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Abstract Infections of the human nervous system have sub-
stantial morbidity and mortality but also represent among the
most challenging of all neurological diseases because of the
difficulty in establishing a diagnosis and implementing effec-
tive therapies. Neurological infections lead to altered expres-
sion levels of a wide range of host- and pathogen-derived
biomolecules both within and outside of the nervous system.
Quantitative analyses of these biomolecular perturbations
have been traditionally performed using “classical” molecular
or analytical methods, which evaluate one or few genes or
their products at a time. Recent technical developments to-
gether with the increasing availability of high-throughput/con-
tent methodologies have enabled a more comprehensive over-
view of these molecular alterations and thus provide new ap-
proaches to the diagnosis and/or treatment of this group of
disorders. Herein, we will review recent evidence pointing to
the capacity of the so-called omics techniques in studying the
nervous system infections with an emphasis on genomics,
transcriptomics, and proteomics technologies.
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Introduction

The increasing availability of the “Omics” technologies has
ushered in a new era in the fields of microbiology and infec-
tious diseases. High-throughput, high-content genomics, tran-
scriptomics, proteomics, and metabolomics methods, com-
bined with robust bioinformatics and computational tools
have enabled researchers to obtain information about quanti-
ties and interactions of different biomolecules at system and
whole organism levels [1, 2]. When applied to host-microbe
interactions, these methods can provide unparalleled informa-
tion about the complex nature of microbial infections’ patho-
physiology [3, 4]. In the field of infectious diseases, neurolog-
ical infections have been a particularly important area of re-
search and clinical care, partly due to their high morbidity and
mortality rates but also due to immense challenges inherent in
establishing a diagnosis and subsequent management of the
central nervous system (CNS) infections. These obstacles
stem from the complexities in disease presentation, relative
inaccessibility of tissues, and the limited CNS penetration of
some anti-microbial/viral therapies.

In this review, we will focus on the applications of the
omics methods in the diagnosis and pathogenesis of neurolog-
ical infections. Given the interconnected nature of biomolec-
ular networks, the information derived from different omics
methods can be integrated to provide a complete view of the
system (e.g., infectious agent and host responses) under inves-
tigation. Indeed, biomedical researchers use several omics
platforms simultaneously to gain more detailed and accurate
insights into the biological system(s) under investigation.
Nonetheless, rather than discussing different types of omics
information for individual neurological infections, in this re-
view, we will examine the available information in separate
genomics, transcriptomics, and proteomics sections. In each
section, the findings of omics studies for major
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neuropathogenic microorganisms, including viruses, bacteria,
and prions will be reviewed.

Genomics Studies and Neurological Infections

Unlike the traditional Sanger sequencing in which nucleic acid
sequencing was limited to few DNA samples at a time, the so-
called next generation sequencing (NGS) methods have the
capability to sequence millions of sequences simultaneously
and expediently [5]. The ability to sequence the entire nucleic
acid content (DNA and RNA) of human tissues, which is a
highly complex mixture of human nucleic acids as well as that
of microbial flora and microbial pathogens, is transforming
the way microbes and host-microbe interactions are detected
and investigated [6]. Indeed, before the advent of high-
throughput sequencing, detection of microbial pathogens
was almost entirely based on traditional Koch’s postulates,
which required isolation and culture of the microbes. Defini-
tion of natural microbial flora was similarly dependent on
microbiological or low-throughput molecular methods. While
the field is still in its initial stages, in this section, we will
summarize some of the recent findings of “genomic” studies
on nervous system-microbe interactions.

Genomic Studies on Viral Infections of the Nervous
System

Viral infections of the nervous system have been a focus of
medical research for generations both because of direct mor-
bidity and mortality caused by neurovirulent viruses and due
to potential association of viral infections with other nervous
system disorders including neuroinflammatory disorders.
NGS methods have been used both for detection of viral path-
ogens when classical virology or molecular methods have
failed and for investigating the association of viruses with
other neurological entities.

Identifying viral agents that might be responsible for en-
cephalitis of unknown etiology represents a classical example
of the application of NGS methods to neurological infections.
There are a few reports highlighting the potential diagnostic
value of NGS in this area. Using deep sequencing, Chan et al.
successfully identified viral agents in some autopsy brain tis-
sues from cases of encephalitis with unknown cause [7].
Using NGS analysis followed by confirmatory tests, they
identified herpes virus-1 and measles virus in three encepha-
litis cases. In a similar study, using NGS analysis of a brain
biopsy tissue, Naccache et al. were able to identify a
neuroinvasive astrovirus as the cause of a fatal case of pro-
gressive encephalitis in an immunocompromised patient [8].
Likewise, through high-throughput sequencing of randomly
amplified cerebrospinal fluid (CSF) nucleic acid sequences,
Benjamin et al. were able to identify parvovirus 4 genome in
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CSF samples from pediatric cases of encephalitis with un-
known etiology [9]. In addition to human samples, NGS
methods have been used to survey for the presence of known
viruses or evolution of new viruses in arthropod vectors as
well as veterinary samples [10]. Even when the viral etiology
is known through classical molecular techniques, NGS
methods can be used to detect the viral strain, as well as tran-
scriptomics changes, following infection with neurovirulent
viruses. Massive parallel sequencing performed on brain tis-
sues derived from a patient with rabies virus infection by our
group showed numerous sequence tags corresponding to dif-
ferent regions of silver-haired bat-associated RV (SHBRV)
strain 18 of rabies virus, a finding that was consistent with
patient’s medical history [11].

With the emergence of retroviral infections of the nervous
system in late twentieth century, there has been a resurgence of
interest in neurovirology and in applying more sophisticated
molecular methodologies in understandings them, considering
the more subtle nature of retrovirus—host interactions [12].
HIV-1 and HTLV-1 are the two major retroviruses in humans,
both of which infect the nervous system and cause neurolog-
ical disorders. The majority of omics studies in the context of
retroviral infections of the nervous system have focused on
transcriptomic analyses (see below). Nonetheless, some re-
search effort has been put into analyzing the impact of retro-
viral infection and associated immunosuppression on micro-
bial agents in the brain. In a study by our group, we analyzed
the impact of HIV infection on host brain microbiome using
NGS methods [13¢]. HIV infection of the brain is character-
ized by microglial and astrocyte activation and the induction
of numerous proinflammatory cytokines and mediators.
Nonetheless, sequence tags derived from the brains of HIV-
infected individuals showed a preponderance of human
endogenized retroviral RNA sequence elements belonging to
the human endogenous retrovirus-K (HERV-K (II)) family
compared to uninfected individuals that were chiefly located
in neurons and subsequently shown to exert neuroprotective
effects [14].

Aside from the identification of viral etiologies for enceph-
alitis, researchers have harnessed the strength of NGS in path-
ogen detection to test the hypotheses regarding the association
of viruses with other neurological disorders. One interesting
example is the controversial association between viruses and
neurological malignancies, including the aggressive brain tu-
mor, glioblastoma [15, 16]. The presence of CMV genomic
DNA and transcribed mRNAs has been reported in glioblas-
toma samples [15]. CMV antigens have also been detected in
these samples by some laboratories but not others [15]. Hav-
ing important therapeutic implications, unbiased next genera-
tion sequencing has been recently applied to glioblastoma
samples to find a definitive answer. In one study, high cover-
age DNA sequences of 34 glioblastoma samples failed to de-
tect CMV DNA in surgically resected tumors [16]. In another
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study on high-grade glioma samples, NGS detected viral se-
quences belonging to EBV and roseolovirus (HHV-6 and
HHV-7) but not human CMV in the samples [17]. Another
NGS study of glioblastoma samples reported an anti-viral-like
type 1 interferon response in some samples, yet it failed to
detect any viruses [18]. Neuroinflammatory diseases are an-
other group of neurological disorders whose association with
viruses has been speculated for a long time. Multiple sclerosis
(MS) is an important neuroinflammatory disease, which is
caused by autoimmune inflammation directed against myelin
antigens. While molecular and immunological data have
pointed to association with infectious agents, including mem-
bers of the herpesvirus family and endogenous retroviruses,
the issue remains highly controversial [19, 20]. Several groups
have used NGS to detect viral genomes in multiple sclerosis
tissues or CSF. In an interesting study, Kriesel et al. performed
deep sequencing of RNA extracted from 50 frozen MS brain
samples as well control tissues. After subtracting sequence
reads related to human transcripts, they were able to detect
an overrepresentation of sequence belonging to 12 different
viral taxa in some of the MS samples [21]. These included
sequences from GBV-C, a virus not previously associated
with MS. Interestingly, sequence hit rate was not significantly
different between MS and control cases for several viral taxa
that were previously associated with MS, i.e., CMV, HHV-6,
EBY, and measles virus [21, 22]. In another study, Schmitt
et al. used high-throughput amplicon sequencing to perform a
comprehensive analysis of the transcription of HERV-W loci
in MS brains. The researchers were able to identify transcrip-
tion from more than 100 HERV-W loci in the brains of MS
patients [23]. Our group reported that there are multiple loci of
transcription for the Syncytin-1 (envelope) gene encoded by
HERV-W but 7q21.2 was the principal locus using a combi-
nation of conventional and NGS approaches [24]. In summa-
ry, NGS has provided new insights into identities and actions
of ancient and current viruses in the nervous system.

Genomic Studies on Bacterial Infections of the Nervous
System

NGS methods have been used to investigate multi-agent bac-
terial infections of the CNS. In an interesting work by
Kommedal et al., the investigators used NGS methods to an-
alyze bacterial species derived from brain abscesses in 52
surgical samples. Using an ion torrent NGS method, the re-
searchers generated an average of 50,000 sequence reads of
amplified 16 s bacterial RNA per sample [25]. This method
was able to detect threefold more bacterial species compared
with conventional culture methods, highlighting the capacity
of high-throughput genomics in unraveling the complex na-
ture of polymicrobial brain infections. In another study, unbi-
ased NGS was used to detect a potential pathogen in a case of
meningoencephalitis in which all pathogen-specific PCRs and

infectious disease investigations on plasma, urine, CSF, as
well as brain biopsy yielded negative results [26°]. NGS per-
formed on the nucleic acid extracted from the CSF of the
patient detected sequence reads corresponding to a leptospira
species, a finding that was later confirmed by PCR. This led to
a diagnosis of neuroleptospirosis, which was successfully
treated [26°].

Similar to viral infections, some bacterial infections have
also been reported to be associated with nervous system auto-
immune and inflammatory disorders. One key example is the
reported association between Campylobacter jejuni (C. jejuni)
enteric infections with Guillain—Barré syndrome (GBS) [27,
28]. Considered to be a result of “molecular mimicry” asso-
ciated with particular strains of the bacterium, comparative
genomic analysis methods have been used to gain information
about the strain of C. jejuni in GBS cases. In a study by
Taboada et al., researchers used comparative genomic hybrid-
ization to identify isolates of C. jejuni, which show an associ-
ation with GBS [29]. Altogether, these studies illustrate the
ability of high-throughput sequencing to generate information
about microbial etiology or associations with neurological
disease, which is beyond the grasp of traditional molecular
methodologies.

Transcriptomics Studies and Neurological Infections

Transcriptomic analyses are the most frequently performed
type of omics research in neurological infections. As a general
rule, host-microbe interactions lead to altered gene expression
in host tissues, which could be detected by classical low-
throughput gene expression analysis methods or high-
throughput technologies including microarrays and RNA se-
quencing. While detection of altered gene expression might
facilitate the diagnosis of neurological infections,
transcriptomic methods have been chiefly used to gain insight
into the molecular pathogenesis of neurological infections.
Transcriptomic studies have been reported in numerous viral
and bacterial infections of both central and peripheral nervous
systems with viral infections of the CNS attracting more at-
tention largely due to the emergence (or resurgence) of neu-
rotropic viruses in the last few decades.

Transcriptomic Studies on Viral Infections of the Nervous
System

HIV-associated neurological disorders are a group of nervous
system diseases which occur as a consequence of HIV-1 in-
fection of nervous system. HIV-associated neurocognitive dis-
order (HAND) is a neurocognitive syndrome, which results
from direct infection of brain macrophages including microg-
lia and trafficking macrophages by the virus, prompted by
infiltration of infected monocytoid cells into the CNS [30].
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Unlike many neurotropic viruses, HIV does not infect neurons
and displays minimal productive infection of astrocytes.
Nonetheless, synaptic injury and eventual neuronal apoptosis
are key neuropathological features of HAND. While the HIV
genome encodes proteins with direct neurotoxic properties, it
is also widely accepted that transcriptional changes induced
by HIV in monocytoid cells and astrocytes lead to widespread
neuroinflammation with adverse effects on neuronal viability
and survival [12]. Transcriptomic studies carried out by dif-
ferent groups have helped elucidate neuropathogenic mecha-
nisms activated in HIV-infected brain tissue. One of the first
studies was performed by Roberts et al., using the frontal lobe
tissue of SIV-infected monkeys, a primate model for
NeuroAIDS. They identified 98 genes including cell cycle
and signaling and proteinase inhibitor genes, which showed
upregulation in the brain following SIV infection [31]. Like-
wise, transcriptomic analysis of human brain tissue infected
with HIV has shown dysregulation of numerous genes in HIV-
infected brain, including increased levels of anti-viral and im-
mune response-related gene and diminished levels of tran-
scripts associated with synaptic transmission and
neurogenesis [32]. Of note, brain transcript profiling of pa-
tients receiving anti-retroviral therapy demonstrated signifi-
cant reduction in gene expression dysregulation in treated in-
dividuals [32]. Transcriptional profiling has also been per-
formed on neural cells exposed to HIV or its proteins
[33-37]. Interestingly, a meta-analysis comparing the results
of transcript profiling in HAND, Alzheimer’s disease, and
multiple sclerosis reported similarities in gene dysregulation
between these three neurodegenerative disorders, which un-
derlines the activation of similar neuropathogenic and/or neu-
roprotective mechanisms in CNS despite various etiologies
[38].

West Nile virus (WNV) infection of the nervous system is
another example of an emerging neurological infection [39].
A flavivirus, WNV infection of the nervous system can man-
ifest as encephalitis, meningitis, or myelitis [40, 41].
Transcriptomic studies of WNV have been performed in
WNV-infected neural cells or CNS tissues derived from
WNV-infected animals. In a study by Koh et al., researchers
analyzed the transcriptome of human glioblastoma cells ex-
posed to the virus and found upregulation of different groups
of transcripts including transcripts involved in interferon re-
sponses and apoptosis [42]. Interestingly, they also observed
suppression of several mitochondrial genes involved in energy
metabolism in infected cells [42]. Another study of WNV-
infected mouse brains also found enhanced levels of interferon
response genes and apoptosis in brain tissues infected with
highly neuroinvasive WNV strains [43].

Transcript profiling techniques have been applied to detect
gene expression changes in another flavivirus-mediated neu-
rological infection, Japanese encephalitis virus (JEV). Micro-
array profiling of transcripts derived from JEV-infected
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neuroblastoma cells by Gupta et al. found induction of apo-
ptosis and anti-viral response genes as well as chemokines
[44]. Whole genome sequencing of JEV-infected mouse
brains by the same group produced differential expression of
pattern recognition receptors and components of
inflammasome as well as chemotactic factors following virus
infection [45]. Similar findings indicating the induction of
pattern recognition receptors in mouse neurons and brains
tissue following JEV infection has been reported by other
groups [46]. In a remarkable study by Clarke et al., researchers
compared transcriptomic changes caused by three neurotropic
viruses, i.e., WNV, JEV, and reovirus in mouse brain [47].
Consistent with previous studies, genes related to interferon
responses and neuroinflammation as well as cell death were
among the altered genes. The two flaviviruses, WNVand JEV,
but not the reovirus, induced the expression of tRNA synthe-
tases while all three viruses suppressed genes associated with
glutamate signaling [47].

Host and Pathogen Transcriptomic Studies on Bacterial
Infections of the Nervous System

Transcriptomic analysis of bacterial infections of the nervous
system can be categorized into two groups; one group focuses
on brain’s transcriptomic changes following exposure to the
bacteria while the other group concentrates on the bacterial
transcriptional response during infection. As is the case for
viral infections, host transcriptomic analyses aim to unravel
both the neuroprotective or neuropathogenic molecular events
at the RNA level. Using an ex vivo model of Lyme disease,
Ramesh et al. applied DNA microarrays to assess the tran-
scriptional response of primate brain cortical tissue following
exposure to spirochetes. Altered expression of transcripts reg-
ulating inflammation, oligodendrocyte, and neuronal apopto-
sis was detected in the cortical tissues [48]. In a related study,
researchers used complementary DNA (cDNA) microarrays
to evaluate transcriptional changes in microglia and astrocytes
following exposure to Borrelia burgdorferi in the presence of
tetracycline antibiotics in culture [49]. Microarrays have also
been used to assess the pathophysiology of bacterial meningi-
tis at the transcriptomic level. Of interest, the response of
human brain microvascular endothelial cells (hBMECs) to
bacteria has been investigated by different groups. Banerjee
et al. used microarrays to assess hBMECs response to pneu-
mococci [50], and Wang et al. studied the response to Listeria
monocytogenes [51].

In addition to host responses, transcriptomic studies focus-
ing on the bacterial transcripts have provided information of
applied importance. In a seminal study by Mahdi et al., re-
searchers tried to identify pneumococcal virulence genes pref-
erentially expressed during meningitis. Using a mouse model
of pneumococcal meningitis, differential expression of 34
bacterial genes was identified. One differentially expressed
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gene, x-glycerophosphate oxidase (GlpO), showed cytotoxic-
ity for microvascular cells and mutant bacteria lacking the
gene failed to adhere to brain microvascular endothelia
in vitro or cause meningitis in vivo. Immunization of mice
with GlpO protected the animals against invasive infection
[52¢]. Such studies show the power of transcriptomic analyses
in identifying candidates for vaccine development. In a similar
study, transcriptional changes in Neisseria meningitides have
been evaluated following the interaction of bacterium with
epithelial cells and endothelial cells, representing two key
stages of meningococcal infection [53]. Likewise, expression
profiling of Mycobacterium tuberculosis genes has demon-
strated transcriptomic changes within the mycobacterium dur-
ing invasion of brain microvascular endothelial cells [54].

Transcriptomic Studies on Prion Infections

Prion infections of the CNS represent unique neurological
infections because the infectious agent lacks nucleic acids
but it alters host-encoded protein (PrP) conformation resulting
in a pathogenic infectious agent. While prion agents cannot be
subjected to NGS studies for the detection of pathogen be-
cause the encoding nucleic acids are host-derived, numerous
host transcriptomic studies have been performed to investigate
gene expression alterations following prion infections
(reviewed in [55]). Similar to viral infections of the nervous
system, transcriptional profiling has been employed chiefly to
gain insights into the pathogenic mechanisms that lead to neu-
rodegeneration during prion infection. In an interesting study,
Crespo et al. identified a group of genes related to immune
responses, which affect genes involved in prion replication
and also neural cell death [56]. Bach et al. performed a tran-
scriptional profiling on prion-infected neuronal cells and iden-
tified the induction of cholesterol synthesis-associated tran-
scripts following infection [57]. Transcriptional profiling of
laser capture microdissected CA1 neurons has been used suc-
cessfully to determine gene expression dysregulation at the
preclinical stages of disease, when there is a potential for
interrupting the neurodegenerative process [57]. Moreover,
to detect genes that are associated with susceptibility to prion
infection, Marbiah et al. analyzed the transcriptome of prion-
resistant mutants of highly susceptible neuroblastoma cells,
which led them to the detection of several genes with a role
in extracellular matrix remodeling as potential determinants of
cell susceptibility/resistance to prion infections [58].

Proteomic Studies and Neurological Infections

While transcriptional studies have shed light on altered gene
expression following infection at the RNA level, proteomic
analyses of infected neural tissues and cells can provide fur-
ther information, not accessible at the RNA level, about the

pathogenesis of neurological infections. Conventional proteo-
mic studies which use techniques including 2-D gel electro-
phoresis followed by mass spectrometric analyses (2DG/MS)
have been used to identify differentially expressed proteins in
a variety of nervous system infections. Moreover, more ad-
vanced quantitative technologies have also made it feasible to
look at protein quantities during infections. Indeed, this latter
approach may represent a harbinger for new perspectives on
the pathophysiology of neurological disorders including in-
fectious diseases.

Proteomics Studies on Viral Infections of the Nervous
System

Similar to transcriptomic studies, a substantial part of proteo-
mic studies on neurovirulent viruses has focused on HIV-
induced neurological disorders, particularly HAND. In an ef-
fort to identify potential CSF biomarkers for HAND, Rozek
et al. performed a proteomic study using cerebrospinal fluid
(CSF) and were able to detect altered levels of several proteins
including vitamin D-binding protein, complement C3, and
cystatin C in CSF from patients with HAND [59]. Another
CSF proteomic study revealed lower levels of antioxidant en-
zymes in CSF samples from cases with HAND [60]. Proteo-
mic analyses of CSF from SIV-infected monkeys displayed
higher levels of serine proteases including complement C3
and plasminogen together with alphal-antitrypsin in the CSF
following SIV infection [61]. Indeed, alteration in the CNS’
protease—antiprotease network and the resulting variations in
protein degradation have been implicated in HIV
neuropathogenesis. Of interest, it has been shown previously
that induction of a matrix metalloproteinase in HIV-infected
macrophages leads to generation of chemokine cleavage prod-
ucts with significant neurotoxic properties [62].

In addition to CSF studies, several groups have undertaken
proteome-level analyses on HIV-infected postmortem brain
tissues or neural cells exposed to the virus or its proteins.
Gelman et al. performed a focused proteomic study on the
synaptosomes isolated from frontal cortex of HIV-
encephalitis cases. Results showed lower levels of synapsinl
and stathmin proteins and enhanced levels of 14-3-3zeta and
14-4-4epsilon proteins in HIV-infected brains [63]. 2DG/MS
analysis of HIV Tat-expressing astrocytes showed altered
levels of numerous proteins including cytoskeletal and signal-
ing molecules in Tat-expressing cells [64]. HIV-infected mac-
rophages have been demonstrated to affect brain microvascu-
lar endothelial cells’ proteome, a phenomenon which might be
related to perturbed BBB permeability during HAND [65].
HTLV-1 is another retrovirus which is capable of inducing
neurological disorders, i.e., HTLV-1 associated myelopathy
(HAM), also termed tropical spastic paraparesis (TSP). Prote-
omic analysis of CSF and plasma samples derived from
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HAM/TSP cases has identified several proteins, which could
serve as potential biomarkers for disease [66].

Other neurotropic viruses including rabies have also been
subject of proteomic studies. 2DG/MS proteomic analysis on
postmortem human brain tissues infected with rabies virus
showed altered levels of proteins related to cytoskeleton, me-
tabolism, proteasome, and immune regulation [67]. Altered
expression of cytoskeletal proteins have also been reported
in 2DG/MS studies in neuronal cell lines infected with differ-
ent strains of rabies virus [68]. Using iTRAQ quantitative
proteomic method, Venugopal et al. detected overexpression
of functionally diverse proteins including karyopherin alpha 4
(KPNA4), calcium calmodulin-dependent kinase 2 alpha
(CAMK2A), and glutamate ammonia ligase (GLUL) in post-
mortem rabies brains [69]. Likewise, protein profiling of
mouse brains infected with rabies has shown differential ex-
pression of proteins involved in ion homeostasis and synaptic
function [70].

Proteomics Studies on Bacterial Infections of the Nervous
System

Proteomic studies on bacterial infections of the nervous sys-
tem have targeted different aspects of neuro-bacterial infec-
tions, including identification of vaccine targets, discovering
bacterial virulence factors, and neuropathogenic mechanisms
as well as rapid pathogen detection.

Detecting immunodominant proteins belonging to a patho-
gen is an active area of work in infectious disease proteomics,
an area of research which is labeled “immunoproteomics” [71,
72]. Among bacteria which can cause neurological infections,
N. meningitides has been subject of several immunoproteomic
studies. A chief aim of these studies has been to detect parts of
the meningococcal proteome that can induce a protective im-
mune response against the pathogen. In a study by Tsolakos
et al., researchers used proteomic analysis of N. meningitides
type b (NMB) surface antigens to detect proteins which could
be recognized by antibodies in the sera of MNB-immunized
animals [73¢]. Using this method, they were able to identify
several new immunogenic proteins which are expressed at the
surface of the bacterium [73¢]. In another study, Williams et al.
used an immunoproteomic approach to identify Neisseria an-
tigens which could evoke cross-reactive antibody responses
against different Neisseria strains and hence could serve as
potential candidates for new meningococcal vaccines [74].
Similarly, Mendum et al. tried to identify Neisseria antigens
which lead to cross-protective humoral immune responses in
patients recovering from meningococcal infections [75].

Proteomics methods are making unprecedented contribu-
tions to the study of bacterial virulence factors [76, 77]. Ap-
plication of quantitative proteomic methods to microbial pro-
teins allows for organism-level determination of molecules
which are expressed in virulent but not nonvirulent strains of
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a bacterium. This has provided microbiologists with a power-
ful tool for virulence factor identification. There are multiple
reports of using proteomic techniques to detect virulence fac-
tors in major bacterial pathogens including Staphylococcus
aureus, M. tuberculosis, and Yersinia pestis. In the context of
neurological infections, proteomic-based investigations of vir-
ulence factors have been performed for N. meningitides. Gault
et al. used proteomic methods to examine posttranslational
modifications in Neisseria virulence factor protein, pilin
[78]. Ferrari et al. have used proteomics methods to study
outer membrane vesicles (OMV), bacterial-derived elements
which are necessary for bacterial survival and pathogenesis
[79]. In addition to examining cytoplasmic or cell surface
proteins, virulence factor discovery has been accomplished
through the so-called secretome analysis. This type of research
applies proteomic methods to evaluate the complex set of
molecules which are secreted by bacteria in culture or in in-
fected tissues. The secreted bacterial proteins could act as
virulence factors either by acting as a toxin or toxin trans-
porters or by inhibiting immune responses [77]. Of interest,
by comparing the secretome of virulent and nonvirulent strains
of Cryptococcus, Campbell et al. identified proteins, which
could enhance the neuroinvasiveness of a strain of these fungi
[80]. Comparative secretome analysis has also been performed
on secreted proteins from pathogenic N. meningitides [81].
Besides making contributions to vaccine design and viru-
lence factor discovery, proteomic methods are revolutionizing
the practice of clinical microbiology, where pathogen identi-
fication is a key objective [82]. In particular, matrix-assisted
laser desorption ionization—time of flight mass spectrometry
(MALDI)-TOF has proven to be a fast and reliable method for
identification of bacteria in clinical samples [83]. That said,
examples of proteomic-based pathogen identification in neu-
rological infections are just emerging. In a report by Segawa
et al., researchers used MALDI-TOF analysis of the CSF from
a case of bacterial meningitis to detect Klebsiella pneumonia
as a causative agent [84]. In another study, MALDI-TOF anal-
ysis of spinal fluid was successfully used to accurately detect
the pathogen in a case of pneumococcal meningitis [85]. In
addition to mass spectrometric analyses, protein microarrays
generated by recombinant bacterial proteins have also been
used to screen the sera of patients with meningococcal men-
ingitis to identify potential diagnostic markers for disease
[86]. Moreover, 2-DG/MS analysis of CSF as well as quanti-
tative proteomics on brain tissue was employed for biomarker
discovery in cases of tuberculous meningitis [87, 88].

Proteomic Studies on Prion Infections

Prion infections of nervous system have been subject of in-
tense investigation by proteomic methods. Proteomic analyses
have been used to address varieties of questions about prion
disease, including structural analysis of prion proteins,
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biomarker discovery, detection of interacting molecules, and
proteome dysregulation following infection [89].

In a remarkable study on human brain tissues, protein pro-
filing of cortical and cerebellar tissues of Creutzfeldt-Jakob
disease (CJD) and FFI cases by Shi et al. revealed both induc-
tion and suppression of numerous proteins in the affected
brains. Pathways related to Parkinson’s disease, Alzheimer’s
disease, oxidative phosphorylation, lysosome, protein export,
and cytochrome P450 were among the affected pathways
[90¢]. Proteomic analysis of prion-infected mouse brain by
Moore et al. showed dysregulation of proteins related to
neuroinflammatory response and complement activation as
well as cell death and metabolism [91]. In addition to in vivo
analyses, in vitro systems in which neuronal cell lines are
exposed to infectious prion particles have provided further
information in proteomic studies. Of note, modified expres-
sion of cellular chaperone proteins including chaperones
Grp78/BiP, protein disulfide-isomerase A6, Grp75, and
Hsp60 has been reported in neuroblastoma cells exposed to
prions, a finding which is consistent with induction of cellular
protein misfolding by infectious prions [92]. In another line of
studies, high-throughput protein interaction experiments have
been performed to detect prion protein interacting proteins
(PrPIPs) in cells. Using protein microarrays, Satoh et al. were
able to identify 47 novel PrPIPs which were mainly involved
in nucleic acid recognition [93]. Using 2-DE followed by mass
spectrometry, Storm et al. also detected proteins involved in
nucleic acid metabolism to interact with Prp (C) [94].

Several research groups have tried to use proteomic
methods to discover biomarkers for prion disease.
Creutzfeldt—Jakob disease (CJD) has been of particular inter-
est in this area, considering that a definite diagnosis can only
be made by postmortem analysis of the brain [95]. More than
15 years ago, 2D gel analysis of CSF from CJD patients led to
the detection of 14-3-3 proteins as a disease biomarker [96].
Further 2D gel studies of CSF from CJD patients followed by
mass spectrometric identification of proteins have later added
other potential biomarkers to the list, including neuron-
specific enolase, and lactate dehydrogenase in the sporadic
CJD cases [97]. More recently, surface-enhanced laser
desorption/ionization (SELDI)-TOF analysis of CSF from
CJD and control cases has identified increased levels of ubig-
uitin and cystatin C in the CSF of these patients [98, 99]. Other
potential biomarkers including fatty acid binding protein,
FABP, have also been proposed by proteomic studies [100].

Conclusions and Future Perspectives

The advent of omics technologies has prompted the elucida-
tion of the remarkable complexity of microbial agents and
associated host responses in the CNS. Indeed, it is generally
assumed that the nervous system is a sterile system/organ,

devoid of any microbial flora unless a pathogenic agent en-
tered and infected the CNS. This assumption has been chal-
lenged by NGS studies on brain-derived nucleic acids. Over
the past three decades, multiple studies have shown that bac-
terial and viral proteins and nucleic acid sequences can be
detected in human brain tissues in the absence of overt path-
ogenic CNS infections [101-104]. In a study by our group,
massive parallel sequencing without prior amplification was
performed on the cDNA derived from surgical brain resec-
tions and autopsied brain samples, which showed the presence
of sequence tags belonging to different bacterial and viral
species [13¢]. Among bacteria, alpha-proteobacteria showed
the highest frequency of sequence tags in both surgical resec-
tions and autopsy samples, a finding that was confirmed by
amplifying the 16 s rRNA sequences from the samples [13¢].
Similar findings in terms of microbial diversity were observed
in the brains of SIV-infected macaques. These studies under-
score the microbial diversity in the brain but also provide
insight into the limitations of conventional technologies used
for diagnosing and treating CNS infections.

There are other surfacing technologies that will contribute
to the understanding of CNS infections including assays of
microRNAs and metabolic products (“metabolomics”). Ongo-
ing efforts to apply high-throughput analyses to microRNA
expression in brain and plasma represent exciting opportuni-
ties to gain insights in disease pathogenesis and perhaps estab-
lish new biomarkers for disease [105—108]. Similarly, metabo-
lomics approaches using nuclear magnetic resonance and
mass spectrometry [11, 109] have been applied successfully
to studying neurological infections and herald a new epoch in
diagnosing and understanding these devastating diseases.
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