23). Second, bound plasmin is able to
cleave proteins involved in the intercellular adherens junctions,
which bind epithelial cells together to form a mechanical bar-
rier to underlying tissues (23). This disruption is mediated by
the degradation of cadherin, an essential component of inte-
repithelial adherens junctions (23). Murine pneumococcal na-
sopharyngeal colonization studies demonstrated that epithelial
barrier function was diminished through the downregulation of
cadherins in a Toll-like receptor (TLR)-dependent manner
(32). Third, epithelial permeability is also modulated by the
innate immune system in a transforming growth factor beta
(TGF-B)-dependent manner, possibly to allow for adequate
migration of immune cells and inflammatory mediators into
infected areas (31). Thus, the breakdown of the tight junctions,
though necessary for an adequate immune response, may allow
for pneumococcal access to the basal membrane and subse-
quent invasive disease.

Extracellular Matrix

At the basal side of the epithelium or endothelium lies the
basement membrane, which is comprised mainly of a network
of collagen type I, laminin, and proteoglygans (9). Like many
bacteria, pneumococci use hyaluronan lyase to degrade major
components of the extracellular matrix (ECM), hyaluronan,
and certain chondroitins, thereby facilitating invasive disease
(215). The importance of hyaluronan lyase for the develop-
ment of invasive pneumococcal disease was demonstrated in
mice, as intranasally administered hyaluronidase adjuvant en-
hanced the development of invasive disease after an otherwise
noninvasive intranasal inoculation of pneumococci (552).
Moreover, pneumococci isolated from patients with pneumo-
coccal meningitis expressed higher levels of hyaluronidase than
pneumococci isolated from asymptomatic carriers (263).

Fibronectin, a large multidomain ECM glycoprotein, is
found in nearly every human tissue environment that the pneu-
mococcus is likely to encounter and is bound by several pneu-
mococcal adhesins, among which the most important are the
pneumococcal adhesion and virulence A (PavA) and B (PavB)
proteins (200, 216). In murine infection models, PavA-defi-
cient pneumococci had impaired adherence to murine epithe-
lium and endothelial cells and were unable to sustain long-
term nasopharyngeal colonization (220, 394). Furthermore,
although pneumococci lacking PavA showed similar growth to
WT pneumococci in a sepsis model, PavA mutants were rap-
idly cleared from the central nervous system (CNS) after in-
tracranial infections (220). Possibly, PavA not only serves to
directly bind fibronectin but also plays a role in the effective
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adherence and virulence mediated by other, so far unknown
determinants (394).

BLOODSTREAM SURVIVAL

Complement System

Once in the bloodstream, pneumococci are confronted with
additional host defense mechanisms. Complement represents the
first step of innate immunity against bacteremia. The classical
complement pathway plays a dominant role in pneumococcal
clearance, although the classical and alternative complement
pathways are also activated by streptococcal species (214, 374).
Pneumococci have developed two ways to minimize complement-
mediated opsonization and phagocytosis. First, pneumococci un-
dergo a second phase variation and become encapsulated. The
polysaccharide capsule serves as a nonspecific barrier, signifi-
cantly reducing complement deposition on the bacterial surface
and limiting subsequent interaction with phagocytes (2, 221). In
murine studies, systemically administered unencapsulated pneu-
mococci were shown to be avirulent (395).

Second, pneumococcal surface proteins PspA, PspC, and
pneumolysin target specific complement components, thereby
reducing complement-mediated bacterial clearance. PspA,
which is expressed ubiquitously among pneumococci, inhibits
Clq and subsequent C3b deposition (214). PspC binds human
factor H, thereby blocking the formation of C3 convertase
(C3bBb), leading to lower C3b production and limiting op-
sonophagocytosis (292, 548). Pneumococci can also attach to
erythrocytes through a process called immune adherence,
which is dependent on the binding of complement components
C3b, C4b, Clg, and MBL to both the pneumococcus and
erythrocyte receptor CR1 (189, 292, 351). Immune complexes
containing pneumococci, bound by complement to erythro-
cytes, are then transferred to macrophages, after which the
erythrocytes are returned to the circulation (99). Recent in
vitro studies showed that PspA and PspC work synergistically
to limit complement-mediated adherence and transfer to
phagocytes (292).

Pneumolysin, released during pneumococcal autolysis, read-
ily binds the Fc portion of IgG, thereby potently activating the
classical complement pathway, increasing bacterial virulence
by independently depleting complement factors away from the
bacterium, and limiting opsonophagocytosis (13). Murine bac-
teremia studies showed that pneumolysin-deficient pneumo-
cocci are either cleared from the bloodstream or allowed to
develop into chronic bacteremia (359). Furthermore, serum
complement depletion may be particularly important in cir-
cumstances of overall limited complement availability, such as
liver cirrhosis (12), and may further increase pneumococcal
virulence at sites of limited complement presence, such as the
nasopharynx (318).

Lastly, the acute-phase CRP binds phosphorylcholine (Chop)
on the PCW (4, 514) and subsequently interacts with Clq, leading
to the activation of the classical complement pathway (93, 451). In
mice, CRP is not an acute-phase protein, and treatment with
human CRP reduced mortality following pneumococcal infection
(467, 468). In vitro studies showed that CRP reduced pneumo-
coccal binding to the epithelial cell PAF receptor (175).
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Recognition by the Host Immune System

Pneumococci are recognized by APCs through the binding
of pattern recognition receptors, which are specifically directed
toward general motifs of molecules expressed by pathogens
that are essential for pathogen survival. Pattern recognition
receptors involved in sensing pneumococci include TLR2 (192,
286, 333, 441, 511, 541), TLR4 (59, 278, 311), TLR9 (10, 278,
333), and nucleotide oligomerization domain 1 (Nodl) (357,
549). Upon activation of these receptors, APCs release various
cytokines, which induce a cascade of inflammatory reactions,
including the recruitment of neutrophils (211). The most im-
portant cytokines released by phagocytic cells are tumor ne-
crosis factor alpha (TNF-a), interleukin-1 (IL-1), and IL-6
(419). IL-1B and TNF-a act on local vascular endothelial cells,
increasing vascular permeability and vasodilatation and up-
regulating adhesion molecules such as E-selectin, P-selectin,
and vascular cell adhesion molecule 1 (VCAM-1) to enable the
influx of neutrophils and other lymphocytes from the blood to
the site of infection (Fig. 2) (142, 470).

Initiation of Coagulation

Most patients with invasive pneumococcal disease show ev-
idence of coagulation activation (288, 313). Inflammation-in-
duced thrombin generation is not dependent on direct inter-
action of bacteria and the coagulation cascade but rather on
the exposure of blood to tissue factor (TF) (290). TF is ex-
pressed primarily on cells outside the vasculature (128, 149)
and is exposed to coagulation factors during vascular damage.
Low levels of circulating TF have been detected in healthy
individuals (167), in whom the role of TF in thrombin gener-
ation remains uncertain (81, 195, 407). The expression of TF in
blood cells is limited to monocytes and can be elevated con-
siderably during inflammation or sepsis (370). The upregula-
tion of TF is largely IL-6 dependent, as studies have shown
abrogation of TF-dependent thrombin generation when IL-6 is
blocked (506).

Upon exposure to blood, TF forms a complex with factor
VII and catalyzes the conversion of factor X into factor Xa.
Factor Xa allows prothrombin conversion to thrombin, al-
though this reaction occurs to a significant extent only after
thrombin-induced feedback activation of factor VIII and factor
V, nonenzymatic cofactors in the tenase and prothrombinase
complexes, respectively (81, 290). The prothrombinase and
tenase complexes convert prothrombin (factor II) into throm-
bin (factor ITa), which then leads to the conversion of fibrin-
ogen to the clot-forming fibrin protein (289). The activity of
prothrombinase and tenase complexes is markedly enhanced
by the presence of activated platelets, which become activated
during inflammation but may also be activated directly by
thrombin itself (427).

Inflammation-mediated thrombin formation is regulated by
three anticoagulant mechanisms: antithrombin (AT), the pro-
tein C system, and tissue factor pathway inhibitor (TFPI), all of
which may be impaired during systemic infection (290). Anti-
thrombin inhibits thrombin and factor Xa, though during se-
vere infection antithrombin levels are markedly lower due to
impaired synthesis, degradation, and consumption during
thrombin generation (291). Circulating protein C, which upon
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FIG. 2. S. pneumoniae adheres to endothelial cells by using PspC, which binds laminin and pIgR, enabling transcytosis across the endothelium. Once
in the CSF, pneumococci multiply freely and release bacterial products such as LTA and Ply, which are recognized by TLR2 and TLR4 on circulating
APCs. The subsequent release of proinflammatory cytokines and chemokines from macrophages and microglial cells results in upregulation of
endothelial cell P- and E-selectin and ICAM (which binds MAC-1 on leukocytes), leading to increased neutrophil recruitment into the CSF.

conversion to activated protein C by the thrombin-thrombo-
modulin complex degrades the essential coagulation factors Va
and VIIla, is hampered during severe inflammation by enzy-
matic degradation by neutrophil-derived elastase and by im-
paired synthesis as well as decreased activation by depressed
levels of thrombomodulin (135, 143). Lastly, the importance of
TFPI has been demonstrated in studies in healthy human vol-
unteers injected with endotoxin, in whom administration of
TFPI induced a marked inhibition of coagulation (117). Ani-
mal studies showed that rabbits deficient in TFPI were more
susceptible to severe disseminated intravascular coagulation
(DIC), and primates infused with TFPI were able to survive
exposure to otherwise lethal amounts of Escherichia coli (404).

The degradation of fibrin clots is mediated by plasmin, the
active form of plasminogen, which is activated by tissue-type
plasminogen activator (tPA) and urokinase-type plaminogen
activator (uPA), both of which are stimulated by the inflam-
matory cytokines TNF-a and IL-1B (505). During severe in-
fection, these cytokines subsequently induce plasminogen ac-
tivator inhibitor type 1 (PAI-1), thereby limiting fibrinolysis
and resulting in a net procoagulant state (505). Higher levels of
PAI-1 in patients with meningococcal septicemia or dissemi-

nated intravascular coagulation have been shown to be associ-
ated with poor outcomes and mortality (326, 530).

At relatively high concentrations, thrombin forms a complex
with thrombomodulin and activates thrombin-activatable fibri-
nolysis inhibitor (TAFI; also known as plasma carboxypepti-
dase B, carboxypeptidase U, and carboxypeptidase R) (48,
518). Activated TAFI inhibits fibrinolysis by limiting plasmin
formation through the inhibition of plasminogen and tPA in-
corporation into fibrin clots (338). Furthermore, TAFT is able
to inhibit several proinflammatory substrates, such as brady-
kinin and complement components C3 and C5a (84). The
importance of TAFI and C5a was first demonstrated in a
mouse model in which TAFI knockout mice showed a higher
mortality when challenged with sublethal doses of lipopolysac-
charide (LPS) and cobra venom factor (22).

CENTRAL NERVOUS SYSTEM INVASION

Intracellular Translocation across the Blood-Brain Barrier

Cerebral vascular endothelial cells show marked differences
from their systemic counterparts. They exhibit very tight junc-
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tions, low rates of pinocytosis, and relatively large numbers of
mitochondria (398). In human brain microvascular endothelial
cell cultures, the pneumococcus was able to adhere to the
vascular endothelial PAF receptor, allowing transmigration
through the endothelial cell to the basolateral site (418). This
mechanism of transcytosis is similar to that seen at the pulmo-
nary epithelium (see Invasive Disease) and is mediated by
binding of pneumococcal phosphorylcholine to the PAF recep-
tor (103, 417). Pneumococci in the transparent phase are more
efficient at invading the brain endothelial cell layer than
opaque variants, which are dependent on the expression of
phosphorylcholine (418). Concordantly, PAF receptor-defi-
cient mice showed less translocation of pneumococci across the
blood-brain barrier and, therefore, a decreased incidence of
pneumococcal meningitis after intravenous challenge (402).
Many of these studies have been performed with brain vascular
endothelial cells. However, another important site of entry
might be the choroid plexus epithelium, as shown for Strepto-
coccus suis, which induces epithelial cell death and blood-brain
barrier disruption in porcine choroid plexus epithelium (473)
but may also translocate intracellularly across the plexus epi-
thelium (474).

Nasopharyngeal colonization models demonstrated binding
of pneumococcal PspC to pIgR on local epithelial cells, facil-
itating pneumococcal invasion (546). However, in a cell line of
human brain microvascular endothelial cells, the pIgR was not
expressed (546). In vitro and animal experiments showed that
pneumococcal PspC may bind the laminin receptor on brain
microvascular endothelial cells (360). This receptor, by which
endothelial cells are bound to the major component of base-
ment membranes, laminin, was also shown to be a ligand for
neurotropic viruses and prions (6, 158, 360). Laminin appears
to be involved in binding of bacteria that may cause meningitis,
such as S. pneumoniae, N. meningitidis, and H. influenzae, to
brain microvascular endothelial cells (360). Pneumococcal
PspC binds to laminin, and in a mouse model of pneumococcal
sepsis, a pneumococcal PspC mutant caused a decreased fre-
quency of pneumococcal meningitis (360). These results indi-
cate that the interaction between laminin and pneumococcal
PspC plays a role in intracellular translocation of pneumococci
across the blood-brain barrier.

Intercellular Translocation across the Blood-Brain Barrier

Pneumococci may translocate into the CSF intercellularly,
by disruption of the interepithelial tight junctions. In an animal
model of pneumococcal meningitis, tight junctions between
brain microvascular endothelial cells became disrupted in the
course of the disease (398). This may be due to damage caused
by the pneumococcus or by factors of the host immune re-
sponse (153, 448, 558). Analogous to the nasopharyngeal set-
ting, pneumolysin was capable of disrupting an endothelial cell
layer in an in vitro endothelial cell culture, which may enhance
blood-brain barrier disruption in vivo (558).

After crossing the dense vascular endothelial cell lining,
pneumococci have several methods of disrupting and invading
the basement membrane. The first involves binding of plasmin-
ogen to the bacterial surface, which may subsequently be ac-
tivated by tPA (129). In patients with bacterial meningitis,
levels of uPA correlated with breakdown of the blood-brain
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barrier and pleocytosis (536). In vitro models showed that
pneumococcus-mediated activation of plasminogen resulted in
damage of extracellular matrix components and the basement
membrane (129), although conversely, an in vivo mouse model
failed to demonstrate an effect of tPA or uPA receptor on
pneumococcal transmigration across the blood-brain barrier
(379). Finally, pneumococci may bind fibronectin (502), vitro-
nectin, and collagen in the extracellular matrix, which may
enhance blood-brain barrier disruption (34, 262).

CENTRAL NERVOUS SYSTEM IMMUNE RESPONSE

Immune Activation

During multiplication, pneumococci concurrently undergo
autolysis, which eventually leads to a stationary phase where
multiplication and autolysis rates are similar (479). The re-
leased bacterial products are highly immunogenic and may
lead to an increased inflammatory response in the host (489).
Bactericidal antibiotics causing bacterial lysis may also induce
a similar effect and lead to a temporarily increased host in-
flammatory response and increased disease severity (344, 345,
483).

A variety of pneumococcal compounds are proinflamma-
tory. The pathophysiological aspects of the different com-
pounds may be reproduced by intracisternal inoculation of
heat-killed unencapsulated pneumococci, purified PCW, cell
wall lipoteichoic acid, or cell wall peptidoglycan (490). Heat-
killed encapsulated pneumococci or purified pneumococcal
capsular polysaccharides inoculated intracisternally into rab-
bits did not cause meningitis, indicating that the pneumococcal
capsule is not immunogenic in the CSF (490). Inoculation with
knockout pneumococcal strains is another way to study the
immunogenicity of pneumococcal compounds. In a murine
model of pneumococcal meningitis, intracisternal inoculation
with pneumolysin-deficient pneumococci resulted in lower bac-
terial loads, better clinical scores, and longer survival of the
host (529). However, histological inflammatory changes in this
study were similar to those induced by wild-type pneumococci
(529).

Anatomical Localization of Blood-Brain Barrier
Invasion by Leukocytes

Neutrophils are thought to cross the blood-brain barrier
mainly at the venous side of the penetrating cerebral blood
vessels (182). Here they migrate to the perivascular space,
which is continuous with the subarachnoid space. However,
some neutrophils penetrate the brain parenchyma. Neutro-
philic infiltrates in the brain have been seen primarily in spaces
adjacent to CSF, such as the corpus callosum, periventricular
space, and the meninges (482). Neutrophils mediate bacterial
killing by phagocytosis of opsonized bacteria (211). Phagocy-
tosis is initiated by recognition and binding of bacteria by a
neutrophil and is facilitated by opsonization of the bacteria by
complement and antibody. Following binding, the neutrophil
engulfs the bacteria, after which the cell membrane closes
around the pathogens and is cut off, forming a free membrane-
covered entity within the cell called an endosome (211). In the
activated neutrophil, the endosome containing the pathogens
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TABLE 1. Effects of pattern recognition receptor knockout or deficiency

Model/setting” Outcome Reference(s)
TLR2 KO mice Higher cerebellar and blood bacterial titers, increased disease severity, no difference 248
in cytokine response
Significantly increased disease severity, higher CSF bacterial loads, and earlier death 133
CD14 KO mice Significantly increased disease severity, higher CSF bacterial loads, and earlier death 133
TLR2/CD14 double-KO mice Significantly increased disease severity, higher CSF bacterial loads, and earlier death 133
TLR4 KO mice No difference from WT mice 245
TLR2/TLR4 double-KO mice Decreased inflammatory response and increased disease severity in TLR2 and 245
TLR4 double mutants
TLR2/TLR4/TLRY triple-KO mice No differences in immune response, bacterial load, or survival compared with 245
TLR2/TLR4 double-knockout mice
Nod2-deficient microglial and Reduced levels of TNF-a and IL-6 production 300
astroglial cell line
Nod2 KO mice Decreased MIP-1a and TNF-a production and decreased cerebral demyelination 300
and gliosis
SIGN-R1 on primary mouse and rat Involved in the uptake of pneumococcal capsular polysaccharides into the cell 373
microglial cells
Caspase-1 KO mice Less severe inflammation and improved survival in a mouse model of 258
pneumococcal meningitis
IRAK-4 deficiency in children Increased susceptibility to invasive pneumococcal infections, including meningitis 272
MyDS88 deficiency in children Increased susceptibility to invasive pneumococcal infections, including meningitis 516
NEMO deficiency in patients Increased susceptibility to invasive pneumococcal infections, including meningitis 270, 517
MyD88 KO mice Increased mortality due to pneumococcal sepsis and meningitis, accompanied by 11, 256
decreased symptoms of infection and inflammatory parameters
“ KO, knockout.
is fused with a lysosome present in the cell, which contains
several bactericidal mediators, including nitric and oxygen spe-
cies, but also activated lysozymes, and the bacteria are killed. s .
In addition to intracellular killing, neutrophils also secrete "PACHIIONES O
nitric and oxygen species, establishing a bactericidal milieu
around the cell (211). Adversely, these nitric and oxygen spe- O OO
cies may damage the surrounding tissue when they are present
in large amounts and may be responsible, at least in part, for / l \
the neuronal damage seen in pneumococcal meningitis. This
Pneumolysin LTA Peptidoglycans

topic is discussed further in Neuronal Damage and Histopa-
thology.

Pattern Recognition Receptors

Immune activation in the cerebrospinal fluid is initiated by
the recognition of different bacterial pathogen-associated mo-
lecular patterns (PAMPs) by APCs (Table 1) (7, 440). These
APCs are present at low levels in the CSF, (116) or are situated
in the meninges, choroid plexus, perivascular space, or brain
parenchyma as astrocytes and microglial cells (92, 160). Major
pattern recognition receptors involved in initial sensing of
pneumococci in the CNS are TLR2 (133, 248), TLR4 (245),
TLR9Y (10), and Nod-like receptors (NLRs) (Fig. 3) (300).

TLR2 recognizes PCW LTA (441, 443). TLR2 signaling is
enhanced by the TLR2 coreceptor, CD14, and by LPS binding
protein (LBP) (441, 541). In a model of pneumococcal men-
ingitis, TLR2-deficient mice showed increased disease severity
with increased blood-brain barrier disruption and intracranial
complications and increased bacterial loads (133, 248). Cyto-
kine production was similar in TLR2-deficient and wild-type
mice with pneumococcal meningitis, except for that of TNF-a,
which was significantly higher in TLR2-deficient mice (133,
287). Since the phenotype of TLR2-deficient mice with pneu-
mococcal meningitis was not as severe as that seen with mice
lacking MyD88, an important general adaptor molecule for

Pro-inflammatory
cytokines/chemokines

FIG. 3. Host pattern recognition receptors involved in sensing S.
pneumoniae. TLR2 is activated by pneumococcal cell wall pepti-
doglycan and LTA. Nod2 is activated by cell wall peptidoglycans
and TLR4, which in turn is activated by Ply. TLR2 and -4 activate
the transcription factor NF-kB via MyD88 and IRAK-4. Nod2 also
activates NF-kB, inducing transcription of several proinflammatory
cytokines.
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TLR signaling, it was proposed that other TLRs besides TLR2
may play a role in sensing pneumococci in the CNS (248, 256).

TLR4 recognizes pneumococcal pneumolysin (311). TLR4-
deficient mice did not differ significantly from wild-type mice in
their host immune response, cerebrovascular changes, or out-
come during pneumococcal meningitis (245). However, in mice
deficient in both TLR2 and TLR4, a marked reduction in
inflammatory mediators, increased bacterial replication in the
CNS, and reduced survival were seen compared to those for
wild-type mice or mice with a single TLR deficiency (245).
Thus, in meningitis, both TLR2 and TLR4 are important re-
ceptors in detecting the pneumococcus and initiating a robust
inflammatory response to the pathogen, and one receptor may
compensate for the absence of the other (245).

TLRY is an intracellular pattern recognition receptor and is
activated by CpG repeats in bacterial DNA (196). In vitro, S.
pneumoniae was able to activate alveolar and peripheral mac-
rophages through TLRY and induced IL-8 production in
TLRY-transfected human embryonic kidney cells (10, 333). In
vivo, TLRO9-deficient mice showed reduced resistance to S.
pneumoniae after intranasal challenge (10). However, in a
model of pneumococcal meningitis, triple mutant TLR2/
TLR4/TLRY-deficient mice did not show significant differences
in immune response, bacterial load, or survival compared with
TLR2/TLR4-deficient mice (245). Therefore, TLR9 appears to
play a minor role in pneumococcal meningitis, although this
was assessed only in TLR triple-knockout mice.

NLRs are a second group of intracellular pattern recogni-
tion receptors involved in detecting pneumococci (357). NLRs
belong to a family of receptors which, upon activation, induce
activation of NF-kB or mitogen-activated protein kinase
(MAPK) pathways and inflammatory caspases (357). In human
embryonic kidney 293 cells, Nod2 was activated by internalized
pneumococci through sensing of meso-diaminopimelic acid
(meso-DAP) motifs of the bacterial peptidoglycan (151, 357).
In vitro experiments showed that microglial and astroglial cells
are activated by S. pneumoniae through Nod2 (300). Murine
microglial and astroglial cells deficient in Nod2 showed re-
duced levels of TNF-a and IL-6 production (300). With in vivo
experiments using a pneumococcal meningitis model, Nod2
activation of primary murine glial cells induced macrophage
inflammatory protein la (MIP-1a) and TNF-a production and
enhanced cerebral demyelination and gliosis (300). Thus, ac-
tivation of Nod2 appears to be one of the contributing factors
leading to cerebral damage in bacterial meningitis.

Another group of NLRs are the inflammasomes, which in-
clude a complex of various pattern recognition receptors shar-
ing the caspase adaptor apoptosis-associated speck-like pro-
tein (ASC) and leading to caspase-1 activation when triggered
(150). Cleavage and activation of caspase-1 lead to cleavage of
different procytokines into their active forms, including IL-18
and IL-18 (8, 123, 408). In addition, inflammasome activation
may lead to a specific form of controlled cell death, different
from apoptosis, called pyroptosis (146). Inflammasomes are
intracellular pattern recognition receptors and can be activated
by several endogenous and exogenous ligands, including bac-
teria (486), bacterial DNA (237), bacterial toxins (187), endog-
enous reactive oxygen species (ROS) produced by macro-
phages in response to infection (431), and uric acid released
through cell injury during inflammation (157). Little is known
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about the role of inflammasomes in bacterial meningitis. In
patients suffering from bacterial meningitis, cerebrospinal fluid
levels of caspase-1 were increased (258). In children with bac-
terial meningitis, as well as a rat model of pneumococcal men-
ingitis, increased IL-1PB levels were measured in the CSF (30,
86). Koedel et al. showed that mice lacking caspase-1 displayed
less severe inflammation and improved survival in a pneumo-
coccal meningitis mouse model (258). Similar results were
found in a pneumococcal meningitis model with IL-18 knock-
out mice (554), indicating a role for inflammasome activation
in the pathophysiology of pneumococcal meningitis.

A fourth group of pathogen recognition receptors involved
in sensing S. pneumoniae are the C-type lectins, which are
highly expressed on splenic dendritic cells and also on perito-
neal macrophages (276). A member of this group, SIGN-R1,
was shown to facilitate phagocytosis by recognition of the
pneumococcal capsular polysaccharide (225, 276). Mice lack-
ing functional SIGN-R1 fail to effectively phagocytose S. preu-
moniae, leading to an inability to clear the infection and re-
sulting in increased inflammatory parameters and reduced
survival in both a model of pneumococcal peritoneal sepsis
(276) and one of intranasally induced pneumonia (260). Fur-
thermore, SIGN-R1 plays a role in the activation of the clas-
sical complement pathway by binding Clq (224). Park et al.
showed the presence of SIGN-R1 on microglial cells in mouse
and rat brains, which was functionally active in taking up pneu-
mococcal capsular polysaccharides into the cell (373). There-
fore, SIGN-R1 may be an important pathogen recognition
receptor in the brain during pneumococcal meningitis.

Downstream Signaling Molecules

Upon stimulation of one of the above pattern recognition
receptors, an intracellular cascade is activated and leads to the
production of inflammatory molecules, usually cytokines or
chemokines, which modulate the immune response by activat-
ing or attracting specialized immune cells. Deficiencies and
polymorphisms in the pathogen recognition receptor down-
stream signaling cascade in humans have been associated with
invasive pneumococcal disease, including meningitis.

The most extensively characterized TLR downstream signal-
ing protein in pneumococcal invasive disease is IRAK-4 (Fig.
3) (391). This adaptor protein is one of the links in TLR- and
IL-1 receptor (IL-1R)-induced activation of MyD88 and NF-
kB, which ultimately results in cytokine production (420, 545).
Specifically, children with IRAK-4 deficiency are susceptible to
(recurrent) invasive pneumococcal infections, which are asso-
ciated with high mortality (272). In a group of pediatric pa-
tients with normally expressed IRAK-4 but with recurrent in-
vasive pneumococcal disease, deficiencies in the common
adaptor molecule of TLR and IL-1R pathways, MyDS88, were
found (516). Deficiencies in IRAK-4 and MyD88 give indistin-
guishable phenotypes. Both patient groups are unresponsive to
all TLR1, -2, -5, -6, -7, and -8 agonists (516), TLRY agonists
(323), and IL-1R agonists (271). In IRAK-4- or MyD88-defi-
cient patients, the TLR3 signaling pathway is not affected, and
the TLR4 pathway is affected only partially. Both TLR3 and -4
can still signal through the MyD88-independent TRIF path-
way, leading to cytokine production (516). Stimulation of
whole blood of IRAK-4- or MyD88-deficient patients with
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several different TLR agonists showed impaired production of
IL-1B, IL-6, IL-8, IL-10, IL-12, monocyte chemoattractant pro-
tein 1 (MCP-1), MIP-1a, and MIP-1B (516). Stimulation with
a TLR3 or TLR4 agonist showed impaired production of IL-6,
1L-10, and IL-12, as well as that of IL-8 in the case of TLR3
stimulation and IL-1 in the case of TLR4 stimulation (516).
Among patients with an IRAK-4 or MyD88 deficiency, 68%
suffer from invasive pneumococcal disease, and S. pneumoniae
is responsible for 53% of all episodes of infectious episodes in
these patients (391). Invasive bacterial disease in these patients
consists of meningitis in 41% of IRAK-4-deficient patients and
52% of MyD88-deficient patients (391). IRAK-4 and MyD88
appear to be specifically important at a young age, as no fatal
disease has been reported after the age of 8 years, with no
invasive infections after the age of 14 years (391). Two patients
have been described as having a homozygous mutation in the
gene encoding NEMO, an adaptor molecule of the MyD&88-
dependent TLR, IL-1R, and TNF receptor (TNF-R) signaling
pathways, and this mutation is associated with invasive pneu-
mococcal disease (270, 517).

In mice, MyD88 deficiency resulted in increased suscep-
tibility to systemic infection after colonization and increased
mortality due to pneumococcal sepsis and meningitis (11,
256). Pneumococcal infection in MyD88 "/~ mice was ac-
companied by decreased symptoms of infection and inflam-
matory parameters (256), similar to the phenotype seen in
patients lacking functional MyD88 or IRAK-M (391, 517).
Deficiencies in the TLR and IL-1R signaling pathways have
been associated with recurrent pneumococcal disease (68),
illustrating the importance of these pathways in controlling
pneumococcal infection.

Proinflammatory Cytokines

The early response cytokines IL-1, TNF-a, and IL-6 are
produced after pneumococcal recognition (472, 508). Sev-
eral cells have been found to be capable of sensing pneu-
mococci and produce proinflammatory cytokines: perivascu-
lar and meningeal macrophages (393, 557), vascular
endothelial cells (153), astrocytes (154), and microglial cells
(193, 413). These early-phase cytokines induce upregulation
of several adhesion factors on the vascular endothelium,
mediating leukocyte influx (see above) (142, 470). The ma-
jority of leukocytes recruited to the CSF are polymorpho-
nuclear neutrophils, and influx occurs largely in the first 6 h
of infection (557).

TNF-a is an important early proinflammatory response cy-
tokine. Patients with bacterial meningitis have increased CSF
TNF-a levels early in the course of disease (66, 169, 285, 448,
493). Intrathecal levels of TNF-a correlated with severity of
blood-brain barrier disruption, disease severity, and neurologic
sequelae in a study including 48 patients with bacterial men-
ingitis (448). In this study, TNF-a levels decreased within 24 h
after the onset of antibiotic treatment (448). In animal models
of pneumococcal meningitis, TNF-a was produced mainly in
the first 6 to 24 h of the immune response (29, 363). One hour
after intrathecal injection of recombinant TNF-«, CSF leuko-
cyte recruitment was observed in a rabbit model (433). Intra-
thecal administration of anti-TNF-a antibody together with S.
pneumoniae reduced CSF leukocytosis, protein content, and
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brain edema in these experiments (433). TNF-a administered
intravenously also mediated blood-brain barrier opening, fa-
cilitating bacterial traversal into the CSF (484). However,
TNF-a production is also essential for defense, as TNF-a-
deficient mice showed decreased survival in a pneumococcal
meningitis model (163). Thus, TNF-«a has been shown to be a
marker of the acute inflammatory response and is associated
with inflammation-related complications of bacterial meningi-
tis but is also essential for an adequate host response to the
infection.

IL-1B is a proinflammatory cytokine produced by, e.g.,
perivascular and meningeal macrophages (557). CSF IL-1B
levels are increased in the first 18 h of infection (438). Pro-
IL-1B is cleaved into its active form by caspase-1, which is
regulated by a group of different receptors called the inflam-
masome (408). Reported data on the role of IL-18 in bacterial
meningitis are somewhat contradictory. Levels of IL-13 were
not associated with the degree of blood-brain barrier disrup-
tion in patients with bacterial meningitis (448). However, a
pneumococcal model using caspase-1 knockout mice showed
decreased levels of IL-13 and decreased intracranial pressure
(ICP), leukocyte recruitment, and brain edema compared to
those in WT mice (258). IL-1B3 administered intrathecally did
not lead to CSF pleocytosis or brain edema in a rabbit model
of pneumococcal meningitis (433). However, antibodies
against IL-1B decreased leukocyte influx induced by TNF-a
(433). Mice deficient in the receptor for IL-la and IL-1B
(IL-1R) showed impaired survival and decreased cytokine re-
sponses without alterations in CSF pleocytosis (551). Thus,
although IL-1B did not influence CSF pleocytosis in pneumo-
coccal meningitis, other caspase-1-cleaved cytokines may be
responsible for the reduced pleocytosis observed in caspase-1
knockout mice.

IL-6 is a proinflammatory as well as anti-inflammatory cy-
tokine and has been shown to be upregulated in the acute
phase of many infection models (155). In a mouse pneumo-
coccal meningitis model, IL-6 knockout mice displayed in-
creased CSF pleocytosis but decreased cerebral edema, blood-
brain barrier disruption, and intracranial pressure (376). This
was also described for a model of pneumococcal pneumonia
where IL-6 was shown to downregulate multiple proinflamma-
tory as well as anti-inflammatory cytokines (504). Thus, in
pneumococcal meningitis, IL-6 attenuates CSF leukocyte re-
cruitment but does not inhibit complications related to fluid
shift.

Gamma interferon (IFN-vy) is one of the major cytokines of
the T-helper 1 (Th1) pathway. IFN-y was increased in the CSF
of patients with pneumococcal meningitis (170, 261). IFN-y
was also expressed in brain tissue of rats with pneumococcal
meningitis (121). The exact role of IFN-y in pneumococcal
meningitis remains unclear. IL-12p70, an important stimulus
for IFN-y production, could be detected in patients with pneu-
mococcal meningitis (261) and in animal models of pneumo-
coccal meningitis (121). Macrophage inflammatory factor
(MIF) was found to be increased in the CSF of patients with
pneumococcal meningitis and has also been associated with
disease severity (361), suggesting a role for MIF in the patho-
physiology of pneumococcal meningitis (162).
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Anti-Inflammatory Cytokines

Anti-inflammatory cytokines include IL-10 and TGF-f3 (120,
277, 466, 476). IL-6 may act partially as an anti-inflammatory
cytokine and has been discussed earlier (504). IL-10 is an
anti-inflammatory cytokine with multiple effects, including
downregulation of proinflammatory cytokines and costimula-
tory molecules on macrophages (120, 476) and impairment of
neutrophil phagocytosis and killing (275). IL-10 has been
shown to downregulate TNF-a, IL-6, and keratinocyte-derived
chemokine (KC), thereby reducing CSF pleocytosis in pneu-
mococcal meningitis (555). Nonetheless, in experimental pneu-
mococcal meningitis, IL-10 knockout mice did not have altered
bacterial loads or survival (555). This anti-inflammatory cyto-
kine has been described as an important repressor of sepsis-
associated neuronal damage. Its pathophysiology is unclear,
but it appears that inflammatory mediators as well as bacterial
components cross the blood-brain barrier and induce a local
inflammatory response (358, 492, 509). In mice overexpressing
IL-10, the development of sepsis-associated neuronal damage
as a result of pneumococcal sepsis has been shown to be de-
creased (358). In line with this, Koedel et al. showed that
intravenously administered recombinant IL-10, as opposed to
intracisternally administered IL-10, reduced the levels of CSF
proinflammatory cytokines, CSF pleocytosis, cerebral edema,
and intracranial pressure in a rat model of pneumococcal men-
ingitis (249). Interestingly, intracisternally administered IL-10
had the opposite effect, as it increased CSF pleocytosis in rats
with pneumococcal meningitis and induced an inflammatory
response in uninfected rats (249). Thus, systemic IL-10 reduces
cerebral inflammation and secondary complications in pneu-
mococcal meningitis.

TGF-B is an anti-inflammatory cytokine with multiple func-
tions, including differentiation and maintenance of regulatory
T cells (Tregs), differentiation of Th17 T cells, and inhibition
of Th1 and Th2 T-cell maturation and differentiation (295), but
TGF-p also suppresses macrophage activation and production
of several proinflammatory cytokines, such as IL-18, IL-6, and
TNF, by microglial cells (277, 466). Activated Tregs produce
TGF-B in an autocrine fashion and are thought to modulate
the immune response in such a way that the host’s tissues are
minimally damaged while the invading pathogen is effectively
eliminated, by downregulating the acute inflammatory re-
sponse. In a mouse model of pneumococcal meningitis, TGF-
was associated with cerebral vasculitis, a frequent complication
in patients with meningitis (231, 310). Mice with leukocytes
deficient in TGF-B receptor II (TGF-BRII) showed increased
neutrophil influx into the subarachnoid space, which was ac-
companied by increased bacterial clearance and survival of the
host (310). In addition, TGF-BRII knockout mice showed de-
creased blood-brain barrier disruption, intracranial pressure,
and cerebral vasculitis (310). However, when TGF-B2 or
TGF-B1 was administered intraperitoneally in a rat model of
sterile meningitis induced by a PCW lysate, cerebral edema,
intracranial pressure, and cerebral blood flow (CBF) de-
creased (387). Thus, leukocyte TGF-BRII signaling has an
unfavorable effect on the course of pneumococcal meningitis,
although systemic TGF-B production appears to decrease the
complications of meningitis.
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Chemokines

Chemokines are a subgroup of cytokines with chemotactic
activity recruiting effector immune cells to the site of infection
(211). Multiple chemokines have been reported to be upregu-
lated in the CSF of patients with pneumococcal meningitis,
including MIP-1delta (CCL15), NAP-2 (CXCL7), MIF,
MCP-2 (CCLS8), PARC (CCL18), MIP-3a (CCL20) (226),
ENA-78 (CXCLS), GRO-a (CXCL-1) (455, 553), IL-8
(CXCL-8) (201, 363, 455, 493, 553), MCP-1 (CCL2), MIP-1a
(CCL3), and MIP-1B (CCL4) (455). In animal models of pneu-
mococcal meningitis, additional chemokines have been identi-
fied by protein arrays for brain tissue, including MIP-1vy
(CCL9), MIP-2 (CXCL-2), lymphotactin (XCL-1), TCA-3
(CCL1), eotaxin (CCL11), MCP-5 (CCL12), eotaxin-2
(CCL24), TECK (CCL25), PF-4 (CXCL4), CRG-2 (CXCL10),
SDF-1a (CXCL12), BLC (CXCL13), and CXCL16 (246). The
role in pneumococcal meningitis of many of these chemokines
has not been elucidated yet.

IL-8 is one of the well-characterized chemokines involved in
pneumococcal meningitis. IL-8 was found to be chemotactic
for neutrophils in the CSF of patients with bacterial meningitis
(455). Furthermore, CSF IL-8 levels increased as a result of
blocking leukocyte recruitment in rabbits with pneumococcal
meningitis, indicating local production of chemotactic cyto-
kines (368). In patients with bacterial meningitis, no correla-
tion was found between the CSF white blood cell (WBC) count
and IL-8 (455). Ostergaard et al. showed that not intracisternal
but rather systemic IL-8 levels induced CSF pleocytosis in a
rabbit model of pneumococcal meningitis (369). Thus, IL-8
appears to regulate CSF pleocytosis from the systemic com-
partment, comparable with the proinflammatory cytokine
TNF-a and the anti-inflammatory cytokines IL-10 and TGF-B.

The CCL chemokines MCP-1, MIP-1a, and MIP-2 were
produced in vitro by astrocytes (193) and microglial cells in
response to PCW structures (397). In vitro, antibodies against
MCP-1, MIP-1a, and MIP-1p inhibited monocyte chemotactic
properties of CSF from patients with pneumococcal meningitis
(455). Furthermore, intracisternal inoculation of recombinant
MIP-1 or MIP-2 induced blood-brain barrier disruption, CSF
leukocytosis, and cerebral edema in a rabbit model of pneu-
mococcal meningitis; blocking MIP-1 or MIP-2 delayed these
inflammatory alterations by 2 h (433). Another experiment
showed that blocking the receptor for MIP-1, i.e., CCR2, spe-
cifically reduced the influx of monocytes into the subarachnoid
space in a mouse model of pneumococcal meningitis, while not
changing bacterial clearing (328). Thus, both MIP-1 and MIP-2
are produced by immune cells resident in the brain and attract
monocytes and neutrophils from the bloodstream into the CSF
in the acute stage of infection. The role of MCP-1 in pneumo-
coccal meningitis has not been studied extensively.

Of the CXCL chemokines, ENA-78 was found to be upregu-
lated in patients with bacterial meningitis and exhibited spe-
cifically neutrophil chemotactic properties together with IL-8
(553). GRO-a was also found at high levels in the CSF of
patients with bacterial meningitis (553), as well as in a rat
model of pneumococcal meningitis, but it did not exert any
chemotactic activity (30, 553).

In summary, multiple chemokines have been shown to be
upregulated in pneumococcal meningitis. Most of them have a
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role in attracting leukocytes to the CSF. However, the roles of
many other chemokines have not been investigated extensively.

Leukocyte Migration Adhesion Molecules

In response to proinflammatory cytokines, selectins and in-
tegrins are upregulated on the blood endothelium and leuko-
cytes are attracted from the bloodstream (85, 182). Cerebral
perivascular and meningeal macrophages play a key role in
attracting leukocytes across the blood-brain barrier into the
CSF (393). About 90% of the attracted leukocyte population
consists of neutrophilic granulocytes, with the other 10% being
predominantly monocytes (287, 328, 393). Rats depleted of
perivascular and meningeal macrophages by use of clodronate
showed decreased leukocyte recruitment into the CSF despite
increased expression of MIP-2, IL-6, and VCAM-1 (393). Fur-
thermore, these depleted rats showed increased bacterial out-
growth in the CSF and poorer clinical scores than those for
control rats with pneumococcal meningitis (393). Thus, leuko-
cyte attraction to the subarachnoid space seems to be crucial
for efficacious clearing of S. pneumoniae from the subarach-
noid space and dependent on perivascular and meningeal mac-
rophage activation but appears to be mediated by cytokines
other than IL-6 and MIP-2.

Other cytokines and chemokines attracting leukocytes to the
subarachnoid space are TNF-a, IL-8 (systemic), MIP-2, and
ENA-78 (see above) (433, 553). Monocytes are also attracted
from the bloodstream into the CSF but appear to play a minor
role in the pathogenesis of pneumococcal meningitis (328).

Leukocytes cross the blood-brain barrier by binding to se-
lectins on the endothelium (182). Binding to P- and E-selectin
promotes leukocyte rolling across the endothelium (182).
Blocking L-selectin by fucoidin treatment reduced leukocytosis
and disruption of the blood-brain barrier in rabbits challenged
intrathecally with pneumococcal antigen (182). Integrins are
also upregulated on the vascular endothelium, facilitating
binding of leukocytes and subsequent blood-brain barrier mi-
gration (85). An important integrin involved in leukocyte re-
cruitment in pneumococcal meningitis is ICAM-1, which is
known to bind MAC-1 (CD11b/CD18) on the leukocyte sur-
face (82, 491). Rabbits treated intravenously with antibodies
against CD18 showed decreased CSF leukocytosis (82), blood-
brain barrier permeability, and brain edema and improved
survival after intracisternal challenge with PCW or S. pneu-
moniae (491). Interestingly, antibodies directed against CD11b
did not alter CSF leukocytosis in the same rabbit model of
pneumococcal meningitis (491), which may implicate a role for
CD11a/CD18 or CD11¢/CD18. In line with this, CD11a/CD18-
deficient mice showed increased rates of meningitis and otitis
media following intraperitoneal infection with S. pneumoniae
(396).

The integrin ICAM-1 was shown to be expressed on brain
vascular endothelial cells in response to PCW, through an
autocrine loop involving TNF-« (153). In a rat model of men-
ingitis induced by PCW, antibodies against ICAM-1 reduced
the increase in CBF, increase in ICP, brain edema, and CSF
leukocyte counts observed in the first hours after induction of
meningitis (520). In an infant mouse model of pneumococcal
peritonitis, ICAM-1 deficiency did not reduce the incidence of
meningitis, and histopathologically there was no difference in
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the severity of inflammation (469). Thus, ICAM-1 is not solely
responsible for leukocyte recruitment to the brain.

Other Chemoattractants

PAF is a protein produced by neutrophils and endothelial
cells in response to inflammatory stimuli, and it facilitates
adhesion of leukocytes to the vascular endothelium (43, 308,
460). In rabbits, PAF administered intrathecally induced
blood-brain barrier permeability and cerebral edema at doses
much lower than those at which it induced leukocytosis (82).
Antibodies against CD18 blocked these effects (82).

In response to pneumococci, endothelial cells and neutro-
phils are stimulated to produce reactive nitrogen species
(RNS), such as NO, by endothelial nitric oxide synthetase
(eNOS) and inducible nitric oxide synthetase (iNOS), respec-
tively (153, 537). The cerebral vasculature appears to be the
main location where ROS are active (434), and increased levels
of ROS are associated with blood-brain barrier disruption
(254). In patients with meningitis, positive correlations were
found between CSF derivatives of NO production and CSF
leukocyte counts and protein concentrations in a group of 27
children with bacterial meningitis; however, only 2 of these
children had confirmed pneumococcal meningitis (340). Mice
deficient for iNOS showed decreased blood-brain barrier dis-
ruption and decreased IL-1B, IL-6, TNF-a, MIP-la,, and
MIP-2 mRNA levels in the brain (537). The opposite was true
for eNOS-deficient mice, which showed more profound leuko-
cyte infiltrates, increased cytokine levels, and decreased sur-
vival due to pneumococcal meningitis (253). A third form of
NOS, neuronal NOS (nNOS), appears to play a minor role in
fluid balance-related complications of pneumococcal meningi-
tis (375). In addition to RNS, ROS such as O, are produced
by the enzyme NADPH oxidase in neutrophils, macrophages,
and endothelial cells in response to infection (435). In mice
deficient for the subunit of NADPH oxidase in nonphagocytic
cells, such as endothelial cells (p47), detrimental effects on
blood-brain barrier permeability, subarachnoid space inflam-
mation, and bacterial outgrowth were found (435). Mice defi-
cient for the subunit of NADPH oxidase in phagocytic cells
(gp91) did not show any inflammatory differences from WT
mice in the course of pneumococcal meningitis (435). Thus,
RNS/ROS produced specifically by cerebral endothelial cells,
as opposed to granulocytes and macrophages, contribute to the
blood-brain barrier damage and associated complications ob-
served during pneumococcal meningitis.

The fibrinolysis factor uPA is also implicated in leukocyte
recruitment to the brain in pneumococcal meningitis. In a
group of 12 patients with bacterial meningitis (67% of cases
were caused by S. pneumoniae), CSF uPA levels were associ-
ated with leukocyte recruitment and blood-brain barrier dis-
ruption (536). In this study, serum uPA levels correlated with
unfavorable clinical outcomes for these patients with bacterial
meningitis (536). Mice deficient in uPA showed reduced CSF
leukocytosis, although blood-brain barrier permeability, ICP,
expression of chemokines, bacterial killing, and clinical out-
comes were not different from those for WT mice (379). In-
terestingly, deficiency in tPA did not have any implications in
a mouse pneumococcal meningitis model (379).
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The Complement System

A fourth chemoattractant factor for CSF leukocytes is the
complement system. Low or undetectable CSF levels of C3,
C4, and B were found in uninfected control subjects (478). In
response to infection, the liver produces an array of acute-
phase proteins which includes several complement compo-
nents (188, 461). Circulating monocytes, macrophages (95,
461), and epithelial cells of the pulmonary and gastrointestinal
tracts (96, 462) also produce substantial amounts of comple-
ment components. In addition, brain resident macrophages
and monocytes recruited to the CSF during meningitis may
also locally produce complement components. C3 was also
found to be produced by astrocytes and neurons in response to
HIV or proinflammatory cytokines (74, 314, 457). Cultured
human brain pericytes from a patient with Alzheimer’s disease
have been shown to produce Clq (512), and activated astro-
glial cells can produce Clq, which has been associated with
increased blood-brain barrier damage in a rat model of neu-
rotoxicity (306). Microglial cells have been shown to upregu-
late Clq, C3, C4, and C5a production in response to injury
(183). Thus, levels of complement components are increased in
the peripheral blood but may also be produced locally in the
brain during infection or inflammation.

During infection or inflammation, the immune response in
the brain compartment may do more harm than good. Under
normal circumstances, the brain expresses multiple inhibitory
factors for complement activation. One of these, factor H, was
found to be expressed constitutively in neurons, brain endo-
thelial cells, microglial cells, and astrocytes in mice (184). In a
mouse model of antibody-mediated inflammation, expression
of factor H in these cells was suppressed; when recombinant
factor H was administered, complement opsonization, axonal
injury, and leukocyte infiltration decreased (184). Thus, in ad-
dition to monocytes and macrophages, brain resident cells may
contribute to the production of complement factors leading to
leukocyte influx during inflammation.

In a rabbit model of pneumococcal meningitis where cobra
venom (known to consume complement factor 3) was admin-
istered systemically, treated mice showed decreased survival
accompanied by increased bacterial outgrowth in the CSF
(488). CSF pleocytosis was similar between the treated and
untreated groups, but neutrophils were severely impaired in
phagocytosis and killing of bacteria (488). In line with these
results, mice deficient in Clq or C3 also showed increased
bacterial outgrowth in the CSF in a pneumococcal meningitis
model, which was accompanied by decreased survival (428).
Clq and C3 knockout mice displayed a tempered inflammatory
response which was reflected by a decreased leukocyte count in
the CSF, decreased brain cytokine and chemokine levels, and
fewer meningitis-associated intracranial complications. How-
ever, survival was decreased in this model as a result of more
fulminant sepsis accompanied by systemic complications (428).
Similar results were found in mice deficient for the C3b recep-
tor (CR3), which is also an integrin involved in binding of
leukocytes to the endothelium (378). CR3™/~ mice showed
increased bacterial outgrowth compared to WT mice, with
decreased survival, as a result of decreased neutrophilic super-
oxidase production in the CR3™/~ mice leading to ineffective
bacterial killing, while CSF pleocytosis was not different be-
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tween groups (378). In rabbits, intracisternally administered
C5a resulted in rapid CSF pleocytosis and increased CSF pro-
tein levels which peaked 1 h after injection (222). Furthermore,
the CSF of rabbits with pneumococcal meningitis lost its che-
motactic activity to neutrophils after incubation with an anti-
body against C5a (139).

MMPs

Matrix metalloproteinases (MMPs) are Zn®"- and Ca®"-
dependent endopeptidases capable of breaking down and re-
modeling extracellular matrix components such as fibronectin,
laminin, proteoglycans, and type IV collagen (423, 540). MMPs
are produced mainly by activated neutrophils and, to a lesser
extent, also by macrophages, monocytes, and possibly TNF-a-
stimulated endothelial cells (194, 233). Furthermore, constitu-
tive MMP expression is found on microglial cells and astro-
cytes and may be modulated during neuroinflammation and
meningitis (102, 173, 464).

The action of MMPs was initially believed to be limited to
the breakdown of ECM during leukocyte migration across the
subendothelial layer (319). However, experimental bacterial
meningitis models revealed that inhibition of MMPs did not
result in a reduction of CSF pleocytosis, although blood-brain
barrier permeability disruption was attenuated (377). More
recent studies have revealed a wide range of MMP substrates,
such as chemokines, growth factors, and adhesion molecules,
as well as cytokines and cytokine receptors, allowing MMPs to
influence the course of various inflammatory conditions (319,
510).

In patients with bacterial meningitis, CSF levels of MMP-8
and MMP-9 were elevated (285). Moreover, higher levels of
MMP-9 were detected in children with meningitis who devel-
oped hearing impairment or secondary epilepsy than in those
who recovered without neurological deficit (285).

To avoid unwanted proteolytic activity, the activity of all
MMPs is tightly regulated by binding to inhibitory proteins
called tissue inhibitors of metalloproteinases (TIMPs).
MMP-9, for instance, forms complexes with and is inacti-
vated by TIMP-1, both of which are upregulated during
pneumococcal meningitis (377). In a murine model of pneu-
mococcal meningitis, the induction of TIMP-1 was delayed
in relation to that of MMP-9, favoring increased collagen IV
degradation and subsequent increased blood-brain barrier
permeability (445). Thus, treatment options including drugs
specifically targeting MMPs are being investigated (281).
Interestingly, in a rat model of pneumococcal meningitis,
adjuvant treatment of pneumococcal meningitis with dexa-
methasone resulted in lower MMP-9 mRNA expression,
suggesting a possible mechanism of corticosteroids as an
adjuvant treatment for bacterial meningitis (301).

Oxidative Stress

One of the characterizing features of pneumococcal menin-
gitis is the marked recruitment of leukocytes into the CSF (364,
524). The subsequent release of large amounts of RNS and
ROS has been documented for patient populations as well as
in animal models and plays a central role in the development
of intracranial complications and brain damage (119, 229, 283).
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In the past decade, ROS and RNS have been investigated
extensively as potential targets for adjuvant treatment (re-
viewed by Klein et al. [242]).

During pneumococcal meningitis, RNS are produced by
iNOS and eNOS (537). NOS inhibition studies with experi-
mental pneumococcal meningitis models have yielded contra-
dictory results, at least in part due to a lack of drug specificity
for single isoforms of NOS (436). Moreover, iNOS and eNOS
knockout studies show that the source of RNS is pivotal in
determining its function during disease progression. Thus, NO
derived from iNOS appears to contribute to blood-brain bar-
rier disruption and to production of proinflammatory media-
tors (such as IL-1-B, TNF-a, and MIP-2), whereas eNOS-
derived NO plays a largely protective role (253, 537).

Reactive oxygen species, such as superoxide anion (O, ),
hydrogen peroxide (H,O,), and hydroxyl radicals, are pro-
duced by brain resident immune cells as part of the host re-
sponse to invasive bacterial infections (27). Pneumococci
themselves are also an important source of H,O,, which not
only is able to cause direct cytotoxic damage but also interacts
with host NO to form the highly reactive species peroxynitrite
(ONOO™) (37, 63, 198). When present in large quantities,
ROS overwhelm the resident antioxidant mechanisms (such as
superoxide dismutase and glutathione), leading to tissue expo-
sure to oxidative stress (27). Interventions aimed at scavenging
ROS or enhancing antioxidant activity have generally resulted
in reductions of intracranial complications such as elevated
ICP, increased CBF, brain edema, and neuronal injury (242,
4306).

Peroxynitrite, which is formed by the combination of super-
oxide radicals and NO, is a very reactive, short-lived molecule
whose direct detection has proven difficult; the compound ni-
trotyrosine (which is formed by the reaction of NOO ™~ with
tyrosine) is widely used as a marker (401). In patients with
bacterial meningitis, elevated CSF levels of nitrotyrosine were
associated with an unfavorable outcome and with lower CSF
concentrations of the antioxidant ascorbic acid, suggesting an-
tioxidant depletion by the RNS (229). Furthermore, in autopsy
studies, nitrotyrosine was detected in the leptomeninges, sub-
arachnoid granulocytes, and penetrating cortical and lepto-
meningeal vasculature.

Peroxynitrite can damage neurons and glial cells in two ways.
First, it causes damage by means of lipid peroxidation and cell
membrane destabilization, which occurs by peroxynitrite attack
on lipid peroxidation and is consistently seen in brain homog-
enates of rats with pneumococcal meningitis (242, 257). Block-
ing of lipid peroxidation with aminosteroids limits neuronal
damage (257). Alternatively, peroxynitrite can cause DNA
fragmentation and subsequent poly(ADP-ribose) polymerase
(PARP) activation, which leads to cell energy depletion and
cell death (436). PARP knockout mice, as well as mice treated
with a PARP inhibitor, demonstrated lower levels of inflam-
mation and a better clinical course during pneumococcal men-
ingitis (257, 436).

Klein et al. (242) have reviewed the mechanisms of oxidative
damage (activation of cytokines and chemokines, neutrophil
activation, lipid peroxidation, DNA and mitochondrial dam-
age, tyrosine nitration, MMP activation/TIMP inactivation, K*
channel activity alterations, and prostaglandin synthesis) as
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well as the resulting pathophysiologic alterations in pneumo-
coccal meningitis (242).

Coagulation

The importance of coagulation and fibrinolytic dysregulation
during pneumococcal meningitis is illustrated by the large
number of cerebrovascular complications, which occur in up to
one-third of patients (524). Analysis of CSF in patients with
bacterial meningitis revealed increased levels of both coagula-
tion and fibrinolytic factors (Table 2) (535, 536). More re-
cently, PAI-1 was shown to be associated with the occurrence
of brain infarctions (525), though no causal relationship was
determined. Furthermore, in a recent autopsy series of pa-
tients who died of pneumococcal meningitis, fibrin thrombi
and cerebral infarctions were found in the absence of inflam-
matory vessel wall infiltrates, suggesting that disseminated
cerebral intravascular coagulation might be an additional ex-
planation for ischemic stroke in pneumococcal meningitis
(513). The precise mechanism of cerebral infarction remains
unclear but may include mechanisms such as vascular endo-
thelial swelling, local vascular inflammation, and cerebral in-
travascular coagulopathy (386, 513).

Microhemorrhages are also frequently observed in the lep-
tomeninges, cortex, and white matter and are located mostly
around congested small veins and capillaries (513). It may be
hypothesized that the massive clotting process results in local
depletion of clotting factors, thereby inducing the local forma-
tion of microhemorrhages. In severe cases of disseminated
cerebral intravascular coagulation, these microhemorrhages
might potentially lead to clinically manifested intracerebral
macrohemorrhages, which are rarely observed in patients with
bacterial meningitis.

NEURONAL DAMAGE AND HISTOPATHOLOGY
Neuronal Damage/Histopathology

Human observational studies have repeatedly found long-
term sequelae after pneumococcal meningitis, including sen-
somotor deficit, hearing loss, and cognitive impairment, which
may occur in up to 30% of surviving patients (202, 241, 496,
497, 500, 526). Human histopathological data showed that the
parenchymal damage was caused by increased ICP, cytotoxic
and vasogenic edema, herniation, and local leukocyte infiltra-
tion or abscess formation, as well as by cortical necrosis and
hippocampal neuronal loss (346, 513). Experimental animal
models of pneumococcal meningitis have demonstrated large
variations in histopathological features (Fig. 4 and Table 3),
most likely due to different combinations of bacterial
strains, infected animal species, methods of inoculation, and
stages of infection (64, 178).

Microgial Activation

Microglial cells, a specific subset of cells related to mono-
cytes and dendritic cells, form the initial line of defense of
brain parenchyma against damage, injury, or infection and play
a pivotal role in tissue repair, removal of dead debris, and
recruitment of other immune cells to the site of infection (90,
353, 403). Together with meningeal and perivascular macro-



VoL. 24, 2011

PATHOGENESIS OF PNEUMOCOCCAL MENINGITIS 573

TABLE 2. Coagulation studies

Change in

Setting Material Factor conen Reference
Human studies
Thirty-eight patients with bacterial meningitis Serum PLT/dPLT 1 264
(GCS* of <9 vs GCS of >9) PTr l
INR 1
D dimers 1
Ninety-two patients with bacterial meningitis CSF sTF 1 525
vs controls and patients with viral TaT 1
meningitis pT fragment F1+2 1
tPA 1
PAI-1 1
D dimers 1
Twelve patients with bacterial meningitis vs Serum/CSF uPA 1/ 536
10 patients with group B streptococcus uPAR =/1
and 10 controls PAI-1 =/1
PA-dependent platelet activation )
Twelve patients with bacterial meningitis vs Serum/CSF tPA "M 535
10 patients with group B streptococcus and
10 controls
Murine studies
C57BL/6 mice Brain tPA/uPA /= 379
tPA™/" mice Frozen samples PAI-1/2 T
uPAR ™" mice Sections uPAR 0
MIP-2 1
KC 1
Albumin 1

“ GCS, Glasgow coma score.

phages, microglia express a wide palette of TLRs and become
activated during bacterial infections (343). Once activated,
microglia are capable of producing large amounts of proin-
flammatory cytokines as well as reactive oxygen and reactive
nitrogen intermediates, thus potentially playing both neuro-
protective and neurotoxic roles (97, 209, 317).

In vitro studies have demonstrated that microglial cells ex-
press TLRs 2, 4, and 9, which upon activation by specific TLR
agonists induce proinflammatory cytokine and NO production,
as well as increased phagocytic activity (130, 413). More spe-
cifically, the neurotoxic effects of CpG DNA, which is released
into the subarachnoidal space in large amounts by pneumo-

FIG. 4. Neuronal damage and histopathology in humans with pneumococcal meningitis. The images show the histopathology of patients with

bacterial meningitis, including parenchymal and meningeal hemorrhages (A), neutrophilic infiltration and arteritis obliterans (B), abscess
formation and venous thrombosis (C), recent infarctions (D and E), and meningitis without cortical infiltration (F).
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TABLE 3. Neuronal damage

Process or type of damage

Outcome

References

Microglial activation

Neuronal apoptosis
H,0,, pneumolysin, and AIF

The late phase of hippocampal apoptosis is caspase independent and mediated by

Microglial activation is induced by pneumococcus and mediated by TLRs 2, 4, and 9
Activin A may mediate microglial proliferation and activation

The early phase of hippocampal apoptosis is caspase dependent and mediated by

130, 177, 209, 300
132, 327, 532

60, 62, 63, 2606,
318, 330, 521
37, 279, 280, 330

pneumococcal cell wall products, in a microglial TLR-2-dependent manner

Sepsis-mediated neuronal
damage CNS compartment
Cochlear damage
MyDS8S signaling pathways

NO may contribute to cochlear damage; iNOS and eNOS are upregulated during

Neuronal damage may result in sepsis without concurrent bacterial growth in the

Cochlear damage is correlated with CSF inflammation and is mediated by TLR and

358, 365, 366, 380

15, 39, 40, 247

14, 227, 241, 243

pneumococcal meningitis, and damage can be attenuated using NO inhibitors/O,

scavengers

cocci during bacterial growth and following antibiotic treat-
ment, were shown to be mediated largely via stimulation of
TLRY on microglial cells (209). Furthermore, pneumolysin,
which is a ligand for TLR4, was also found to be a potent
activator of microglial cells, causing microglial cytotoxicity at
high concentrations (130).

Activin A, a member of the TGF-B superfamily, is a neuro-
protective cytokine which has been shown to be expressed
constitutively in CSF and elevated in patients during bacterial
meningitis (131, 532). Elevated activin A levels in CSF have
also been detected in a rabbit meningitis model and were
produced by cultured microglial cells following treatment with
agonists of TLRs 2, 4, and 9 (132, 327). Furthermore, in vitro-
cultured murine microglial cells stimulated with LPS showed
that cotreatment with activin A increased microglial prolifer-
ation and negatively regulated production of NO, IL-1p3, IL-6,
and TNF-«a (532).

Although no studies have been performed regarding the
effects of dexamethasone on microglial activation during pneu-
mococcal meningitis, in vitro studies using LPS-stimulated glial
cells demonstrated that microglial activation after bacterial
exposure is limited by corticosteroid treatment, providing a
possible explanation for the observed beneficial effects of dexa-
methasone treatment in vivo (115, 148, 197, 495).

A recently published hypothesis suggested that microglia
may respond differently to a stimulus preceded by another
stimulus, a phenomenon called “priming” (509). Aging itself
may result in enhanced microglial activation following single or
repeated stimulation (171, 385). Thus, the usually tightly con-
trolled microglial activation may become self-amplifying and
even neurotoxic (509). Whether this dysregulation of micro-
glial function plays a role in pneumococcal meningitis seems
plausible but has not yet been investigated.

Neuronal Apoptosis

Neuronal damage is caused by the dual effects of an over-
whelming inflammatory reaction and direct effects of bacterial
toxins (164). Though the hippocampus is not exposed to pneu-
mococci or infiltrating leukocytes directly, it is surrounded by
interstitial fluid which is contiguous with the CSF, allowing

secreted bacterial toxins and immune system mediators to dif-
fuse into the parenchyma (63, 412). Recent research with mu-
rine models has shown that pneumococcus-mediated hip-
pocampal apoptosis occurs in at least two phases, separated by
both time and mechanism (330, 521).

The early phase is initiated by the pneumococcal toxins
H,O, and pneumolysin and results in caspase-independent
apoptosis-like pyknotic cell death of both mature and imma-
ture neurons throughout the dentate gyrus of the hippocampus
(63, 330). This is subsequently followed by caspase-dependent
apoptosis of the immature neurons in the subgranular region
of the dentate gyrus, triggered primarily by bacterial cell wall
stimulation of leukocytes (178, 330).

Pneumolysin, which is also implicated in apoptosis of micro-
glial and brain microvascular endothelial cells, was shown to
colocalize to dying neurons in the dentate gyrus in a rabbit
model of pneumococcal meningitis (63, 318). Animals infected
with either pneumolysin- or H,O,-deficient pneumococci
showed only partial attenuation of early neuronal apoptosis
(63). Additional blocking of H,O, in animals infected with
pneumolysin-deficient pneumococci led to a marked further
reduction of cell death, suggesting that H,O, and pneumolysin
together are responsible for early hippocampal apoptosis (63).

Because pneumococci do not express catalase, they are ca-
pable of producing high levels of H,O,, which can diffuse freely
through the cellular membranes of target cells to damage in-
tracellular structures (384). H,O, triggers the release of Ca**
from the endoplasmic reticulum and its influx from the extra-
cellular space. This results in a loss of mitochondrial mem-
brane stability and in further increases of Ca** and ROS
production. Pneumolysin possibly contributes directly to mito-
chondrial permeabilization through pore formation (60), after
which apoptosis inducing factor (AIF) is cleaved from the
mitochondrial membrane by calpein and cathespin is trans-
ported through the cytosol into the nucleus (62). There, AIF
causes chromatin condensation and large-scale DNA fragmen-
tation, leading to cell death (266). Paradoxically, AIF may also
have antiapoptotic properties through the regulation of ROS
through peroxide scavenging (266).

The late, caspase-dependent phase of neuronal apoptosis is
PCW and TLR2 dependent (37, 330). The observation that in
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vitro exposure of isolated cultured neurons to PCW products
does not lead to cell death led to the hypothesis that late-phase
apoptosis may be dependent on the host inflammatory re-
sponse (330). Neurons themselves do not express TLR2 or -4
and are not sensitive to exposure to the corresponding bacte-
rial ligands. However, when cocultured with microglial cells,
neurons revealed caspase-dependent, TLR-mediated late
apoptosis when they were exposed to PCW or LPS (279, 280).
Therefore, the inflammatory response of microglial cells and
invading neutrophils may underlie the caspase-dependent hip-
pocampal apoptosis during pneumococcal meningitis.

Several experimental treatments aimed at reducing hip-
pocampal apoptosis have been studied in animal models of
pneumococcal meningitis. Much attention has gone to nonbac-
teriolytic antibiotic therapies, such as rifampin, daptomycin,
and clindamycin (see Targets for Adjunctive Therapy). In ex-
perimental rabbit models, rifampin given either alone or as a
pretreatment before ceftriaxone resulted in a reduction of hip-
pocampal apoptosis, though no reduction in mortality was ob-
served (54, 165, 458). Likewise, both daptomycin and clinda-
mycin treatments yielded less hippocampal neuronal damage
than that with ceftriaxone treatment in rabbit and rat models,
respectively (55, 177). Finally, inhibition of MMP and TNF-«
converting enzyme (TACE) was also shown to reduce cortical
damage and neuronal apoptosis, as well as preserving learning
performance in rats with pneumococcal meningitis (281).

Sepsis and Hippocampal Damage

Recent findings with experimental animal models have sug-
gested that neuronal damage may also be caused by pneumo-
coccal growth outside the CNS compartment (365). Mice ex-
posed intravascularly to purified PCW developed hippocampal
apoptosis at 6 h postinoculation, an effect that was not repro-
duced in TLR2- or NOD2-deficient mice and was limited in
mice overexpressing IL-10 (358). These findings suggest a pos-
sible third, earlier, IL-10-repressible mechanism of neuronal
damage, which may precede pneumococcal invasion of the
CNS (358). Additionally, in the setting of experimental men-
ingitis, bacteremia has been shown to contribute not only to
increased hippocampal apoptosis but also to dysregulation of
CBF autoregulation, reduced meningeal inflammation, and at-
tenuated CSF pleocytosis (366, 380). The mechanisms involved
remain largely unclear.

Cochlear Damage and Hearing Loss

Hearing loss is a common long-term complication in survi-
vors of bacterial meningitis. Up to 30% of survivors of pneu-
mococcal meningitis experience uni- or bilateral hearing loss,
which is often permanent and may be quite severe (125, 273,
415, 524).

The underlying pathophysiology has been studied in several
animal models (39, 40, 45, 244, 421, 477) Cochlear involvement
may result from direct spread of pneumococcal infection from
the meninges, CSF, and cochlear perilymphatic system (40,
227, 244). Alternatively, a hematogenous route may occur fol-
lowing bacteremia or sepsis (227, 244).

The resulting cochlear infiltration of pneumoccoci and neu-
trophils results in a severe granulocytic inflammation of the
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perilymphatic spaces and in the release of proinflammatory
cytokines and cytotoxic mediators (56). Hearing loss was cor-
related with the level of CSF inflammation in a rabbit model of
pneumococcal meningitis (40), and intrathecal administration
of TNF-a alone was sufficient to induce cochlear injury similar
to that observed with bacterial meningitis (15). Furthermore,
TLR and MyDS88 knockout mice demonstrated less hearing
loss following pneumococcal meningitis (247). In a rat model,
cochlear expression of iNOS and eNOS was upregulated fol-
lowing pneumococcal meningitis, and RNS-mediated cochlear
damage could be attenuated both electrophysiologically and
histopathologically by RNS scavengers (227, 241, 243). Earlier
studies with guinea pigs showed that local perfusion of the
scala tympani with NO donor compounds resulted in cochlear
damage and could be attenuated by NO inhibitors or O, scav-
engers (14).

Cerebrovascular Complications

Cerebrovascular complications are very common during
pneumococcal meningitis (497, 528). Arterial stroke occurs in
up to 30% of patients, cerebral venous thrombosis in 9%, and
intracerebral hemorrhage in up to 9% (231, 524, 531). Autopsy
studies in the 1930s through 1960s showed inflammatory infil-
trations of cerebral arteries and veins (77, 83, 126). Taking
these together with angiographic descriptions of segmental
arterial narrowing in patients with ischemic stroke complicat-
ing pneumococcal meningitis, the general assumption has been
that infarctions during bacterial meningitis are caused by vas-
culitis.

In a recent human histopathological analysis of patients with
pneumococcal meningitis, among whom half of patients had
evidence of cerebral infarctions and 67% showed microhem-
orrhages, there was no evidence of large-vessel vasculitis (513).
Moreover, the observed small-vessel vasculitis did not colocal-
ize with areas of infarction, and in this series, no evidence of
disseminated intravascular coagulation in the systemic com-
partment was observed (513). These results suggest the possi-
bility of cerebral intravascular coagulation, independent of sys-
temic coagulopathy or cerebral vasculitis, as the cause for both
cerebral infarctions and hemorrhages.

The pathogenesis of cerebral infarction remains unclear and
is the subject of ongoing research, which has focused largely on
two areas: first, the dysregulation of the coagulation and fi-
brinolytic pathways, not only systemically but also locally, as
exemplified by the upregulation of PAI-1 and elevated levels of
prothrombin fragments F1 and -2 and soluble tissue factor in
the CSF of patients with pneumococcal meningitis (264, 525,
536); and second, endothelial cell dysfunction, which may lead
to localized swelling and release of procoagulant factors and
proinflammatory cytokines. Also, endothelin, which is one of
several potent vasoactive peptides, has been shown to be ele-
vated in CSF during acute stages of infection (33, 251, 389). In
a rat model, treatment with bosentan (an endothelin antago-
nist) normalized otherwise reduced CBF. Although endothelin
inhibition lowered cortical necrosis, no effect on hippocampal
damage was observed (389).
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TABLE 4. Therapeutic/adjuvant treatments in experimental settings

Method of treatment Target/treatment

Outcome

Reference(s)

Inhibition of leukocyte L-selectin/fucoidin
migration
ICAM-1/ABs

CD-18/ABs
G-CSF

P-selectin/pertussis toxin
and E-selectin

ERK1/2/kinase inhibitor
AGI126

Inhibition of pattern
recognition receptors

Inhibition of proinflammatory =~ TNF-o/thalidomide

cytokines
TNF-o/TACE
IL-6/ABs
IL-10/ABs
Use of nonbacteriolytic Daptomycin
antibodies
Rifampin

Moxifloxacin

Radical scavenging iNOS inhibitors/NAC

Inhibition of caspases Caspase-3/BDNF

All caspases/BAF

Inhibition of complement C1
Inhibition of MMPs BB-9%4
GM6001

MMP and TACE/TNF484

MMP and TACE/BB-1101

Lowers CSF pleocytosis and protein content, CBF, ICP, and

17, 57, 179, 181,

cytokine production (IL-1 and TNF-a) 182, 368, 491
Reduced CSF leukocyte count, CBF, ICP, and brain edema 520
Reduction of CSF pleocytosis, blood-brain barrier 491

permeability, and brain edema and increased survival
(Pre)treatment with G-CSF leads to lower levels of CSF 58, 118, 362

pleocytosis and proinflammatory cytokines
Lowers CSF pleocytosis 432
Decreased microglial production of proinflammatory 193
cytokines and chemokines, pleocytosis, CBF, and brain

edema
Decreased TNF-a levels (but not IL-1B levels), decreased 53

CSF pleocytosis
Increased survival in murine model in both WT and TLR2 134

knockout mice
Reduced CSF pleocytosis and CSF protein content in rat 315

model
Reduced CSF pleocytosis, CSF protein content, and IL-6 249

level
Reduced levels of inflammatory cytokines and cortical 100, 176, 177

damage
Reduced bacterial protein synthesis, lowered mortality in 463

murine model
Reduced release of PCW products, inflammation, and 165, 347, 458

neuronal damage in combination with ceftriaxone
Reduced bacterial cell wall components LTA and TA in 463

CSF in rabbits
No reduction in mortality over cephalosporin therapy 124
Reduction of proinflammatory cytokine production, cortical 228, 230, 242,

damage, CSF pleocytosis, and hearing loss 243, 302
Reduction of neuronal apoptosis 44, 293
Reduction in cognitive decline 210
Reduction in meningeal inflammation response 550
Reduction of blood-brain barrier permeability, lowers ICP 377
Decreased TNF-a levels, reduction of neuronal apoptosis 284
Reduction of cortical necrosis
No reduction of hippocampal apoptosis
Reduction of both cortical necrosis and hippocampal 281

apoptosis
Preserved learning performance

TARGETS FOR ADJUNCTIVE THERAPY
Inhibition of Complement Activation

Complement activation is crucial in the early phases of host
defense against pneumococcal disease. Generally, complement
activation leads to formation of a membrane pore (the MAC)
in the pathogen, leading to cell lysis. However, complement
components C3a, C4a, and C5a (204) are cleaved in the acti-
vation of the complement cascade and serve as anaphylatoxins.
They recruit leukocytes to the site of infection, enhance neu-
trophil survival, and inhibit neutrophil oxidative burst (107,
186, 459). In a murine sepsis model, a C1 inhibitor improved
survival through complement inhibition (299). In experimental
pneumococcal meningitis, inhibition of C1 resulted in reduced
meningeal inflammatory responses, decreased cytokine levels,

decreased bacterial outgrowth, and improved survival in rats
(550). Interference in the final common complement pathway
may present a promising future target for adjunctive therapy
(Table 4).

Inhibition of Proinflammatory Cytokines

TNF-a is essential for a robust inflammatory response but
may also elicit inflammation-related complications (163, 433).
Thalidomide is a TNF-a inhibitor which is used in the treat-
ment of multiple myeloma (452). In a rabbit model induced
by intrathecally administered heat-killed pneumococci, intra-
peritoneally administered thalidomide was associated with
decreased CSF TNF-a levels (but not IL-183 levels) and de-
creased CSF pleocytosis, but there was no effect on blood-
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brain barrier permeability (80). When TNF-a was blocked by a
TACE inhibitor in an experimental mouse model of pneumo-
coccal meningitis, survival was increased in WT and TLR2™/~
mice (134). Thus, TACE inhibition may improve survival, even
in a host with deficient TLR2 signaling (134).

Blocking IL-6 intravenously in a rat model of pneumococcal
meningitis reduced CSF pleocytosis and protein content (315).
Similar results were found with antibodies against IL-10 ad-
ministered intravenously, which also decreased CSF IL-6 levels
(249). Administration of recombinant TGF-B2 intraperitone-
ally in the acute phase of pneumococcal meningitis in rats
reduced the subarachnoid inflammatory response by inhibiting
the increase in CBF and brain water content (387).

Inhibition of Pattern Recognition Receptors

Inhibiting TLR signaling with the aim of decreasing subse-
quent cytokine responses presents a promising strategy. The
kinase inhibitor tyrphostin AG126 was shown to inhibit phos-
phorylation of the signaling molecule extracellular signal-reg-
ulated kinase 1/2 (ERK1/2) in microglial cells (193). ERK1/2 is
activated in blood monocytes in response to LPS through ac-
tivation of CD14 and TLR4 (185). In microglial cells, treat-
ment with this kinase inhibitor resulted in decreased produc-
tion of proinflammatory cytokines and chemokines (193).
When the kinase inhibitor was administered intraperitoneally
in a mouse pneumococcal meningitis model, leukocyte recruit-
ment to the CSF, CBF, brain edema, and TNF-a production
were reduced (193). This provided evidence that blocking the
TLR signaling pathway may reduce the severity of disease in
pneumococcal meningitis.

Inhibition of Leukocyte Influx into the CNS

One of the strategies to prevent brain damage is to limit
leukocyte recruitment to the CSF or to increase leukocyte
apoptosis. Recruitment of leukocytes (mainly polymorphonu-
clear leukocytes [PMNs]) to the subarachnoid space results in
the clearance of bacteria, which is accompanied by the produc-
tion of several toxic mediators that may induce damage not
only to the bacteria but also to the brain.

The first step in extravasation of PMNs involves binding of
the leukocytes to selectins on the vessel endothelium. Fucoidin
is a polysaccharide that blocks the leukocyte receptor L-selec-
tin. Intravenous treatment with fucoidin in several animal
models of pneumococcal meningitis reduced CSF pleocytosis
(17, 179, 182), in association with reduced CSF protein content
(179, 182), modestly decreased CSF lactate (179, 182), and
decreased CBF and ICP, without influencing blood-brain bar-
rier permeability, cerebral edema, and outcome (17). Further-
more, fucoidin prevented the increase in CSF TNF-«a and IL-1
levels in response to intrathecally administered PCW in rabbits
(181); however, when live bacteria were administered intrathe-
cally and the rabbits were treated with ampicillin, fucoidin had
no effect on cytokine production (181). A similar study without
antibiotic treatment reported a reduction in IL-1 and an in-
crease in CSF IL-8 in fucoidin-treated rabbits with pneumo-
coccal meningitis (368). In contrast to these studies, in a rat
model of pneumococcal meningitis, fucoidin treatment led to
decreased survival (57). The leukocyte concentration in CSF
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was lower in fucoidin-treated rats, but systemic leukocytosis
was increased, as was systemic bacterial outgrowth. However,
rats in this study were pretreated with fucoidin, which may
have led to the differences in the systemic immune response
(57).

After binding of leukocytes to selectins, firm adhesion to the
vascular endothelium is mediated by ICAM-1. In a rat model
of meningitis with PCW component-induced inflammation, an-
tibodies against ICAM-1 reduced CSF leukocyte counts, CBF,
ICP, and brain edema in the first 6 h (520). In experimental
pneumococcal meningitis, an intravenously administered anti-
body against CDI18, a subunit on leukocytes for binding
ICAM-1, induced either by live bacteria or by PCW, reduced
CSF leukocyte counts, blood-brain barrier permeability, and
brain edema and increased survival (491). However, anti-CD18
antibodies tended only to inhibit CSF leukocyte counts in a
rabbit model of PCW-induced inflammation (180).

Vascular endothelial growth factor (VEGF) is a peptide
involved in angiogenesis, but it has also been described to
function as a macrophage and granulocyte chemoattractant
(485). Levels of VEGF were associated with CSF leukocyte
counts in experimental meningitis induced by heat-killed pneu-
mococci (503). However, blocking of VEGF in rabbits with
pneumococcal meningitis did not reduce the extent of brain
edema, leukocyte influx, or blood-brain barrier permeability
(503).

A different approach involves the induction of an increased
systemic proliferation of leukocytes, which would lead to better
control of systemic infection and, subsequently, to enhanced
control of CNS infection. In patients with meningitis, granulo-
cyte colony-stimulating factor (G-CSF) and macrophage colo-
ny-stimulating factor (M-CSF) have been found to be elevated
in the CSF (156, 450). In these studies, G-CSF and M-CSF
levels correlated with CSF leukocytosis (450). In mice with
pneumococcal meningitis, expression of granulocyte-macro-
phage colony-stimulating factor (GM-CSF) in the brain was
increased (376). Rabbits pretreated with G-CSF intravenously
1 h before intrathecal inoculation with S. pneumoniae showed
increased peripheral but not subarachnoid leukocytosis and
increased CSF levels of TNF and IL-1 but no reduction of
subarachnoid bacterial outgrowth or neuron-specific enolase,
an indicator of neuronal cell damage (438). A similar experi-
ment showed no influence on subarachnoid bacterial killing,
but systemic pleocytosis and bacterial killing were increased
(362). CSF leukocytosis and protein content and levels of IL-8,
TNF-a, and IL-1B were decreased in G-CSF-pretreated ani-
mals, indicating a decreased subarachnoid inflammatory re-
sponse (362). Similar results were found in a study with rats
(58). However, late administration of G-CSF (28 h after infec-
tion) did not have any influence on disease parameters (58). In
22 patients with pneumococcal meningitis, adjunctive treat-
ment with recombinant G-CSF was performed together with
standard treatment with ceftriaxone and dexamethasone. G-
CSF was continued for 4 days unless leukocyte counts ex-
ceeded 40 X 107 cells/liter. Lactate and glucose levels returned
to normal more quickly in G-CSF-treated patients than in
historical controls, and no adverse events were recorded. How-
ever, this was not a randomized controlled study (118).

Another approach to limit neutrophil-mediated damage in
pneumococcal meningitis is to induce apoptosis in neutrophils
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by use of roscovitine. Mice treated with a combination of
antibiotics and roscovitine showed increased resolution of in-
flammation, decreased cerebral hemorrhages, and faster re-
coveries (250).

In meningitis caused by Cryptococcus neoformans, the fun-
gal capsular polysaccharide glucuronoxylomannan (GMX)
inhibited leukocyte extravasation despite high IL-8 levels in
the CSF (297). The mechanisms by which GMX inhibits
leukocytosis are unknown; however, when GMX was admin-
istered intravenously in an experimental rabbit model of
meningeal inflammation with heat-killed pneumococci, CSF
TNF-a levels and leukocytosis decreased, in association with
reduced brain edema and inflammation on brain histopa-
thology (298).

A similar mechanism has been described for pertussis toxin,
which interferes with the binding of PMNs to P-selectin and
E-selectin, the first steps of diapedesis. Intravenous treatment
with pertussis toxin in a rabbit model of meningeal inflamma-
tion induced by heat-killed pneumococci altered CSF pleocy-
tosis compared to that in untreated animals (432).

Inhibition of Caspases

Caspase activation has been implicated in the activation of
proinflammatory cytokines (258) as well as in the mediation of
programmed cell death of cerebral endothelial cells and neu-
rons in the hippocampal dendate gyrus (37, 330). Experimental
models of pneumococcal meningitis using mice deficient in
caspase-1 or after pharmacological blocking of caspase-1 dem-
onstrated lower levels of IL-18 and subsequent diminished
proinflammatory cytokine production, as well as fewer menin-
gitis-induced complications (258). The protective effect of
caspase-3 inhibition on the development of neuronal damage
was demonstrated in a rat model of pneumococcal meningitis
and was independent of cytokine modulation (166). Also, the
broad-spectrum caspase inhibitor z-VAD-fmk was shown to
reduce hippocampal neuronal apoptosis in a rabbit model of
pneumococcal meningitis compared to that in untreated con-
trols (61). Moreover, rats inoculated with group B streptococci
demonstrated less cognitive decline following adjunctive treat-
ment with the pan-caspase inhibitor bocaspartyl (OMe)-fluo-
romethylketone (210). An interesting observation is that exog-
enous administration of brain-derived neutrotrophic factor
(BDNF), which has been shown to block caspase-3 (191), re-
duced neuronal apoptosis in both rat and murine models (44,
293). BDNF was found to be upregulated naturally during
bacterial meningitis and after treatment with antibiotics with
adjunctive dexamethasone yet lowered during standard antibi-
otic treatment, suggesting a possible mechanism of corticoste-
roid therapy (294). So far, no clinical trials have been per-
formed with caspase inbitors as adjunctive therapy.

Adjunctive Dexamethasone Therapy

Dexamethasone is a widely used anti-inflammatory drug.
The mechanisms by which dexamethasone inhibits inflamma-
tion are not clear, but it decreases proinflammatory cytokine
production in monocytes, dendritic cells, astroglial cells, and
neutrophils (108, 154, 217, 425), increases the production of
anti-inflammatory cytokines such as IL-10 (108), inhibits ROS
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production by leukocytes (108), and decreases leukocyte ad-
herence (153, 303). Dexamethasone acts on multiple molecules
of the TLR downstream signaling cascade, including TAK-1,
ERK1/2, MAPK, NF-«B, and STAT3 (41, 542). Astroglial cells
stimulated with PCW components produced decreased
amounts of NO and TNF-a when they were treated with dexa-
methasone (38, 154, 444). Brain microvascular endothelial
cells also showed reduced levels of TNF-a and IL-1 and de-
creased expression of ICAM-1 (153). On the molecular level,
in peripheral blood mononuclear cells dexamethasone was
shown to inhibit S. preumoniae-induced IkBk phosphorylation
and degradation and binding of NF-kB to DNA, both of which
are downstream effector mechanisms of TLR signaling (332).
Dexamethasone induced increased levels of IkBk mRNA,
which may bind and inhibit the p65 subunit of NF-kB. These
effects resulted in decreased IL-8 production by peripheral
blood mononuclear cells (332).

In experimental pneumococcal meningitis, adjunctive dexa-
methasone reduced TNF-q, lactate (304), and NO (119a) lev-
els when it was administered together with antibiotics. Further-
more, dexamethasone decreased ICP, brain edema, and CSF
pleocytosis in rats with PCW-induced meningeal inflammation
(255, 388). In a rabbit model, neuron-specific enolase, a
marker of overall neuronal damage, was reduced in animals
treated with ceftriaxone and dexamethasone compared to
those treated with ceftriaxone alone, though an increase in
hippocampal apoptosis was also observed (556). Moreover,
in rats treated with adjunctive dexamethasone, the observed
increase in hippocampal apoptosis was accompanied by im-
paired learning performance (282), and uninfected rats treated
with dexamethasone also demonstrated increased hippocam-
pal damage (47). In an analysis of several prospective multi-
center trials in which patients with bacterial meningitis were
treated with either adjunctive dexamethasone or placebo, the
use of dexamethasone was not associated with cognitive im-
pairment (202, 526).

Adjuvant treatment with dexamethasone resulted in a re-
duction of hearing loss in rabbit and gerbil models of pneu-
mococcal meningitis (235, 406) but did not have a significant
effect in infant rats (94). A recent meta-analysis of human trials
evaluating adjuvant dexamethasone treatment suggested that
dexamethasone may reduce hearing loss among survivors
(499). Clearly, further trials are necessary to assess the effects
of dexamethasone on cochlear injury and hearing loss.

In children with bacterial meningitis, CSF TNF-a and IL-1
levels were decreased if patients had been treated with adjunc-
tive dexamethasone therapy (342). In a large randomized con-
trolled trial in Vietnam investigating the efficacy of dexameth-
asone addition to conventional antibiotic regimens in adults
with bacterial meningitis, CSF samples from a large group of
patients were examined (309). For 195 of a total of 341 patients
included in this study, CSF was available at baseline (when
therapy was started) and at a follow-up puncture 1 to 4 days
later. Of these 195 patients, 88 had received dexamethasone
along with antibiotics starting at baseline, and 107 received
placebo and antibiotics. For 24% of patients, S. pneumoniae
was confirmed as the causative agent by CSF culture. Other
causative agents included S. suis (43%) and N. meningitidis
(8%). CSF samples from these patients were analyzed for IL-6,
IL-§, IL-10, IL-12, IL-1B, and TNF-a. Cytokine levels in CSF
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from the first lumbar puncture at baseline were similar be-
tween both groups. Dexamethasone treatment reduced the
levels of IL-6 and IL-8 and increased the levels of IL-10 (me-
dian, 37 pg/ml versus 33 pg/ml; P value = 0.01) in the CSF at
follow-up compared to those with placebo (309). Levels of
IL-12, IL-1B, and TNF-a were similar between both groups at
follow-up. In addition to the differences in anti-inflammatory
cytokine profiles, opening pressure of the follow-up lumbar
puncture was reduced and the CSF glucose level and CSF/
plasma glucose ratio were restored sooner in patients receiving
dexamethasone. CSF lactate and protein levels as well as leu-
kocyte counts were similar at follow-up in the dexamethasone
and placebo groups (309).

Many randomized clinical trials of dexamethasone for treat-
ment of bacterial meningitis have been performed, but the
results have remained somewhat ambiguous (70, 115, 494, 495,
499). An individual patient data meta-analysis of 5 large recent
trials showed no effect of dexamethasone (499). A prospective
cohort study showed a decrease in mortality from 30 to 20%
for adults with pneumococcal meningitis after nationwide im-
plementation of dexamethasone therapy in the Netherlands
(69). Dexamethasone treatment has been implemented as rou-
tine therapy for patients with suspected or proven pneumococ-
cal meningitis in many countries (487, 497).

Adjunctive Glycerol Therapy

Glycerol (glycerine 1-2-3-propanetriol), a hyperosmolar
compound, is an essential component of cell membranes. It has
been used in neurosurgery, neurology, and ophthalmology to
decrease raised tissue pressures (26, 78, 87, 168, 416, 501).
Toxicological data show that it is safe and is associated with
few, rare, mild, mostly gastrointestinal side effects (152). Fur-
thermore, glycerol is inexpensive and readily available, facili-
tating widespread implementation if it is effective. The effects
of glycerol in the neurological/neurosurgical setting have been
hypothesized to lie in the resulting increase of plasma osmo-
lality, which was shown to reduce the excretion of CSF by some
20 to 30%, leading to increased cerebral blood flow and im-
provement of brain oxygenation (453). For acute stroke, glyc-
erol has been shown to confer only a short-term advantage,
without demonstrating benefits in the long-term outcome
(416).

The first clinical trial evaluating glycerol as a potential ad-
juvant treatment for bacterial meningitis was conducted with
122 Finnish children with bacterial meningitis and suggested a
reduction in hearing impairment as well as in long-term neu-
rological sequelae (234). More recently, a large South Amer-
ican trial using adjuvant glycerol for the treatment of children
with bacterial meningitis provided additional support for its
efficacy in the reduction of neurological sequelae, although
hearing loss and mortality were not diminished (381, 382).
However, reliable interpretation of the findings was compro-
mised by several methodological problems (430). Nevertheless,
the results fueled additional trials, most recently a study in
Malawi where 256 adults with bacterial meningitis were ran-
domized to receive either placebo or glycerol as adjuvant treat-
ment (5). The trial was halted prematurely when an interim
analysis after 100 deaths showed increased death in the glyc-
erol group (5). The discrepancies in the various studies most
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likely lie in the variation in study populations, such as age,
comorbidity, and causative pathogen, as well as in the variation
in treatment regimens and methods of assessing outcome pa-
rameters.

Relatively few animal studies have been performed with
glycerol, and they have not been able to demonstrate clinical or
histological benefits of adjuvant glycerol therapy (46). More-
over, in a rabbit model, pneumococcal meningitis treated with
glycerol alone was associated with an increased level of hip-
pocampal neuronal apoptosis (439). A study in which healthy
mice were treated with high doses of glycerol (much higher
than trial dosages) showed that treatment was associated with
the occurrence of seizures (127), which were also seen more in
the glycerol-treated patients in the Malawi trial (5). This find-
ing was not in concurrence with the South American trial and
may be explained by either the shorter glycerol regimen (2 days
instead of 4 days) or increased disease severity in the Malawi
group.

Though glycerol seemed attractive as a potential adjuvant
treatment for bacterial meningitis, the lack of effectiveness in
experimental models, combined with its harmful effects in the
Malawi trial, question the value of additional studies on ad-
junctive glycerol for the treatment of adult meningitis (72).

Nonbacteriolytic Antibiotics

The massive inflammatory response following pneumococcal
meningitis has been shown to play a key role in the develop-
ment of brain damage and subsequent poor outcomes (252). In
part, the inflammatory response is determined by bacterial lysis
products, as shown in experimental pneumococcal meningitis
models where inoculation with PCW led to massive inflamma-
tion and neuronal damage (489, 490). Although bacteriolytic
antibiotic regimens may limit the overall amount of release of
bacterial products, temporary increases in the release of bac-
terial components have been documented following treatment
(344). These observations have fueled the study of nonbacte-
riolytic antimicrobials as future therapy options.

Specifically, recent research of nonbacteriolytic antimicrobi-
als has focused on the potential use of daptomycin, rifampin,
and moxifloxacin. Daptomycin, a lipopeptide antibiotic, has
been shown to effectively clear S. pneumoniae in experimental
rat, mouse, and rabbit meningitis models (100, 177). Treatment
with daptomycin led to lower levels of inflammatory cytokines
and possibly to less cortical brain damage and neuronal apop-
tosis than those for treatment with ceftriaxone alone (176,
177). Although adjunctive treatment with dexamethasone did
not result in a reduction of overall pneumococcal clearance
from the CSF, daptomycin penetration into the inflamed me-
ninges was reduced in the presence of adjunctive corticosteroid
therapy (136).

Rifampin inhibits bacterial protein synthesis and was shown
to lead to diminished levels of PCW product release in vitro
(463). In a murine model of pneumococcal meningitis, a de-
crease in mortality was observed in mice treated with rifampin
versus ceftriaxone, an effect which was most notable during the
first hours following antibiotic therapy (347). Moreover, recent
studies with a rabbit model demonstrated that short-term pre-
treatment with rifampin before ceftriaxone reduced the release
of PCW products, inflammation, and neuronal damage com-
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pared to those with treatment with ceftriaxone alone (54, 165,
458).

In a rabbit model of pneumococcal meningitis, treatment
with moxifloxacin, a relatively novel quinolone, was shown to
result in lower levels of the proinflammatory cell wall compo-
nents LTA and TA in CSF than those obtained by treatment
with ceftriaxone (463). Pneumococcal clearance from the CSF
was comparable after treatment with either moxifloxacin or
ceftriaxone, and drug levels were not reduced following ad-
junctive treatment with dexamethasone (367, 437). However,
in a murine model, moxifloxacin failed to reduce mortality
compared to standard cephalosporin therapy (124).

Radical Scavenging

Investigations of potential adjunctive antioxidant therapies
have been limited to animal studies and so far lack sufficient
evidence for clinical testing. A recent comprehensive review by
Klein et al. summarizes the efforts and findings in this area of
potential treatment options (242). Among the most promising
candidates for future clinical applications are the iNOS inhib-
itors, the peroxynitrite scavenger Mn(III)tetrakis(4-benzoic ac-
id)-porphyrin (MnTBAP), uric acid, alpha-pheny-tert-butyl-ni-
trone (PBN), and N-acetyl-L-cysteine (NAC) (242). In spite of
some beneficial effects, such as reductions of proinflammatory
cytokine pleocytosis (230), reductions in cortical damage (302),
attenuated CSF pleocytosis (228, 230), and a diminished inci-
dence of hearing loss (243), adverse outcomes have been re-
ported, such as impaired bacterial killing, increased neuronal
apoptosis, and impaired learning function (302). Of all poten-
tial antioxidant agents, only NAC is currently used routinely in
clinical practice (for the treatment of acetaminophen intoxica-
tions), and therefore it is a likely candidate for evaluation in a
clinical setting.

CONCLUSIONS

Despite significant advances in treatment and vaccinations,
pneumococcal meningitis remains one of the most important
infectious diseases worldwide and continues to be associated
with high mortality and morbidity. The growing emergence of
drug resistance as well as shifts in serotype incidence is fueling
further development of novel antibiotic and adjuvant treat-
ment strategies. In addition to the widespread introduction of
dexamethasone, other options for adjuvant drugs may lie in
modulating ROS/RNS-mediated damage, in caspase inhibi-
tion, or in drugs targeting specific mediators in the inflamma-
tory, complement, or coagulation cascades. Extensive research
in this area is being performed using experimental animal
meningitis models, though so far no clinical treatment trials
with humans have been performed. Although the limitations of
animal models of meningitis lie in the great variability between
species, inoculation methods, and ages of infected animals,
experimental medicine continues to provide the backbone for
both intervention and pathophysiology studies and will hope-
fully pave the way to new knowledge and treatment of this
deadly disease.
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