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Abstract

Identification of a causative pathogen is essential for the choice of treatment for most infectious
diseases. Many FDA approved molecular assays; usually more sensitive and specific compared to
traditional tests, have been developed in the last decade. A new trend of high throughput and
multiplexing assays are emerging thanks to technological developments for the human genome
sequencing project. The applications of microarray and ultra high throughput sequencing
technologies for diagnostic microbiology are reviewed. The race for the $1000 genome technology
by 2014 will have a profound impact in diagnosis and treatment of infectious diseases in the near
future.
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INTRODUCTION

Identification of the causative pathogen is essential for the choice of treatment for most
infectious diseases. Microscopic examination in combination with staining and immunological
techniques is usually simple and fast. Pathogen culture is also a useful tool for infectious disease
diagnosis. However, not every pathogen can be identified by microscopy and many pathogens
can not grow outside their hosts. Serology is not very useful for acute infections. Molecular
diagnosis, which is generally more sensitive and specific, has become the method of choice to
identify certain pathogens, particularly viruses [1].

During the last two decades, a number of scientific and technological advancements have been
changing the landscape of diagnostic microbiology. The trend has been moving from antibody
to nucleic acid based assays, from single to multiple pathogen detection, and from clinical
laboratory to point-of-care tests [2]. Many more user-friendly commercial assays have been
developed for molecular diagnostics (Table 1). In the meantime, tremendous efforts have been
made to sequence genomes of both hosts and pathogens [3,4]. For example, there are nearly
3000 reference sequences (April, 2008) in the viral genome database at the NCBI
(http://www.ncbi.nlm.nih.gov/genomes/VIRUSES/viruses.html) compared to about 1000
reference viral genomes in August 2002 [5]. Such sequence information is very important to
design multiplex molecular assays as well as new pathogen discovery. Furthermore,
technologies co-evolved with the development of the Human Genome Project, such as
microarrays and next-generation sequencers, are expected to have a great impact in the next
revolution of pathogen diagnosis. This review will focus on these new aspects. Another
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important development in diagnostic microbiology is the introduction of microfluidics and
nanotechnology based bionsensors [6-8], which will not be discussed here.

Table 1 summarizes most of current molecular tests for pathogen diagnosis. The classification
is somewhat arbitrary because these tests can be modified and combined. These methods have
been well established and can be found in textbooks and other reviews [2,9-12], and will
therefore not be discussed further. The majority of them have applied for FDA approved clinical
tests. Companies manufacturing those clinical products are listed under each category in Table
1.

Notably, almost all of the current tests rely on prior knowledge of the pathogens and experience
of a clinician. New approaches using microarray and next-generation sequencers have been
developed for identifying previously unsuspected pathogens. The microarray technology is
relatively well established and has been routinely used in many research laboratories, including
that of the author. Tremendous interest in personalized genomics has driven an incredible
amount of effort and resources into the new generation of sequencing technologies. This review
will focus on real cases that are difficult to diagnose with current clinical tests. | will use my
own experiences to illustrate the application of pathogen-specific microarrays for clinical
diagnosis and will also review two recent pathogen discoveries that took advantage of the new
sequencing technology.

MICROARRAY

Microarray is a very powerful and flexible technology that has been used for host and pathogen
gene expression profiling and genotyping. One of the early applications in the field of infectious
diseases is to study polymorphisms of the HIV protease gene to detect drug resistance.
However, the more exciting and also more clinically relevant application is for unsuspected or
unknown pathogen identification, which has been demonstrated in reports by ourselves and
others [5,13-17]. By applying a strategy that will be described later, we helped to identify a
novel coronavirus responsible for the SARS (severe acute respiratory syndrome) epidemic in
2003 [5,14].

General microarray technologies and their applications in microbiology have been extensively
reviewed [18-21]. One of the most obvious advantages for microarray technology is that
hundreds to thousands of probes can be deposited on a tiny surface area. However, this alone
is not enough for early pathogen detection, which may result in more efficient interventions.
Methods that can be universally applied for various known and even unknown causative agents
with great sensitivity are critical for this goal. Nucleic acid amplification, usually through broad
spectrum PCR, is required. The sample is typically amplified by either pathogen-specific
multiplex or degenerate PCR before array hybridization “Fig. (1)”. The second strategy is by
randomly primed amplification “Fig. (2)”, which allows detecting a wider variety of pathogens
but has lower sensitivity compared to pathogen-specific approach. Two examples are described
here.

Multiplexing assay with pathogen-specific approach

More than 100 HPV types have been identified [22]. The HPV associated diseases are type-
specific [23]. For example, there are current vaccines against HPV-16 and 18 that cause cervical
cancer and HPV-6 and 11 that cause genital warts. Many types are related to skin lesions
[24], such as the association of HPV-5 and 8 with skin cancers in patients having
epidermodysplasia verruciformis.

We have recently modified the original Virochip protocols [5] to build an oligonucleotide
microarray platform capable of identifying 37 mucosotropic HPVs that include 14 high-risk
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types and 23 low-risk types “Fig. (1)” [25]. The probe is located in a 150 bp L1 fragment that
is bordered by GP5+ and GP6+ primers [26]. Specific oligonucleotide probes (30mer) for a
given HPV type are printed multiple times in a particular spot with multiple spots for each
HPV type. Prior to printing, every HPV-specific oligonucleotide probe is mixed with a
Spike-70 oligonucleotide probe at the ratio of 50:1 for any given spot on the glass slide.
Probe-70 is labeled red and is the reverse complement sequence to Spike-70. Probe-70 is mixed
with HPV DNA amplified from samples. Prior to array hybridization the HPV DNA is labeled
with a green dye. Since all spots contain probes for Spike-70, the majority of spots show up in
the red channel when scanned “Fig. (1)”. However, if the spot contains probes for an HPV type
in the sample then the green signal in the HPV labeled DNA merges with the red signal from
the Spike-70:Probe-70 hybridization to yield a yellow spot “Fig. (1)”. Therefore, the inclusion
of Spike-70 in each spot enables every spot to be detected in the red channel even though it
represents an HPV type not in the sample. This is extremely useful for data processing and
scanning of the chip.

The protocol originally used to PCR amplify around 40 HPV types with GP5+ and GP6+
primers has been modified to fit Virochip procedures. This is accomplished by a pair of
modified primers, B-GP5+ and B-GP6+, which sequences are 5’ extended with a primer B
sequence (GTTTCCCAGTCACGATC) [5]. An additional PCR program (round C) was added
to label and further amplify the first round of PCR products with primer B as previously
described [5]. This preserves the ratio of amplicons derived from different types of HPV when
multiple infections are present. The sensitivity of our HPV typing array in combination with
the amplification protocol is 1-2 copies of the HPV genome as assessed using the SiHa cell
line. This cell line only contains 1-2 integrated copies of the HPV 16 genome [27]. This method
has been used to unambiguously identify the correct HPV type in the following cell lines: HeLa
(HPV 18), Caski (HPV 16), SiHa (HPV 16) and ME180 (HPV 68). In addition, diverse HPV
types have been already been identified in DNA samples extracted from anal Pap smears of
HIV infected patients [25].

Comprehensive Virochip for early diagnosis — a case study

The same unbiased approach to identify the unknown SARS virus [5,14] was taken to examine
the potential etiological pathogen for the second example when the author was at the University
of California, San Francisco (UCSF). The Virochip was designed to include the most highly
conserved 70mer sequences from nearly 1000 fully sequenced reference viral genome in the
NCBI (as of August 2002). Patients’ clinical samples were prepared and amplified by the
previously published randomly priming protocol [5].

During the time of SARS epidemics in 2003, a 22 year-old male who had returned from a trip
to foreign country, visited UCSF clinic, fearing that he had been infected by the SARS virus.
He experienced fever, sore throat, cough, sneezing, coryza, fatigue, and generalized body ache
for 5 days. His body temperature was 39.6° C at the time of his visit.

His sputum was collected, and the sample was immediately lysed with RLT buffer (Qiagen),
frozen at —80° C and transported on dry ice to the research lab for a Virochip analysis [5]. A
complete procedure took about 24 hours. A clear measles virus signature was evident after 24
hours of Virochip procedure “Fig. (2)”.

Independent follow-up with this patient revealed that skin rash developed the following day.
An infectious disease pediatrician was consulted. Measles virus infection was suspected since
the patient had not been vaccinated with MMR (measles, mumps, and rubella) in the past. His
chest X ray did not show evidence of infiltrates. Blood and urine tests showed mild
lymphopenia and pyuria. A serology test revealed that this patient was CMV IgM negative;
rubella antibody negative; parvovirus B19 IgG positive but IgM negative; EBV anti-EBNA
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positive and IgM anti-VCA negative; RPR nonreactive, and heterophile agglutinin negative.
However, the patient was positive for measles IgM and 1gG. Other tests, including routine
blood culture and a pharyngeal swab for group A streptococcus cultures was negative.
Furthermore, measles virus was confirmed from urine and nasal swab cultures approximately
2 weeks later.

Three additional patients were seen at the clinic, and sputum samples were also collected. The
initial analyses for these samples also revealed clear virus signatures (Coronavirus Oc43, RSV,
Enterovirus). Hierarchical cluster analysis [28] revealed 4 distinct gene clusters correlated with
the microarray results using the samples collected from these four patients “Fig. (2)”. The HeLa
cell control sample (harboring human papillomavirus 18) “Fig. (2), lane 5 had almost no
detectable signal on these features, but very strong signals on those corresponding to
papillomavirus samples (not shown).

The case showed a sharp contrast between the unbiased and straightforward Virochip approach
and current standard clinical practice. Nevertheless, while the Virochip assay is powerful, it is
not always revealing. The timing and location of collecting clinical samples, judged by
clinicians, are also very important for this approach.

MASSIVE PARALLEL (NEXT-GENERATION) SEQUENCING

Demand for nucleic acid sequence information has been growing ever since the completion of
the reference sequence for the Human Genome Project. In 2004, the National Human Genome
Research Institute (NHGRI) challenged scientists to achieve a $100,000 human genome (3 Gh/
haploid genome) by 2009 and a $1,000 genome by 2014 [29]. To stimulate interest in this area,
the X Prize Foundation has established the $10 Million Archon X Prize for Genomics [30].

Three “next-generation” sequencing platforms are currently available (as of April, 2008). The
Roche 454 sequencer was introduced in 2004. The current GS-FLX model produces an average
250 bp per read, a combined throughput of about 100 Mb of sequence data per 7-hour run. The
Illumina/Solexa Genome Analyzer, introduced in 2006, produces 1.3 Gb per 4-day run with
30-40 bp per read. The Applied Biosystems SOLiD sequencer was commercially released in
late 2007. Each SOLID run requires about 5 days and produces 3—-4 Gb of sequence data with
an average read length of 25-35 bp. All of these platforms apply the short-gun sequencing
approach. While the total amount of the sequence data is impressive, the individual read is
short, especially for the later two platforms. This poses a challenging bioinformatic task for
sequence realignment and re-assembling. The technological bases of the current and future
platforms have been extensively reviewed [31-37] and will not be discussed further here. While
the cost of such a test is currently too expensive to become a clinical test, the speed of the
technological advancement may make it an affordable test in the near future. In this section, |
will discuss two exciting studies that took advantage of the next-generation sequencing
platform to identify novel pathogens.

Fatal arenavirus infection associated with organ transplantation

Recently, three clusters of arenavirus transmission via organ transplantation have been
documented [38,39]. In total, 10 out of 11 recipients linked to 3 individual donors died of an
unexplained infectious disease 1-11 weeks after transplantation. The donor of each cluster did
not have a history of acute infections. The prototype arenavirus, lymphocytic choriomeningitis
virus (LCMV) was implicated in two clusters [38] and a novel arenavirus is responsible for
the last cluster [39]. Notably, the only survivor was treated with ribavirin and lower level of
immunosuppressants when the LCMV was identified as the etiological agent. The primary host
of LCMV is wild house mouse, Mus musculus. LCMV infection usually causes asymptomatic
or mild illness in immunocompetent humans. The mortality rate of recognized LCMV infection
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is less than 1%. Congenital LCMV infection is teratogenic [40]. The severity of the LCMV
associated human diseases may be associated with immunity. Prior to the aforementioned
transplant cases, two similar fatal infections were reported when LCMV was injected
intravenously in attempt to regress lymphomas that were resistant to standard treatments
[41].

Extensive microbiological studies were performed for the 3™ cluster [39]. These studies
included bacterial and viral cultures; PCR for herpesviruses 1-8, lysavirus, influenza A and B
viruses, respiratory syncytial virus, picornavirus, adenovirus, human parainfluenza virus,
flavivirus, alphavirus, hantavirus, polyomavirus, Crimean—Congo hemorrhagic fever virus,
Rift Valley fever virus, toxoplasma, Mycobacterium tuberculosis, and Mycoplasma
pneumoniae as well as viral and panmicrobial oligonucleotide microarray analysis [17]. They
did not reveal any candidate pathogens. A pooled RNA sample from 2 of the 3 recipients were
amplified for massive parallel sequencing that yielded about 100,000 individual sequence
reads, ranged from 45 to 337 nucleotides, by the Roche/454 GSL FLX sequencer. Subsequent
sequence data processing revealed 14 sequence fragments that were consistent with Old World
arenaviruses which are closest to LCMV. Primers for quantitative PCR were designed for
detecting this novel arenavirus, which was present in 22 of 30 specimens from all of the
recipients. The viral sequence was identical in all samples, indicating a common infectious
source.

Merkel cell polyomavirus (MCV)

Chang, Moore and their colleague, who discovered Kaposi’s sarcoma herpesvirus (Human
Heperpervius-8) in 1994 [42], reported the likely 7t genuine human oncogenic virus, Merkel
cell polyomavirus (MCV) in early 2008 [43]. Merkel-cell carcinoma (MCC) is a rare but
aggressive skin cancer of neuroendocrine origin [44]. The cell of origin is thought to be the
Merkel cell, which is a mechanoreceptor in the basal layer of the epidermis. In white
populations, the estimated incidence is 0.23 per 100,000, 10 times greater than in black
populations [45]. Most cases occur in elderly and only 5% of cases happen before the age of
50 [45]. Sun exposure and immunosuppression have been implicated in MCC development.
The risk of MCC in renal transplantation was about 0.13 per 1000 person-years [46]. MCC has
also been reported in patients with HIV infection [47-57] (relative risk at 13.4 [47]) and with
chronic lymphatic leukemia [58-61]. Several similarities between MCC and Kaposi’s sarcoma
led the group to suspect that MCC might also have an infectious origin.

Central to the discovery of MCV is a technique called Digital Transcriptome Subtraction
(DTS), which is conceptually simple but technically demanding. Similar to the approach
described in the previous section, cDNA libraries derived from MCC tumors were subjected
to high throughput sequencing by a Roche/454 sequencer. Near 400,000 sequence reads were
generated from two libraries. The majority (99.4%) of the sequences derived from human origin
are subtracted. Only one of the remaining 2395 cDNA had high homology to the T antigen of
two polyomaviruses. One additional cDNA was subsequently identified to be part of the MCV
sequence. Subsequently, it was found that 80% (8/10) of the MCC had integrated MCV in the
human genome. Monoclonal viral integration was revealed the patterns of Sothern blot
analysis. Only 8-16% of control tissues had low copy number of MCV infection.

These two examples show a very promising future for diagnostic microbiology. While it is too
costly to apply this approach routinely, it is justified when an epidemic infection of unknown
pathogen, like SARS in 2003, occurs. We may expect such ultra high throughput sequencing
aroutine clinical test when $1000 genome becomes a reality, which is a goal set by NIH before
2014. However, clinicians and scientists will face challenges to determine if a microbial or

viral sequence present in the final data is an etiological agent since there are many commensals
and opportunistic pathogens in our body. It is notable that the pathogen sequences are very rare
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compared to the total number of sequences in these two studies (14/100,000 and 2/400,000
respectively). Furthermore, a completely novel sequence may not be initially informative. As
shown in the case of MCV, the presence of a novel virus is hinted at by a sequence that is
homologous to known polyomaviruses. Another sequence was only identified as part of the
MCV genome when the complete viral sequence was known.

CONCLUSION

The rapid technological advancement in the area of genomics, bioinformatics and
nanotechnology is expected to change our views of the interaction between humans and
surrounding microorganisms (commenals and pathogens) in the near future. The technology
may lead to discoveries of new pathogens and may promote researchers to develop new
interventions (vaccines and drugs) since the pathogens will be easily identified and monitored.
In the meantime, the FDA has to develop new rules for accommodating the innovation to
benefit more patients.
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Abbreviation

CMV

Cytomegalovirus
EBV

Epstein-Barr virus
FDA

Food and Drug Administration
HPV

Human Papillomavirus
LCMV

Lymphocytic choriomeningitis virus
MCC

Merkel cell carcinoma
MCV

Merkel cell polyomavirus
NCBI

National Center for Biotechnology Information
NIH

National Institutes of Health
PCR

Polymerase chain reaction
RSV

Respiratory syncytial virus
SARS

Severe acute respiratory syndrome
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Fig. (1). The HPV typing array printed in quadruplicate

Each replicate block of the HPV typing array consists of 96 spots. In this case, HPV genomic
DNA from the SiHa HPV16 infected cell line was amplified by PCR using modified B-GP5
+/B-GP6+ primer pairs and labeled with a green dye. The red spots represent HPV types not
present in the cell line and result from the red labeled Probe-70 binding to Spike-70. The four
yellow spots represent detection of HPV16 in quadruplicate due to the mixing of the green
labeled HPV16 DNA and the red labeled Probe-70.
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Fig (2). Cluster analysis of 4 sputums and 1 HelL.a sample

The features are clustered according to similarity of the signal intensity patterns in the 5
microarrays. All measles and coronavirus OC43 probes and partial list of RSV, enterovirus
probes are shown. Most of the features from the same virus are clustered together. Every sample
has a very distinct virus signature except for the last lane, which is the HeLa sample. The HeLa
sample is hybridized to HPV sequences, but the HPV features are not shown in this figure.

Infect Disord Drug Targets. Author manuscript; available in PMC 2009 September 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Liu

Table 1
Molecular diagnostic tests for infectious diseases
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A. DIRECT HYBRIDIZATION

Hybridization Protection Assay

Gen-Probe
Hybrid Capture

Digene
bDNA

Bayer

In situ hybridization

B. NUCLEIC ACID AMPLIFICATION

1.

2.

PCR based
. Real-time PCR
Roche Diagnostics
Non-PCR based
. Nucleic acid sequence-based amplification (NASBA)
bioMericux
. Transcription-mediated amplification (TMA)
Gen-Probe
. Standard displacement amplification (SDA)
Becton Dickinson
. Ligase chain reaction (LCR)
Abbott
. Signal-mediated amplification of RNA (SMART)

C. POST-AMPLIFICATION ANALYSIS

Bead-based flow cytometric assays
Luminex

Sequencing
Applied Biosystems

Microarray
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