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Abstract

Central nervous system (CNS) infection is a serious illness that can lead to death. CNS infections include
meningitis, encephalitis, brain abscesses and myelitis. These diseases are caused by causative agents
like bacteria, fungi, parasites, and protozoa, but most commonly by viral infections. To combat this
issue, accurate diagnosis of etiological agents at an early stage is crucial for appropriate treatment,
control of the disease and prevent from becoming life-threatening to the patients. This review paper
summarises the main laboratory diagnostic methods for CNS infections caused by viruses ranging
from conventional to molecular methods. Conventional isolation methods are considered the ‘gold
standard’ as they provide accurate evidence, but require highly skilled personnel, are time-consuming,
critical in cell type selection and are useless for non-cultivable viruses. Electron microscopy allows
recognition of viral morphology and ultrastructural details as the principle of virus identification through
negative staining or thin section technique (suitable for tissue or cell specimens). However, it offers low
sensitivity and requires at least 10° virions per millilitre or milligram in the specimen to be detectable
by microscopy. Immunological-based methods have been extensively applied for viral diagnosis by
detecting the antiviral antibodies or viral antigens in clinical samples. While these methods provided
high sensitivity and specificity, the incubation and window period of an infection may give false-negative
results. Lastly, molecular detections have many advantages such as high sensitivity, specificity, rapid,
require a small amount of sample, simultaneous detection of multiple different viruses, and produce
both qualitative and quantitative results.
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INTRODUCTION

The central nervous system (CNS)
comprises the brain, spinal cord and retina, and
is considered the control panel for our bodies
responsible for cognition, movement, senses,
and emotions.! The CNS has complex and unique
anatomical and immunological characteristics
that help identify the pathogenesis and detection
of infections.? It is protected by bony structure
(skull and vertebrae) and reserved with the blood-
brain barrier (BBB), which serves as a selective
barrier for pathogen entry.® However, the breach
of BBB can allow the microbial invasion due to
the damaged surrounding tissue, obstruction of
microvessels by parasitised leukocytes, platelets,
or red blood cells, over secretion of cytokines that
affect the tight junction proteins, or interactions
of microbe with BBB that facilitate the passage of
microorganism.*

Acute infection of CNS depends on the
anatomic localisation in the meninges, brain
or spinal cord, which results in meningitis,
encephalitis, brain abscesses and myelitis,
respectively.® Additionally, the infections can also
occur in multiple sites, resulting in a combination of
diseases such as meningoencephalitis. Meningitis
is an inflammation (swelling) located at the
membranes protecting the brain and spinal cord
from bacterial or viral infection.® Encephalitis is
an inflammation of brain parenchyma caused
commonly by viruses.” While, brain abscess is a
focal area of necrosis with surrounding membrane
within brain parenchyma and is usually caused
by bacteria, fungi infection, or traumatic injury.®
Myelitis is inflammation across the spinal cord
with one or more levels and in the absence
of compressive lesion.® Few etiological agents
responsible for causing CNS infections are bacteria,
fungi, parasites, protozoa or viruses. The clinical
manifestations include fever, headache, vomiting,
stiff neck, seizure, altered mental status and
behaviour changes.™

Common viruses that lead to CNS
infections are the human enterovirus (HEV),
herpes simplex virus type 1 (HSV-1), herpes
simplex virus type 2 (HSV-2), varicella-zoster
virus (VZV), cytomegalovirus (CMV) and Epstein-
Barr virus (EBV). Among HEV, coxsackie A16
(CA16), enterovirus 71 (EV71) and echovirus

(ECHO) are the most common.*? CNS infections
by HSV were estimated with 2.3 cases/million
in population yearly, and HSV-1 contributed
to 95% of all cases.’* Mumps virus (MuV) and
measles virus (MeV) infections are reported to
be resurgent worldwide.**** John Cunningham
(JC) virus, which causes progressive multifocal
leukoencephalopathy (PML), has often been
excluded from routine detection.!® Amongst
CNS infections by the arthropod-borne virus
(arbovirus), the Japanese Encephalitis virus (JEV)
is the leading cause of viral encephalitis in Asia and
the Western Pacific; others include Dengue virus
(DENV), Zika virus (ZIKV), West Nile virus (WNV)
and Chikungunya virus (CHIKV).*7

CNSinfectionisten times more frequentin
developing countries than in developed countries,
in which many cases were diagnosed clinically
and empirically treated without confirming the
etiological agents.’® These scenarios can be life-
threatening when confronted with cases that
present non-specific symptoms at an early stage of
the disease.” Thus, a reliable laboratory diagnosis
in the early stage of a CNS infection is vital for
properly managing the infected patient.1%20
Currently, radiological investigations are used
to diagnose CNS diseases using neuroimaging
tests such as electroencephalogram (EEG),
computerised tomography scans (CT) and magnetic
resonance imaging (MRI).2! However, these tests
only detect the pathology of the infection but not
the causative agents.

The main laboratory investigations to
identify the causative agents are (1) virus isolation
in cell culture technique, (2) visualisation of viral
structures using electron microscopy, (3) detection
of viral antibody or antigen using immunological
methods, and (4) detection of viral nucleic acids
using molecular methods.?? Isolation of viruses
is the ‘gold standard’ method. However, it is
laborious, time-consuming, and requires high cost
and skill.Z Electron microscopy provides images
at a near-atomic level, but it is less sensitive as it
requires a higher sample limit for detection than
other methods.?* Immuno-based techniques, on
the other hand, provide better sensitivity but is
highly dependent on the disease progression in
the patient, i.e. antibodies may be undetectable
during the window period.?*> Molecular methods
such as PCR-based assay are rapid, highly sensitive
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and specific, and suitable for early and accurate
diagnosis. Still, they are more costly in requiring
specialised laboratory equipment, reagents and
trained staff.?¢ This review will explore the current
laboratory methods used to diagnose CNS viral
infections.

Viral Culture

Virus isolation is maintained as the
‘gold standard’ for laboratory diagnosis of viral
infections as it provides accurate evidence for the
presence of infectious viruses in clinical samples
such as cerebrospinal fluid (CSF) and blood,
especially when CNS disease is suspected.” Some
cultivable viruses include HSV-1, HSV-2, CMV, VZV,
respiratory syncytial virus (RSV), influenza A and
B viruses, parainfluenza viruses, HEV, MeV and
respiratory adenoviruses.?? Detection of viruses
can be done in various cell lines by means of
cytopathic effects (CPE), hemadsorption (HAD),
or immunologic testing.”® There are three basic
cell lines that can be used in cell culture, including
primary, diploid and continuous or heteroploidy.?

Conventional viral cultures usually utilise
different cell lines to identify which cell will be
infected by the virus from the sample.” The
appearance of a typical CPE will be observed up to
30 days of incubation.*® CPE is the morphological
alterations of the cells after being invaded by
specific viruses, and the characteristics are
different between viruses.?? In addition, CPE result
also depends on the virus and cell line involved,
time of incubation and type of clinical specimen,
which gives prediction to determine the type of
virus.?* Enteroviruses are claimed to be cultured
easily with 75% sensitivity and take a 3-8 days
turnaround.?! On the other hand, HSV has been
cultured from CSF for less than 5% of encephalitis
cases, probably due to culture technique that did
not provide a diagnosis within the time frame of
clinical decision making.? After all, a confirmatory
examination using light microscopy after fixation
and staining is needed to observe additional
diagnostic features such as inclusion bodies and
syncytium formation.*

In the case of the absence of CPE,
hemadsorption is another alternative to be
considered when involving the influenza virus and
parainfluenza virus.3* Hemadsorption is the ability
of some virus-infected cells to bind with red blood

cells on their surface due to the expression of the
hemagglutinating protein on the infected cell’s
plasma membrane that is attracted to the ligand of
the erythrocyte.*® By that, if haemadsorbing virus
is present, erythrocytes will adhere in a clump
and show agglutination under a microscope.®
Similar to CPE, a confirmation test such as the
immunologic method or PCR test is needed to
confirm the identity of the virus.

Rapid culture has been preferably used in
laboratory diagnosis over conventional culture as
it can increase the speed and specificity of various
viruses such as HSV, CMV, V2V, influenza virus, RSV,
adenovirus, and parainfluenza virus.>** Shell vial
or spin-amplified culture is a modified technique
where the clinical sample will be inoculated onto
the grown monolayer cell on the coverslip at the
bottom of the shell vial culture tube, proceed
with slow centrifugation and incubation, which
can cause minor trauma to the cell surface and
enhance the viral entry to infect the cells.?® After
2-3 days, coverslips are fixed and stained with the
fluorescent-labelled antibody of a specific virus
and examined under a fluorescence microscope.*
This technique allows the detection of a pathogen
before CPE occurs.

Another advanced technique of rapid
cell culture is called mixed vial, where different
cell lines will be grown on a vial with different
monoclonal antibodies so that they can detect
different types of viruses within the same vial at
one time.?® Previously, the combination of MRC-5
and A549 cell lines were used as monolayer cells on
vial for diagnosis of CMV, HSV, and adenoviruses,
and proven to produce 88.9%, 100%, and 93.8%
of sensitivity, respectively.?” But recently, other
mixed-cells are available to be used, such as R-Mix
for detection of adenoviruses, parainfluenza virus
types 1, 2, and 3, influenza virus types A and B;
respiratory syncytial virus H&V-Mix for diagnosis
of HSV, CMV, VZV, and E-Mix for enteroviruses
diagnosis.??* Interestingly, genetically modified
cell lines have been developed which utilised
enzyme linked-inducible system (ELVIS) for
diagnosis, whereby a specific viral receptor will
be transfected into the cell lines to enhance virus
infection towards susceptible cell, thus stimulating
the production of enzyme which then allows
visible staining of infected cells.®®

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Hussin et al. | J Pure Appl Microbiol. 2022;16(4):2225-2245. https://doi.org/10.22207/JPAM.16.4.34

Despite the advantages of rapid culture,
this technique has the weakness of only detecting
targeted viruses (less sensitive).?® On the other
hand, conventional culture provides detection of
unknown viruses, and the viral isolates produced
allow for additional investigations such as antiviral
testing, epidemiological study and serotyping.
However, conventional culture techniques require
highly skilled-personnel, are time-consuming,
critical in terms of cell type selection, and unusable
for the non-cultivable viruses.?** Undoubtedly,
cell culture technique has its own strengths,
however, to diagnose CNS diseases, the CSF sample
is often small in volume and difficult to obtain, thus
making the cell culture method unfavourable over
other methods.? A study in 2011 found that two
out of three samples were positive for echovirus
in cell culture, while the other was inconclusive
due to insufficient sample amount.* Hence, larger
CSF volumes are usually requested to improve the
sensitivity of cell culture methods.3!

Direct Detection using Electron Microscopy

Back in the 1970s, electron microscopy
was used in the discovery of several unknown
viruses which cannot be cultivated, such as human
rotaviruses, caliciviruses, astroviruses, hepatitis A
virus, some unknown types of adenoviruses and
coronaviruses.?** Electron microscopic allows
recognition of viral morphology and ultrastructural
details of cellular infection as a principle in viral
identification.** The two methods employed in
electron microscopy are negative staining and thin
section microscopy. Negative staining is the most
widely used in which the fluid containing the virus
will be ultracentrifuged to concentrate the virus
in the sample before being placed on a carbon or
formvar-coated grid, followed by the addition of
electron-dense fluid, which leads to the virions
adhering to the grid.?* The discovery of the Nipah
virus in Malaysia was made with the application
of negative staining on CSF samples that revealed
the enveloped structures with surface projections,
nucleocapsid with unique helical and herringbone
patterns, which were characteristically similar to
other paramyxoviruses.*?

Thin section microscopy is used when
tissues or cells are thick and difficult for the electron
beam to penetrate whole thickness, such as after
cell culture isolation of viruses from samples.*4

In the United States, patients bitten by mosquitoes
or ticks have been diagnosed with bunyavirus
infection using transmission electron microscope
(TEM) and showing an encephalitis syndrome.*
In another case, a virus from Arenaviridae was
detected using ultrathin section of grown Vero
cells containing CSF sample, and was identified
as lymphocytic choriomeningitis virus (LCMV),
which is an arenavirus transmitted by rodents.*
TEM is also possible to directly detect brain tissues
infected with polyomavirus, which can cause
progressive multifocal leukoencephalopathy (PML)
in the absence of DNA virus in the CSF sample.*#7
However, the limitation of thin sectioning method
is that if the infection is focal, the sampling process
might not recover tissue samples that contain
viruses.*

The most recent method used is the
cryo-electron microscopy (cryo-EM) where the
sample is observed at cryogenic temperature (less
than -160°C) by which the water molecules will
crystallise and transforms the biomolecules such
as virus particle into the rigid state to obtain a high-
resolution image.*® Major advantage of cryo-EM
is its ability to examine the virus at near-atomic
resolution, which allows examine the structure
of macromolecules and their complexes, proteins
interactions and emergence of unusual features
of viruses that are often linked to increased
virulence and stability of the virus.**° Recent
studies have utilised the cryo-EM technique to
reveal the mechanism related to Eastern Equine
Encephalitis Virus (EEEV) entry, disassembly,
antibody neutralisation and information on capsid
genome binding segment structure.®! Besides,
cryo-EM can detect the structure of JEV capsid
protein that consists of conserved dimeric protein
fold made by the anti-parallel pairing of the al-
al’, a2-a2’, and ad-a4d’ helices to distinguish
from other flavivirus such as DENV, WNV and ZIKA
capsid proteins.>> However, the cryo-EM method
is too technically challenging for use solely for
diagnostic purposes.

Overall, the biggest limitations of electron
microscopy are low sensitivity and requiring at
least 10° virions per millilitre or milligram in the
specimen to be detected by microscope.?* But,
it has the advantage of high magnification and
resolution, and wide amplitude focuses, thus
able to view the morphology, and chemical-
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physical composition of the sample, examine the
contaminants in tissue, and assess the protein
expression at the subcellular scope.®® In some
cases, the combination of diagnosis methods can
be applied to detect the specific virus causing CNS
disease. For instance, a reovirus strain in urine and
throat swab samples from two children showing
unexplained neurologic symptoms of encephalitis
has been cultured in MRC5 cells, followed by
molecular technique methods and TEM to
confirm the results and contributed to findings
of new reovirus strain as an etiologic agent for
encephalitis.>* Immuno-electron microscopy (IEM)
is another method which utilises a serological
principle such as ELISA and followed by virus
identification using TEM diagnosis.>®* Immune
gold labelling is one of the IEM methods where
an electron-dense marker is made from a specific
antibody labelled with particles of colloidal gold
used to detect whole virus antigens or antigens
in thin section tissues or cells.>® Hence, the
application of mixed methods can increase the
accuracy and specificity of detection.

Serology

Demonstration of specific antibody
response is also another efficient diagnostic
method. Serological diagnosis of CNS infections
is obtained by detecting the IgM antibodies or
investigating neutralising antibody titres to at
least a fourfold increase between two consecutive
samples taken during the acute and convalescent
phase.’” Figure 1 shows the standard graph
indicating the progress of antibody levels following
viral infection.>® After the incubation period, the
virus starts to multiply, and symptoms appear for
about a few days to weeks. Antibodies gradually
began to produce until it reaches the level of
detection and the amount of infectious viruses
started to decrease. During primary infection, the
immunoglobulin M (IgM) level is high, whereas
the avidity of immunoglobulin G (IgG) is low but
increases gradually, and the 1gG level is positive but
much lesser than IgM. Measurement of avidity is
important to distinguish the status of infections,
whether acute or chronic/past infections.
Secondary infection or reinfection by the same
antigen will make changes which IgG avidity levels
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Figure 1. Typical antibody response after viral infections, and recommended detection methods (Created with

BioRender.com)
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increase rapidly, reaching the highest level, 1gG
antibodies are still positive, while IgM may not be
able to detect.® At this moment, detection of IgG is
useful to monitor the amount of antibodies against
antigen in the human body. Few methods can be
used to detect the virus antibody; neutralising
antibody assay, hemagglutination inhibition test,
immunoblotting, enzyme immunoassays and
immunofluorescent.?

Neutralising Antibody Assay

A neutralising antibody is an antibody
that will reduce the level of infectious capacity
of virus by neutralising cell-free virus, thereby
reducing the spread and eliminating the possibility
of cell infection.®® The virus will be detected
by observing the cytopathic effect (killing
cells) or the production of antigen after cells
infection and detected by immunofluorescent or
immunohistochemistry.>® Neutralising antibody
assay is highly sensitive and specific for diagnosis.
Still, it is time-consuming, requires infectious virus
in the test, and is laborious and high cost for cell
culture work, thus rarely applied.*®5! This assay

is more beneficial in assessment studies such as
examining the vaccine’s effectiveness, assessing
therapeutic strategy, controlling viral persistence
and predicting immune protection.506263

Hemagglutination Inhibition (HI) Test

Certain viruses contain hemagglutinin
molecules on their viral envelop that will aggregate
erythrocytes when in contact and form an
agglutination. This effect will be inhibited when
specific antiviral antibodies are present in the
serum. Diagnosis of viral infections is achieved
by detecting such antibodies that will inhibit
the clumping of erythrocytes when challenged
with said viral particles.*® The benefits of this
test are sensitive, specific, less technical, have
fast results, and is cost-effective. However, it
is limited to hemagglutinate viruses such as
arthropod-borne viruses, influenza viruses, and
parainfluenza viruses.*® Serum sample will be
serially diluted with twofold steps into each well
of a 96-well microtitre plate, followed by the
addition of a constant amount of virus about four
hemagglutinating units, incubation, and addition
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of an equal volume of red blood cell into each
well.>*#* This method is usually applied to influenza
A virus to detect the hemagglutinin subtype from
an unknown isolate by subtype-specific antibody,
identify the specificity of the antibody and quantify
the antibodies that allow the study of antigenic
reactivity between influenza isolates.®>® However,
astudy in Japan reported that diagnosis of dengue
using the Hl test may produce false-positive results
due to cross-reactive antibodies among dengue
serotypes leading to non-specific inhibitors in
both acute and convalescent samples. This can be
minimised by using different animals’ red blood
cells.54¢7

Immunoblotting

Immunoblotting also known as western
blotting, is used to diagnose viral infections by
detecting viral protein or antiviral antibodies.
The concentrated virus will be solubilised, and
the proteins are separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-

Substrate

Enzyme-labeled (‘Q

antivirus \
antibody

Viral
specimen
(antigen)

Antivirus
antibody

Solid-ph
g | J

A

PAGE), then the separated proteins are transferred
onto nitrocellulose membrane or PVDF membrane
electrophoretically. Lastly, viral protein will be
incubated with enzyme-label antibody, and if the
specific binding is present, formation of a coloured
band appears after the enzyme substrate is
added.®® To detect antiviral antibodies in a patient,
the serum (considered a primary antibody) will
first be allowed to bind with separated viral
proteins on nitrocellulose and then incubate with a
secondary enzyme-labelled anti-human antibody.
This complex is detected by observing visual bands
after adding the enzyme-substrate.” Figure 2
summarises the overall process of western blot.
The immunoblotting assay was applied
for detection of anti-chikungunya virus antibody
in human serum. It resulted in high sensitivity
(83.3%) and specificity (96.7%) when tested on
30 confirmed infected patients and 30 normal
sera.®® Historically, this method achieved high
sensitivity, which detected 53% of acute hepatitis
C virus among enzyme immunoassay’s negative
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Figure 3. Detection of antiviral antibody or antigen by enzyme immunoassays. A: Direct method. Antivirus antibody
is ‘locked’ at the solid-phase plate, specimen containing viral antigen will bind specifically to the antibody. The
antigen-antibody complex will be detected by an enzyme-labelled antivirus antibody. B: Indirect method. The viral
antigen is bound specifically to the biotinylated antiviral antibody and the antigen-antibody complex is detected
by adding enzyme-label avidin (enhance sensitivity), followed by enzyme substrate to produce a colour reaction
that can assess by eyes or spectrophotometer (Created with BioRender.com)
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samples.” Overall, Western blotting allows the
demonstration of antibodies to specific or all viral
proteins, and can be used to identify the presence
of different antibodies to different viral antigens at
a different stage of infections. However, the results
produced are more qualitative than quantitative
in nature and difficult to be standardised across
from different laboratory setups.*®

Enzyme Immunoassays

Enzyme immunoassays (EIA) are reaction
between enzyme-conjugated monoclonal
antibodies with viral antigen protein and visualised
by enzymatic colour reaction.” Enzyme-linked
immunosorbent assay (ELISA) is the most common
approach to detect antiviral antibodies. Several
types of enzymes used in ELISA are alkaline
phosphatase, horseradish peroxidase (HRP), and
B-galactosidase.” Antibody-capture ELISA is called
indirect ELISA, while antigen-capture ELISA is called
direct ELISA (Figure 3).%*

In a study conducted in Southern
Vietnam, ELISA was used to detect Japanese
encephalitis virus (12%), Epstein-Barr virus
(8.2%), dengue virus (6.5%), enterovirus (2.7%),
rubella virus (2%), varicella-zoster virus (1.7%)
and cytomegalovirus (1%) among 291 viral
meningitis/encephalitis patients.” ELISA was
also able to detect the presence of JEV IgM
in patient CSF sample months after the acute
phase.” IgM detection also proved to be crucial
for diagnosis of neuroinvasive WNV compared
to CSF PCR which contributes a lesser sensitivity
(57%).”> However, serological investigations for
antibodies might not be accurate in scenarios
such as in immunocompromised patients where
IgM may be false-negative because antibody
response had not mounted yet.? Repeat IgM
assay after seven to ten days is recommended as
antibody production is delayed.” In some reports,
serological investigations provided more sensitivity
than PCR.””7® However cross-reactivity with other
species of viruses and related vaccines can be an
issue.” The use of monoclonal antibodies and
production of recombinant antigens can help
alleviate this issue by enhancing the sensitivity
and specificity.*

Immunofluorescent Assay
Unlike ELISA, immunofluorescent

has proved to be able to identify the viral
antigens from patients earlier in the disease
process.?* This method can be used on infected
tissue, nasopharyngeal aspirates, vesicle fluid,
faecal specimens and serum samples.*® The
immunofluorescent assay mainly consists of two
methods; direct immunofluorescent assay (DFA)
and indirect immunofluorescent assay (IFA).% For
DFA, the infected cells specimen collected from the
patient is centrifuged to obtain the pellet, fixed on
glass slides, and stained with fluorescent-labelled
virus specific antibodies. The unbound antibody is
removed by washing, and the viral antigen will be
observed under fluorescent microscope to view
the virus-specific staining.?® While for IFA, the
antiviral antibody is untagged and it is recognised
by the secondary fluorescent-conjugated antiviral
antibody.®® The most favourable fluorescent dye
is fluorescein isothiocyanate (FITC) which gets
excited by blue light (490 nm) and produces green
light (519 nm).?®

Antigen detection methods are usually
applied for cases of virus reactivation such as
HSV and VZV where the antibody response
may be weaker.*® IF is often used for rapidly
diagnosing infections by associated respiratory
viruses such as paramyxoviruses, adenoviruses
and orthomyxoviruses.?* A study stated that
DFA showed much higher specificity (99-100%)
for detection of respiratory syncytial virus (RSV)
in children, compared to RT-qPCR method.®
Interestingly, one study utilised IFA method for
subtyping of influenza A and turned out to have the
same accuracy as RT-PCR.%! Immunofluorescent
assay test kit has been commercialised for
detection of ZIKV (Anti-ZIKV IIFT). The researchers
tested the performance of the kit on 126 positive
and 102 negative samples and showed 96.8%
sensitivity and 72.5% specificity. The lower
specificity might be due to cross-reactions with
other flaviviruses.®? Thus, the viral antigen and
monoclonal antiviral antibody should be carefully
developed to prevent cross-reactivities.

The advantages of immunofluorescent
assay are having excellent sensitivity, reduced
cost, and at the same time, multiple viruses can be
detected simultaneously and rapidly within 2 hours,
compared to other antigen detection methods.®
Factors that impact the interpretation include the
colour and intensity of stain used, distribution of
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proteins in the cells, the infections of cell types
and number of positive cells appeared.?* These
limitations can be overcome by using specialised
equipment (fluorescent microscope), skilled slides
preparation, and interpretation of results in order
to differentiate between specific and non-specific
staining.®

Molecular Diagnostic Technique

Detection of IgM and IgG antibodies
undoubtedly give useful information on individual
immune protection level, but the test requires five
to seven days after infection makes unsuitable for
certain conditions especially for rapid diagnosis
in most cases.?® In addition, turnaround time for
culture technique requires 1-28 days and the
results may appear negative as patient received
antiviral drug.®® While, PCR can still maintain
its sensitivity if tested on the same condition
sample.?? Molecular diagnostic method involves
amplification of viral genomic material which

known to be rapid, enable to detect different
viruses at the same time with high sensitivity and
specificity.®®®” The main purpose of conducting
nucleic acid test is to produce timely results which
is important for the improvement of patient care
at a reasonable cost.®® Nucleic acid detection is
crucial when involving the following conditions:
(1) uncultivated or difficult to culture viruses;
(2) sample contains inactivated virus due to
extend storage, fixation of tissue or transport;
(3) latent phase which viral genome is dormant
and infectious virus is not available; and (4) virus
with antibody found in acute infections or during
continuous viral infection.>®

Conventional Polymerase Chain Reaction (PCR)
The principle of PCR starts with extraction
and purification of DNA molecules, amplification of
targeted region with presence of DNA polymerase,
primers and nucleotides, followed by detection of
amplified product using few techniques such as

RNA template should be reverse

transcribed prior for amplification,
while DNA can be directly amplified.

Amplification by gPCR
(1 cycle)

[T [T

by

Intercalating dyes with
DNA produce fluorescence

A

Hydrolysis probe
fluoresce when quencher
cleaved from reporter

B

2 cycles

IO [T IO

l

Methods for monitoring
target amplification

Hybridization probe brings
acceptor and donor together,
permit fluorescence
C

Figure 4. Real-time PCR amplification. A: Dyes produce fluorescence as it binds to any double-stranded PCR product.
B: Hydrolysis probe produces fluorescence as the quencher cleaved from reporter. C: Binding of probes to target
region in close proximity to produce fluorescence (Created with BioRender.com)
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gel electrophoresis, colourimetric method such as
intercalating dyes or fluorescently labelled probes,
and sequencing.?5%# PCR technique has been
widely used for identifying the viral infection with
great sensitivity ranges from 77.8% to 100% and
specificity ranges from 89% to 100%.2° The main
processes involve in PCR include denaturation,
annealing and extension. Firstly, denaturation
phase of DNA template by thermocycler that
heats DNA usually at 95°C that enable to break
the hydrogen bonds holding the double-stranded
DNA to break into a single strand. Second, as the
temperature reduced (55°C), primers will allow to
bind complementary at each separated strand and
flank region to be amplified. Lastly, thermocycler
will raise until optimum temperature (commonly
at 72°C) for Tag DNA polymerase extends the
primers by adding nucleotides complementary
to the template, thus creating new copies of DNA
product.”**® These cycles will be repeated about
35-40 times to increase number of copies.*®
Usually, PCR products will be visualised
by gel electrophoresis to check the presence
of DNA band which facilitated by known DNA
standard besides the unknown sample.’ Then,
the sizes between amplified product and control
amplicons are compared in the same gel. PCR
product also can be sent for sequencing and
compare the unknown-product sequences with
known virus sequences to allow the identification
of species, strain or subtype.® Diagnosis of herpes
simplex encephalitis using PCR has led to 98%
sensitivity and 94% specificity.>* PCR sensitivity
depends on the type of DNA stain used and type
of system to visualise the gel.”> While, specificity
can be increased by thermostable polymerase
because cycling can be done under firm annealing
conditions to reduce mismatch base pairing that
can cause false-positive results.>® Conventional
PCR technique is undoubtedly able to detect
many viruses causing CNS infections such as
VZV, enterovirus, human herpesvirus-6, EBV,
CMV, JC virus, and WNV. However, issue arises
involving this technique is when the samples
contain low concentrations of DNA due to delayed
collection sample or rapid clearance caused by
neutralising antibody response.?**? For example,
HSV encephalitis results may appear false-negative
CSF PCR when specimen is collected too early
or too late.” If the patient is highly suspect for

HSV, thus repeat CSF PCR is required despite
the early negative results.®® Another thing is
conventional PCR has the possibility to cause cross-
contamination during post-amplification process
such as gel electrophoresis technique.®® This brings
to another favourable technique to be used which
is real-time PCR.

Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

RT-PCR is specially used for diagnosis
of CNS infection by RNA viruses. RNA is first
transcribed into cDNA using reverse transcriptase,
then followed by amplification of cDNA using
conventional PCR.%®% Conventional RT-PCR is
claimed as an excellent technique as it able to
achieve high sensitivity range from 73-100% and
specificity up to 99-100% for diagnosis of viral
infection.?”*® Previously, RT-PCR is done with
two-steps reaction, where after synthesized
cDNA is produced in the first reaction tube,
it will then be transferred into second tube
for PCR.*® Nowadays, RT-PCR is done within a
single tube where all components are included
for both reactions (reverse transcription and
amplification) and reactions will run at one time,
hence produce reliable results since no possibility
of contamination occurred.®® However, this
technique is rarely used for diagnosis of clinical
specimen due to high cost and time-consuming.®
Another alternative is the combination of reverse
transcription with real-time PCR (RT-qPCR). This
could be more beneficial than conventional PCR
as it can eliminate the contamination, able to
quantify the amplicons and quicker since absence
of post-PCR activities.® Recently, many researchers
applied RT-gPCR for detection of RNA viruses such
as ZIKV, HCV, RSV, dengue virus, and influenza A
Virus.lﬂl,lﬂz

Real-time Polymerase Chain Reaction

Real-time PCR or known as gPCR is a
guantitative method that able to monitor the
amplification of targeted amplicon in the reaction
tube which facilitated by dyes intercalate with DNA
molecules and fluorescent-labelled probes.*® SYBR
green dye is a sensitive DNA binding dye as it will
bind to any double stranded PCR products, thus
the same master mix can be used for different
PCR application.?? But, to use this dye, the primer
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must be highly optimised to prevent amplification
of non-specific amplicons such as primer dimer
as this will produce signal as well.031% Next,
hydrolysis TagMan® probes will tag to specific
region of target DNA. As the primer extends
by DNA polymerase, the probe is broken down
and the linkage between reporter and quencher
is cleaved thus resulted in the production of
fluorescence.” The benefits of using TagMan®
probes are able to eliminate nonspecific signal
by specific hybridisation-based detection and
different dyes are produce to monitor different
sequences of amplicon in one tube.®® While,
molecular beacon is a small DNA molecule with
reporter (fluorescent dye) at 5’ end and quencher
at 3’ end.®®1% |t will hybridise to the DNA template
at annealing step and as polymerase extends the
sequence it will directly displace the molecular
beacons, returning to stem-loop shape.'®® The
advantages of molecular beacons are simple,
fast, sensitive, accurate, produce high-throughput
format and can be used for multiplexing detection
using different labelling probes in one tube.® The
amplification of PCR products can be monitored
at each cycle by real-time monitoring intensity of
fluorescence at a specific time.* Figure 4 below
shows a process of amplified DNA is detected using
dyes and different types of probes.

Overall, real-time PCR provides rapid and
high-throughput, quantification and detection
of target DNA molecules within a shorter time.%
Besides, it can reduce the cross contamination
because once reactants are added into tubes, it
will never be opened for any further post-PCR
handlings.®® This can reduce laborious work,
cost, less technical and timely efficient to obtain
the results.® In addition, real-time PCR also has
high sensitivity compared to gel system, and
high specificity is achieved by the use of specific
detection probes that requires it to bind to the
target sequence only to produce the signal.>®
Another advantage of qPCR is a wide dynamic
range of quantification (7-8 log, ) and multiplex
amplification for several target molecules in a
single reaction.’®” However, to compare with
serological and culture method, PCR requires
high cost for primers and reagents, complicated
operation and require reverse transcriptase for
RNA virus detection.”

Singleplex qPCR and Multiplex qPCR

Singleplex PCR refers to amplification
of single target sequences in a single reaction
tube. While, multiplex PCR refers to simultaneous
detection of multiple target sequences in a
single reaction tube.®10 Singleplex reaction is
widely used. Recently many researchers apply
multiplex CSF PCR assay to amplify nucleic acid
from panels of viruses in their study to reduce
the turnaround time, but still maintaining the
sensitivity and specificity.'*! Similar principle as
singleplex qPCR which using intercalating dye and
probes to indicate the amplification process. But
as for multiplex qPCR, the probes-based multiplex
must have multiple fluorescent channels to detect
different viruses individually.''> Same goes to
intercalating dye-based multiplex that require
primers for each virus and having different melting
temperatures.'*®

Many laboratories apply singleplex
real-time PCR for detection of RNA and DNA
viruses. Diagnosis of cytomegalovirus (CMV) using
gPCR in saliva sample had resulted with 100%
sensitivity and 99.9% specificity as compared to
rapid culture technique.!* Besides, detection of
Epstein Barr virus (EBV) as one of potential viral
encephalitis also gave high sensitivity (95.7%)
and specificity (100%), compared to serological
assays.'> Employing this method also can provide
information on the viral load in herpes simplex
encephalitis patients which important to estimate
the period for acyclovir therapy and clinical
outcome.!® Next, Tag-Man real-time PCR has
proved to successfully diagnose and differentiate
five Japanese encephalitis virus genotypes.'’
Interestingly, detection of respiratory viruses
using singleplex gPCR provides better analytical
sensitivity by observing the limit of detection, as
compared to multiplex gPCR which resulted in
loss of sensitivity.'*® Additionally, the sensitivity
of human enterovirus 71 in multiplex PCR assay
resulted with 10-fold lower (10° copies) than
singleplex assay (10? copies), however, detection
of pan-enterovirus and coxsackie A16 assay using
both approaches lead to identical sensitivity (10>
copies). This may be due to the higher viral load
than limit of detection in multiplex PCR assay.'*®
These data show that detection of viruses causing
CNS infections using singleplex real-time PCR is
highly accurate and reliable.
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Multiplex PCR assay is widely used by
many clinical diagnoses especially during pandemic
or endemic outbreak of viral infections.?® However,
it is said to have lower specificity as compared
to singleplex assay.®®!® Thus, it is critical during
designing the probes and primers which must
be specifically able to detect specific virus only,
otherwise interactions between them will affect
the efficiency of multiplex PCR assay.!!* A research
made to assess performance of duplex RT-qPCR
for detection of DENV and ZIKV showed a great
analytical sensitivity as the limit of detection was
similar when tested using singleplex assay. Plus, it
also produced high specificity as no signals were
measured from Flaviviridae family such as WNYV,
JEV, HCV, YFV and CHIKV.*? Interestingly, singleplex
assay is usually produced great sensitivity on EV

mNGS workflow

Clinical specimens

!

detection than multiplex assay, but one study
proved to have higher sensitivity for EV-71
detection using FilmArray Meningitis/Encephalitis
multiplex panel, compared to standard singleplex
assay.'”! This might be due to the high genetic
variability of EV and variation of viral loads in CSF
samples.??3 Comparison findings on multiplex
real-time PCR and multiplex conventional PCR was
made to test the efficiency on diagnosis of CMV,
EBV, HSV-1, HSV-2, JEV, and VZV in CSF samples.
It suggested that multiplex gPCR able to detect
neurologic viruses from 88 samples out of 147 CSF,
while multiplex conventional PCR only detect six
samples.'?*

Overall, detection of several viruses
by multiplex PCR has brought to cost-effective,
labour-saving and low turnaround time which

Nucleic Acid Extraction

!
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!
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\

/

Assembly and Annotation

Days
o]
NA
Typing and Phylogeny N

Figure 5. The overall steps involve in metagenomic next generation sequencing in detection of universal pathogens

within 2 days’ time
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require up to two hours compared to seven to ten
days for virus isolation and immunofluorescence
antibody detection.™®'? Rapid results will allow for
easier clinical management in terms of decrease
health cost and reduction of antimicrobial therapy
duration as the disease can be treated earlier before
the condition become life-threatening.!** Despite
the advance technique of multiplex real-time
PCR assay, this assay may require higher limit of
detection as compared to conventional singleplex
which may lead to reduce the performance
in detecting viruses causing CNS infections.'??
Moreover, when the number of viruses involved
is higher, it will increase the number of detectable
colours and making the system complex and high
cost.!3 Furthermore, issue related to multiplex is
associated with competition of primers to bind
with target sequence, also competition between
multiple targets towards shared reagents.'?°
Thus, development of multiplex assay requires
optimisation of reactions such as by adjusting the
concentration of reagents, primers and annealing
temperature set up so that each target sequence
can be amplified with a similar manner without
amplifying the nonspecific product.®® After all,
multiplex panels are designed for qualitative
results only.’* Most of pathogens will have high
variability of nucleic acid load in CSF sample,
without any relation with severity of disease.'? In
this case, identification using qualitative method is
sufficient to give guidance in clinical management.
But, nucleic acid quantification using qPCR is
beneficial to assess the antiviral therapy efficiency
in immunocompromised patients.’?” In cases if
diagnosis using multiplex assay appears negative
in certain target, confirmation test is needed to
verify the results.'!?

Next Generation Sequencing

Molecular techniques such as PCR is still
a relatively new approach as compared to the
conventional methods, however, technologies
have been evolving and changing at a rapid pace
to replace this current method.*?® Next generation
sequencing (NGS) or also called as deep sequencing
is the latest technique commonly used in detection
of viruses causing CNS diseases by analysing the
samples and generate a single sequence from
each DNA and cDNA contain in the specimen.
By analysing the sequences, researchers able

to differentiate between the origin of sequence
fragments, whether from human, specific bacterial
species or a particular virus.'? Researchers claimed
that it is difficult to identify the etiological agents
by using traditional microbiological methods such
as culture, morphological identification, serological
and even PCR.*°The diagnosis is largely depending
on clinical experience and prior knowledge of
treating physician in predicting the pathogens,
followed by selection of detection methods.!
This proved that traditional methods are target-
dependent and limited in detection of rare and
novel viruses.’®> NGS also allows analysis of several
genomic loci simultaneously, at the same time
revealing the sequence changes hence beneficial
in terms of detection of the mutated sequence
or location.® There are several types of NGS
applications which are (1) target amplicon NGS
that involves sequencing of specifically enriched
targets using several methods of enrichment
such as amplification or probe hybridization, (2)
whole genome sequencing which assembles all
DNA fragments across entire pathogen genome,
and (3) metagenomic NGS (mNGS) which enables
sequencing of all nucleic acids (DNA/RNA) for both
pathogens and host within a specimen in a massive
parallel way.34135

In recent years, many researchers
preferred to use mNGS in clinical diagnosis
of viruses causing CNS diseases such as
encephalitis/encephalopathy, meningitis and
meningoencephalitis, using mainly CSF and serum
samples.’®137 mNGS is a broad and unbiased
technique that able to identify universal pathogens
causing CNS diseases within a single sample,
simultaneously.’® The principle is quite similar
with multiplex PCR, but mNGS provides wider
detection as it is target-independent. Furthermore,
this technique has the capability to combat
limitations of current diagnostic tests which
allowing for hypothesis-free, culture independent,
and detection of universal pathogens directly
from specimen within 2 days.!* According to
the researchers, mNGS is frequently applied in
growing numbers of laboratories as secondary
test for negative result samples obtained using
conventional methods.®**!° This is to improve the
diagnosis results by detecting other viruses that
might not be able to be detected using target-
specific traditional methods which aimed only
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the most common pathogens.**1# Figure 5 shows
the main steps involves in the workflow of mNGS
in detection of pathogens directly from clinical
sample.

Many findings had resulted with increase
yield of viral detection causing CNS diseases by
using mNGS technique. For example, VZV IgM
antibodies has been resulted with 16.1% of CSF
samples, while VZV PCR obtained 16.1% and 9.7%
of positive rates using two different real-time PCR
protocols. Interestingly, VZV mNGS had resulted
with a maximal identification which is 51.6%
(16/31) of the same CSF samples. Not only that,
an unexpected detection has appeared which
is human betaherpesvirus 6A.%3! This reflects
that agnostic mNGS is an important technique
to be applied when the treating physician is not
familiar with rare clinical situation. Researchers
claimed that with the additional diagnostic yield
percentage using mMNGS had collected data over
500,000 meningoencephalitis cases worldwide.*
Hence, widespread implementation of mNGS is
expected to lead to an increase in the number
of identified etiologies and correctly diagnosed
cases.'® Another study also applied mNGS
in diagnosis of a four-year-old boy having an
uncertain symptoms, after the conventional
methods portray negative results towards both
CSF and blood samples. mNGS showed the
presence of herpes simplex virus 1 from brain
tissue specimen, confirming the diagnosis of
herpes complex virus encephalitis.*¢ This proved
that mNGS is able to give an accurate result. The
patient received acyclovir for three weeks, his
condition was improved and discharged from the
hospital. Furthermore, the efficiency of mNGS
is not affected if the patient received empirical
antimicrobial treatment compared to the culture
method that can reduced approximately 20% of
recovery.’

On the other hands, some published
reports stated that mNGS detection is limited
to individual patients or small retrospective
case studies.'® Recent study showed that mNGS
was only produced 22% positive rates among
58 infections. And among 26 patients, mNGS
had resulted with negative results although the
conventional microbiological testing exposed
the infections.'*? The false negative results might
due to the low titers of pathogens in CSF or

low sequencing depth of specimen, or could be
diagnoses from samples other than CSF probably
does not meet the standardized protocol in
order to be detected using mNGS. To support
the statement, published reports mentioned that
currently there is no optimal and highly sensitive
steps for library preparation established yet. Lack
of standardization protocol and automation in
mNGS has an impact on the selection of procedure
that can be introduced into routine diagnostic
testing to be able to achieve timely-detection
within clinically relevant timeframe.13>134144 Type
and efficiency of extraction methods for different
types of clinical samples are critical steps to
achieve purely unbiased sequences.'*® Another
large prospective study also found that mNGS
did not significant in predicting viral encephalitis
and/or meningitis, and suggesting that DNA and
RNA extraction methods should be improved
in order to improve both nucleic acids positive
detection rates.'*° Sufficient sequences generated
are important to ensure adequate sensitivity
for detecting non-human sequences against the
human background.’ Sensitivity of mMNGS has
been compromised in few studies, compared
to amplification-based assay due to the low
viral loads in the specimen which is a common
problem. #3150 A recent study was conducted to
counter this problem by enhanced the laboratory
technique using hybrid capture (HC) of viral nucleic
acids and methylated DNA depletion (MDD) to
improve the sequencing analytical sensitivity.
As the results, HC able to increase the viral read
recovery in almost universally. However, MDD has
mixed results whereby it only detected VZV in two
samples that are found to be negative by standard
mNGS, but also decrease the yield of detection on
some viruses suggesting that its role in mNGS was
uncertain.'* In contrary, the accuracy, sensitivity
and specificity of mNGS in sufficient viral load
clinical samples were 100%, 95% and 96%,
respectively.’** Hence, more researches should
be done using mMNGS in order to obtain the best
solution for the sensitivity issue in case of low viral
load specimen. Although the sensitivity of mNGS
is lower than conventional ones, both methods
might complement each other to improve etiology
diagnosis.

After all, implementation of mNGS in
detection of viruses causing CNS infections is really
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useful especially involving detection of novel or
rarely detected pathogens. Other advantages of
mNGS include provide opportunities to reduce
dependence on target-specific diagnostics,
produce more pathogen genomic data and offer
shorter turnaround times than serology.**! Apart
from diagnostic purpose, this technique also
capable in identifying the strain type directly
from specimens, study of virulence, study of
antimicrobial resistance genes, and assess the host
immune response.’ Some disadvantages related
to mNGS are expensive in terms of technologies
and machines used, time-consuming compared
to PCR, require an expertise in performing,
testing and analyzing data.'** Even though mNGS
has proven its ability in detecting CNS diseases,
it cannot eliminate the needs of conventional
methods. Hence, more studies are needed to
search for standardized guidelines of mNGS in
order for the technique to be stand-alone.

CONCLUSION

This review paper compiled and discussed
a few laboratory diagnosis methods together
with its findings for researchers to make a proper
decision in the detection of viruses causing CNS
disease. Isolation of virus via cell culture technique
can be applied to cultivatable viruses such as
HSV-1, HSV-2, CMV, VZV, RSV, influenza A and
B viruses, parainfluenza viruses, enteroviruses,
measles virus and respiratory adenoviruses. The
detection can be determined by the appearance
of typical CPE, which is time-consuming depending
on the cell line involved, time of incubation and
type of clinical specimen collected. However, rapid
culture is able to speed up the results within 2-3
days before CPE occurs. Next, electron microscopy
technique can be applied on uncultivable virus,
and it gives a clear viral morphology for an easy
and rapid detection. However, observer must
have special skills for interpretation of the image
outcome. Cryo-EM promotes advance technique
examining the virus at near atomic resolution
which provides much information for various
studies. Serological diagnosis is depending on
the stage of infection, preferable at acute (IgM)
and convalescent phase (IgG). It promotes high
sensitivity and specificity, but detection could

be delay due to late emergence of antibody/
antigen and tendency to cross react with viruses
from the same family. Thus, the viral antigen and
monoclonal antiviral antibody should be carefully
chosen to prevent cross-reactivities. Real-time
PCR is more sensitive and specific compared
to the others, it also provides timely detection,
but the assay is high cost in terms of reagents
and specialised equipment, the designation of
primers and probes should be carefully developed
to avoid inaccurate detection. The application
of mNGS in diagnosis of CNS diseases has been
proven by many researchers to increase the
yields in recent years. However, it is advised to
implement this technique in conjunction with the
other conventional methods in order to confirm
and validate the accuracy of results. Lastly, the
selection of laboratory test needs close interaction
between clinician and laboratory personnel. An
inexpensive yet great quality test combines with
rapid results will enable healthcare workers to give
suitable treatment to combat this CNS infections.
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