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diagnostics
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Purpose of review

We highlight how metagenomics and proteomics-based approaches are being applied to the problem of
diagnosis in idiopathic encephalitis.

Recent findings

Low cost, high-throughput next-generation sequencing platforms have enabled unbiased sequencing of
biological samples. Rapid sequence-based computational algorithms then determine the source of all the
nonhost (e.g., pathogen-derived) nucleic acids in a sample. This approach recently identified a case of
neuroleptospirosis, resulting in a patient’s dramatic clinical improvement with intravenous penicillin.
Metagenomics also enabled the discovery of a neuroinvasive astrovirus in several patients. With regard to
autoimmune encephalitis, advances in high throughput and efficient phage display of human peptides
resulted in the discovery of autoantibodies against tripartite motif family members in a patient with
paraneoplastic encephalitis. A complementary assay using ribosomes to display full-length human proteins
identified additional autoantibody targets.

Summary

Metagenomics and proteomics represent promising avenues of research to improve upon the diagnostic
yield of current assays for infectious and autoimmune encephalitis, respectively.
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INTRODUCTION

In the United States, there are approximately 20 000
cases of encephalitis annually. Inpatient costs alone
total $2 billion, and the significant morbidity and
mortality associated with the condition makes it
almost certain that the outpatient and rehabilitative
costs for these patients are significant as well. A
major driver of high healthcare costs and poor out-
comes in encephalitis cases is the fact that more
than 50% remain undiagnosed despite often
exhaustive, expensive, and invasive diagnostic test-
ing [1]. The present review highlights recent prog-
ress in two fields, metagenomics and proteomics,
that will likely improve the diagnosis rate in cases
of encephalitis.

Diagnosis of infectious cases of encephalitis was
revolutionized in the 1990s with the development
of PCR-based assays by Saiki et al. [2]. The ability to
rapidly and sensitively diagnosis herpes simplex
virus (HSV) encephalitis with PCR coupled with
ht © 2015 Wolters Kluwe
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early administration of acyclovir halved mortality
in patients treated promptly [3]. Similarly, Josep
Dalmau’s discovery of an autoimmune basis for
many causes of encephalitis has revolutionized
our understanding of this disease, showing that
cases presumed to be infectious may not be [4].
There is now growing recognition that patients
with idiopathic encephalitis may have treatable
conditions if rapidly and accurately diagnosed.
r Health, Inc. All rights reserved.
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KEY POINTS

� Dramatic progress has been made recently in the
speed, cost, and output of new gene sequencers,
referred to as next-generation sequencing (NGS).

� NGS has enabled the application of metagenomics to
the discovery of pathogens in infectious encephalitis
cases, with significant diagnostic, public health
monitoring, and treatment implications.

� Proteomics is the study of proteins recovered directly
from the environment.

� Proteomics-based techniques are particularly useful for
the identification and further study of novel
autoantigens in autoimmune encephalitis.

Inflammatory diseases and infection
INFECTIOUS ENCEPHALITIS

The history of encephalitis diagnostics is rich in
molecular techniques. In addition to virus-specific
PCRs, PCR amplification of 16S rRNA and 28S rRNA
is well established for identifying bacterial and fun-
gal pathogens, respectively [5]. Multiplex PCR assays
have also been developed to rapidly test for the
presence of multiple neuroinvasive pathogens [6].
In one example called MassTag PCR, conventional
PCR primers are labeled with molecules of known
masses called Masscodes. If DNA matching any of
the primers is present in a sample, it will be ampli-
fied. After this step, Masscode-labeled primers
remain bound to the sample. Unbound primers
are washed away, and the Masscodes remaining
on the bound primers are identified with mass
spectrometry (MS). MassTag PCR has been validated
and is now commercialized as FilmArray, a test that
screens a sample for 17 meningitis and encephalitis
causing pathogens [7]. Although FilmArray is low
cost, efficient, and highly specific, the primary
limitation is the requirement for sequence-specific
primers and thus knowledge of each microbe’s
genomic sequence prior to testing. Although the
FilmArray is a multiplex assay, it still functions
fundamentally as a traditional candidate-based
diagnostic regime that combines separate assays,
each developed to identify individual pathogens
of interest.

Metagenomics-based approaches radically
depart from traditional candidate-based infectious
disease diagnostics in the sense that they simul-
taneously interrogate all of the genetic material
(i.e., host and nonhost RNA and DNA) recovered
from a biologic sample in an unbiased fashion.
Metagenomics is made possible by the dramatic
progress that has been made in the speed, cost,
and output of new gene sequencers. Collectively,
current sequencing technologies are referred to as
 Copyright © 2015 Wolters Kluwer 
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next-generation sequencing (NGS), and several plat-
forms are available commercially [8

&

]. The wealth of
data generated by NGS have necessitated the devel-
opment of powerful sequence-based computational
algorithms to cope with the problem of ever enlarg-
ing datasets. In response to this demand, the field of
bioinformatics has expanded in parallel, allowing
for rapid analysis of large and complex datasets.
Given the enormity of the data generated in a
typical sequencing experiment, a cloud-compatible
bioinformatics pipeline has been developed to
leverage existing filter and alignment algorithms
to improve processing speeds [9

&

]. Instead of days
to weeks, metagenomic data can now be accurately
processed in clinically actionable timeframes of
minutes to hours.

For patients with encephalitis, metagenomic
data are usually obtained from cerebrospinal fluid
(CSF) or brain biopsy tissue. First the raw genetic
sequence data, typically 10–20 million individual
sequences, each 50–200 nucleotides long, are
filtered to remove low-quality sequences and any
sequences that align to the human genome. This
step typically removes 98–99% of the raw sequen-
ces. Thus, the remaining 1–2% of the sequence
fragments, typically numbering in the thousands
or hundreds of thousands, are likely to be non-
human in origin. Their provenance is determined
by searching for similarities to all the genomic data
contained in GenBank, the NIH genetic sequence
database curated by the National Center for Bio-
technology Information (http://www.ncbi.nlm.nih.
gov). GenBank now contains over one trillion
sequences from all manner of living organisms
(http://www.ncbi.nlm.nih.gov/genbank/statistics).
By searching GenBank, one is able to interrogate a
patient sample for the presence of any type of infec-
tious agent (e.g., fungi, viruses, bacteria, and para-
sites) except for prions as the latter lack nucleic
acids. In addition, the search algorithms are flexible
enough that they register both exact matches and
sequences that may only be 20% similar to a pre-
viously deposited sequence [10]. Thus, there is the
ability to identify novel pathogens that may only
have a distant phylogenetic relationship to a known
microbe. This latter fact is a critical advance for
improving public health surveillance against the
wide range of novel microbes, many of which are
neuroinvasive viruses [11,12].

NGS is an important step forward from the
traditional candidate-based approach to infectious
disease diagnostics in which each individual diag-
nostic test (e.g., antibody test, pathogen-specific
PCR assay) is tailored to a particular infection
suspected by the physician based on a patient’s
medical history, risk factors, and physical exam.
Health, Inc. All rights reserved.
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The unbiased approach offered by NGS has three
potential advantages: identification of an entirely
novel microbe for which a traditional candidate-
based test does not exist, identification of a known
microbe that is not known to cause a particular
patient’s disease phenotype, and identification of
a microbe known to cause a patient’s disease phe-
notype that is nevertheless rarely tested for because
it has such a low pretest probability of being the
etiologic agent. If the sensitivity of NGS-based diag-
nostics proves to be high, then an NGS-based assay
may have a fourth advantage to the degree that a
negative result would have a high negative predic-
tive value that a patient has an active, ongoing
central nervous system (CNS) infection. Knowledge
of the latter is becoming more and more critical as
there is increasing pressure on physicians to empiri-
cally prescribe immunosuppressive medication for
encephalitis patients in whom multiple infectious
disease diagnostics have come back negative.

Recently, an NGS-based result was demon-
strated to affect clinical outcomes in a case of neuro-
leptospirosis [13

&

]. In the report, a young boy with
severe combined immunodeficiency (SCID) pre-
sented with an idiopathic meningitis that pro-
gressed to severe meningoencephalitis over a
period of 5 months and three hospitalizations.
Exhaustive testing with traditional serologic and
PCR-based assays and also a brain biopsy failed to
detect a pathogen. Ultimately, empiric immuno-
suppression was tried, but the patient deteriorated
and ultimately required a medically induced coma
for status epilepticus and an extra-ventricular drain
for hydrocephalus. Within 48 h of receipt, NGS
identified leptospirosis in the patient’s CSF. Given
the patient’s critically ill status and the time it would
take to perform confirmatory leptospirosis testing in
a clinical laboratory, the decision was made to act on
the experimental results after a multidisciplinary
deliberation between laboratory scientists, biomed-
ical ethicists, the patient’s physicians, and the
patient’s family. The empiric steroids were discon-
tinued, and intravenous penicillin was initiated. The
patient was discharged from the ICU 4 days later and
was discharged from rehabilitation to home 2 weeks
later, returning to school soon thereafter.

Astrovirus (AstV) is an example of a virus pre-
viously thought only to cause gastrointestinal dis-
ease in humans. However, an NGS-based approach
identified it in an immunocompromised boy in
Seattle, Washington, who died of idiopathic ence-
phalitis [14]. Fulminant AstV encephalitis was
also diagnosed by NGS in a patient who initially
presented with bilateral sensorineural hearing
loss [15

&

]. The patient was a 42-year-old man
with chronic lymphocytic leukemia who was
 Copyright © 2015 Wolters Kluwe
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immunosuppressed post allogeneic bone marrow
transplantation. His neurologic condition progressed
over several months to include additional cranial
nerve deficits, stupor, and ultimately coma. MRI
revealed injury to deep grey matter and brainstem
structures, a pattern consistent with viral injury. A
comprehensive clinical evaluation was negative for
an etiologic diagnosis. A brain biopsy also demon-
strated pathologic features consistent with viral
infection, but no specific pathogen was identified.
Acyclovir, intravenous immunoglobulin, antibiotics,
and glucocorticoid therapy failed to result in clinical
improvement. As the patient’s condition progressed,
CSF was sent to researchers for NGS analysis. Within
48 and 96 h of NGS respectively, the patient’s CSF was
negative for AstV, but 0.0012% of the sequences
obtained from the patient’s frontal lobe biopsy con-
tained AstV reads. RT-PCR, Sanger sequencing, and
in situ hybridization confirmed the presence of a
neuroinvasive AstV strain, now named HAstV-VA1/
HMO-C-UK1. Another case of HAstV-VA1/HMO-C-
UK1 encephalitis was discovered in an 18-month-old
patient with cartilage hair hypoplasia and associated
immunodeficiency who was 6 weeks post-peripheral
stem cell transplantation [16]. Within 1 week of test-
ing, AstV reads were detected in 0.0002% of the brain
biopsy reads. Retrospective testing of the patient’s
CSF, stool, and serum samples with a pan-astrovirus
PCR test demonstrated the presence of the virus in
those specimens. These results have led to the recog-
nition that astrovirus, previously known only to
cause gastrointestinal disease, is a cause of encepha-
litis in immunosuppressed posttransplant patients.

Drawbacks of NGS-based approaches include
the significant noise-to-signal ratio in the sequenc-
ing data. In other words, the ability to amplify up all
the genetic information in a sample is both a bless-
ing and a curse as contaminants in the sample will
be amplified as well, including skin contaminants
and contaminants from lab reagents. Indeed, a con-
taminant from the latter source was recently mis-
identified as a novel cause of viral hepatitis [17]. This
difficulty is tied to a more general caution for any
genetics-based test used to identify a microbe:
obtaining a sequence is not equivalent to fulfilling
Koch’s postulates, which require, in part, that one
actually culture the organism. In the future, we may
apply a modified version of Koch’s postulates such
as those proposed by Fredricks and Relman [18]. For
now any microbial identifications made on an NGS
platform will have to be validated with traditional
diagnostics, most preferably by culture.

AUTOIMMUNE ENCEPHALITIS
The discovery of antigens in idiopathic auto-
immune encephalitis cases is also rich in molecular
r Health, Inc. All rights reserved.
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techniques, particularly proteomics. Traditionally,
the targets of autoantibodies have been identified by
performing immunoprecipitation of the patient’s
CSF together with rodent brain tissue and sub-
sequently attempting to identify any rodent neural
proteins that co-precipitated with the patient sample
via MS [19]. This approach has been successful, with a
multitude of new autoantibodies having been dis-
covered in the past decade [20]. Nonetheless, cases
remain in which clinical suspicion for humoral auto-
immunity is high despite a negative result on the
rodent brain tissue immunoprecipitation.

Several proteomics methods have been devel-
oped to further characterize antibody–antigen inter-
actions that might underly humoral autoimmune
encephalitis cases. Protein display technologies allow
the screening of human cDNA expression libraries
using bacteriophage, yeast, or mammalian vectors.
Sera or CSF from patients is evaluated for the presence
of antibodies binding to these expressed libraries. The
antigen is subsequently identified by MS or NGS.
Protein microarrays are another high-throughput
technique in which human proteins are purified
and individually spotted on a glass array for sub-
sequent screening against a patient sample.

One novel proteomic approach is phage immu-
noprecipitation sequencing (PhIP-Seq). PhIP-Seq
can be used to identify interactions between an
individual’s antibody repertoire and individual pep-
tides in a library of over 400 000 overlapping 36mer
peptides [21]. The authors named the library the T7
peptidome phage display library (T7-Pep). T7-Pep is
a synthetic representation of the entire human pro-
teome, constructed with cDNA derived from the 24
239 known human genomic open reading frames
(ORFs). The oligonucleotide fragments that consti-
tute the T7-Pep library are fused to sequences coding
for the T7 bacteriophage surface protein, allowing
them to be packaged for display. Once displayed on
the surface of the phage, T7-Pep is immunoprecipi-
tated with the patient’s serum antibody repertoire,
and candidate autoantigens are subsequently ident-
ified with DNA sequencing. The linking of peptide
structure to genetic sequence in display techniques
such as T7-Pep allows a researcher to purify and
express immunoprecipitated autoantigens, facilitat-
ing functional studies. PhIP-Seq has revealed novel
candidate autoantigens in CNS paraneoplastic dis-
eases in which commercially available serologic test-
ing had been negative [21]. Loss of posttranslational
modifications, loss of tertiary and quarternary struc-
tures, and nonphysiologic epitopes are limitations
of PhIP-Seq.

Another powerful in-vitro method for identify-
ing autoantigens is the protein interaction discovery
using parallel analysis of translated ORFs (PLATOs).
 Copyright © 2015 Wolters Kluwer 
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PLATO utilizes a collection of 15 483 human cDNAs
representing the human ORFeome [22]. From these
cDNAs, corresponding mRNAs are transcribed
in vitro. In-vitro translation of their corresponding
proteins is then performed. However, because the
mRNA transcript has been engineered to lack a stop
codon, the mRNA and its translated protein remain
tethered to the ribosome in a technique called ribo-
some display. After exposing this protein library
displayed on ribosomes to an autoantibody-
containing sample, candidate binding partners are
eluted, and the mRNA still attached to the ribosome
is sequenced to determine the protein’s identity.
Again, this technique links phenotype with geno-
type in a single screening assay. Limitations are
similar to PhIP-Seq, but also include the low trans-
lation efficiency for some human proteins. A
relative strength is that instead of screening against
small peptide fragments as in the T7-Pep method,
whole proteins with more of their tertiary folding
structure are produced. Therefore, PLATO increases
the probability that antigenic epitopes are screened
and detected.

Using PLATO, Zhu et al. [22] discovered several
additional autoantibodies not detected by PhIP-Seq.
In a single patient with clinical features suggestive of
paraneoplastic disease but with negative serologic
testing for known autoantigens, PhIP-Seq identified
an interaction between the patient’s CSF antibodies
and the tripartite motif family (TRIM) members
TRIM9 and TRIM67. TRIM proteins are induced by
type 1 interferon in innate immune responses and
tend to localize to cytoplasmic or nuclear structures.
Yet interestingly TRIM9 has been associated with
the synaptosomal-associated protein 25 kDa, and
through this interaction may regulate synaptic
vesicle exocytosis [23]. One could hypothesize that
blockade of synaptic vesicle exocytosis could inter-
fere with neurotransmission, thus providing a plaus-
ible mechanism of action for these autoantibodies.
Using PLATO, several additional TRIM protein family
members were identified as targets of the very same
patient’s CSF antibody repertoire. Again, the authors
speculate that the ability of ribosome display in
PLATO to produce longer peptides that incorporate
tertiary folding structures enhanced the technique’s
sensitivity. As with a microbe identified by an NGS-
baseddiagnostic, additional evidencealwaysneeds to
be marshaled to demonstrate that a newly discovered
antibody actually plays a pathogenic role and is not
merely an epiphenomenon.
CONCLUSION

The urgency for better encephalitis diagnostics is
underscored by a growing recognition that severe
Health, Inc. All rights reserved.
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and seemingly treatment-refractory cases of ence-
phalitis may be treatable with available thera-
peutics. This recognition has increased pressure
on physicians to consider empiric immunosuppres-
sion in encephalitis cases for which a pathogen is
not readily identified. However, as the neurolepto-
spirosis case discussed above illustrates, immuno-
suppression can be life threatening if an infectious
cause of encephalitis is missed. Moreover, world
health experts and epidemiologists need low-cost,
unbiased, high-throughput techniques to quickly
identify and monitor novel pathogens, many of
which have neuroinvasive potential. Metagenomic
and proteomic techniques are being developed and
improved upon at a rapid pace. Once the sensitivity
and specificity of these approaches are firmly vali-
dated and the testing becomes clinically available,
there is the potential for their application to lower
the rate of undiagnosed encephalitis cases, improve
patient outcomes, and enhance public health
surveillance efforts.
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