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Abstract

Bacterial meningitis is a medical emergency requiring highly bactericidal antibiotics to achieve
cure. Many challenges exist to achieving optimal patient outcome. First, antibiotics must pass the
blood brain barrier. Once in the subarachnoid space, achieving bactericidal therapy involves
circumventing antibiotic resistance and more commonly, antibiotic tolerance arising from the slow
growth of bacteria in the nutrient poor cerebrospinal fluid. Finally, bactericidal therapy is most
often bacteriolytic and debris from lysis is highly inflammatory. Controlling damage from lytic
products may require adjunctive therapy to prevent neuronal death. These challenges are an
extreme example of the different requirements for treating infections in different body sites.
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Bacterial meningitis, one of the oldest infections recorded in human history, remains a
significant cause of mortality and morbidity. High rates of fatality occur even in treated
patients and life altering sequelae occur in up to half of survivors. Studies conducted 40
years ago identified five primary bacterial pathogens responsible for over 80% of
community acquired acute bacterial meningitis: Strepfococcus pneumoniae (pneumococcus),
Haemophilus influenzae, Neisseria meningitidis (meningococcus), Lancefield Group B
streptococcus, and Listeria monocytogenes.t2 Vaccination campaigns against Haemophilus
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type b (Hib), pneumococci, and meningococci, have been massively successful at the
prevention of community acquired meningitis, such that only cases of community acquired
pneumococcal meningitis outnumber cases of nosocomial meningitis.3

The problem: Victories in prevention belie the continued poor prognosis of patients
presenting with community acquired acute bacterial meningitis (ABM), which remains as
devastating today as two decades ago.* Today the challenge remains to improve both
survivability and recovery from ABM. This perspective will highlight some of the
advancements in our understanding of central nervous system (CNS) responses to damaging
components of bacteria with an eye on opportunities for future adjunctive therapeutic
interventions. We will then discuss the microbiology of ABM, challenges to understanding
how antibiotics function in eliminating (or failing to eliminate) infection in model systems
and in clinical practice and perspectives on new antibiotics and drug delivery systems to the
CNS.

Acute Bacterial Meningitis: pneumococcus stands out as a treatment

failure

The modern era of treatment of ABM dates to the mid-20t" century when penicillin was first
used. In a landmark study, meningococcal meningitis treated with penicillin resulted in 1
death amongst 71 cases.® At the same time, 70% of patients treated with penicillin for
pneumococcal meningitis died. By the 1950s, the combined use of sulfonamides
(meningococcus, Haemophilus influezae), chloramphenicol (H. influenzae), and high dose
penicillin (pneumococcus) as standard therapies decreased the case fatality rate to single
digits for H. influenzae and meningococcus.® Yet the fatality rate after pneumococcal
meningitis remained close to 40.7

Third generation cephalosporins, developed in the late 1970s and 1980s, showed a
remarkably favorable pharmacodynamic profile for treatment of pneumococcal ABM: high
levels of CSF accumulation, bactericidal activity against the pneumococcus, and a largely
susceptible population of isolates.8:9 These drugs are the current mainstay of treatment of
ABM which usually entails intravenous administration for 7 to 10 days. Yet despite this
improved profile, the fatality rate has dropped only modestly to around 30%. Thus, the
current challenge to ABM therapy is the continued poor prognosis, specifically for
pneumococcal meningitis. This presents a new paradigm: Killing bacteria is not enough to
improve outcome.

The failure of antibiotics with excellent pharmacodynamic properties to improve outcome of
pneumococcal ABM has been partially explained by studies in model systems. As rapid
bacterial killing progresses, cell wall fragments are produced by lysis and are liberated in
high amounts. These components retain their inflammatory capacity and exacerbate the
symptoms of meningitis even as the bacterial load decreases. When administered
intracisternally in animal models, they elicit pronounced inflammatory cytokine production
followed by neuronal death.10-12 Thus, the first few hours of bactericidal treatment appear to
unleash a wave of inflammation before clearance of bacterial debris. Efforts to attenuate this
inflammation with adjunct therapies has become a major focus of modern experimental
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therapy. Choosing the right agents depends on understanding the complex pathways by
which the CNS responds to eliminate bacteria and how neurons die in the process.

The current overall picture of ABM indicates that bacterial pathogens gain access to the
CNS space through penetration of the blood brain barrier (BBB) or blood cerebrospinal fluid
barrier (BCFB). The preponderance of the pneumococcus, meningococcus, and
Haemophilus pathogens in cases of community acquired ABM is likely due to their high
colonization rates of humans and shared molecular mechanisms of BBB invasion (reviewed
extensively elsewhere!3). Once in the CNS, pathogens are relatively shielded from the
clearance mechanisms of innate and adaptive immunity present in the blood and most
tissues. The immune privilege of the CNS is maintained through the barrier function of the
BBB and BCFB.14 Thus, successful treatment of meningitis requires the choice of an
actively bactericidal antibiotic with CNS specific dosing or administration route. If all of
these parameters are met, then 1 in 3 patients still have a poor outcome. Currently, the effort
to decrease inflammation and bystander killing of neurons has been limited to adjunct
therapy with dexamethasone. The use of dexamethasone before or together with the first
antibiotic dose improved outcome in animals and was associated with modest improvements
in sequelae in patients.1>-18 Adjunct anti-inflammatory therapy is an option in current
clinical guidelines.1®

The rise of adjunctive therapy

Microglia: the good and bad of activating the innate immune defense of the CNS

Traditionally, the CNS has been termed an “immune-privileged” compartment.2? The lack of
circulating leukocytes and low protein levels (specifically immunoglobulins and acute phase
reactants) in healthy cerebrospinal fluid suggested to many that the CNS compartment
lacked immune surveillance and robust responses. Infiltration of leukocytes and increased
proteins levels in CSF is a pathological indicator of disease, caused by the breakdown of the
barrier functions of the BBB and BCFB, and not generally considered a productive response
towards disease resolution as leukocytes phagocytose poorly in fluids. This model was
revised by several observations. In animal models, bacterial molecules injected directly into
the CSF lead to recruitment of leukocytes and increases in protein concentration, suggesting
a programmed response arising in the CNS can occur in the absence of direct damage to the
BBB.10-12 |t was also found that these same bacterial products lead to direct damage of
neurons; infiltration of neutrophils is not necessary for neuronal death in ABM.2L In
response to these findings, a revised definition of the immune capabilities of the CNS was
formulated. Healthy CNS tissue could sense, respond, and be damaged by bacterial products
directly without the involvement of an immune infiltrate originating in blood and passing
through the BBB.

Pathogens are sensed by host cells through specific receptors, termed pattern recognition
receptors (PRRs), which recognize either pathogen derived molecules (Pathogen Associated
Molecular Patterns, PAMPS), or signals of cellular damage induced by infectious pathologies
(Danger Associated Molecular Patterns, DAMPSs). The Toll-like receptor family, a PAMP-
sensing PRR, is comprised of 10 members in humans. Surprisingly all 10 TLR family
members are expressed in CNS tissues and upon binding to an appropriate PAMP, signal
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through the adapter protein MyD88 (reviewed in 14:22:23) In innate immune cells, the
MyD88 signaling feeds through to NF-kB activation, leading to the production of pro-
inflammatory cytokines and defenses (reviewed in 24-26), In the case of ABM, the main
TLRs involved are TLRs 2 and 4, which recognize bacterial cell wall fragments and LPS
respectively.27-31 These are the predominant PAMPs involved in neuronal damage. In
models of both bacterial sepsis and ABM, TLR2 deficient mice showed notably less
neuronal damage.20.2831

In addition to TLRs, other PRRs have been described to contribute to neuronal damage in
response to ABM. The nucleotide-binding oligomerization domain (NOD) and NOD-like
receptor (NLR) proteins serve as intracellular sensors of peptidoglycan fragments and
DAMPs respectively (reviewed in 32:33), Like TLR2, NOD signaling in innate immune cells
leads to NF-kB activation and an increase in inflammatory cytokine production. NOD
expression in the brain has been described for astrocytes and microglia (NOD2) and
pericytes (NOD1). Of these, NOD2 expression has been linked to damage in response to
meningococcal and pneumococcal meningitis.343% NLRs are a large family of proteins in
humans, however only a few NLRs and corresponding inflammasomes have been linked to
damage during meningitis. In pneumococcal meningitis release of cellular DAMPs through
the activity of the pore forming toxin pneumolysin leads to activation of the NLRP3
inflammasome, and inhibition of this inflammasome can ameliorate some tissue damage.36

Microglia, the resident innate immune cell of the CNS, express TLRs 1-9, NOD1/2, and
NLRs 1-3/6/12. 3337 The activation of microglial PRRs in response to ABM leads to
inflammatory signaling and production of damaging molecules leading to neuronal damage
(reviewed in 38). In response to common bacterial products, microglia produce TNFa and
IL-18, both classical inflammatory cytokines that can recruit inflammatory cells to migrate
into the CNS and can directly bind to the receptors expressed on neurons, inducing neuronal
death by programmed cell death pathways. 23:39.40 Microglia respond by producing reactive
oxygen species through iNOS (nitric oxide production) and PHOX (superoxide production).
Both these molecules are implicated in microglial damage of neurons.?1:42 This damage can
directly lead to neuronal death or creation of neuronal DAMPs which lead to microglial
phagocytosis of neurons.

Downstream of microglial activation through TLR2 or 4, matrix metalloproteinases are
activated that further damage neurons.3143 Inhibition of MMPs during experimental ABM
has been shown to reduce the neuronal damage and improve long term neurological
function.#445 Combination of MMP inhibition with treatment with a non-lytic antibiotic
(preventing the release of TLR2 ligands from dying bacteria, discussed below) was
additively protective in this animal model suggesting that inhibiting MMP
pharmacologically as well as preventing MMP activation by reducing TLR agonists is a
viable avenue for protecting against the worst neuronal damage.*®

Despite contributing to direct damage, microglia also sit at an axis of immune surveillance
and repair that can be leveraged in both treatment and recovery of ABM. Thus, pathways
exist that can prime the innate immune mechanisms in the CNS while bypassing
inflammatory signaling. Further studies are needed to assess the ability of these types of
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treatments to act not just as prophylaxis, but also as adjunctive therapy during ABM to clear
acute phase pathogens and PAMPs liberated during treatment and resolution without
inflammation. One example is to boost the little protection that microglia provide in the
absence of neutrophils.*® Such strategies include pretreatment of microglia with TLR
agonists to increase phagocytosis and intracellular killing of ABM pathogens. In a recent
study, stimulation of microglia with CpG combined with Activin A, a TGFR family member
cytokine, led to a 750% increase in phagocytosis of £. colibut with reduced nitrite
production compared to stimulation with LPS.#” Thus, it is possible to prime microglia to
phagocytose pathogens in conjunction with treatments that bias downstream signaling away
from inflammation. A second example is the use of palmitoylethanolamide, a natural anti-
inflammatory lipid produced endogenously in the CNS. It has also been shown to stimulate
the phagocytic and intracellular killing activity of rat and mouse microglia without
subsequent upregulation of TNFa and IL-1R.48

Boosting protective effects of microglia without inducing inflammation remains
experimental. Given the large number of PRRs that are expressed in the CNS, blocking all
inflammatory signaling will be a challenge in clinical practice. Beyond conserved PAMPs,
such as peptidoglycan and LPS, bacterial pathogens also produce species specific PAMPs
and toxins that trigger further damage. Thus, as our knowledge of the immune capabilities of
the CNS has grown, our ability to rationally combat all the various routes of ABM damage
has diminished. Microglia represent both the first line of defense and the initiators of
damage repair during ABM. Adjunctive and post-meningitis therapies focusing on
harnessing both the protective and reparative functions of microglia while minimizing
inflammatory damage are promising future avenues for ABM therapies.

Neuronal death: how to target such a complex process?

While microglia are central in the response to meningeal pathogens, it is damage to the
neurons in the cortex and hippocampus that results in most acute and post-infectious
sequelae. Neurons are generally damaged by three mechanisms during ABM: 1) Neurons are
damaged as bystanders during the inflammatory immune response mediated by microglia
and recruited leukocytes; 2) Acute traumatic injury to neurons due to high intracranial
pressure; and 3) Direct activation of programmed death pathways in neurons through
sensing of DAMPs and PAMPs.12: 28 A fourth mechanism, intoxication by bacterially
produced toxins, is largely pathogen dependent, and development of toxin neutralization
strategies is not a general mechanism of treatment for ABM. In addition to the strategies
discussed above to control the inflammatory process, there are parallel studies ongoing to
directly intercede in neuronal death pathways as well as to promote neuro-regeneration after
ABM.

Damaged neurons often undergo apoptosis due to the triggering of inflammasomes. Human
neurons express functional NLRP1 and 3 and it is clear in many models of
neurodegeneration that inflammasomes within neurons can be triggered to cause
programmed cell death. The pharmacological NLRP3 inhibitor MCC950 has been shown to
be protective against neuronal loss after traumatic brain injury.4%0 NLRP3 plays a central
role in damage during ABM, particularly in pneumococcal meningitis. In NLRP3 knockout
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mice, neuronal damage assessed after pneumococcal meningitis was found to be greatly
reduced. 38 In an LPS neuronal damage model, the protective role of pretreatment with
cinnamaldehyde was found to be at least partially mediated through the inhibition of the
NLRP3 inflammasome.>!

Once damaged, neurons have a limited ability to repair and regenerate themselves. After
activation, microglia can secrete neurotrophic molecules like brain-derived neurotrophic
factor (BDNF) which encourages repair and limited regrowth of neurons. The application of
BDNF in a pneumococcal meningitis model leads to reduced caspase induction and
significantly decreased neuronal death in the cortex and hippocampus.52-54 After
pneumococcal ABM, it had been noted that levels of BDNF naturally rise as the brain
attempts repair mechanisms. However in a recent study it was found that neural precursor
cells do not fully differentiate after pneumococcal ABM, and that addition of exogenous
BDNF helped with the differentiation to more mature and therefore likely functional
neurons.®®

Death versus proliferation and differentiation of neural precursor cells in response to PAMPs
is an active area of research for both developmental and infectious disease biology. In animal
models, activation of TLR2 by pneumococcal cell wall pieces initiates apoptosis.® In
contrast, embryonic exposure to bacterial cell wall fragments causes proliferation of
neuronal progenitor cells giving rise to significantly more cortical neurons.>’ This response
is dependent on TLR2, suggesting that in specific developmental stages TLR2 signaling in
neuronal precursors drives a proliferative response. The plasticity of the outcome of TLR
signaling is likely to give rise to future interventions preventing damage and protecting
neuronal integrity during ABM.

The future of antibiotics for ABM

While investigation continues in the area adjunctive therapy for meningitis, current
antibiotics such as third generation cephalosporins are the standard of care. The future
success of antibiotics in treating ABM relies on optimizing four major areas (Inset):
Penetration of the BBB, bactericidal effect, minimizing lytic release of pro-inflammatory
bacterial molecules, avoidance of known resistance mechanisms, and overcoming tolerance
(phenotypic and genotypic). Penetration from blood through the BBB is optimized through
chemical modifications of antibiotic structure. Alternatively, drug delivery systems under
development, including nanoparticles, liposomes, and methods to disrupt the BBB, may
improve pharmacokinetics for many antibiotics. Minimizing the lead time to achieving the
minimum inhibitory concentration (MIC) of antibiotics in CSF is a concern of both future
drug development and delivery systems. Depending on the mechanism of action, long build
up times for antibiotics can lead to worse treatment outcomes.®® Thus, while the first two
hurdles are being aggressively addressed by innovative technologies. Points 3, 4 and 5 still
remain major problems.

Death without lysis

Understanding bactericidal mechanisms of antibiotics and how they relate to release of pro-
inflammatory bacterial molecules, despite decades or research, is still poorly understood.
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Most antibiotics are clinically characterized as either bacteriostatic or bactericidal.
Bactericidal drugs cause a reduction in the number of viable bacteria under tested
conditions; the MIC for bactericidal drugs is close to the minimum bactericidal
concentration (MBC), the concentration of antibiotic at or above which bacteria die.>®
Treating infections like meningitis, where innate immune clearance mechanisms are poor,
requires reaching the MBC of bactericidal antibiotics. Antibiotics that are bactericidal
trigger programmed cell death pathways, particularly for the major meningeal pathogens
that are known to respond by autolysis.®%61 The molecular events downstream of B-lactam
antibiotics that lead to lysis are largely unknown and represent an active field of research.
The autolytic response is conserved amongst many diverse bacteria and results in the rapid
release of pro-inflammatory molecules from cell envelope degradation.®? Importantly, as
discussed above, this release of bacterial PAMPs is one of the major pathologic processes in
ABM. Preclinical models have shown convincingly that use of non-lytic but still bactericidal
antibiotics reduces the neuronal damage as the release of cell envelope derived PAMPS is
reduced.63.64

While cell wall active antibiotics lead to autolysis, most RNA/protein synthesis and DNA
replication inhibitors do not. Chloramphenicol, rifampicin, and clindamycin have been
shown to be bactericidal against the pneumococcus in models of meningitis without
inducing autolysis. 8 64-70 Chloramphenicol serves as an excellent example of an ideal
meningitis drug: highly bactericidal to major meningeal pathogens, nonlytic, rapid
penetration into the CNS, oral bioavailability and low prevalence of resistance. It was used
in the clinic extensively in the past, however it is currently discouraged due to the side
effects of bone marrow suppression.59-72 In pneumococcal infection models, the use of
clindamycin to treat both sepsis and meningitis markedly improves CNS pathology®4:65:68 ijn
part because clindamycin appears to induce programmed cell death pathways leading to
filamentation rather than lysis.”3 However, all protein synthesis inhibitors are not necessarily
good meningitis drugs. Both rifampicin and clindamycin have relatively high spontaneous
resistance rates. Another less well appreciated aspect, is that inhibitors of RNA and protein
synthesis have been shown to result in persister bacterial cells in several models (reviewed in
74). Persistence is a form of antibiotic escape, where a small proportion of a bacterial
population does not die.”® When the antibiotic is removed, the persisting cells begin to grow
and the infection slowly relapses. Persister cells are generally thought to form through the
de-energization of the bacterial cell, a depletion of ATP and cessation of metabolic function.
These cells would appear dead by many assays, however, upon removal of antibiotic, a
portion of persister cells will re-emerge. In bacterial infections, such as meningitis, where
sterilization of the CNS is almost entirely dependent on the bactericidal efficacy of the
antibiotic, the induction of persister cells is not a trivial concern.

Considering these factors, new antibiotic regimens designed to improve long term effects of
meningitis will likely use combination therapies, some of which have been studied in
preclinical models. Treatment with either rifampicin or daptomycin together with a third-
generation cephalosporin has been shown to be effective at clearing pneumococci as well as
attenuating the release of pro-inflammatory molecules.5%77 Besides combination therapy,
the future development of antibiotics effective against ABM pathogens is relatively limited.
Tigecycline, which has been used clinically against highly resistant Acinetobacter infections,
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is a poor empiric choice due to high spontaneous resistance rates while its good CNS
pharmacokinetics may make it a useful adjunctive antibiotic.”8-80 The discovery of a new
peptide derived antibiotic, the founding member of a new class of drugs, Teixobactin, is
exciting as it provides both a new structure for use in combinatorial chemistry approaches,
but also targets lipid 11.81 Other lipid 1 targeting antibiotics, nisin and vancomycin, have
relatively low levels of resistance, and resistance requires horizontal gene transfer events
which tend to be rare (reviewed in 82-84). However oral bioavailability and penetration of the
CNS are notoriously poor for peptide derivative antibiotics, and therefore much work will
have to be done to develop teixobactin as a drug for meningitis.

Phenotypic tolerance: the slower they grow, the slower they die

Generally, the MIC and the MBC are quite close in value for most bacteria/antibiotic
combinations. In contrast, antibiotic tolerance is a state where an entire population of
bacteria stop growing at MIC, as expected, but then do not die (MBC > MIC) (Fig 2). In the
microbiology lab, tolerant strains stop growing at the same MIC as sensitive strains and thus
are missed as a source of antibiotic failure. Only when bacterial viability is assessed, is it
clear that the cessation of growth did not lead to actual killing and that the MBC is much
higher for a tolerant strain than a sensitive one. Tolerance is generally exhibited by an entire
population of bacteria rather than the concept of persisters which refers to a small
subpopulation. While resistance is universally accounted for in both drug design and clinical
usage, tolerance is rarely considered as it is never reported from the lab. In the case of
meningitis, tolerance is as important as resistance in treatment outcome (Fig 3). Treatment
failure as a result of tolerance is clinically documented, yet generally underappreciated.

Phenotypic tolerance is a property of survival shared by all bacteria under specific
environmental conditions.”® Bacteria elude death when they are not growing at the time of
antibiotic exposure.8® This response leads to the need for prolonged therapy for infections in
nutrient poor body sites, such as endocarditis, osteomyelitis, and abscesses. Once in the
CNS, all antibiotics face the obstacle of phenotypic tolerance. The CSF is an exceptionally
poor growth medium and thus bacterial growth rate is drastically reduced as bacteria move
from blood to CSF. This response is universal and mediated by the RelA stringent response
pathway whereby bacteria slow metabolism in response to limited nutrients.85-87 Triggering
the stringent response slows the rate of cell death: the slower they grow, the slower they die.
86 This universal feature complicates virtually all therapies for meningitis by all pathogens.
Few antibiotics can break the stringent response rule. One exception is chloramphenicol and
another is the penem family of antibiotics. 87-90 Although the mechanism is unknown, the
ability of these drugs to retain some ability to kill non- and slow-growing bacteria suggests it
may be possible to improve clinical outcome by more rapidly eliminating the CSF bacterial
load. However, efforts to overcome the stringent response and kill slowly growing
pathogens, preferably without lysis, is yet to be successful.

Genotypic tolerance: the ultimate stealth countermeasure to antibiotics

While all bacteria invoke phenotypic tolerance transiently as they slow down growth while
entering the CSF, it has become evident that bacteria can also acquire mutations that result in
a permanent tolerant phenotype regardless of environment. These strains are genotypically
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Summary

tolerant and have been linked to patients with relapsing meningitis where antibiotic killing,
that is critical to cure, fails. The first description of genotypic tolerance was demonstrated in
1970 for the pneumococcus. For this bacterium, antibiotic induced death is due to lysis by
the main autolytic enzyme, LytA. In the lab, LytA null mutants treated with cell wall active
antibiotics arrest growth at a normal MIC but then don’t die.%! Rather, they enter a relatively
quiescent state with extended viability, i.e. they are genotypically tolerant. In this case, the
MIC is achieved but the MBC is not.21 In model infections with LytA mutants, antibiotics
stop bacterial replication with an apparent good response to therapy but infection reappears
as the antibiotic therapy is discontinued. Given constant antibiotic pressure in the clinic, it
would be expected that bacteria would quickly delete this suicidal enzyme and become
genotypically tolerant. Yet, LytA mutations are not seen in clinical isolates. This conundrum
was recently solved as it was found that LytA has a previously unrecognized role in capsule
shedding which protects bacteria from antimicrobial peptides. 92 Thus, the suicidal enzyme
is under selective pressure to remain in the genome under strong regulation. If not due to
loss of the lytic enzyme itself, then genotypic tolerance must arise by alterations in the
poorly understood control mechanisms for autolysis. One mechanism of genotypic tolerance
is acquisition of mutations that extend the lag time before bacteria grow in the presence of
drug.93 This plays into the concept of nongrowing bacteria escaping death.

In the clinic, strains demonstrating genotypic tolerance have been clearly described although
the genetic basis is mostly unknown. First, during the early detailed analysis of pneumococci
emerging as resistant to penicillin, it was noted that virtually all resistant isolates are also
tolerant.%* Not only is the MIC higher (i.e. resistant) but also these strains don’t die readily
and have an even higher MBC (i.e. tolerant); death requires much higher amounts of
antibiotic (Fig 4). To explain this association of tolerance and resistance, it is reasoned that
bacteria under antibiotic pressure would first acquire the capacity to survive treatment
(tolerance) and then go on to acquire the genes for the ability to actually grow in the
presence of antibiotic (resistance). Thus, the high rate of tolerance in resistant strains
appears to make sense. Another instance of genotypic tolerance is exemplified by isolates
from patients that failed therapy.’®9%:9 Several strains showing abnormal autolysis to R
lactams have been isolated from cases of relapsing meningitis. Furthermore, tolerance to
vancomycin was shown to be an emerging phenotype: the meningitis strain Tupelo survives
both vancomycin and cephalosporins despite a normal LytA autolysin.®” The prevalence of
tolerance to vancomycin became more widely recognized and its impact on clinical practice
was noted as vancomycin became the antibiotic of last resort for penicillin resistant
pneumococcal meningitis.98:99

In the near future the best hope for improved outcomes in antibacterial ABM treatment is
development of new antibiotic classes and delivery methods. Currently, highly bactericidal
antibiotics are the mainstay and trials may eventually couple them to adjunctive therapies
that dampen the complex host response and preserve neurons. Combination treatment with
rifampicin or quinolones during therapy with third generation cephalosporins is attractive as
it may reveal less bacterial lysis and improved outcomes but this remains to be tested. The
development of new antibiotics based on the teixobactin backbone is exciting but still
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requires improvement to achieve high CNS concentrations. Prevention of meningitis through
vaccination remains the best strategy for gains in overall public health.
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1
2.
3.

Requirements for successful meningitis therapy
Bactericidal antibiotic activity
Antibiotic penetration across the blood brain barrier

Limiting inflammation from bacterial debris
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Requirements for new antibiotics for meningitis
Improved penetration of the BBB
Avoid resistance
Bactericidal without lysis

Overcome phenotypic tolerance

o & w b B

Overcome genotypic tolerance
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Fig 1. Bacterial lytic productsinduce inflammation and neuronal death
Based on meningitis models in rabbits and mice, the inflammatory and cell death pathways

operative in meningitis are extensive. Antibiotics induce lysis of bacteria releasing cell wall
and intracellular debris which contain a library of inflammatory components: Pathogen
Associated Molecular Patterns (PAMPS). These are recognized by innate immune receptors
on many brain cells including neurons: surface Toll-like receptors (TLR), intracellular Nod
receptors and inflammasomes (NLRP). The resulting inflammatory cascade can induce cell
death in many ways: apoptosis, pyroptosis, necroptosis etc. The insert shows in vitro
neurons (green) + exposure to pneumococcal lytic products (SPN). Orange indicates dead
neurons. Note that the z-VAD-FMK, an inhibitor of caspase dependent apoptosis, blocks
death of only half the neurons indicating non-caspase mediated death is not blocked.
Neuron image via Wikimedia: DDhp1080, svg adaptation by Actam

[CC BY-SA 3.0https://creativecommons.org/licenses/by-sa/3.0)]
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Fig 2. Death kinetics of tolerant and sensitive bacteria
A schematic representation of bacterial cell death Kinetics in vitro. Sensitive bacterial strains

(green) are rapidly killed by antibiotics (added at arrow). In contrast, tolerant bacteria (blue)
stop growing but do not die.
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Fig 3. Effect of tolerance on survival from treated infection
The probability of surviving meningitis based on the efficacy of bacterial killing has been

examined in animal models. In vitro testing of bacterial strains from human cases of
meningitis where treatment failed has revealed tolerance to antibiotic-induced killing as in
Figure 2. When tested in animal models, these tolerant strains stop multiplying during
antibiotic therapy but when therapy is stopped, infection relapses leading to treatment failure
(blue).
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Resistant

fferent possible responsesto antibiotics

Sensitive bacterial strains have a minimal inhibitory concentration that is near the minimum
bactericidal concentration (MIC=MBC). Tolerant strains stop growing at the normal MIC
but require a much higher drug concentration to induce killing (MBC>MIC). Resistant
strains have a high MIC but the MBC is still close to the MIC (high MIC=highMBC).

Strains that are both

resistant and tolerant have a high MIC but a very much higher MBC

(high MBC>>high MIC).
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